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Nothing in life is to be feared, it is only to be 
understood. Now is the time to understand 
more, so that we may fear less.

Marie Skłodowska Curie (1867–1934)
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Chapter 1
Introduction to Nuclear Emergencies

Georg Steinhauser, Akio Koizumi, and Katsumi Shozugawa

Abstract  Nuclear emergencies exhibit an imminent threat to the fabric of society 
as they may cause severe actual damage or may be perceived as hazardous. A holis-
tic approach is needed to assess past accidents as well as future accident scenarios. 
For this reason, education, science, and research are needed now as well as in the 
future for proper nuclear accident preparedness and response. This chapter outlines 
some basic definitions and explains the history and concept of this publication.

Keywords  Nuclear emergency · Radiological emergency · Nuclear accident

While memories of the nuclear accidents at Chernobyl and Fukushima are still pres-
ent in many people’s mind, one has to admit that nuclear emergencies are not only 
about the past but also about the future. Nuclear emergency scenarios—hopefully 
on a much smaller scale and hopefully preventable—are likely to happen again at 
some point in the future. Without any doubt, however, fear of radiation will stick 
with mankind as long as nuclear technology is being used. For this reason, educa-
tion, science, and research are needed now and will be needed in the future for the 
preparedness, mitigation, and response to possible future nuclear accidents.
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The International Atomic Energy Agency (IAEA) Glossary defines the term 
“emergency” as follows [1]:

A non-routine situation that necessitates prompt action, primarily to mitigate a hazard or 
adverse consequences for human health and safety, quality of life, property or the environ-
ment. This includes nuclear and radiological emergencies and conventional emergencies 
such as fires, release of hazardous chemicals, storms or earthquakes. It includes situations 
for which prompt action is warranted to mitigate the effects of a perceived hazard.

In particular, a “nuclear or radiological emergency” is defined by IAEA as fol-
lows [1]:

An emergency in which there is, or is perceived to be, a hazard due to:

	a)	 The energy resulting from a nuclear chain reaction or from the decay of the products of a chain 
reaction; or

	b)	 Radiation exposure.

[Points (a) and (b) approximately represent nuclear and radiological emergencies, respec-
tively. However, this is not an exact distinction.]

Since we do not attempt to further distinguish between the exact nature of an 
emergency or incident, we will use both terms (nuclear and radiological emergency, 
respectively) synonymously.

Nuclear emergencies include nuclear and radiological accidents, the explosion 
of a (military or improvised) nuclear device, and nuclear terrorism. All possible 
scenarios (whether accidental or intentional) are capable of creating physical harm 
and horror among the affected population. Thus, they are possibly threatening the 
fabric of our society and require the development of options for the avoidance, 
preparedness, mitigation, and response to such an event. By looking at the above 
definition of a “nuclear emergency,” it becomes apparent that nuclear emergencies 
not only include scenarios that involve ionizing radiation, radioactive or nuclear 
materials in a way that they pose an actual threat to human or environmental health, 
but they also include scenarios where such adverse consequences are only per-
ceived by the public or the affected or unaffected communities. This aspect, in our 
opinion, has not yet received sufficient attention in (nuclear) emergency prepared-
ness and response operations and protocols. This facet, therefore, has been the key 
motivation for this book as an attempt to elucidate and evaluate strategies for pre-
paredness and response to nuclear emergencies not only on a technical, but on a 
holistic level.

In addition to the radiological and technical aspects of a nuclear emergency, 
scientists, stakeholders, authorities, and the public need to take into account the role 
of the media and environmental organizations, cultural aspects of “fear,” the need 
for public education at a young age. Proper preparedness and response plans include 
a health evaluation of an incidence that includes a health physical, radioecological, 
analytical and radioanalytical, sociological, psychological, and medical perspec-
tive. In order to discuss these aspects, a meeting at the expert level was organized, 
which was held from August 30 to September 1, 2017, at Herrenhausen Palace 
(Fig. 1.1), in Hannover, Germany: The Nuclear Emergency Expert Meeting 2017 
(NEXT 2017) brought together 28 participants from 6 countries (Austria, France, 
Germany, Japan, Ukraine, and the USA, Fig. 1.2).

G. Steinhauser et al.
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Fig. 1.1  Herrenhausen Palace, Hannover, Germany

Fig. 1.2  Participants of NEXT

1  Introduction to Nuclear Emergencies
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This book, however, is not intended as the sole proceedings publication of this 
conference. The contributions in this book go far beyond any summary of the 
respective talks. They are intensely and thoroughly researched contributions that 
represent the state of the art in the field of nuclear emergency preparedness and 
response at a holistic level.

Acknowledgments  The NEXT 2017 symposium received generous financial support from the 
Volkswagen Foundation.
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Chapter 2
Two Major Nuclear Emergencies: 
A Comparison of Chernobyl 
and Fukushima

Georg Steinhauser

Abstract  In this chapter, various aspects of the two major reactor accidents at 
Chernobyl (1986; Ukrainian SSR) and Fukushima (2011; Japan) are discussed and 
compared. Both accidents have been ranked at the maximal level of 7 (“Major 
Accident”) at the International Nuclear and Radiological Event Scale (INES). The 
Chernobyl nuclear accident was caused by an unauthorized experiment in combina-
tion with design flaws of the RBMK reactor. The Fukushima nuclear accident was 
caused by a natural disaster (a tsunami that was triggered by an earthquake). Both 
accidents released radionuclides mostly of the volatile elements (Kr, Xe, I, Cs, Te), 
but Chernobyl also released significant amounts of less volatile radionuclides (Sr, 
Ru, lanthanides, actinides, etc.), mainly in the form of hot particles. Much larger 
areas have been contaminated by the Chernobyl accident than by Fukushima. The 
health effects due to the nuclear accidents have been much more severe for the resi-
dents of the Chernobyl area than for the residents of the Fukushima prefecture.

Keywords  Nuclear accident · International Nuclear and Radiological Event Scale 
(INES) · Chernobyl · Fukushima · Radioactive pollution · Radionuclides  
Environmental release · Emergency response · Evacuation · Contaminated areas  
Health effects
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2.1  �Introduction

A nuclear emergency involves ionizing radiation or nuclear/radioactive materials in 
a harmful manner. In most cases, nuclear emergencies are associated with the 
release of radioactive substances, but there have also been accidents, in particular 
criticality accidents, where harmful amounts of ionizing radiation were released [1]. 
However, in this chapter, two of the major nuclear reactor accidents that involved 
the release of radionuclides, Chernobyl and Fukushima Daiichi, shall be introduced 
and briefly compared.

2.2  �The International Nuclear and Radiological Event Scale 
(INES)

In order to classify nuclear emergencies, the International Atomic Energy Agency 
(IAEA) has established the International Nuclear and Radiological Event Scale 
(INES) that allows for the comparison of the severity of a nuclear emergency 
(Fig. 2.1). This comparability, however, is somewhat limited since INES ratings are 
not conducted by a central body (e.g., within the IAEA), but by the operators of a 
facility or a regulatory body of the respective country. Table 2.1 lists a selection of 
the major nuclear accidents and some of their characteristics, including their INES 
ratings. Since the INES had been introduced by the IAEA only in 1990, many acci-
dents and incidents had to be rated retrospectively.

In the public perception, nuclear emergencies are all about nuclear reactor acci-
dents. Indeed, the only two nuclear emergencies that scored at the maximum rat-
ing level (7 —“Major Accident”) of the INES have been nuclear reactor accidents, 
namely Chernobyl in the Soviet Union (1986) and Fukushima in Japan (2011).
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Fig. 2.1  The levels and definitions of the International Nuclear and Radiological Event Scale 
(INES)
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The total estimated releases, in activity,1 were 5300 PBq (1 PBq = 1015 Bq) in 
case of the Chernobyl nuclear accident [2], and 520 (340–780) PBq for the 
Fukushima nuclear accident [3], which are both large amounts of radionuclides. 
However, when only based on the magnitude of its releases, the Fukushima 
nuclear accident has not been the second worst in human history: as illustrated in 
Table  2.1, it probably falls behind the Kyshtym nuclear accident in the Soviet 
Union (1957), which released an estimated amount of 740  PBq of (mostly 
medium- and long-lived) radionuclides in its vicinity, causing an even higher 
deposition densities [4]. The Kyshtym nuclear accident, however, was retrospec-
tively rated “only” at the level 6 (“Serious Accident”) of the INES scale. Here, we 
will focus only on Chernobyl and Fukushima. Plenty of literature exist on the 
other accidents, e.g., for Windscale [5], Kyshtym [4], Goiânia [6], or Three Mile 
Island [7].

1 The “amount” of a radionuclide (radioactive isotope of an element), especially for those with a 
“short” physical half-life, is typically given in becquerels (Bq), with 1 Bq being defined as one 
disintegration (decay) per second. The Bq is an SI-derived unit of activity, with the SI base unit 
being s−1.

Table 2.1  Overview and comparison of some major nuclear accidents in history

Location Date Type of accident

Total amounts of 
released 
radionuclides

Main released 
radionuclides

INES 
level

Chernobyl, 
USSR

1986/04/26 Reactor accident 5300 PBqa 133Xe, 131,133I, 132Te, 
134,136,137Cs, 90Sr, 
actinides

7

Fukushima 
Daiichi, 
Japan

2011/03/11 Reactor accident 520 
(340–780) PBqa

133Xe, 131,133I, 132Te, 
134,136,137Cs

7

Kyshtym, 
USSR

1957/09/29 Release during 
nuclear 
reprocessing

740 PBq 90Sr, 95Zr, 106Ru, 
144Ce

6

Windscale, 
UK

1957/10/10 Reactor accident 18.6 PBq 133Xe, 131,133I, 132Te, 
137Cs, 210Po, 3H

5

Three Mile 
Island, USA

1979/03/28 Reactor accident 1 TBq 133Xe, 85Kr, 131I 5

Goiânia, 
Brazil

1987/09/13 Theft and 
unauthorized 
opening of a 
radioactive source

50.9 TBq 137Cs 5

aExcluding noble gases

2  Two Major Nuclear Emergencies: A Comparison of Chernobyl and Fukushima
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2.3  �Brief Characteristics of the Chernobyl Nuclear Accident

The Chernobyl nuclear accident occurred in the early morning hours of April 26, 
1986, in the northern Ukrainian SSR, <20  km from the Belarusian border. The 
Chernobyl nuclear power plant (NPP) was commissioned in 1977 and consisted of 
four high-power channel-type reactor units (RBMK; Реактор Большой Мощности 
Канальный) with a power generation capacity of 4 × 1000 MW. The RBMK is a 
graphite-moderated, water-cooled reactor type that is capable of allowing fuel 
exchange during operation [thus potentially allowing the “dual-use” of energy pro-
duction and the production nuclear weapons-grade plutonium-239 (239Pu)]. Two 
more reactor units had been under construction at the time of the accident, but were 
never finished after the accident.

The accident happened in the course of a risky experiment in reactor Unit 4 
(which had been put into operation only 3 years earlier) that led to the worst civilian 
nuclear accident in the history of mankind.

In the (ultimately failed) experiment, it was attempted to test whether and how 
the coasting turbine could be used to provide electricity for the operation of the 
cooling water pumps of the reactor in case of an electric blackout. The objective of 
the experiment was to use the coasting turbine of a scrammed reactor as a power 
source until the emergency diesel generators would provide the necessary power to 
continue cooling of the reactor. Unsafe operation at low power level led to “xenon 
poisoning” of the reactor (i.e., the onset of the strong neutron absorber 135Xe within 
the fuel), which cause the power level to drop. Faulty operation led to oversteering 
of the reactor. In combination with reactor design flaws (the so-called positive void 
coefficient, which allows a reactor to increase its power level with increasing tem-
perature) rendered the reactor out of control causing prompt criticality and a mas-
sive exceedance of the design power level. The sudden power excursion was 
equivalent to an estimated 200 tons of TNT [8]. The accident caused several steam 
and hydrogen explosions and destroyed the reactor building. No containment was 
in place to prevent the release of radionuclides, as the Soviet position was that such 
containments were not necessary [9]. The extreme heat of the molten nuclear fuel 
ignited the graphite moderator of the reactor and caused a fire that lasted for 
10 days and was difficult to extinguish. This fire accelerated the release of volatile 
and less volatile radionuclides into the environment. Enormous efforts and human 
sacrifices were necessary to control the fire and stabilize the situation, as tons of 
sand, clay, boron, and lead had been dropped on the disintegrated reactor core [10].

In order to provide a certain degree of stabilization, a concrete structure (“sar-
cophagus” or “shelter”) (see Fig. 2.2) was built around the reactor building. The con-
struction had to be performed under extremely hostile conditions and time pressure 
and was completed in November 1986 [11]. The sarcophagus was built as a temporary 
solution, and already in 1993, it was concluded that the shelter would not prevent the 
release of radioactive dust particles and the leaching of soluble radionuclides as water 
could still enter the structure, thus making a “permanent solution urgent” [12]. Later, 
it was concluded that the sarcophagus would have withstood a magnitude 4 earth-
quake until 1996 [13], but the structure deteriorated further in the following years [11].

G. Steinhauser
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Fig. 2.2  The “old” sarcophagus of Unit 4 during heavy snowfall on October 28, 2016, shortly 
before the New Safe Confinement was moved into position

Fig. 2.3  Unit 4 with the new safe confinement installed

Finally, the construction of a new shelter, the New Safe Confinement (NSC) 
started in 2010 and moved into position from November 14 to 29, 2016 (Fig. 2.3). 
The 1.5 billion Euro construction of the NSC was supported financially by the 
Chernobyl Shelter Fund, an initiative by the G7 governments and contributions by 

2  Two Major Nuclear Emergencies: A Comparison of Chernobyl and Fukushima
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27 countries. The NSC was constructed adjacent to the destroyed reactor unit and 
moved into position on rail tracks. With a height of 108 m and a weight of 31,000 
tons, the NSC is the largest moveable land-based structure/building ever constructed 
by man. Its main purpose is to confine the radioactive remains for the upcoming 
100 years.

The releases of radionuclides affected inhabited areas in the vicinity of the NPP, 
above all the city of Pripyat, and also about 200 smaller villages, which all had to be 
evacuated. The evacuation of the affected population began 3–11 days after the acci-
dent. The evacuation of the 44,000 inhabitants of Pripyat was completed on May 6, 
which was regarded as late by health physicists [14]. In the initial phase, 116,000 
people were evacuated from the most contaminated areas. Finally, the evacuation 
zone encompassed a total of 4300 km2 [15].

The most affected/contaminated area of the Chernobyl Exclusion Zone is the so-
called Red Forest, which is a 10-km2 area adjacent to the NPP in the western direc-
tion. Immediately after the explosion, the wind carried the first cloud with very 
short-lived fission products to this area, delivering large doses to organisms in the 
forest. Conifers in this area died from extreme levels of radiation. Their needles 
turned red, giving the forest its name.

Reactor Unit 1 of Chernobyl NPP was shut down in 1996, Unit 2 in 1991, and 
Unit 3 in 2000.

Although the environmental situation has largely stabilized during the past 
decades, the situation may change for the cooling pond of Chernobyl NPP. The 
cooling pond is a lake with extensions of approx. 11 × 2.5 km (surface area of 
22.9 km2 and a water volume of 59.6 × 106 m3 during operation). Since the shut-
down of the water supply pumps a few years ago, the cooling pond has gradually 
lost water causing the water level to drop by several meters. The contact of atmo-
spheric oxygen with the now newly exposed sediments of the cooling pond may 
cause secondary contaminations as nuclear fuel particles that had been conserved 
in the anoxic conditions of the muddy sediments at the bottom of the cooling pond, 
may now start to corrode [16]. This could result in a secondary release of bioavail-
able radionuclides that had been bound inside the particles up to this point.

2.4  �Brief Characteristics of the Fukushima Daiichi  
Nuclear Accident

Fukushima Daiichi NPP consisted of six reactors, three of which (Units 1, 2, and 3) 
were in operation at the day of the accident (March 11, 2011). All reactors were 
boiling water reactors (BWR), with power levels ranging from 460 MWe (Unit 1) to 
784  MWe (Units, 2, 3, 4, and 5) and 1100  MWe (Unit 6). The reactors were 
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constructed between 1967 and 1979. Two more reactor units were planned for the 
site, but these plans were canceled after the Fukushima nuclear accident. All reac-
tors used low enriched uranium (LEU) as nuclear fuel, with the exception of Unit 3, 
which had been operated by a small fraction (6%) of mixed-oxide fuel (MOX) since 
September 2010 [17].

The Fukushima nuclear accident occurred in the aftermath of the 9.0-magnitude 
earthquake off the Japanese Pacific coast on March 11, 2011. This earthquake was 
the worst ever to be recorded in Japanese history, and it caused a devastating tsunami 
that struck the Japanese east coast. The earthquake triggered automatic shutdown of 
the reactors, requiring emergency cooling due to station blackout after the shutdown. 
The height of the tsunami reached up to 40.5 m (depending on the location), and it 
exceeded the tsunami wall of Fukushima Daiichi NPP, which was only prepared with 
a 10-m sea wall [18], by four meters. The tsunami caused a flooding of the NPP area 
and destroyed the emergency diesel generators and rendered the reactors without 
cooling. The lack of cooling ultimately caused a nuclear meltdown in the three oper-
ating reactors. At this high temperature, steam reacted with the zirconium cladding 
of the nuclear fuel, which caused the onset of large amounts of hydrogen gas. Upon 
venting operations, which had become necessary to reduce the overpressure inside 
the pressure vessels, hydrogen gas was released into the reactor buildings where it 
could mix with oxygen and caused the explosion of Units 1 and 3. Unexpectedly, 
also Unit 4 exploded although studies showed the fuel of Unit 4 must have been 
largely intact, as the specific 134Cs/137Cs signature of Unit 4 was not found in the 
environment [19]. It was found that the hydrogen that led to the explosion of the 
reactor building of Unit 4 had been produced in Unit 3 and was delivered to Unit 4 
through backflow during venting [20, 21]. The amounts of hydrogen produced are 
890 kg in Unit 1, 460 kg in Unit 2, and 810 kg in Unit 3, respectively [21]. Unit 2 did 
not suffer a hydrogen explosion because shrapnel produced from the explosion of 
Unit 1 damaged the venting valve of Unit 2. However, the overpressure that built up 
in Unit 2 is assumed to have caused structural damage in the lower part of the reactor, 
and Unit 2 is responsible for major releases and for the distinct contamination strip 
in northwestern direction from the reactor (approx. 40 km) [22]. The environmental 
releases were caused mainly by Unit 2 and by the venting operations in Units 1 and 
3. For a detailed description of the sequences of the accident, see [23].

Since the containments of the reactor units were still (largely) intact, no sar-
cophagi were needed for the reactors of Fukushima Daiichi NPP. However, struc-
tures were built on the sites of Units 3 and 4, respectively, to facilitate the work-up 
operations and the recovery of the nuclear fuel (see Fig. 2.4 for the current situa-
tion). In contrast to the Chernobyl sarcophagus, which had to be built using the 
residual structures of the reactor building as support (with unknown stability), much 
attention was paid in Fukushima that the stability of these newly built structures 
would not rely on existing structures of the buildings.

2  Two Major Nuclear Emergencies: A Comparison of Chernobyl and Fukushima
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2.5  �Comparison of Chernobyl and Fukushima

2.5.1  �Radioactive Releases

The amounts of radioactive substances into the environment are clearly distinct 
between Chernobyl and Fukushima. Table 2.2 compares the release estimates for 
both accidents.

The comparison of the release data in this table clearly outlines that Fukushima 
accounted for approximately 10% of the releases of Chernobyl. If one takes into 
account that about 80% of the atmospheric releases were blown offshore [56–
58], the amount Fukushima’s releases effectively affecting the Japanese main-
land decreases to about 2% of the releases from Chernobyl. In both cases, the 
majority of the released amounts belonged to the category of the volatile ele-
ments (Kr, Xe, I, Cs, Te), but Chernobyl also released significant amounts of less 
volatile radionuclides (Sr, Ru, lanthanides, actinides, etc.), mainly in the form of 
hot particles [59].

Fig. 2.4  The situation of Fukushima Daiichi NPP in 2018
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Table 2.2  Comparison of the atmospheric release estimates of radionuclides for the nuclear 
accidents at Chernobyl and Fukushima. The bold values represent the most accepted (most cited or 
most likely) values

Radionuclide T1/2

Activity (PBq)

Chernobyl Reference
Fukushimaa  
(atmospheric releases) Reference

Noble gases
85Kr 10.75 y 33 [24] 44 [25]
133Xe 5.25 d 6500 [24] 14,000 [26]

15,300 [27]
Volatile elements
3H 12.3a 1.4 (inventory) [28]
129mTe 33.6 d 240 [24] ~15 [3]b

132Te 3.20 d ~1150 [29] ~180 [3]c

1000 [24]
129I 15.7E6 

y
4 × 10−5–
4.8 × 10−5

[30, 31] 5.7 × 10−6 [32]

8.4 × 10−6 [33] 6.6 × 10−6 [3]d

131I 8.03 d ~1760 [29] 150e [34]
1200–1700 [24] 130–160 [35]

190–380 [36]
65.2 [37]
200 [38]
110.7–151 [39]
105.9 [40]

133I 20.8 h 910 [29] 146 [3]f

2500 [24]
134Cs 2.07 y ~47 [24, 29] 11.8 [3]g

18 [35]
136Cs 13.0 d 36 [24] 2.6 [3]h

2.2 [3]i

137Cs 30.1 d 85 [29] 12f [34, 36]
74–85 [24] 13 [38]
98 [41] 6.1–15 [35]

17 [37]
36.6 [27]
35.9 [42]
15.5 [40]
8.12 [43]
19.3 [44]
9.8–14.5 [39]

(continued)
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Table 2.2  (continued)

Radionuclide T1/2

Activity (PBq)

Chernobyl Reference
Fukushimaa  
(atmospheric releases) Reference

Elements with intermediate volatility
89Sr 50.5 d ~115 [29] ~0.2 [3]j

81 [24]
90Sr 28.9 d ~10 [29] ~0.02 [3]k

4 [31]
8 [24]

103Ru 39.2 d >168 [29]
170 [24]

106Ru 372 d >73 [29]
30 [24]

140Ba 12.8 d 240 [29]
170 [24]

Refractory elementsl

95Zr 64.0 d 84 [29]
87 [31]
170 [24]

99Mo 66.0 h >72 [29]
210 [24]

125Sb 2.76 y 0.23 [31]
141Ce 32.5 d 84 [29]

200 [24]
144Ce 285 d ~50 [29]

140 [24]
154Eu 8.60 y 0.13 [31]
239Np 2.36 d 400 [29]

1700 [24]
238Pu 87.7 y 0.015 [29] 2 × 10−6-5 × 10−6 [3]m

0.03 [24]
239Pu 24,100 

y
0.013 [29, 31]

240Pu 6560 y 0.018 [29, 31]
239 + 240Pu 0.031 [29] 1.0 × 10−6-2.4 × 10−6 [45]
241Pu 14.3 y ~2.6 [29] 1.1 × 10−4-2.6 × 10−4 [45]
242Pu 3.76E5 

y
4 × 10−5 [29]

241Am 433 y 0.0024 [31]
242Cm 163 d ~0.4 [29]
244Cm 18.1 y 0.0027 [2]
Total (excluding noble 
gases)

~5 300e [2] ~520 (430–780) [3]

Taken from [3], reprinted with permission from Elsevier 2014
aComment: If necessary, activities of very short-lived radionuclides were decay-corrected to March 
12, 2011 (12:00 noon), which is the date of the first releases of radionuclides
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2.5.2  �Contaminated Areas

While Chernobyl’s Exclusion zone initially encompassed a 30-km radius (2800 km2), 
it was later expanded to 4300 km2. In contrast, the evacuation zone in Fukushima is 
largely restricted to the zone of major contamination, i.e., a strip of about 40 km 
length and 10 km width in the northwestern direction. The areas with a deposition of 
more than 100 kBq·m−2 137Cs were 56,000 km2 for Chernobyl and approx. 3000 km2 
in case of Fukushima [60]. Remediation efforts in Fukushima were/are very high—
and came/come at a very high cost. They included topsoil removal in contaminated 
gardens and residential areas and resulted in the opening of formerly evacuated resi-
dential areas such as Iitate Village, Minamisōma Town, or Tomioka Town. It is 
expected that the evacuation zone will be lifted for further settlements in the future. 
With the exception of the Chernobyl NPP site, comparable efforts had not been 
undertaken in Chernobyl, and with more than 30 years, the settlements have largely 
decayed and become uninhabitable. Moreover, the different composition of radionu-
clide contaminations—in particular the presence of countless highly radioactive and 
highly dose relevant fuel particles (“hot particles”) makes a complete removal of 
those particles and thus a return to Chernobyl virtually impossible. Since the fuel 
particles contain long-lived, alpha-emitting actinides and their decomposition rate is 
partly very slow [61], they will pose a radiation hazard for a long time.

Table 2.2  (continued)
bEstimated from the 137Cs source term from Chino et al. [34] and the measured 129mTe/137Cs activity 
ratio of 1.3 from Endo et al. [46] (disregarding some obvious outliers). The proposed 129mTe/137Cs 
activity ratio of 4.0 by Tagami et al. [47] has been found to be inconsistent with the other radiotel-
lurium/radiocesium activity ratios tested in this study. This may be due to chemical fractionation 
between Cs and Te in the environment
cEstimated from the 137Cs source term from Chino et al. [34] and the measured 132Te/137Cs activity 
ratio of 15 from Endo et al. [46] (disregarding some obvious outliers)
dBased on the 131I data from Chino et al. [34] and the measured atomic ratio for 129I/131I = 31.6 from 
Miyake et al. [48]
eMost cited value in literature as of May 2013
fBased on the 131I data from Chino et al. [34] and a measured 133I/131I activity ratio of 0.97 from 
Amano et al. [49]
gBased on the 137Cs data from Chino et al. [34] and a measured 134Cs/137Cs activity ratio of 0.98 
from Merz et al. [19]
hBased on the 137Cs data from Chino et  al. [34] and a measured 136Cs/137Cs ratio of 0.22 from 
Tagami et al. [47] as well as Steinhauser et al. [50]
iBased on the 137Cs data from Chino et al. [34] and a measured 136Cs/137Cs ratio of 0.18 from Amano 
et al. [49]
jBased on the estimation for 90Sr in this study and an initial 89Sr/90Sr activity ratio of 11.8 from 
Povinec et al. [51–53]
kEstimated from the 137Cs source term from Chino et al. [34] and the 90Sr–137Cs correlation from 
Steinhauser et al. [54] (disregarding one outlier)
lChernobyl: releases based on the respective radionuclide inventory in Unit 4 and a release of 
~1.5% of the fuel in particulate form [31]
mBased on the 239+240Pu data from Zheng et al. [45] and a predicted 238Pu/239+240Pu activity ratio of 
1.92 from Schwantes et al. [55]

2  Two Major Nuclear Emergencies: A Comparison of Chernobyl and Fukushima
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2.5.3  �Health Aspects

The health aspects are very complex subject matter and shall be discussed herein 
only briefly. No doubt remains that Chernobyl exceeded the negative health conse-
quences of Fukushima by far. The most obvious difference is the striking discrep-
ancy concerning the acute (deterministic) radiation effects after both accidents. 
Chernobyl caused 134 cases of acute radiation syndrome (ARS). In 1986, at least 28 
fatalities were due to ARS and the explosions of the reactor [2, 62]. From 1984 to 
2004, another 19 workers (“liquidators”) died of various causes. In Fukushima, in 
stark contrast, no acute fatalities were reported, nor any cases of ARS. The stochas-
tic effects, most importantly an increased cancer risk, are much more difficult to 
assess. Without question, however, (internal) exposure to radioiodine caused an 
increased thyroid cancer incidence in children and adolescents of more than 7000 
additional cases [29]. More recently, an increased leukemia rate was observed 
among liquidators [63].

In Fukushima, not only the amount of released radioiodine was much lower but 
also the evacuation and stable iodine prophylaxis [64] worked much more efficiently 
than in Chernobyl. The United Nations Scientific Committee on the Effects of 
Atomic Radiation (UNSCEAR) came to the conclusion that an increase in cancer 
was unlikely observable in Japan after the Fukushima nuclear accident. In particu-
lar, the report outlined a low risk of thyroid cancer among children most exposed 
[65]. Reports of a dramatic increase contradicted this assessment [66]; however, 
numerous letters to the journal that published this article phrased serious concerns 
about technical shortcomings of this study. Most importantly, internal exposure 
through ingestion of contaminated foods can be virtually excluded as a potent dose 
contributor that would explain an increased cancer risk [67]. The main dose con-
tributor in Chernobyl was ingestion of contaminated food, while the main contribu-
tor to the (much smaller) dose in case of Fukushima was external radiation [60, 68]. 
Several studies have outlined both high levels of contamination in Chernobyl-
affected food [69] and a very high degree of food safety in Japan after the Fukushima 
nuclear accident [35, 70–75] and the implementation of countermeasures such as 
the usage of potassium fertilizers.

Lastly, the psychological and secondary health effects should not be underesti-
mated for both accidents (see Chaps. 5 and 6 of this book).

2.6  �Conclusions

Although both nuclear accidents at Chernobyl and Fukushima were ranked at the 
maximum level of 7 on the INES, a more detailed analysis shows significant differ-
ences between these nuclear emergencies. When comparing factors such as amounts 
of released radionuclides, contaminated areas, contamination of food, and health 
effects, it becomes apparent that Chernobyl, by far, exceeded the consequences of 
the Fukushima nuclear accident.
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Chapter 3
Lessons Learned from the Chernobyl 
Accident

Valery Kashparov

Abstract  This chapter describes the lessons learned from the Chernobyl accident 
on the basis of practical experience. Main characteristics of radionuclides release 
and consequences of radiological contamination of the environment, and also reme-
diation actions, taken to protect workers and population against radiation at differ-
ent stages of rectification of the consequences of the accident in Belarus, Russia, 
and Ukraine in 1986–2018 are analyzed. Criteria for applying countermeasures, 
such as maximum expected effective irradiation dose for the population and terres-
trial density of radionuclides contamination for evacuation and resettlement, restric-
tion of business activities, etc., and also action level of radionuclides in food to 
reduce the internal dose, are provided. Main positive and negative features of the 
decisions taken in the process of the Chernobyl nuclear disaster elimination are 
considered. Practically all agricultural countermeasures implemented in the large 
scale on contaminated lands after Chernobyl accident can be recommended for use 
in case of future accidents. We focus mainly on the Chernobyl exclusion zone as the 
territory of radiation-ecological reserves of Ukraine and Belarus for scientific 
research in the field of radioecology and radiobiology, as well as on the most con-
taminated 10-km zone around the Chernobyl nuclear power plant—a Zone for spe-
cial industrial usage, not suitable for living in the near future.

By an example of the Chernobyl disaster, it is shown that in comparison with 
radiological consequences the socio-psychological ones have made much more 
influence on human life and health due to lack of urgent, objective, and truthful 
information on the accident and its impact on the health, in mass media.
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3.1  �Introduction

As a result of sharp increase of neutron flux with a subsequent release of energy on 
April 26, 1986, at 01.24  am, the 4th block of Chernobyl NPP (ChNPP) was 
destroyed. Gaseous (Kr and Xe radioisotopes) and volatile (I, Ag, Cs and Te) fis-
sion products, as well as particles of irradiated nuclear fuel, containing non-vola-
tile radionuclides (Sr, Ru, Zr, Nb, Sb, Ba, Ce, Eu, Pu, Am, etc.), were released into 
the atmosphere [1–4]. Due to the high temperature of nuclear fuel and construction 
materials, caused by the release of energy at nuclear decay, the oxidation and 
destruction of UO2 occurred up to May 5, 1986, and as a result, leakage and high 
rise of volatile fission products and fuel particles (FP) in the convective plume 
were observed. The most relevant fission and activation products and their half-
lives (T1/2) are: 90Sr (T1/2  =  29 y), 131I (T1/2  =  8.0 d), 134Cs (T1/2  =  2.1 y) 137Cs 
(T1/2 = 30.2 y), 238Pu (T1/2 = 87.7 y), 239Pu (T1/2 = 24,100 y), 240Pu (T1/2 = 6563 y), 
241Pu (T1/2  =  14.3 y), and 241Am (T1/2  =  432.8 y), respectively. Over the half of 
iodine radioisotopes (~1760 PBq of 131I), one-third of cesium radioisotopes (~85 
PBq of 137Cs) and under 2% of non-volatile long-lived radionuclides within fuel 
particles (~4 PBq of 90Sr, 0.046 PBq of 238-240Pu, 0.0024 PBq of 241Am, and 2.6 PBq 
of 241Pu) were released from reactor during the Chernobyl accident on April 26—
May 5, 1986 [4–6]. As a result, over 200,000  km2 of European territory 
(~65,000  km2 in Russia, ~46,000  km2 in Belarus, ~43,000  km2 in Ukraine, 
~23,000  km2 in Sweden, ~19,000  km2 in Finland, ~11,000  km2 in Austria, 
~7000 km2 in Norway, etc.) were contaminated with the long-lived 137Cs above 
40 kBq m−2 [1], with the highest deposition levels found in the Chernobyl exclu-
sion zone (ChEZ)—Fig. 3.1 [4, 7].

Fuel particles with irradiated uranium oxide matrix with various impurities—
one of key features of Chernobyl nuclear fallout—were observed not only close to 
ChNPP but also at a considerable distance—in various European countries [2, 7–
10]. Due to the high speed of dry gravitational deposition of the fuel particles (den-
sity 8–10 g cm−3) in the atmosphere, mostly ChEZ and adjacent territories (Fig. 3.1) 
were contaminated with the radionuclides of fuel components of Chernobyl radio-
active fallout (90Sr, 238-241Pu, 241Am, etc.). Before the Chernobyl accident, there was 
no information concerning the behavior of radionuclides released within fuel par-
ticles into the environment [7, 8, 10–13]. The use of migration parameters for 
water-soluble radiostrontium forms obtained after the Kyshtym accident in the 
Southern Urals in 1957, as well as in the laboratory experiments and after global 
radioactive fallout, led to very conservative estimates of surface water and vegeta-
tion contamination. Based on these assessments, protective measures were promptly 
implemented (construction of dams, bank balancing, etc.); however, their effective-
ness was extremely low and there was no real need for it [1].

Most of all, the Chernobyl disaster affected the rural population and agricultural 
production in Belarus, Russia, and Ukraine. Radioactive contamination of agricul-
tural lands, semi-natural pastures, and hayfields led to radioactive pollution of food 
products and increased doses of internal irradiation of the rural population.
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3.2  �The Early Phase of Chernobyl Accident

The highest doses were received by the personnel (firefighters, station employees, 
doctors, etc.), who were directly involved in rectification of the consequences dur-
ing the first hours and days of the ChNPP accident. The diagnosis ‘acute radiation 
syndrome’ (ARS) was confirmed in 134 people (the absorbed dose was 0.8–16 Gy), 
among them 28 died in 1986 (out of 21 people with the highest doses of 6.5–16 Gy 
with the diagnosis very severe (IV) ARS 20 people died). Nineteen people with 
ARS diagnosed in 1986 died in 1987–2004 from causes not (directly) related to 
radiation. The extremely severe consequences of personnel exposure were mostly 
caused by the lack of personal protective equipment for the skin from beta radiation 
and respiratory organs from radioactive aerosols (jumpsuits, respirators, etc.).

From April 26 until May 6, 1986, when the main fallout took place and radioac-
tive contamination of the territory was formed, in order to prevent severe radiation 
damage, the evacuation of the population (99,195 people) from 113 settlements 
(51 in Belarus and 62 in Ukraine) km zone around the Chernobyl NPP including the 
city of Pripyat was organized. Stable iodine prophylaxis was not done at the right 
time. The analysis of the radiation situation after the radioactive emissions showed 
that the territory of radioactive contamination, where radiation protection of the 

Fig. 3.1  Terrestrial density of 238+239+240Pu contamination of the Chernobyl Exclusion Zone in 2018 
(developed on the basis of [7]). © by the author

3  Lessons Learned from the Chernobyl Accident



26

population is required, exceeds the limits of the 30-km zone of the Chernobyl 
NPP. In connection with this, in summer 1986 the additional evacuation was made 
for the population of villages where the expected effective dose from April 26, 
1986, until April 25, 1987, could exceed the established temporary annual limit—
100 mSv (50 mSv from external and 50 mSv from internal exposure). For external 
irradiation zonation, the dose rate limit was used on May 10, 1986–5 mR h−1 (about 
50 μSv h−1). To avoid the exceedance of the internal irradiation dose limit, the ter-
restrial density of contamination of 555 kBq m−2 with 137Cs, 111 kBq m−2 with 90Sr, 
and 3.7 kBq m−2 with 239,240Pu was used as a criterion. In summer 1986, an addi-
tional evacuation of the population was provided from 51 settlements in Belarus and 
15 settlements in Ukraine, where the dose rate exceeded 5 mR h−1. The ratio between 
the contamination of the territory with short-lived gamma-emitting radionuclides 
(95Zr, 95Nb, 103,106Ru, 141,144Ce), released as a part of FP, and the long-lived condensa-
tion component of 137Cs at different points of the exclusion zone was different. 
Therefore, with the same dose rate—5 mR h−1 in 1986, at the present time, after the 
decay of short-lived radionuclides, the terrestrial density of contamination with 
long-lived 137Cs in ChEZ is very different.

In Belarus, a total of 24,725 people were evacuated in 1986 from 108 settlements 
(1542 km2); in Ukraine—91,406 people from 75 settlements (2157 km2). In Russia, 
the resettlement from four locations (186 people) was organized only in 1988 from 
the area of 193 km2.

In the acute period after the accident, it was not possible to differentiate the level 
of contamination in animals and during the period of May–July 1986, the total num-
ber of slaughtered animals reached 95,500 cattle and 23,000 pigs. Many carcasses 
were buried and some were stored in refrigerators, which created great hygienic, 
practical, and economical difficulties. A technique for in  vivo measurements of 
137Cs in animals (live monitoring of animals) with application of the clean fodder 
could reduce the radionuclides activities in meat was developed and used since 1987 
[1, 14, 15]. In absence of this method, in face of a lack of clean forage for the evacu-
ated animals and difficulties in managing large numbers of animals, and to prevent 
the psychological influence to population in the case of possible death of animals, 
more than 100,000 of agricultural animals were slaughtered.

In late April/early May 1986 in Belarus and Ukraine, dairy cows were already 
grazing outdoors, and there were significant levels of radionuclides activity concen-
tration in cow milk. At the early phase, 131I (half-life is 8 days) was the main con-
tributor to the population internal dose through the pasture-cow-milk pathway. Peak 
concentrations occurred rapidly (within about 1 day) after deposition (in late April 
or early May 1986, depending on when deposition happened in certain places). In 
Ukraine, activity concentrations of 131I in milk exceeded action levels (3700 Bq L−1 
from May 6, 1986—[16]), which ranged from a few hundred to a few ten thousand 
Becquerel per liter. The activity concentration of 131I in milk decreased with an 
effective half-life of 4–7 days owing to its short physical half-life and the processes 
that removed it from leaves [17]. Consumption of leafy vegetables onto which 
radionuclides had been deposited also contributed to the intake of radionuclides by 
humans. Radiation monitoring of the agricultural production contamination was 
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arranged in 1–2 weeks after the beginning of the accident at the large milk plants 
and in the collective farms. Urban population was mainly protected against con-
sumption of the radioactive-contaminated agricultural products, especially milk, 
through the distribution network (foodstuffs were delivered from the clean regions). 
Rural populations that had cows in private farms had not been informed about con-
tamination of milk with 131I, which resulted in the high doses to thyroid gland and 
increase of the thyroid cancer morbidity in children in Belarus and Ukraine after the 
accident [1, 18]. The information on countermeasures for milk was confined to 
managers and local authorities and was not distributed to the private farming system 
of the rural population. This resulted in limited application of the countermeasures 
with some delay, especially in rural settlements for privately produced milk, result-
ing in a low effectiveness in some areas.

The main mistake in the acute period of liquidation (i.e., implementation of 
countermeasures) of the Chernobyl accident was the lack of timely and objective 
information concerning the urgent radiological situation, the risk to the public 
health and the need for protective measures for the population and local authorities. 
Such a “secrecy” regime led to distrust of information from the official mass media 
and subsequent dissemination of unprofessional and unreliable information.

3.3  �Later Phase of Chernobyl Accident

After 5 years since the Chernobyl accident, in early 1991, before the collapse of the 
USSR, the laws on legal regime of the territories affected by the Chernobyl acci-
dent, according to which the zones of radioactive contamination were determined 
and additional resettlement of the population in 1991–1994 was organized, were 
adopted in Belarus, Russia, and Ukraine [19, 20]. The main criterion for safe living 
on the territory contaminated after the Chernobyl disaster was the limit of the aver-
age annual effective dose of exposure to the population—1 mSv y−1. Compulsory 
resettlement was carried out at an average annual effective dose of radiation of 
above 5 mSv y−1 or at a terrestrial density of contamination with radioisotopes of 
cesium of above 555 kBq m−2 or 90Sr > 111 kBq m−2 or Pu > 3.7 kBq m−2.

According to the Law of Ukraine, the radiation-hazardous lands include territo-
ries where the density of contamination with plutonium isotopes is >3.7 kBq m−2. 
Living on these territories is prohibited [20]. Probabilistic analysis of the passage of 
the radiation-hazardous boundaries of the land shows that even after 500–1000 years, 
the density of 238-240Pu contamination will exceed 3.7 kBq m−2 in the 10-km zone 
around the ChNPP (about 450 km2), and it will not be suitable for living in the fore-
seeable future—see Fig. 3.1 [7, 19]. In this regard, the possibility of using this ter-
ritory as the special industrial use area for the radioactive waste management, etc., 
which will not be subject to regulatory and legal acts for territories with possible 
population residence, is nowadays being considered.

The increase in radioactive contamination of the environment 241Am in the com-
ing decades due to the radioactive decay of 241Pu will not provide a significant effect 
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on the change in the radiological situation due to the insignificance of this increase 
(<20%) and simultaneous decrease in the activity of 238Pu.

Thus, 340,000 people were evacuated or relocated in 1986–1994 years from the 
most contaminated territories of Belarus—6200  km2, Russia—193  km2, and 
Ukraine—4.200 km2, including 2000 km2 outside ChEZ of Ukraine, where tradi-
tional economic activity was discontinued or mostly restricted [1, 19].

The citizens had the willful right to resettle if the effective radiation dose was 
over 1  mSv y−1 or the terrestrial density of contamination with radioisotopes of 
cesium was over 185  kBq m−2 or 90Sr  >  5.55  kBq m−2 or Pu  >  0.37  kBq m−2. 
However, due to the absence of reliable data about the doses of exposure in the early 
1990s, the main criterion for zonation of the territory was the density of its contami-
nation with 134,137Cs. Whereas the doses of external exposure to the population in 
settlements of different types correlated with the density of contamination of the 
territory with 134,137Cs, the internal radiation dose, caused by radioactive contamina-
tion of food products, depended mostly on the biological mobility of radionuclides 
due to soil and climatic conditions. Thus, on the waterlogged peat lands of the Rivne 
region, Ukraine, the abnormally high radiocesium transfer rates into the grass and 
then into the milk were observed [21, 22]. With a density of contamination with ter-
restrial 137Cs of about 40 kBq m−2, the average annual exposure dose to the popula-
tion even after 25–30 years since the disaster could exceed 1 mSv y−1 [21, 23].

With the improvement of the radiological situation, the permissible levels of 
radionuclide content in food and drinking water decreased, and finally reached the 
non-emergency level in Ukraine in 1997, in Belarus in 1999, and in Russia in 
2001 [16].

Nowadays 7818 settlements (2402  in Belarus, 4413  in Russia, and 1003  in 
Ukraine) are classified as radioactive contamination zones with more than three mil-
lion residents [19, 24]. According to the dosimetric passportization data, in 2011–
2012 in 25–26 settlements in Ukraine, the average annual effective dose of exposure 
to the population exceeded 1 mSv, and therefore only these populated areas can be 
considered contaminated, and protective measures should be taken there to reduce 
the exposure to radiation [18, 20, 23]. In these settlements in the northern part of 
Ukraine at a distance of 200–300 km to the west of the ChNPP, the average annual 
effective dose of exposure to the population is above 1 mSv, 70–90% due to internal 
exposure caused by the consumption of local milk containing 137Cs above the permis-
sible level (PL = 100 Bq L−1)—Fig. 3.2 [21, 22, 26]. Due to the absence of govern-
mental programs for the implementation of necessary protective measures to reduce 
radiological risks to impacted populations, the exceedance of PL for the activity 
concentration of 137Cs in cow’s milk for adults of 100  Bq  L−1in the Chernobyl-
affected areas of Ukraine could persist for many more years—until at least 2040 [21].

The optimization of the remedial strategy for settlement actions (application of 
Ferrocyn (hexacyanoferrates) to cows, mineral fertilization of potato fields, infor-
mation campaigns on consumption of wild mushrooms and other forestry products, 
and feeding pigs with uncontaminated fodder) exposed to an effective dose above 
1 mSv year−1 has shown that a diversity of measures can decrease effective dose for 
a representative person to below 1 mSv year−1 and 137Cs activity concentration in 
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milk <100  Bq  L−1 in Ukraine with moderate financial expenses [21, 27–29]. 
Unfortunately, since 2009 there have been no protective measures aimed at radia-
tion protection of the population of Ukraine [30].

Due to dissolving the fuel particles and leaching of 90Sr, an increase in its bio-
availability was observed during the post-accident period, which has now reached 
its maximum [8, 13]. Therefore, 90Sr content in food grains and fuel wood in regions 
close to ChEZ may exceed the established permissible levels [10, 19].

The inhalation intake of radionuclides, as well as of secondary contamination of 
the territory due to resuspension of radionuclides in the internal exposure, even dur-
ing agricultural work, was insignificant already after 1 year since the accident (<1%) 
[31, 32].

Over more than 30 years after the Chernobyl accident, the activity of 90Sr and 
137Cs has decreased by more than two times, which led to the reduction of the total 
area with 137Cs contamination density above 37 kBq m−2 in Belarus, Russia, and 
Ukraine by factors of 1.5, 2.9, and 2.7, respectively [19]. The radiation dose for the 
population caused by both external and internal exposure decreased significantly 
due to the reduction of food contamination [18]. Therefore, it is necessary to revise 
the radioactive zonation of the settlements and to return territories excluded after 
the Chernobyl accident into the economic use. Whereas in Belarus such a revision 
of zonation is carried out on the regular basis, in Ukraine, since 1991 there has been 
no revision on referring the territories to zones of radioactive contamination. Out of 
more than 900 previously inhabited settlements in the radioactive contamination 
zone, <5% now can be considered contaminated according to the law [20, 23].
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Fig. 3.2  The dynamics of the milk contamination by 137Cs which is produced in the private farms 
of the most critical settlements of Ukraine during the grazing period (arithmetic mean, standard 
deviation, n > 20) and permissible level (PL-2006) for milk (100 Bq L−1) (developed on the basis 
of data from [25]). © by the author

3  Lessons Learned from the Chernobyl Accident



30

Since 30 years after the Chernobyl accident, the radioactive contamination of 
agricultural products has decreased by dozen and a hundred times due to the appli-
cation of protective measures, irreversible fixation of radionuclides in the soil and 
radioactive decay, whereas the content of radiocesium in forest products (wild ani-
mals, mushrooms and berries) decreased insignificantly [1]. Nowadays, the 137Cs 
activity concentration of dry mushrooms outside the ChEZ can reach tens and hun-
dreds of kBq kg−1, that is why the consumption of wild mushrooms and berries can 
provide more than half of the 137Cs intake for the population of villages near the 
forest areas [26]. High levels of radioactive contamination of forest products are 
caused by the specific behavior of radionuclides in the forest ecosystem, which has 
become an urgent object of study recently [33–36].

From 1993 to 2018, more than one thousand wildfires of different types and 
scales, including those in the most contaminated 10-km area near the ChNPP, have 
been officially recorded in ChEZ: in July 15–17 and 26 July, 2016 (on ~300 ha), and 
June 5–7, 2018 (on ~50 ha), on the “Red forest” territory [37, 38]. In the recent 
years, the largest fires have occurred in April and August, 2015, on a total area of 
about 15,000 hectares of meadows and forest lands [39–41]. The results of active 
experiments and mathematical modeling show that fires in ChEZ do not make a 
significant contribution to secondary contamination of territories outside ChEZ and 
to additional doses of radiation to the population [42–44]. In addition to the radio-
logical hazard of fires in the contaminated area for the firefighters, ChEZ personnel 
and the population, which is often exaggerated in the media [40, 41], the informa-
tion about the fires in ChEZ is of great social and psychological importance for the 
population of Ukraine as well as beyond its borders. In this regard, special attention 
should be paid to fire prevention measures in ChEZ, as well as to the creation of a 
modern fire detection and control system [19].

Nowadays the main radiological hazard in ChEZ consists in medium and long-
lived radionuclides: 90Sr, 137Cs, 238Pu, 239Pu, 240Pu, and 241Am. In order to forecast the 
release of radionuclides from ChEZ by water, a routine scientific monitoring of 90Sr 
and plutonium radioisotopes migration with groundwater from radioactive waste stor-
age is conducted. The obtained results showed that the migration rate of radionuclides 
with groundwater does not exceed 1 m year−1 and does not pose a hazard for radioac-
tive contamination of the main water artery of Ukraine—the Dnieper River [45, 46].

According to the Decree of the president of Ukraine No.. 174/2016 on the terri-
tory of ChEZ outside the most contaminated “10-km” zone of special industrial use, 
in 2016 on the area of 226,964.7  ha, the Chernobyl Radiation and Ecological 
Biosphere Reserve was established. In Belarus, a similar reserve in ChEZ was also 
established in 1997 as a buffer zone for radiation protection of the population in the 
neighboring territories.

The IAEA Chernobyl Forum recommends using ChEZ territory for scientific 
research in the field of radioecology and radiobiology [1, 45, 47, 48]. The high gra-
dients of radionuclide contamination of the territory, various forms of radioactive 
fallout, types of soils and landscapes, and large biodiversity make ChEZ a unique 
ground for studying radiobiological effects for the purpose of radiation protection 
of the environment [49–56].
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The principal mistake in the late phase of liquidation of the Chernobyl accident 
was compensation-oriented populism in the social protection of the population on 
the contaminated territories and participants in the liquidation of the consequences 
of the accident (various cash payments, wage supplements, free meals, etc.) and 
benefits (early retirement, free allocation of housing, resort and sanatorium rehabili-
tation, privileges for admission to higher education institutions, etc.) for the poten-
tial (not yet realized) risk of exposure to ionizing radiation. The above mentioned, 
in some cases, did not stimulate the use of protective measures for the purpose of 
radiation protection of the population.

The use of terrestrial density of radiocesium contamination without taking into 
account its bioavailability as well as extremely conservative predictive estimates for 
radioisotopes of strontium and plutonium as auxiliary criteria for radioactive zona-
tion of the territories of Belarus, Russia, and Ukraine led to a discrepancy between 
the expected and the actual effective exposure doses to the population.

The resettlement from villages in 5–8 years after the accident appeared to be not 
effective in the radiological and economic terms, when more than 70% of the effec-
tive dose had already been received by the population. Also, significant financial 
resources had already been invested during the post-accident period into the infra-
structure for the rehabilitation of these villages [18]).

In our opinion, due to objective reasons, during the entire post-accident period, 
ChEZ was not sufficiently used for the scientific research. Some potentially impor-
tant radionuclides, such as 36Cl, 99Tc, 129I remain almost untouched [48, 57–62].

3.4  �Lessons

As a result of the Chernobyl accident, about 5300 PBq of radionuclides (excluding 
noble gases), the most radiologically important—131I and 137Cs, were released into 
the atmosphere; more than 200,000 km2 of Europe contaminated with 137Cs, mainly 
in the USSR; irradiated more than 600,000 “liquidators” [63]; 340,000 people were 
evacuated or relocated in the years 1986–1994; more than five million people per-
manently live in the contaminated areas; economic losses in the hundreds of billions 
of US dollars.

Immediate evacuation of 116 317 people from 187 settlements of exclusion zone 
(average cumulative effective dose was 33 mSv) was organized promptly and timely.

Application of agricultural countermeasures allowed to decrease twice the 
effective internal dose to the population. Practically all agricultural countermea-
sures implemented in the large scale on contaminated lands after the Chernobyl 
accident can be recommended for use in case of further accidents. However, the 
effectiveness of most soil-based countermeasures varies at each site. Therefore, 
analysis of soil properties and agricultural practice before their application is of 
great importance [1].

About 100,000 of agricultural animals from the 30-km exclusion zone were 
slaughtered, which created great hygienic, practical, and economic difficulties. The 
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usage of technique for in vivo measurements of 137Cs in animals (live monitoring of 
animals) with application of the clean fodder could have reduced the contamination 
of animals to the permissible level in 1986.

At the late stage of the liquidation of the Chernobyl accident, due to the current 
situation, populism and political interests were often placed above the radiological, 
economic, and social factors, which led to the prevalence of social protection over 
radiation protection for the Chernobyl-affected population. This resulted in the 
dependence of benefits and compensations over the amount of the potential expo-
sure risk (the higher is the risk, the higher are the benefits and compensation); reset-
tlement of the population in 5–8 years after the accident, when more than 70% of 
the exposure dose had already been received by the population was clearly ineffec-
tive (for example, the resettlement of the regional center of the city of Polesskoe in 
1994), etc. Excessively conservative criteria for zonation of radioactive contamina-
tion of territories according to the effective dose of radiation (0.5  mSv y−1 in 
Ukraine) and radionuclide contamination density (>37  kBq  m–2 for 137Cs; 
>5.5  kBq  m–2 for 90Sr; >0.37  kBq  m–2 for 238–240Pu) were used [19]. Despite the 
objective change in the radiological situation after the Chernobyl accident, the com-
plexity of the regulatory procedure still do not allow to revise the zonation of the 
contaminated territories of Ukraine.

The most severe consequence for the health of the population after the Chernobyl 
disaster is an increase in the number of thyroid cancer among children associated 
with the use of contaminated 131I milk during April–May 1986 (the rural population 
was not informed about it because of the “secrecy” regime in the USSR). The lack 
of any information on real and potential radioactive contamination of the environ-
ment, the health risks, available protective measures, including restrictions on the 
consumption of local food products, no dialog with the population were the princi-
ple mistakes made after the Chernobyl accident that caused further lack of trust in 
any official information. For this reason, the socio-psychological consequences of 
the Chernobyl accident turned out to be more severe than the radiological ones. Up 
to the present day, the population is much concerned about the radioactive contami-
nation of food in certain regions of Ukraine [21], forest fires in ChEZ [41], etc. This 
requires constant presentation of urgent and objective information on the existing 
radiological hazard, as well as its explanation at the national level in accordance 
with the international standards.
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Chapter 4
Late Atmospheric Effects of a Nuclear 
Accident: Comparison Between 
the Fukushima Daiichi NPP 
and Chernobyl Accidents

Katsumi Hirose

Abstract  Nuclear disasters such as the Chernobyl nuclear power plant (NPP) and 
Fukushima Daiichi NPP (FDNPP) accidents have contaminated global atmosphere, 
terrestrial and marine environments by radioactive materials. The environmental 
impacts of the nuclear accidents continued over more than 10 years. In this chapter, 
we focus on long-term atmospheric effects of the nuclear accidents by comparing 
impacts of the FDNPP and Chernobyl for better understanding of their long-term 
atmospheric effects. For both accidents, the atmospheric concentrations of 137Cs, 
which is a major radionuclide released from damaged reactors, decreased rapidly 
with an apparent atmospheric half-life of 1 and 2 weeks at the initial stage, and after 
that decreased gradually with an apparent atmospheric half-life of about 1 year. The 
areas affected by the late atmospheric effects correspond to a slow decrease rate of 
airborne 137Cs, depending on the total release of radioactivity. The late atmospheric 
effects have been related to radionuclide resuspension and additional emissions 
from the damaged reactors. However, the current understanding of resupension is 
more complicated, as it depends on the wind blow of soil particles, human activity 
in fields as well as on roads and construction sites, forest fires, ecosystem activities 
of forests, and others. It is noteworthy that a significant fraction of radioactively 
contaminated areas for both major accidents was forested. These findings suggest 
that long-term atmospheric radioactivity monitoring is necessary to assess the envi-
ronmental effects of the nuclear accidents.
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4.1  �Introduction

Two serious nuclear power plant (NPP) accidents, i.e., Chernobyl and Fukushima 
Daiichi NPP (FDNPP) accidents, have occurred during the past six decades of 
peaceful use of nuclear energy for electricity production. As a result, huge amounts 
of radioactivity were released in the environment and spread all over the globe. 
Radioactivity emitted into the environment has seriously affected human society 
with potential impacts on human health. The Chernobyl and FDNPP accidents, 
which have been rated on the International Atomic Energy Agency (IAEA) 
International Nuclear and Radiological Event Scale (INES) as a “Major Accident” 
(INES scale 7), were one of the biggest environmental disasters in the recent five 
decades [1, 2]. In order to implement adequate protective actions for the nuclear 
disaster and to assess the environmental impact of the Chernobyl/FDNPP radioac-
tivity, a lot of environmental monitoring had been conducted by the national and 
local governments, research institutes and universities in Russia/Japan and in the 
world, including the Comprehensive Nuclear-Test-Ban Treaty Organization 
(CTBTO) network. The major influence of radioactivity released by the NPP acci-
dents appeared for the first 1 month; however, it continued for a long time. In order 
to predict the impact and fate of possible new NPP accidents to environment, it is 
important to assess what happened in the past NPP accidents. Therefore, compari-
son of environmental impacts between the Chernobyl and the FDNPP accidents, 
which has been recently reviewed [3], is important. In this chapter, we describe the 
difference in environmental impacts between the Chernobyl and FDNPP accidents, 
and discuss about similar long-term atmospheric effects, including factors control-
ling the atmospheric levels of anthropogenic radionuclides.

4.2  �Characteristics of Chernobyl and FDNPP Accidents

4.2.1  �Overview of the Accidents and Total Releases 
of Radionuclides

The Chernobyl accident occurred on April 26, 1986, in the course of a technical test 
in Unit 4 at the Chernobyl NPP, located in Ukraine about 20 km south of the border 
with Belarus. An initial high atmospheric emission rate of radionuclides on the first 
day was caused by the explosion of the RBMK-type reactor. There followed a 5-day 
period of declining releases, which was associated with the hot air and fumes from 
the burning reactor graphite core materials, after that, the atmospheric release rates 
of radionuclides increased until tenth day from the initial explosion, and finally the 
releases stopped sharply. As a result, the radionuclide releases from the damaged 
reactor occurred mainly over a 10-day period. Major radionuclides released from the 
Chernobyl accident were due to 131I and 137Cs, taking into account radiological 
effects and their half-lives. For 137Cs, inventory of the reactor core at the time of 
accident was estimated to be 260–290 PBq (1 PBq = 1015 Bq). The corresponding 
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inventory of 131I was 3200 PBq. The environmental release of 137Cs is estimated to be 
85 PBq, corresponding to about 30% of the core inventory. From average deposition 
densities of 137Cs and the areas of land and ocean regions, the total 137Cs deposition 
in the northern hemisphere was estimated to be 70 PBq, which is in good agreement 
with the estimate from the reactor core [1]. For 131I, the release was estimated to be 
1760 PBq [1], about 50% of the core inventory. In this case, this value is about five 
times higher than predictions of the early UNSCEAR (1988) Report [4]. To prevent 
release of radioactivity in the environment, construction of a sarcophagus covering 
Unit 4 began in August 1986 and was completed in November 1986.

On March 11, 2011, a 9.0-magnitude earthquake occurred near northeast Honshu, 
Japan, creating a devastating tsunami. As a result of the earthquake and the subse-
quent tsunami, the loss of off-site and on-site electrical power (station blackout) and 
compromised safety systems at the Fukushima Daiichi Nuclear Power Plant (FDNPP) 
mainly due to flooded diesel electricity generators led to severe core damage to three 
of the six nuclear reactors on the site [5, 6]. The atmospheric release of radioactivity 
started in Reactor 1 (BWR MARK I) at night, March 11, 2011, due to melt of nuclear 
fuel. On March 12, 2011, a hydrogen explosion occurred in the Reactor 1. Large 
amounts of radioactivity were released in the environment from the FDNPP.  On 
March 14, a hydrogen explosion occurred in the Reactor 3. On March 15, Reactor 2 
was seriously damaged. The greatest amounts of radioactivity were released into the 
atmosphere from March 15 to 16. High emission rates of radioactivity continued 
until March 23, 2011 [7]. After March 24, emission rates decreased with time.

Major radionuclides released from the FDNPP accident were 131I and 137Cs, as 
did the Chernobyl accident. For 137Cs, the core inventory of the three reactors at the 
time of accident was estimated to be 700 PBq. Corresponding core inventory of 131I 
was 6010 PBq [6]. The atmospheric release of 137Cs was estimated to be 9–36 PBq 
from reverse and inverse methodologies using monitoring results [2, 7–11]. Aoyama 
et al. [12] evaluated more accurate total release of 137Cs comparing between model-
simulated results including atmosphere and ocean, which was 15–20 PBq, corre-
sponding to about 2% of the core inventory. For 131I, the release is estimated to be 
160 PBq, about 3% of the core inventory [6].

For the Chernobyl and FDNPP accidents, major atmospheric emission of radio-
activity continued for about 10 days, although the history of radionuclide emission 
rates differed between the Chernobyl and FDNPP accidents. The total atmospheric 
release of 137Cs, the most concerned radionuclide from all emissions due to its radio-
logical significance was for the Chernobyl accident by about five times greater than 
for the FDNPP accident.

4.2.2  �Physical and Chemical Properties of Released 
Radionuclides

The atmospheric behaviors of the radionuclides emitted from the NPP depended on 
the physical and chemical properties of the radionuclide-bearing particles. For the 
Chernobyl accident, there were only a few measurements of the aerodynamic 
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diameter of radionuclide-bearing particles released in early days after the accident. 
A crude analysis of air samples, collected at 400–600 m above the ground in the 
vicinity of the Chernobyl power plant on April 27, 1987, implied that large radioac-
tive particles, varying the size from several to tens of micrometers, were observed, 
together with an abundance of smaller particles [13]. The aerosol samples were col-
lected on May 14 and 16, 1986, above the damaged reactor, in which radionuclide-
bearing particles showed the superposition of two lognormal distributions: one 
having an activity median aerodynamic diameter (AMAD) with a range from 0.3 to 
1.5 μm, and the other one of more than 10 μm [14]. According to the results of aero-
sol sampling in remote sites, the AMADs of 131I-, 103Ru-, 137Cs-, and 134Cs-bearing 
particles were in sub-micrometer range [15–19], whereas the 90Sr and plutonium 
isotopes were found in larger micrometer particles [20, 21]. The AMADs of 
Chernobyl-derived radionuclides varied temporally due to the difference in the 
emission processes at the damaged reactor and/or the fractionation in the transport 
processes of the Chernobyl radioactivity.

For the FDNPP accident, Doi et al. [22] determined AMADs of particles carry-
ing Fukushima-derived 131I, 134Cs, and 137Cs. The AMAD of 131I-bearing particles 
was 0.7  μm for both April 4–11 and April 14–21, 2011, events; the AMAD of 
134Cs-bearing particles was 1.8 and 1.0 μm in the first and the second period, respec-
tively, while for 137Cs-bearing particles it was 1.5 and 1.0 μm in the first and the 
second period, respectively. The mass size distribution of the total aerosol was 
bimodal with peaks in particle diameters at about 0.5 μm and 5–10 μm, which cor-
respond to sulfate and soil particles, respectively. Thus the 134Cs- and 137Cs-bearing 
particles observed in April differed in diameter from both sulfate and soil particles. 
The difference in particle size distributions between 131I and radiocesium implies 
that the process of formation of 134Cs- and 137Cs-bearing particles differed from that 
of 131I. In another report on the size distribution of Fukushima radiocesium-bearing 
particles at Tsukuba in the two periods April 28–May 12 and May 12–26, Kaneyasu 
et al. [23] revealed that 134Cs and 137Cs, having AMAD values around 0.5–0.6 μm, 
were attached to sub-micrometer sulfate particles. Both findings suggest that the 
AMAD of the observed radiocesium-bearing particles changed with time. The par-
ticle size of radiocesium observed in April may reflect hot particles transported 
directly from the NPP because the radiocesium concentrations in surface air were 
more than one order of magnitude greater in April than they were in May. Adachi 
et al. [24] by using a scanning electron microscope equipped with an energy disper-
sive X-ray spectrometer revealed that FDNPP-derived radionuclides emitted during 
the period of March 15–16 were contained in spherical radiocesium-bearing parti-
cles (diameter: 2.6 μm), which were water less soluble than sulfate particles. Masson 
et al. [25] determined size distributions of the FDNPP-derived radionuclide-bearing 
particles at several places in Europe; the AMAD ranged from 0.25 to 0.71 μm for 
137Cs, from 0.19 to 0.69 μm for 134Cs, and from 0.30 to 0.53 μm for 131I, thus in the 
accumulation mode of the ambient aerosols (0.1–1 μm).

Although the reactor types of the Chernobyl (RBMK) and FDNPP (BWR) dif-
fered from each other, most of the 137Cs-bearing aerosols existed as sub-micrometer 
particles in both cases [15, 23]. At an early stage of the both accidents, significant 
amounts of radiocesium were emitted into the atmosphere as hot particles, easily 
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removed from the atmosphere by dry and wet deposition processes, unlike the sub-
micrometer particles emitted from Chernobyl [15, 20, 26]. The hot particles derived 
from the Chernobyl accident were classified into two broad categories: (1) fuel frag-
ments with a mixture of fission products bound to a matrix of uranium oxide, similar 
to the composition of the fuel in the core, so including plutonium isotopes and other 
actinides, but sometimes strongly depleted in volatile fission products such as radio-
cesium, radioiodine, and radioruthenium, and (2) particles consisting of one domi-
nant element (ruthenium and barium) but sometimes also having traces of other 
elements [27–31]. These monoelemental particles may have derived from embed-
ments of these elements produced in the fuel during the operation and released dur-
ing the fragmentation of the fuel [28]. For the FDNPP accident, hot particles with 
spherical shape and amorphous structure contained high amounts of radiocesium, 
which was embedded into silicate [24, 32]. There is no clear evidence of presence 
of hot particles consisting of fuel materials. The difference in hot particles between 
the Chernobyl and FDNPP accidents may be due to the difference in the formation 
processes of hot particles in the reactor and/or particle formation in release pro-
cesses [33].

4.2.3  �Radioactively Contaminated Areas

In order to effectively conduct radiation protective actions for the FDNPP-derived 
radionuclide distribution for NPP accidents, it is essential to construct detailed 
radioactivity contamination (deposition density) maps. After the Chernobyl acci-
dent, radioactive contamination of the ground surface was found to some extent in 
practically every country of the northern hemisphere. The detailed contamination 
patterns had been established from extensive monitoring of the affected areas. The 
high contamination area of 137Cs (>37 kBq m−2), which is greater than that of maxi-
mum deposition density due to global fallout (~10 kBq m−2) [34], was estimated to 
be 1.82 × 105 km2, in which about 75% of the total highly contaminated area are 
present in the territories of Belarus, the Russian Federation, and Ukraine, where 
about 25% exists in north and east Europe [1]. The highly 137Cs contaminated areas 
spread in Belarus (B), the Russian Federation (RF), and Ukraine (U) and were clas-
sified as four classes: the class 1 area (>1.48 MBq m−2) was estimated to be 3100 km2 
(RF: 300, B: 2200, U: 600  km2), the class 2 area (0.555–1.48  MBq  m−2) was 
7200 km2 (RF: 2100, B: 4200, U: 900 km2), the class 3 area (0.185–0.555 MBq m−2) 
was 19,100 km2 (RF: 5700, B: 10,200, U: 3200 km2), and the class 4 area (37–
185 kBq m−2) was 116,900 km2 (RF: 49,800, B: 29,900, U: 37,200 km2) [1]. The 
contaminated areas (>185  kBq  m−2) in Belarus are 43% agricultural areas, 39% 
forested, and 2% rivers and lakes.

The highly contaminated area of the FDNPP-derived radionuclides was limited 
in Japanese territory. The size of the contamination area in Japan with levels 
>185 kBq m−2 after the FDNPP accident, in comparison, is measured by an area of 
approximately 1700 km2 [3], which is <6% of corresponding contaminated area for 
the Chernobyl accident (29,400 km2). This result is consistent with the findings that 
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about 20–30% of the total atmospheric 137Cs release from the FDNPP was deposited 
on land [12] and that the total amount of FDNPP-derived 137Cs is about 20% of that 
of the Chernobyl. In Japan, more than 75% of the contaminated area is forested, 
<10% rice paddy fields, <10% other agricultural areas, and <5% urban areas.

4.2.4  �Atmospheric Effects

Radioactivity measurement in surface air is one of the most important issues in 
emergency environmental monitoring. After the Chernobyl accident, high levels of 
radioactivity in surface air and deposition (wet and dry) were observed in early May 
1986 at many air monitoring stations in the northern hemisphere. The high activities 
of Chernobyl radionuclides, typically 131I, 137Cs, 134Cs, and 103Ru, were found in air 
samples, in which a maximum occurred in early May and after that rapidly decreased 
with time, although second and third peaks were observed at some sampling sta-
tions [35]. An apparent atmospheric half-life of the Chernobyl radionuclides was 
estimated to be 6 days for observation at remote sites [36]. However, the decrease 
rate of the Chernobyl radionuclides in air and deposition was slow down. 
Atmospheric effects of the Chernobyl radioactivity continued for a long time [6].

For the FDNPP accident, various air monitoring campaigns of radionuclides 
released from the FDNPP had been conducted to elucidate the emission history, 
which is closely related to sequence of the FDNPP accident, although we had 
incomplete information on the environmental contamination at the early stage of the 
accident due to destruction of monitoring systems as a result of the great earthquake 
and the resulting tsunami [6]. The high level of radionuclides, typically 131I, 137Cs, 
and 134Cs, was observed in surface air until late March 2011. Although some high 
peaks of air radionuclides, accompanied with the arrival of the radioactive plume 
from the FDNPP, occurred during the period of March to April, the level of air 
radionuclides decreased rapidly, which is corresponding to the decrease of radioac-
tivity emission rates in the FDNPP.  An apparent atmospheric half-life of the 
FDNPP-derived 137Cs during the period of March to June 2011 was calculated to be 
about 12 days from monthly deposition data [37]. After July 2011, the decrease 
rates of the surface air concentration and deposition of FDNPP-derived 137Cs 
declined. In Austria, atmospheric 131I exhibited an apparent half-life between 4 and 
6 days and was detectable until May 16, 2011 [38].

4.3  �Late Atmospheric Effects of NPP Accidents

4.3.1  �Trends of Atmospheric Radionuclides

After the NPP accidents, the terrestrial environment suffered major contaminations, 
dominantly including forest and agricultural areas. Radioactivity contaminated area 
is a potential source of radioactive aerosols due to resuspension. On the other hand, 
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sporadic and/or continuous emission of radionuclides from the damaged nuclear 
reactors may occur in isolation and remediation processes. Therefore, long-term 
monitoring of anthropogenic radionuclides in air and deposition samples has been 
required to assess the environmental effects of post-accident.

Since the mid-1950s, radioactivity monitoring sites in Europe, USA, and Japan 
have been constructed to measure anthropogenic radionuclides, especially 137Cs, 
90Sr, and 239,240Pu in surface air and deposition to elucidate the effects of nuclear 
events such as atmospheric nuclear testing, NPP accident, and others. The monitor-
ing results revealed that the 137Cs in surface air and deposition does not return to 
pre-Chernobyl level at 1  year after the accident. Figure  4.1 shows the temporal 
variations of annual 137Cs, 90Sr, and 239,240Pu deposition in Germany and Greece dur-
ing the period of 1987–1997 [39–41], in which Tsukuba (Japan) is selected as a 
reference site [42–44]. In pre-Chernobyl era, the surface air concentrations of 
anthropogenic radionuclides were controlled by stratospheric–tropospheric fallout 
due to the atmospheric nuclear testing; in the mid-latitude region, similar level of 
anthropogenic radionuclides was observed at monitoring stations [45]. In the post-
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Chernobyl era, the level of 137Cs deposition in Europe (Germany and Greece) was 
more than two orders of magnitude larger than that in the Fareast Asia (Japan). The 
annual depositions of 90Sr and 239,240Pu in Munich were affected by the Chernobyl 
fallout in the late 1980s, although impacts of the Chernobyl-derived 90Sr and 239,240Pu 
are weaker than those of 137Cs. The annual 137Cs deposition in European sites 
decreased with apparent atmospheric half-life (AAHL) of 1 y; AAHLs at Neuherberg, 
Germany [46], Mappenberg, Germany [47], and Thessaloniki, Greece [48] were 
0.77 y (Aug. 1986–Dec. 1988), 1.07 y (1988–1989), and 1.33 y (1987–1992), 
respectively. After 1992, the decrease rate of annual 137Cs deposition at Neuherberg 
was declined. These sites are located at a distance of about 1500 km from Chernobyl. 
The similar time scale of the AAHL (0.47–2.2 years) was determined for over 20 
European sites [49]. The surface 137Cs concentrations in Bratislava were decreasing 
with the AAHL of 1.9 years during the period of 2003–2010 [50]. On the other 
hand, irrespective of the long distance of about 8000 km from Chernobyl, small 
amounts of Chernobyl-derived 134Cs were detected in deposition collected in 1987 
at Tsukuba, which may be explained by fallout of the Chernobyl radiocesium partly 
transported into the lower stratosphere [51–53]. Radiocesium from Chernobyl even 
significantly elevated the contamination levels in Japanese wheat in 1986 [54]. 
Although the AAHL of the Chernobyl 137Cs observed in Europe is similar to the 
time scale of the stratospheric fallout, it is considered that high 137Cs levels in surface 
air and its deposition should be supported by resuspension of Chernobyl 137Cs 
deposited on land [41, 49].

FDNPP-derived 137Cs in monthly deposition samples was detected after 2012 at 
most of the monitoring stations within about 300 km of the FDNPP, as shown in 
Fig. 4.2. Although the 137Cs deposition gradually decreased with time during the 
period of 2012–2016 [56, 57], at the end of 2016, the 137Cs levels at these stations 
were more than one order of magnitude higher than the pre-Fukushima level. The 
annual 137Cs deposition decreased with the AAHLs of 1.0–1.6  years during the 
period of 2012–2016. However, the annual 137Cs deposition in 2017 increased at 
many monitoring sites within about 300 km from the FDNPP; especially, it was 
15.3 kBq m−2 at Futaba near the FDNPP, which was about twice higher than that in 
2016 (7.68 kBq m−2) [55]. This finding suggests that the trend of the annual 137Cs 
deposition in the vicinity of the FDNPP is governed by the additional release of 
137Cs from the FDNPP, although its influence decreases with distance from the 
FDNPP.

4.3.2  �Seasonal Change

Seasonal change of anthropogenic radionuclides in surface air and deposition has 
been considered to be important information to elucidate sources and transport pro-
cesses of anthropogenic radionuclides. In the pre-Chernobyl period until 1985, sea-
sonal change of 137Cs in air and deposition, whose peaks occur in May–June, is 
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strongly related to stratospheric fallout due to the atmospheric nuclear testing [58, 
59]. According to measurements of 137Cs activity in surface air in Europe, for the 
post-Chernobyl era, the seasonal pattern of 137Cs exhibits two peaks with enhanced 
activity in spring (April) and second peak in fall (October). These peaks were 
explained by advection through the atmosphere boundary layer from Chernobyl. 
Although seasonal change pattern of surface air 137Cs activity varied between sam-
pling locations (44.5°N–68°N), seasonal change is governed by atmospheric trans-
port from the Chernobyl [59]. On the other hand, the monthly deposition of 
anthropogenic radionuclides (137Cs, 90Sr, and 239,240Pu) in the 1990s and 2000s exhib-
ited clear seasonal pattern with a spring peak (March–May) in Japan, which is con-
cluded the long-range transport of Asian dust, including global fallout radionuclides 
without those from Chernobyl, blown up in the east Asian deserts and arid area, 
based on the knowledge about their level, activity ratios between anthropogenic 
radionuclides, isotope ratios of plutonium, major element composition of dust 
including anthropogenic radionuclides, seasonal and inter-annual variations of fre-
quency of dust events and model simulation [43, 44, 60, 61].
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After the FDNPP accident, the seasonal pattern of monthly 137Cs depositions 
within about 300 km from the FDNPP exhibited a peak in February–May and mini-
mum in fall as shown in Fig. 4.2, whereas the seasonal change of 137Cs near the 
FDNPP showed a marked peak in winter (December–February) and minimum in 
summer (August). It is likely that the monthly 137Cs deposition near the FDNPP is 
affected by additional radioactivity emission from the reactor buildings of the 
FDNPP. The seasonal pattern of the monthly 137Cs depositions within about 300 km 
from the FDNPP slightly varied spatially and temporally, which implies that a sim-
ple process does not control the seasonal pattern of the enhanced 137Cs deposition 
due to a post-accident emission. The 137Cs activities in fine particles (<1.1 μm) at 
Fukushima site about 60 km from the FDNPP showed a seasonal pattern in spring 
(March) maximum, whereas the 137Cs in coarse (>1.1 μm) particles exhibited two 
peaks in February and August [62]. On the other hand, 137Cs concentrations in sur-
face air of evacuated area showed a clear seasonal change with a peak during sum-
mer and fall in 2013 [63]. It is noteworthy that sporadic emission from the FDNPP 
occurred in August 2013 [64]. These results suggest that it is difficult to recognize 
their sources and transport from only seasonal pattern of anthropogenic radionu-
clides, although seasonal pattern is one of the most important knowledge.

4.3.3  �Factors Controlling Late Atmospheric Effect

Resuspension is an important process to sustain a level of anthropogenic radioactive 
aerosols in the surface air. The radionuclides deposited onto ground and/or vegeta-
tion are adsorbed onto fine organic or mineral particles. Some meteorological con-
ditions such as aridness and strong wind may blow off fragments of dried soil and 
vegetation [65]. The resuspension of 137Cs deposited on land surface has been dis-
cussed as a significant process supporting the post-accident 137Cs levels in surface 
air and deposition [66]. Garger et  al. [66] summarized the resuspension sources 
following the Chernobyl accident as (1) dust emission (2) human activity in fields 
as well as on roads and construction sites, (3) forest fires, and (4) emissions from the 
power plant (i.e., opening of the Chernobyl sarcophagus). As other resuspension 
sources, burning of contaminated wastes including biomass and bioaerosols (pollen, 
spores, bacteria and others) [67, 68] is speculated as the process to support air con-
centrations and deposition of the FDNPP-derived 137Cs since 2012. Although emis-
sion of soil dust is a possible process supporting 137Cs in atmosphere, levels of 
FDNPP-derived 137Cs deposition observed in Kanto area, central Japan, were hardly 
supported by dispersion of local soil particles, although its seasonal pattern with 
high in spring was similar to local dust emission [69]. As a cause of the late atmo-
spheric effects of FDNPP-derived radionuclides, continuous additional atmospheric 
emission of radiocesium from the FDNPP may be contributed significantly [56].

Model simulation has been developed to assess long-term changes of atmo-
spheric radiocesium after the FDNPP accident, in which includes resuspension 
from bare soil and forest ecosystem [67, 68], in which a resuspension scheme for 
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137Cs from bare soil was formulated based on the observation of schoolyard [70] and 
a forest ecosystem scheme contained term of the green area fraction using normal-
ized difference vegetation index. In this model, resuspension rate from forest was 
used a constant value of 10−7 h. The model simulation reproduced the seasonal pat-
tern of surface atmospheric 137Cs in 2013. However, model simulation of inter-
annual trend remains an issue [5].

4.3.4  �Effect of Sporadic Emission

The radionuclides derived from the Chernobyl accident, as did global fallout, had 
contaminated wide areas of Eurasia [1] and remain a potential source of radioactive 
aerosols. Forest fires have frequently happened in Eurasia causing the emission of 
aerosols. Radiocesium, radioiodine, and chlorine were found in the smoke of bio-
mass fires [71]. The high 137Cs concentrations in surface air sporadically occurred in 
Lithuania. This was due to the transport of the biomass burning plumes including 
anthropogenic radionuclides, especially volatile radionuclides such as 137Cs, which 
led to lower 239,240Pu/137Cs ratios than that of global fallout [72]. The radiological 
risk due to wildfires in Chernobyl contaminated forests was evaluated by model 
simulation [73]. For the FDNPP accident, there is no clear evidence that biomass 
burning had a significant impact on atmospheric 137Cs [68].

Sporadic peak events of radioactive emission occurred in August 2013, associ-
ated with the debris removal operation in the damaged reactors. High 137Cs concen-
tration in surface air was observed at Namie [67]. Steinhauser et al. [64] estimated 
the gross release amount of 0.28 TBq to this event using measurements of weekly 
air filter sampling and monthly deposition and a model simulation.

4.4  �Conclusion

The nuclear disasters such as the Chernobyl and FDNPP accidents have caused seri-
ous radioactivity contamination of the environment. The environmental impacts of 
radioactivity released from the nuclear accidents depend on the scale of the total 
emission from the damaged reactors. After the NPP accidents, atmospheric levels of 
radionuclides rapidly decreased due to the initial action to cease large emission of 
radionuclides from the damaged reactors, resulting in apparent atmospheric half-
life of 1–2 weeks. A major radionuclide affecting at long time-scale impacts of NPP 
accidents is 137Cs, although 90Sr and fissile materials such as plutonium are locally 
important pollutants as well. High atmospheric levels of 137Cs derived from the NPP 
accident continued over time scale of 1 year, resulting in the apparent atmospheric 
half-life of about 1  year. However, areas, where late atmospheric effects are 
observed, depend on spreading of heavily contaminated material, thus ultimately 
depending on the total radioactivity release. The late atmospheric effect of 
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radioactivity is governed by resuspension of radionuclides initially deposited on 
land surface, including forests, grass land, agricultural fields, and artificial construc-
tion, although additional emission of radioactivity from the damaged reactors occurs 
continuously and sporadically accompanied with remediation. The current implica-
tion of resuspension is complicated because of forests, which is the dominant type 
of vegetation in the heavily radioactively contaminated areas for both Chernobyl 
and FDNPP. In order to assess the late atmospheric effects of the NPP accident, it is 
important to gain better understanding of mechanisms and controlling factors of 
resuspension, especially host aerosols containing radionuclides.
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Chapter 5
Fear of Radiation: A Comparison 
of Germany and Japan

Frank Rövekamp

Abstract  This chapter proposes that the public perception of the danger presented 
by a national emergency is mediated by cultural factors as well as media bias. The 
cases of Germany and Japan are examined in the aftermath of the Fukushima nuclear 
accident. Whereas the people and media remained relatively calm in Japan, where 
the crisis originated, public concern in faraway Germany was substantial, even trig-
gering an accelerated nuclear phase-out plan there. Possible explanations for these 
very different reactions, it is argued, may be identified in differing cultural traits, 
media bias, and vested interests. Some influential Japanese commentators have 
pointed out the strong tendency of Germans towards emotionality and irrationality, 
which apparently may be traced back to the romantic era of the late eighteenth cen-
tury, leading to a rejection of modernity and scientific progress. They also blame 
German media and press reporting for augmenting these fears and creating an atmo-
sphere of panic. German commentators, on the other hand, criticized Japanese 
media for being negligent for not reporting on the significant risks posed by the 
accident. They point to the so-called “nuclear village,” the pro-nuclear individuals 
and institutions including mainstream media. While there is some debate regarding 
the degree to which the “village members” actually do connect and deliberately 
plan, there is a general consensus that the nuclear industry commands strong lobby-
ing powers. The chapter concludes that while both viewpoints may be exaggerated, 
they do contain a kernel of truth. On an individual level, “fear of radiation” appears 
to be a very human and explicable impulse independent of a cultural explanation. 
Collective fear bordering on hysteria of people at a safe distance from the site of an 
emergency, however, is another matter. Here cultural factors and the media seem to 
play a vital role.

Keywords  Fukushima Daiichi nuclear accident · Media reporting · Romantic 
mindset · “Nuclear Village” · Japan · Fear

F. Rövekamp (*) 
East Asia Institute, Ludwigshafen University of Applied Sciences, Ludwigshafen, Germany
e-mail: roevekamp@oai.de

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-8327-4_5&domain=pdf
mailto:roevekamp@oai.de


54

5.1  �Introduction

The Fukushima nuclear accident of March 11, 2011, drew worldwide attention even 
months after the event and had far-reaching consequences for the international 
nuclear industry. The reactions, however, were different from country to country. As 
is to be expected, they were very marked in the country of origin, Japan. But still 
profounder were the reactions and consequences in a country virtually at the other 
end of the world, in Germany. How can such a difference be explained? Are cultural 
factors at work? Is “fear of radiation” an issue of mentality? Or are other factors 
such as media biases or industry lobbying important?

This chapter is not an attempt to deal with these questions in a comprehensive 
and fundamental way. But it will try to shed some cross-cultural light on these 
issues by introducing a Japanese view of German behavior and a German view of 
the driving forces behind Japanese attitudes. To provide an analytic base, the chap-
ter will first review important public reactions to and the consequences of the 
nuclear accident in both countries. It will conclude with some reflections on the 
differences between German and Japanese perspectives.

5.2  �Public Reactions During the Fukushima Nuclear 
Accident

5.2.1  �Japan

In Japan itself, the reactions to the nuclear disaster cannot be separated from the 
causes of the catastrophe, the Great Tohoku Earthquake and the ensuing tsunamis, 
which devastated large parts of the coastal area in East Japan, cost close to 20,000 
lives and displaced several 100,000 people [1, pp. 781–782]. While media attention 
was gradually drawn to the unfolding nuclear accident, it nevertheless did not divert 
from extensively reporting about the larger scale earthquake disaster and its enor-
mous human consequences.

Even with the worsening of the situation at the nuclear plant, obvious problems 
with emergency responses, manifested by the chaotic step-by-step evacuation pro-
cess1 and a growing sense of crisis, media reporting remained rather matter-of-fact 
and did not engage in wide-ranging speculation about core meltdown and worst-
case scenarios [3, pp. 257–260]. This had the effect that the situation in areas not 
directly affected by the accident, like Tokyo and its surroundings, remained rather 
calm and without panic reactions on a large scale. This did not change even with the 
spectacular hydrogen explosions at the Fukushima Daiichi reactor buildings on 

1 The Investigation Commission of the National Diet of Japan gives a very detailed account of the 
evacuation process and its flaws [2, pp. 6–38].
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March 12, 14, and 15 or with the evacuation of foreign embassies and other institu-
tions from the Tokyo area to other parts of the country.

There were, of course, differences of tone and degree of detail in the nuclear 
accident reporting by major television stations and newspapers. The influential 
national public television channel NHK had the calmest approach. News about the 
nuclear accident was reported along with other conventional news and speculations 
about core meltdown and worst-case scenarios were mostly avoided. Major national 
newspapers differed somewhat in their reporting in line with their principal political 
orientation. The traditionally conservative and pro-atomic energy Yomiuri Shimbun 
criticized the government for its chaotic emergency response, but avoided reporting 
about the accident in a manner that could lead to questions about the use of atomic 
energy as such. The more liberal Asahi Shimbun and Mainichi Shimbun were some-
what more outspoken in their crisis and risk reporting, but also they avoided engag-
ing in speculative scenarios and assessments that might arouse widespread panic [3, 
pp. 249–260].

5.2.2  �Germany

Media reporting and public reactions were entirely different on the other side of the 
world, in Germany. As soon as it became clear that the nuclear accident was of a 
very serious nature, the topic commanded virtually exclusive attention. The grave 
effects of the earthquake and the tsunamis played all but no role in the news any-
more [4, pp. 139–144].

Speculation about the extent of the accident and worst-case scenarios was wide-
spread. Experts, some of them well qualified and some of them perhaps less so, 
mostly from environmental and anti-nuclear groups were present on virtually all 
news programs. Frequent comparisons with the nuclear accident of 1986 at 
Chernobyl were made. Many commentators claimed that “Fukushima” could only 
be worse given the much higher radioactive inventory at the plant. Although uncon-
firmed at that time it was generally assumed as given that a core meltdown in the 
nuclear reactors was well under way. The issue discussed then was when the capital 
area Tokyo would be hit with a radioactive plume and what an evacuation of about 
50 million people would look like, if possible at all.2 Beyond that, the extent 
Germany would be affected by the accident and how to defend against this “threat” 
was of great concern. Geiger counters were sold out in a short period of time and 
iodine tablets were in high demand [9].

A prominent, if somewhat extreme example of German media reporting was the 
front page headline “Tokyo in mortal fear” (“Tokio in Todesangst”) in DIE WELT, 
a leading newspaper, on March 16 [8]. The headline was above a large picture 
depicting people wearing masks. This was apparently meant to suggest that the 
mask wearing was the result of alleged radioactive contamination and widespread 

2 Examples from prominent German media are Focus [5], SZ [6], and WELT [7, 8].
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fear in the capital. In fact however Japanese people wear masks very frequently, 
already with light symptoms of a cold or even as a protective measure in cold and 
hay fever seasons. Thus the picture was of a very ordinary daily-life scene in Japan 
and it had no connection with the nuclear accident and its alleged effects.

Shortly after the accident, Germany—which has never experienced a serious 
nuclear incident within its borders and which is blessed by a relatively calm natural 
environment with no regular earthquakes or weather extremes—shut down some of 
its oldest nuclear power plants. Albeit they had still been running without operating 
problems and they posed no apparent imminent safety risks, the government decided 
to completely abandon nuclear energy by the year 2022 [10], by an accelerated 
phase-out plan.

In earthquake-, tsunami-, and typhoon-prone Japan, on the other hand, the dis-
cussions on nuclear energy took a complicated turn. Shortly after the accident, the 
government, under the control of the Democratic Party, decided to phase out nuclear 
energy between the years 2030 and 2040 [11, pp.  405–444]. This was changed, 
however, by the government of the Liberal Democratic Party, which came to power 
again in 2012. The official policy today is to rely continuously on nuclear power to 
provide a significant base load of electricity [12].

Why did Germans, who had not been directly affected by the accident, react so 
differently from the Japanese, who were in the middle of the disaster?

5.3  �A Japanese View of the German Reaction

The German reaction to the Fukushima nuclear accident was critically analyzed by 
a Japanese journalist, Norihide Miyoshi, in his prize-winning book “The German 
Risk” [13]. Miyoshi has a profound knowledge of German affairs. He had lived in 
Germany for more than 10  years as the foreign correspondent of the Yomiuri 
Shimbun, the biggest newspaper in Japan and one of the biggest in the world. 
Miyoshi’s book deals with general political culture in Germany, but it starts with 
media reporting on Fukushima and the ensuing German energy transition.

Miyoshi criticizes the very speculative and emotional tone in general media 
reporting. Beyond that he points out that this was accompanied by sometimes 
implicit and sometimes explicit accusations that the Japanese media were colluding 
with the authorities and not telling the truth about the extent of the disaster and the 
accompanying risks.3 German media allegedly “knew better.”

At the end of the day, the radioactive fallout from the Fukushima accident 
amounted to about 10–20% of the fallout from the Chernobyl reactor explosion 
[15]. Furthermore there were no direct, radiation-related fatalities. Miyoshi con-
trasts these facts with a Facebook post by Claudia Roth, a prominent German Green 
Party politician. Roth mixed erroneously the tsunami disaster and the nuclear acci-
dent and suggested the latter claimed about 16,000 victims [13, pp.  35–36]. In 

3 See the article in the Frankfurter Rundschau [13] as an example for such reporting.
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Miyoshi’s view, the German reaction to the accident was internationally unmatched 
in its emotional and smart-alecky allegations made from self-claimed high moral 
ground.

What are the roots of this behavior? According to Miyoshi, many Japanese 
assume that the Chernobyl disaster of 1986, which indeed affected Germany and its 
agriculture through the high level of radioactive fallout, is the main factor behind 
German reactions. He points out that the fiercely anti-nuclear modern German envi-
ronmental movement took off in the late 1960s and became an important political 
force in the 1970s, long before the Chernobyl accident. His main proposition, how-
ever, is that German mentality as such is characterized by a deep skepticism towards 
science, technology, and modernity with roots in the Romantic Era of the nineteenth 
century [13, pp. 231–242]. According to Miyoshi, Romantic thought has not only 
permeated arts and music but also strongly influenced political thought up to the 
present day.4

The Romantic Era began at the end of the eighteenth century and was character-
ized by a mystical mindset and ascribed mystical power to nature. Emotionality was 
stressed over rationality. Science and technology were strongly resented, and some 
even rejected “modernity” altogether. As a genre of arts and literature, it declined as 
soon as the first part of the nineteenth century, but Romantic thought has deeply 
influenced social and political movements well beyond the Romantic Era even up to 
the present. Examples include the Youth Movement of the early twentieth century 
and also parts of the National Socialist movement with its countryside ideology. 
After World War II, Romantic thought continued to influence phenomena such as 
the student revolt of the 1960s and the environmental movement, which took off in 
every respect in the 1970s and which formed the basis of the Green Party. Miyoshi 
is keen to point out that only in Germany the environmental movement has gained 
so much strength as to crystallize into a major political party which could even par-
ticipate in the national government.

Miyoshi’s critique thus is a very fundamental one. He sees German reporting of 
and reactions to the Fukushima nuclear accident as a symptom of a very fundamen-
tal cultural trait which is characterized by a deep-rooted skepticism against science 
and technology or even “modernity” as such.

5.4  �A German View of the Japanese Nuclear Village

Miyoshi’s book received the prestigious Yamamoto Shichihei prize in Japan for 
excellent non-fictional writing. Also, his views are influential as a senior staff writer 
for the Yomiuri Shimbun.

The Yomiuri Shimbun can be considered part of the so-called Nuclear Village 
in Japan, sobriquet for an informal if not silent coalition of people and institutions 

4 In his chapter about Romanticism, Miyoshi draws heavily from an influential book on this matter 
by the German philosopher and author Rüdiger Safranski [15].

5  Fear of Radiation: A Comparison of Germany and Japan



58

which strongly promote nuclear energy and profit from it. These are the major 
utilities, the biggest of them TEPCO, the operator of the Fukushima nuclear 
plant, local communities which profit from high subsidies for hosting nuclear 
power plants, pro-nuclear politicians, scientists, and large parts of the major 
media [17].

The Yomiuri Shimbun plays a very special role in this connection. It is controlled 
by the Shōriki family and it was Matsutarō Shōriki, who in the 1950s, together with 
Yasuhiro Nakasone, later prime minister, was the main driving force behind the 
introduction of nuclear energy into Japan. Shōriki also became chairman of the 
newly established Japanese Atomic Energy Commission [18, pp.  235–239]. The 
formidable task of convincing the Japanese public, which still had a vivid memory 
of the atomic bombings of Hiroshima and Nagasaki, that nuclear energy has nothing 
to do with nuclear weapons, that it indeed presents the “good power” of atoms, was 
undertaken by the major newspapers with the Yomiuri Shimbun leading the way 
[19, pp. 65–110].

The Yomiuri Shimbun has profited greatly from this stance up to the present day. 
All the ten major utilities have extraordinarily high PR budgets, and regular adver-
tisements in the major newspapers are an important source of income for them [20]. 
The nuclear accident thus posed a serious threat to the business model of the Yomirui 
Shimbun and similar media giants. Did this also influence their reporting during the 
accident and did they underrate the risks? Is there, in other words, substance to the 
claim of many German media that their Japanese counterparts did not report objec-
tively and thus put the Japanese population at risk?

One indicator for this may be the official American reaction to the accident and 
how the Japanese side dealt with it. US officials announced a safety zone of 50 miles 
around the nuclear plant, which all American citizens should vacate [21, p. 80], an 
announcement largely ignored by Japanese media. Miyoshi, for his part, plays down 
the seriousness of the accident by declaring that the standard for judging it should 
be radioactive fallout, which only reached the level of 10–20% of that from 
Chernobyl. But this final outcome does ignore the fact that things had been on the 
verge of becoming much worse. One of the reactors could well have burst and in the 
worst case—outlined by Shunsuke Kondō, the former chairman of the Japan Atomic 
Energy Commission in March 2011 [22]—eventually an evacuation zone of 250 km 
around the plant might have become necessary.5 This would have included the 
Tokyo area and would have affected around 50 million people. Were Japanese media 
negligent by not reporting or at least speculating about such a risk or were they act-
ing responsibly by confining their reporting strictly to the confirmed facts and 
thereby avoiding overwhelming, uncontrollable public panic? Opinions on this 
remain divided up to the present day.

5 How easily matters could have developed in this direction was also testified by Masao Yoshida, 
the Fukushima nuclear plant manager [22, pp. 180–185] and by Haruki Madarame, head of the 
Nuclear Safety Commission [23, pp. 25–27] at the time of the accident.
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5.5  �Conclusion

The Japanese “Nuclear Village,” its influence and its networks, is an intensively 
discussed topic in Japan and also in Japan-expert circles outside of the country. 
There are different opinions about the degree to which the constituents of the 
“Village” really connect and collude consciously, but there are few doubts that the 
nuclear industry commands strong lobbying powers. And there is no doubt about 
the role of the influential mainstream media, with the Yomiuri Shimbun in the lead, 
promoting nuclear energy as a cheap, reliable and—if managed with sufficient 
care—safe source of energy.

Miyoshi may thus be considered as a “man of the system,” someone who cer-
tainly feels close to the “Nuclear Village” and its agenda. But does this discredit his 
analysis of German media reporting about the Fukushima nuclear accident, public 
reactions, and its deeper roots? This may not be the case. His analysis of media 
reporting is thorough and backed up by many sources, and even if counterexamples 
of more calm and balanced reporting can be detected, one can hardly escape the 
impression that emotion and a know-it-all attitude were among the driving forces in 
German media coverage during those days.6 Miyoshi contrasts this also with the 
more balanced reporting of important British media like the BBC and the Financial 
Times [13, pp. 37–41]. As for the long-term consequences of abandoning nuclear 
energy and enforcing an “energy transition,” no other country in the world acted 
with a speed and determination similar to that of Germany, for better or worse. 
Whether all this is a symptom of deeply ingrained German cultural traits, character-
ized by anti-scientific sentiments, pessimism, and a rejection of modernity, with 
roots in the Romantic Era or even beyond, is certainly debatable. One should note, 
however, that influential authors like the German philosopher Rüdiger Safranski 
[16], the late American historian Gordon Craig [26, pp.  216–239], and even the 
great writer Thomas Mann [27] share or shared Miyoshi’s view of the influence of 
the dark side of Romantic thought on the German soul.

On an individual level, “fear of radiation” appears to be a very human impulse 
with no relation to age, gender, and race. One needs only to consider the reactions 
of those directly affected during and shortly after the Fukushima nuclear accident or 
follow the discussions between TEPCO and local fishermen about releasing con-
taminated water into the ocean today. Here the Japanese people reacted no differ-
ently than would be expected from German or any other people in the same situation. 
The nature of radioactivity with probable and not easy to understand but neverthe-
less potentially very serious effects on human health let this appear quite plausible. 
Human beings, no matter their backgrounds, fear uncertainty and the unknown, if 
directly confronted with it.

The differing collective reactions of people however, who are at a safe distance 
from an event, as compared with those on the scene, are another matter. Here 

6 This conclusion can also be drawn from an analysis by German media experts, who linguistically 
compare German reporting with that in the USA and Great Britain [24].
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disparate media and mentalities seem to play an important role. In the Fukushima 
nuclear accident case, these factors apparently manifested themselves in a sort of 
complacency or conformity in Japan as contrasted with an emotionally driven over-
reaction in faraway Germany.
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Chapter 6
The Psychosocial Consequences 
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We Suffering From?
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Abstract  The Fukushima Daiichi Nuclear Power Plant accident caused enormous 
damage in terms of not only the mental status of affected people, but also the cohe-
siveness of entire communities in Fukushima Prefecture. Regarding individual 
mental health, many psychiatric issues became apparent after the accident, includ-
ing, but not limited to, posttraumatic stress disorder, depression, and alcohol or 
another type of substance abuse. Widespread rumors and damaged reputations 
caused anxiety among residents and evacuees, eliciting various disparities such as 
risk perception factors related to compensation or the effects of radiation exposure. 
As a result, a decrease in community resilience was observed. Additionally, evacu-
ees were frequently exposed to public stigmas resulting from the negative stories 
regarding compensation issues or the possible genetic effects of radiation exposure. 
To address these multidimensional mental health problems, several new and unique 
care facilities were established after the disaster with the aim of providing active 
interventions for and improving the current well-being of affected people, including 
evacuees. While a certain level of effectiveness in the provision of outreach services 
has been seen, issues such as burnout and exhaustion among health care staff work-
ing for different care resources have also been observed. In contrast to natural disas-
ters, nuclear disasters tend to have long-term psychosocial consequences on affected 
people. Therefore, support care resources that could play important roles, especially 
in the post-disaster phase in affected areas, should be supported by national and 
local governments on a long-term basis.
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6.1  �Introduction

On March 11, 2011, a massive earthquake and tsunami struck the Tōhoku region of 
Japan, resulting in serious damage, especially across Iwate, Miyagi, and Fukushima 
Prefectures. Furthermore, the tsunami crippled the cooling system at the Fukushima 
Daiichi Nuclear Power Plant (FDNPP), leading to serial explosions in all four reac-
tor buildings. This subsequent nuclear accident caused not only direct physical loss 
and damage, but also long-term psychosocial effects on residents across the entire 
Fukushima region.

Within a month after the accident, about 140,000 people were voluntarily or 
involuntarily evacuated to different locations inside and outside of Fukushima 
Prefecture. The evacuees aimlessly traveled from place to place in an attempt to 
avoid exposure to radiation. It has currently been estimated that the evacuees 
changed their location approximately four times on average during the first year 
after the disaster [1]. In the acute phase of the accident, most of the evacuees believed 
that their relocation was only tentative and that they would be able to return to their 
homes soon, possibly within several weeks or months. However, the information 
conveyed by the Japanese government during the acute phase of the accident was 
often vague and unclear, and this was amplified by differences in opinions among 
numerous “experts” toward the possible adverse health effects of radiation exposure. 
Inaccurate and insufficient information about the radiation risk made an already bad 
situation even worse. Moreover, various additional factors that were originally unre-
lated to the health effects of radiation exposure, such as political opinions toward 
nuclear policy in Japan, contributed to the initial confusion and uncertainty among 
evacuees and those who had decided to stay in the Fukushima area.

Looking back at the situation, the people affected by the Fukushima disaster 
seemed to be suffering from the effects of baseless rumors and accusations and 
unfounded suspicions fostered by the so-called experts rather than from the direct 
effects of the tsunami and subsequent nuclear accident. Information on the internet 
had an immensely negative effect on the evacuees’ judgements and decisions 
regarding whether to return home and helped shape negative public attitudes and 
stereotypes about those affected by the disaster as well as the general image of the 
Fukushima area and its products both inside and outside Japan. A recent report pub-
lished by a well-known think tank in Japan [2] revealed that over 40% of the people 
living in Tokyo were still worried about the possible adverse genetic health effects 
of radiation exposure from the Fukushima accident; many of the respondents 
reported obtaining their information and knowledge from the internet only, rather 
than from Japanese governmental sources, scientific publications, or other official 
sites such as academic societies or international organizations, such as the 
International Atomic Energy Agency (IAEA), the United Nations Scientific 
Committee on the Effects of Atomic Radiation (UNSCEAR), and the International 
Commission on Radiological Protection (ICRP), which are supposed to play major 
roles in safety and protection against ionizing radiation after rare events such as 
major nuclear accidents [3].
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In this chapter, we first describe the various types of psychological consequences 
that emerged after the Fukushima disaster, such as posttraumatic stress disorder 
(PTSD), grief, and loss reactions. Second, we examine the psychosocial issues 
evoked among evacuees and affected communities, such as the negative influence of 
mass media and the resultant stigmas and self-stigmas. Third, to identify the multi-
dimensional stressors affecting numerous survivors of the Fukushima disaster, a 
concrete example is provided. Finally, we briefly discuss some of the current impor-
tant challenges in Fukushima Prefecture that remain to be met. It is our sincere hope 
that the lessons that can be learned from the Fukushima disaster will be helpful after 
any potential nuclear crisis in the future.

6.2  �Current Psychiatric Issues in Fukushima Prefecture

6.2.1  �Posttraumatic Responses and Depressive Symptoms

In 2011, people living in Fukushima Prefecture were exposed to an unfortunate 
series of complex traumatic events: a massive earthquake followed by a historic 
tsunami and subsequent nuclear disaster. These events caused substantial trauma 
among those living in the affected area, such as evacuees, leading to PTSD in many, 
the symptoms of which include but are not limited to the avoidance of places, peo-
ple, and certain activities, emotional numbness or re-experiencing the traumatic 
event, for example, through flashbacks and nightmares followed by hyperarousal 
and altered arousal responses.

In addition to numerous posttraumatic symptoms, persistent fear and worry 
related to radiation exposure and food and water contamination negatively affected 
general public opinion, with the strongest fears and anxieties still prevailing both 
inside and outside of Fukushima Prefecture, especially among women and mothers 
[4]. Despite the tremendous human and financial costs, as well as the dedicated 
resources to the recovery process that were supplied by the Japanese government [5] 
and the gradual lifting of evacuation orders and reopening of a number of affected 
areas, many evacuees were still hesitant to return to their hometowns because of 
continuous groundless rumors, baseless accusations, unfounded suspicions, and 
widespread stigma toward the area, its products, and the evacuees themselves. As a 
result, as of August 2017, there were still around 58,000 evacuees [6].

Since February 2012, Fukushima Medical University (FMU) has been conduct-
ing major population-based mental health surveys (the Mental Health and Lifetime 
Survey, MHLS) involving approximately 210,000 people who had previously lived 
in the evacuation area [7]. In these surveys, questionnaires, including a version of 
the PTSD checklist for specific stressors (PCL-S) [8], were mailed to the targeted 
population annually. The findings showed that 21.6% of the adults surveyed scored 
above the cutoff value (≥44) on the PCL-S at 10 months after the disaster, which is 
almost equal to that of workers after the 9/11 World Trade Center attacks in the 
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USA [9]. In another recent report on the same population, over 10% of the respon-
dents still showed symptoms of PTSD [10].

In addition to PTSD, the results of the MHLS, which were based on the 6-item 
Kessler scale (score ≥13), showed that the prevalence of probable depression among 
adult evacuees was as high as 14.6% in 2012, 11.9% in 2013, and 9.7% in 2014 [11, 
12]. Despite this gradual decrease, the scores were still considerably higher than those 
of the general Japanese population (3%) [13]. In addition, the prevalence of depres-
sive symptoms over the most recent 3 years has been approximately 7% [10], which 
could indicate a prolonged course of depression. In addition, a 3-year MHLS trajec-
tory analysis revealed that a negative risk perception regarding the genetic effects of 
exposure to radiation was strongly associated with depressive symptoms [11, 12].

Moreover, public employees working in disaster-affected areas are likely to be 
considerably exhausted and depressed. In fact, one study [14] revealed that the cur-
rent prevalence of depression among all workers belonging to two towns in the 
coastal area of Fukushima was as high as 17.8%. Both the provision of adequate 
psychiatric interventions and the establishment of an efficient care system for these 
workers are urgently needed.

6.2.2  �Suicide and Related Issues

The high prevalence rates of people at increased risk for depression and PTSD as 
described above could result in more serious outcomes such as an increase in the 
suicide rate. Actually, in Fukushima Prefecture, 101 cases of suicide during the 
7 years after the Fukushima disaster were officially certified as disaster related by 
the Japanese Police Agency [15]; this rate is much higher than that reported in other 
prefectures such as Iwate and Miyagi, which were mainly affected by the tsunami 
[15]. Furthermore, initially, the standardized suicide mortality ratio (SMR) 
decreased gradually after the 2011 disaster (108 in 2010, 107 in 2011, 94 in 2012, 
and 96 in 2013), but then increased to 126 in 2014, exceeding pre-disaster levels 
(the reference of the SMR is the average suicide rate among the general population 
in Japan) [16]. This pattern, an increase after a short-term drop, is similar to that 
noted in a review by Kölves et al. [17]. Furthermore, another study analyzing panel 
data from Fukushima Prefecture revealed that male and female suicide rates in evac-
uation areas increased 3 and 4 years after the disaster, respectively, which differs 
from rates in other areas within the same prefecture [18]. Such a substantial increase 
in suicide cases in Fukushima Prefecture could conceivably be the result of the 
effects of the nuclear power plant accident, rather than those of the earthquake or 
tsunami. In other words, the decrease in community resilience in Fukushima 
Prefecture might have caused an increase in suicide attempts.

Another psychiatric problem related to suicide and often seen after natural disasters 
is alcohol abuse [19, 20]. The MHLS showed that the recent prevalence rate of prob-
lem drinking according to CAGE (an acronym for “attempts to Cut back on drinking, 
being Annoyed at criticisms about drinking, feeling Guilty about drinking, and using 
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alcohol as an Eye opener”) scores remained relatively high in both males (17.1% in 
2017) and females (9.2% in 2017) [11, 12]. In spite of the lack of CAGE data from the 
general population in Japan, these findings suggest that primary prevention strategies 
need to be prioritized for people at increased risk of both alcohol abuse and suicide.

6.3  �Social Responses to the Fukushima Accident

6.3.1  �Turmoil in the Initial Phase

Any natural or man-made accident is associated with complications in the initial 
stage of the crisis. The Great East Japan Earthquake, which was followed by the 
subsequent tsunami and nuclear crisis, was no exception. At first, the earthquake 
caused critical structural damage with implications for seismic safety at several 
nuclear power plants in Japan, after which, the tsunami crippled the backup electric 
generators at the Fukushima Daiichi Nuclear Power Plant, disabling its cooling sys-
tems and consequently causing a meltdown and large hydrogen explosions at the 
power station [21]. Subsequent failures in communication resulted in poor crisis 
management by Tokyo Electric Power Company (TEPCO) and the Japanese gov-
ernment, undermining the credibility of both organizations and causing deep public 
distrust toward the government, as well as the stigmatization of the entire Fukushima 
region, multidimensional psychological and social issues among the affected popu-
lation, and misinformation and contradictory messaging from the mass media, 
which led to additional widespread groundless rumors across Japan.

The term fuhyohigai in Japanese refers to the damage induced by rumors and 
negative stigmas regarding the people and products affected by the Fukushima 
disaster, which still prevail within the discourse of the mass media and social net-
working service [22]. Those who live outside the disaster-stricken area are mostly 
exposed to harmful and groundless rumor-related media coverage, which ultimately 
causes fuhyohigai both inside and outside of Japan. Initially, the term fuhyohigai 
was mainly used to describe economic damage; however, since the disaster, it has 
also been used in regard to post-disaster psychological damage [23].

6.3.2  �Social Stigma and Media Coverage

The mass media are known to play a very important role, such as delivering infor-
mation to a large number of people simultaneously. Therefore, the mass media usu-
ally play one of the major roles in framing and interpreting certain risks, and 
consequently, directly or indirectly affecting perceptions of different risks among 
affected populations [24]. In addition, “risks from activities that receive consider-
able media coverage (e.g., such as accidents and leaks at nuclear power plants) are 
judged to be greater than risks from activities that receive little attention (e.g., 
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on-the-job accidents)” [25]. After the Chernobyl disaster in 1986, Soviet scientists 
proved that the way the mass media reported the accident played a major role in the 
development of post-Chernobyl mental disorders among the affected population in 
Ukraine, Belarus, and Russia [26]. Fukushima, similar to Chernobyl, was no excep-
tion in this regard, and currently faces nearly identical consequences. Just like in 
case of Chernobyl, the affected Japanese public received substantial amounts of 
misinformation that often contained inaccurate and contradictory messages [27]. As 
a result, distrust intensified toward the institutions responsible for the crisis, causing 
stigma, panic, fear, anxiety, distorted perceptions of radiological risk, and multidi-
mensional social and psychological problems.

Actually, large amounts of evidence can be found in the responses of people who 
took part in the MHLS. Many affected people described their psychological distress 
as being related to self-stigmatization, with a focus on both public and self-stigmas. 
Analyzing their responses, we found two types of stigma-related behaviors among 
evacuees: “passing” behavior and “covering” behavior, which were devised by the 
Canadian–American sociologist, Erving Goffman, in 1969. Some people were try-
ing to hide their real-life stories because they experienced the FDNPP accident first-
hand. These people were also afraid that the general public might look down on 
them because of compensation issues and groundless radiation health-related 
assumptions. One such example is provided below:

My car license plate was issued in “Iwaki city”. So, when someone asks me “are you an 
evacuee?”, my heart starts pounding. I feel that some people envy me because of the pos-
sible financial compensation benefits provided by TEPCO; therefore, I cannot answer them 
honestly. It’s quite frustrating… (Anonymous answer from an evacuee in Fukushima 
Prefecture)

Additionally, one shocking event was broadly reported by the press in November 
2016, shedding some light upon the public stigma regarding evacuees in Japan and 
its psychological impact. For example, a 13-year-old boy was bullied in an elemen-
tary school in Yokohama city for being a “nuclear evacuee” from Fukushima. He was 
called “germ” as a reference to nuclear contamination by his teacher and was forced 
to pay over ¥1.5 million ($13,500) in extortion fees to his bully classmates [28].

I am disturbed by media reports about bullying cases related to the nuclear disaster involv-
ing evacuees from Fukushima at primary schools. What if my son were in the same situa-
tion, what should I do? We have been asking our schoolteachers to keep it a secret that we 
are evacuees from Fukushima Prefecture. However, I am afraid that our secret will be dis-
covered by students or their parents. (An evacuee living outside Fukushima Prefecture)

A scientific study conducted among people suffering from chronic psychiatric 
disorders such as schizophrenia showed that self-stigmas caused by public stigmas 
often made such persons more anxious and unstable, and could even reduce self-
efficacy and self-esteem [29]. In Fukushima, we have attempted to apply the Stage 
Model of Self-Stigma proposed by Corrigan et  al. [30] to evacuees (Fig.  6.1). 
Similar to people with chronic psychiatric disorders, evacuees who are exposed to 
public stigmas as described above will also most likely experience self-stigmas, and 
thus more likely to have decreased self-efficacy and suffer from depression and 
PTSD [31].
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Awareness:
The Public believes

nuclear evacuees from
Fukushima are affected

by FDNPP accident

Agreement:
That’s right. Nuclear

evacuees from
Fukushima are affected

by FDNPP accident

Apply:
I am a nuclear evacuee

from Fukushima so I
must be affected by

FDNPP accident

Harm:
Because I am a

nuclear evacuee from
Fukushima, I am not

worthy or able

Mental Health Problem:
Anxiety - The public views me negatively.

Distress - I try to hide my life history.
Isolation - Relationship with others are

limited.

Fig. 6.1  The Stage Model of Self-Stigma among nuclear evacuees from Fukushima. This figure is 
newly made based on “The Stage Model of Self-Stigma” by Corrigan and Rao [30]. If evacuees 
from Fukushima are aware of public stigma about their condition (“awareness”), then they may 
agree that these negative public ideas are true about the group (“agreement”). Subsequently, they 
concur that these stereotypes apply to themselves (“application”). This may lead to significant 
decreases in self-esteem and self-efficacy (“harm”), resulting in mental health problems such as 
depression, psychological distress, and isolation
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6.3.3  �Case

Below we describe a typical case of an evacuee considered to be suffering from the 
multidimensional stressors described above (the evacuee’s real name and data have 
been modified to maintain confidentiality).

Mariko is a 35-year-old woman. When the accident took place, she lived in a town located 
about 20 km from FDNPP with her husband (car engineer) and two children. Immediately 
after the accident, they were forced to evacuate in great confusion to several places, includ-
ing Tokyo. At first, they were confident that it was just a temporary situation and that they 
would be able to return to their home very soon. However, after moving several times to 
different locations, they realized that they would not be able to return home as they had 
expected, but would have to remain evacuees for a long time. Mariko felt very disappointed 
because of the situation, despite the fact that her family had begun living in a tentative house 
in Fukushima Prefecture and was attempting to start a new life.

Mariko’s husband was unable to find a new job, and as a result, started playing Pachinko 
(Japan’s biggest gambling obsession) every day. Because they had started receiving fixed 
financial support from TEPCO, they were able to avoid bankruptcy; however, Mariko had 
great concern about her and her family’s future and the possible adverse health effects 
resulting from exposure to radiation, especially in terms of her children. She started check-
ing the Internet repeatedly every day to search for information about the possible effects of 
radiation exposure. Rather than becoming relieved, the large amount of information she 
found from various social media sources made her even more scared and anxious, as much 
of the information she had obtained was based on groundless and exaggerated rumors.

In particular, she was most deeply concerned about her children’s outdoor activities. She 
soon began forbidding her kids to touch the ground, leaves, or plants while playing out-
doors. As a result, her children preferred to stay indoors and started overeating and playing 
video games only, which ultimately led to obesity.

Luckily, four months after the accident, her husband found a new job and started work-
ing for an automobile factory. However, considering her fear for her children’s health, 
Mariko maintained strong hope that they could leave Fukushima Prefecture and move to 
Osaka, where she was born and raised. However, Mariko and her husband started arguing 
with each other frequently because they disagreed about whether to stay or leave Fukushima. 
Eventually, as a result of this conflict, Mariko decided to separate from her husband and 
leave Fukushima with her children.

In Osaka, Mariko and her children started a new life. However, she constantly felt afraid 
and anxious that other people might hold some negative feelings against her or her children 
due to the fact that they had experienced the FDNPP accident, so she tried to hide her real 
life story. She was also very worried that her children might be bullied at school by their 
classmates because they were Fukushima evacuees.

Although she faced a lot of troubles, she still hesitated to talk about them with other 
people in her new surroundings in Osaka. Gradually, she became increasingly nervous and 
started having sleeping difficulties for three or more days per week. Additionally, her con-
stant negativity about her and her family’s hopeless future was taking its toll. She started 
blaming herself for everything: “I could not protect my children or my husband… I have 
caused a lot of trouble to everyone…Every day, I feel that I am worthless, that I am ugly”. 
Finally, she started thinking about suicide more frequently and even making actual plans 
for an attempt. Eventually, Mariko’s husband became worried about her unusual and suspi-
cious behavior, so he came to Osaka to meet her and convinced her to visit a psychiatric 
clinic. Luckily, Mariko started psychiatric treatment about 8 months after the accident.

Mariko was forced to evacuate without any physical and mental preparation for 
the natural disaster followed by the nuclear crisis. All she wanted was to be able to 
settle down in a new and safer place. The large amount of information regarding the 
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possible adverse effects of radiation exposure on health only served to confuse her, 
making it impossible to clearly distinguish between truth and falsehoods and thereby 
decide on future plans. In particular, she was very concerned about the possible 
negative consequences of radiation exposure to her children; this resulted in serious 
conflict with her husband and eventually a marital crisis. Her guilty feelings about 
her children and husband induced severe depressive symptoms; however, luckily, 
she decided to follow her husband’s recommendation and undertake psychiatric 
treatment. This case is typical of the psychological distress experienced by many 
evacuees, especially young mothers, after a disaster. Unfortunately, unlike in this 
case, because of the widespread prejudice common toward psychiatric disorders 
and their treatment, in reality, only limited numbers of evacuees actually visited a 
psychologist or psychiatric clinic after the disaster.

6.4  �Currently Available Care Resources in Fukushima 
and Remaining Challenges

Japan is affected by numerous natural disasters, including regular earthquakes, tsu-
namis, and typhoons, so physical and psychological suffering after a disaster is not 
uncommon. Despite causing traumatic experiences, such natural events seem to 
enhance community resilience and in many cases, strengthen the bonds between resi-
dents. In recent decades, knowledge about PTSD has increased, and recently, many 
people affected by different types of disasters in Japan have had the opportunity to 
receive quality physical and psychological health care, treatment, and support.

In fact, after the Great East Japan Earthquake and nuclear accident, many differ-
ent organizations, including non-governmental organizations, have emerged to pro-
vide psychological support and health care to affected residents and evacuees. In 
terms of recent activities, two major new facilities were established after the disas-
ter: the Radiation Medical Science Center (RMSC) at FMU and the Fukushima 
Center for Disaster Mental Health (FCDMH). The authors of this chapter have been 
deeply engaged in the activities of both institutions.

6.4.1  �Radiation Medical Science Center (RMSC)

The RMSC at FMU was established in 2012 with the objective of carrying out the 
“Fukushima Health Management Survey,” which consists of a basic survey that 
aims to estimate radiation dose and four additional detailed surveys, namely a thy-
roid ultrasound examination, a comprehensive health check, the MHLS, and a preg-
nancy and birth survey [7].

Specifically, the MHLS aims to identify people at risk of a number of psychiat-
ric disorders, such as depression and PTSD, as well as secondary and lifestyle-
related issues, such as a lack of physical exercise, alcohol abuse, smoking habits, 
and obesity. The MHLS uses several different questionnaires which are mailed 
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annually to about 210,000 people living in the evacuation zone across Fukushima 
Prefecture. After identifying people who have some psychological and/or lifestyle-
related problems, brief interventions are usually provided through telephone con-
sultations. In some cases, when a telephone intervention is not possible or the 
respondent experiences relatively minor challenges, leaflets containing material 
that provides information about mental health issues among other various problems 
are sent to the recipients. Thanks to the efforts of both institutions, since 2012, 
about 3000–5000 people every year have received psychological support [32].

Some important statistical data obtained via the MHLS have already been 
reported in this article; therefore, we would now like to describe the actual tele-
phone interventions provided, when necessary, after the MHLS. For efficient inter-
ventions, the RMSC set up a professional support team composed of 15 counselors 
with extensive field experience in clinical psychology, social work, and nursing 
care. During the telephone interventions, the respondents, who are identified as 
being at increased risk for mental health problems, are typically asked about their 
recent health condition and related habits. In many cases, the counselors provide 
useful advice and suggestions to ease the troubles or stress experienced by the 
respondents. If necessary, the counselors can also refer the respondents to appropri-
ate experts or health care facilities (e.g., psychiatric clinics, local health centers). On 
average, the telephone counseling sessions last 10–30 min each. In addition, the 
time needed to contact each individual identified as being in need of intervention 
takes around 3–4 months [32].

This unique telephone counseling intervention has several limitations. First, the 
MHLS currently has only one professional team consisting of 15 people who are 
adequately skilled to conduct direct visit services and/or face-to-face interviews. 
Considering the fact that there are still around 58,000 remaining evacuees across and 
outside Fukushima Prefecture [6], and that over 10,000 people are still estimated to 
be at risk of mental health disorders in the evacuation area, telephone counseling 
seems to be the best of only a few feasible ways to provide support. The current 
RMSC team is attempting to establish a network across different health care facili-
ties, such as psychiatric clinics and local health care centers, in order to disseminate 
necessary information and reach as wide an audience as possible so that existing staff 
limitations can be overcome and health care can be provided for all evacuees in need.

6.4.2  �Fukushima Center for Disaster Mental Health 
(FCDMH)

The FCDMH was also established in 2012, and like the MHLS, is fully funded by 
the Japanese government. The major role of the FCDMH is to provide mental health 
care support to affected people living in Fukushima Prefecture. Pre-disaster care 
facilities across Fukushima Prefecture were not able to provide adequate support, 
mainly because of the shortage of human resources. Currently, the FCDMH employs 
about 40 mental health care professionals, including clinical psychologists, social 
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workers, nurses, and other mental health specialists. To cover the broad area affected 
by the nuclear accident, the FCDMH currently has branches in the following five 
locations: Fukushima, Koriyama, Minamisōma, Aizuwakamatsu, and Iwaki [33].

The FCDMH, in cooperation with local residences, is attempting to provide a 
wide range of activities, including various types of interventions such as outreach 
services (home visiting services), psychological education, and relaxation method-
ology. Based on the establishment of the FCDMH, the initial situation in the affected 
area was extremely complicated and confusing. It was not easy for many of the 
FCDMH staff to establish a good working relationship with evacuees, and the pre-
existing health care facilities in the region were lacking because no one had any 
experience in how to deal with people suffering from the anxieties caused by a 
nuclear crisis. The professionals at the FCDMH had to learn gradually through trial 
and error. However, thanks to their continuous efforts, they succeeded in convincing 
those at the preexisting facilities and other stakeholders in the region to recognize 
and acknowledge the FCDMH as one of the most useful and important care resources 
currently available in the region to provide the health care and support necessary for 
evacuees [33].

Despite the fact that the FCDMH is conducting different types of activities, as 
mentioned above, the most valuable activities have been the outreach and visiting 
services. On average, between 4000 and 5000 affected people annually are directly 
visited by the FCDMH staff for support in cooperation with municipal govern-
ments. Urgent crisis interventions are typically provided on a priority basis when 
people at risk of serious mental health problems and/or suicide are identified. These 
professionals usually attempt to conduct risk assessments, share information with 
other care facilities, and recommend that the people at risk visit a nearby psychiat-
ric clinic. In recent years, in addition to the prior focus on evacuees, the profes-
sional staff at the FCDMH have also started to provide mental health care support 
to many public employees working at different municipal offices who face burnout 
owing to the challenges related to the recovery activities in the remaining disaster-
affected areas.

While these efforts have gradually produced good results, new and more diffi-
cult and diverse challenges and demands that seem to be beyond the capabilities of 
local preexisting health care facilities are being encountered. Stressful long-term 
assignments at the FCDMH have gradually exhausted some of the staff, and as a 
result, many professionals decide to leave the FCDMH after several years. 
Therefore, to adequately address the mental health care needs of affected popula-
tions, it is important for both the government and policy makers alike to realize that 
specialized mental health care facilities are indispensable after a major disaster, 
such as a nuclear accident, and should be operated for a long time (a minimum of 
10 years). Local staff who carry the bulk of the burden in providing actual mental 
health care and support also require continuous support from national and local 
governments, who should ensure a stable working environment for workers, con-
tinuous training, and adequate financial remuneration to maintain the required 
number, as well as the morale and continuous interest, of professional staff in the 
mental health field.
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Chapter 7
Impact of Evacuation on Lifestyle Activity 
and Metabolic Status Following 
the Fukushima Daiichi Nuclear Power 
Plant Accident: Preliminary Findings

Takashi Eto, Yun-shan Chung, Daniel K. Ebner, Kouji H. Harada, 
Jinro Ishizuka, Keiko Igari, and Akio Koizumi

Abstract  On March 11, 2011, Kawauchi Village, in Fukushima Prefecture, was 
struck by both the Tohoku earthquake and the Fukushima Daiichi Nuclear Power 
Plant (FDNPP) accident, with subsequent evacuation. One year later, in April 2012, 
villagers began to return. In the previous studies, increases in metabolic diseases 
were noted; here, we compared the prevalence of metabolically unhealthy condi-
tions among evacuee and non-evacuee populations located nearby, namely Miharu 
and Ono Towns. This is a retrospective study using health examination data compar-
ing health and health changes prior to the 2011 disaster (2008–2010: baseline) to the 
post-disaster period (2012–2015). 3451 residents who attended annual health 
checkups both between 2008 and 2010 and after 2011 made up the study population 
(599 evacuees and 2852 non-evacuees, collectively “baseline”). Disease states 
examined in this study included diabetes mellitus (DM) and borderline DM, poly-
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cythemia, hypertension, obesity, as well as exercise and smoking habits. We con-
firmed increases in the prevalence of obesity, diabetes, and polycythemia, which 
continue even 4 years after the FDNPP accident in the evacuee population, when 
compared to age- and gender-matched neighborhood populations. On qualitative 
questionnaire, evacuees were noted to have a higher rate of habitual exercise. The 
reasons for this shift in population health remain under investigation, but may 
involve a shift from active to sedentary lifestyle in the evacuee population that can-
not be compensated for by increased exercise habit.

Keywords  Evacuation · Lifestyle · Diabetes · Metabolic · FDNPP accident

7.1  �Introduction

On March 11, 2011, Kawauchi Village, in Fukushima Prefecture, was stuck by both 
the Tohoku earthquake and the subsequent Fukushima Daiichi Nuclear Power Plant 
(FDNPP) accident (Fig. 7.1). The village lies 20 km west of the FDNPP and the 
entire village population evacuated to a nearby evacuation center in Koriyama City 
on March 16, 2011. A year later, in April 2012, villagers began to return as environ-
mental radiation levels were confirmed to be safe. Although radiation contamination 

Fig. 7.1  Map of the study area: Kawauchi Village, Ono Town, Miharu Town, and Fukushima 
Daiichi Nuclear Power Plant (FDNPP)
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in Kawauchi village was limited, the proximity to the power plant led to evacuation, 
resulting in increases in unemployment, loss of living area, and disintegration of 
families and other social support systems, posing innumerable challenges to the 
returning population.

Several studies describing the acute effects of up to 3 months of evacuation on 
health after the Great Hanshin earthquake in 1995 have been published [1, 2] and 
have been used for establishing preventive measures in Japan. However, there are 
scant data for the long-term effects of such disasters and evacuations on human 
health over the long term. Recently, several studies have reported rapid increases in 
the prevalence of metabolically unhealthy conditions, such as obesity, diabetes, 
chronic kidney disease, and polycythemia, in the coastal area of Fukushima where 
many residents were evacuated [3–10]. Those observations are, however, mostly 
limited to the evacuee population and cannot eliminate the effects of population 
aging. Thus, it remains unknown whether increases in the prevalence of metaboli-
cally unhealthy conditions are associated with evacuation, population aging, or 
both. In the present study, we compared the prevalence of metabolic unhealthy con-
ditions among evacuee and non-evacuee populations in geographically close neigh-
borhood communities, Miharu Town and Ono Town. We designed this study so as 
to control for the effects of population aging, and allow for evaluation of metabolic 
changes in the evacuated population, as well as delineate the magnitude of the long-
term effects acting on this population.

7.2  �Materials and Methods

7.2.1  �Study Population and Methods

Kawauchi Village lies in the Futaba District of Fukushima Prefecture, and was gen-
erally undamaged by the 2011 earthquake and tsunami. As it was in the 20-km 
evacuation zone, it was nonetheless forced to evacuate (villagers are hereafter 
referred to as “evacuees”). The nearby villages of Miharu and Ono (Tamura-gun, 
Fukushima Prefecture) lay outside the zone, and did not evacuate 
(“non-evacuees”).

This is a retrospective study using health examination data comparing health and 
health changes prior to the 2011 disaster (2008–2010) to the post-disaster period 
(2012–2015). The examination data used is compiled each year by the Health 
Welfare divisions of three villages: Kawauchi Village, Miharu Town, and Ono 
Town, in accordance with National Law/Program that conducts evaluations of 
seniors. This data was anonymized by the Health Welfare divisions, with IDs pro-
vided allowing for tracking of individual residents between multiple years. The 
National Insurance System in Japan provides elderly individuals (ages 65 and over) 
with a yearly health checkup. At the time of analysis, i.e., July 2017, data for 7058 
residents was available. Data from 2011 was excluded due to low rates of examina-
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tion, as well as variable examination timing owing to the disaster. 3451 residents 
who attended annual health checkups between 2008 and 2010 and after 2011 were 
identified, and constitute the study population (599 evacuees and 2852 non-evacuees, 
collectively “baseline”). If individuals attended annual health checkups several 
times between 2008 and 2010, the most recent data pre-disaster data was selected.

Disease states examined in this study are defined as: diabetes is classified into 
“diabetes (DM)” and “borderline DM,” with a fasting blood glucose greater or equal 
to 126 mg/dL or HbA1c greater or equal to 6.5% for diabetes, and fasting blood 
glucose levels greater than or equal to 110 mg/dL or HbA1c greater than or equal to 
6.0% for borderline DM.  Polycythemia was defined by hemoglobin (Hb) levels 
exceeding the upper 25% limit by gender at baseline in each area: 15.5 g/dL for 
males and 13.7 g/dL for females in Kawauchi; 15.4 g/dL and 13.9 g/dL in Miharu; 
and 15.2  g/dL for males and 13.6  g/dL for females in Ono. Hypertension was 
defined as greater than or equal to 140 mmHg for systolic blood pressure or greater 
than or equal to 90 mmHg for diastolic blood pressure. Obesity is defined by body 
mass index (BMI) greater than or equal to 25. Exercise and\or smoking habits were 
evaluated qualitatively by questionnaire, asking “yes” or “no” to the question “Did 
you have 30-min-sweat-generating exercise at least two times per week for the last 
year?” or “Are you current smoker or not,” respectively.

The use of patient healthcare data was approved by the mayors of Kawauchi, 
Miharu, and Ono, and anonymized prior to receipt by the analysis team. This study 
was approved by the IRB/Ethics Committee of Kyoto University (R0869).

7.2.2  �Statistical Analysis

Regional comparison of evacuee vs non-evacuee groups was conducted using the 
Student’s t-test for continuous values and the Chi-square test for categorical vari-
ables. For comparison between the pre- and post-disaster time periods, ANOVA and 
chi-square were used for continuous and categorical variables, respectively. 
Significance was set at a p level less than 0.05. Statistica (Dell Software, CA, USA) 
was used for all statistical analysis.

7.3  �Results

Table 7.1 described the demographic characteristics for the study population. At 
baseline, 599 evacuees and 2852 non-evacuees joined this study. Mean age and 
female ratio were homogeneous between evacuee population and non-evacuee pop-
ulation in an observation period from baseline to 2015. During the observation 
period, the ratio of male to female did not differ between the two groups.

Obesity was significantly and consistently more prevalent in evacuees (40.5–
41.3%) than in non-evacuees (31.4–30.1%) after 2012, while at baseline its preva-
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lence was not different between the two groups (34.7% vs 30.5%). Hypertension was 
significantly more prevalent in evacuees (63.2%) than in non-evacuees (54%) at base-
line and in the following periods (66.1–66.8% vs 56.3% vs 57.6%, respectively).

Although the prevalence of diabetes showed an increasing trend in both evacuees 
and non-evacuees, diabetic prevalence in evacuees had increased significantly from 
9.7% to 17.5% and in non-evacuees from 8.7% to 13.1% during the observation 
period. Although after 2014 difference in the prevalence of borderline DM between 
the evacuees and the non-evacuees became smaller than in 2013, it should be noted 
that the prevalence at baseline was higher in non-evacuees than evacuees and the 

Table 7.1  The prevalence of obesity, hypertension, DM, borderline DM, and polycythemia among 
evacuees and non-evacuees

Baseline 2012 2013 2014 2015 ANOVA

Examinees 
(numbers)

Evacuee 599 466 426 405 430 (–)
Non-
evacuee

2852 2348 2172 1878 2009 (–)

Age (years) Evacuee 66.7 ± 10.4 69.7 ± 10.6 70.2 ± 10.0 70.6 ± 9.7 70.9 ± 9.7 <0.0001
Non-
evacuee

66.0 ± 9.3 68.9 ± 8.9 69.3 ± 8.9 70.4 ± 8.9 70.6 ± 8.6 <0.0001

Female ratio 
(%)

Evacuee 58.3 57.3 58.2 59.5 57.4 0.96
Non-
evacuee

55.2 55.5 56.1 54.5 54.4 0.85

Obesity (%) Evacuee 34.7 40.5a 37.1a 40.4a 41.3a 0.2
Non-
evacuee

30.5 31.4 29.9 30.4 30.1 0.85

Hypertension 
(%)

Evacuee 63.2a 66.1a 66.0a 61.5 66.8a 0.45
Non-
evacuee

54 56.3 56.5 54.8 57.6 0.11

Diabetes (%) Evacuee 9.7 13.3 16.2a 15.4a 17.5a <0.0001
Non-
evacuee

8.7 10.5 11.3 11.7 13.1 <0.0001

Borderline 
DM (%)

Evacuee 7.2 11.1 16.8 15.4 17.0 <0.0001
Non-
evacuee

11.3a 10.8 13.6 14.5 15.9 <0.0001

Polycythemia 
(%)

Evacuee 23.7 30.2a 35.7a 36.6 36.4a <0.0001
Non-
evacuee

22.8 23.2 20.4 31.3 22.9 <0.0001

Exerciseb (%) Evacuee 33.8 42.6a 45.9a 44.7a 41.7a 0.001
Non-
evacuee

31.8 32.8 35 32.3 32.7 0.34

Smokingc 
(%)

Evacuee 16.7 9.1 10.3 11.1 11.4 0.17
Non-
evacuee

19.4 11.8 12.3 10.5 12.2 0.001

aSignificantly larger when compared between evacuees and non-evacuees (p < 0.05)
bPercentage of those who were doing 30 min of sweat-generating exercise at least two times per 
week for at least a year
cPercentage of current smokers
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prevalence of diabetes was still significantly higher in evacuees than in non-evacuees. 
The prevalence of polycythemia was steadily increasing in evacuees by 1.5 (23.7% 
vs 36.4%) while it did not change in non-evacuees (22.8% vs 22.9%).

Exercise habits dramatically increased in evacuees after the FDNPP accident 
(33.8% vs 41.7%), while it did not in non-evacuees (31.8% vs 32.7%). More than 
40% of the evacuees answered that they had or had developed an exercise habit after 
2011. The prevalence of smoking has been decreasing in both populations and there 
was no difference between the two populations during the observation period.

7.4  �Discussion

In the present study, increases in the prevalence of obesity, diabetes, borderline 
DM, and polycythemia, which had been reported in evacuees in Fukushima [10] in 
the earlier periods, were confirmed to continue even 4 years after the FDNPP acci-
dent in the evacuee population. As expected, however, we also found persistent 
increases in diabetes and borderline DM in the non-evacuee population. It has been 
uncertain what portions of those changes can be attributable to evacuation or popu-
lation aging or both [7]. In the present study, we are able to show that, in compari-
son with an unevacuated control population, the prevalence of diabetes and 
borderline DM in the evacuee population was overwhelmingly greater. This result 
is noted with no observed difference in mean age or gender ratio between the two 
populations, with the rates increasing in both populations over the time frame of the 
study, as may be expected in an aging population. Furthermore, we could demon-
strate that the increased prevalence of obesity and of polycythemia was only 
observed in the evacuee population. Collectively, this study reveals significant 
increases in the prevalence of diabetes above potential confounding effects such as 
population aging, and identified evacuation-specific increases in obesity and 
polycythemia.

Psychological stress has been reported to be the most suspected aggravating fac-
tor for diabetes, borderline DM, and obesity after the FDNPP accident [11, 12]. The 
evacuees have been reported to be exposed to heavy psychological stress, which is 
known to aggravate diabetes [13]. The evacuees experienced disaster-induced 
changes in socioeconomic status: diminished privacy, limited food availability, 
threat of unemployment, reduced income, damages of property, contamination of 
rice fields, and health concerns [14].

The consequences of psychological stress on evacuee health deserve further 
evaluation. These may include poor dietary control, limited physical activity, as 
well as increasingly sedentary lifestyle. It should be addressed, however, that the 
self-reported questionnaire administered in this study indicated that evacuees 
enhanced their healthy lifestyle by increasing their exercise habits in comparison 
with the non-evacuee population, suggesting that the worsening of health outcomes 
is occurring despite an increase in exercise within the evacuee population. This may 
mask other negative consequences of the disaster on health, which cannot be cap-
tured here.
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We speculate that these negative factors are associated with disruption of the 
traditional-three-generation family structures and house-labor styles prevalent in 
this region prior to the disaster: generations who previously supported the house-
hold were forced to leave Kawauchi village because they lost their jobs due to the 
shutdown of FDNPP, not returning following the study period. Though these perma-
nent evacuees were not included in the study population, their friends and relatives 
were: judging from the mean age, most of the current study population is retired, the 
older members of the three-generation families, who would normally play a sup-
porting role in the traditional house structure, including childcare and farming. The 
removal of the two younger generations from this structure would likely lead to 
changes in dietary habits, while also reducing the amount of physical exercise and 
labor expended by the population. As such, the medical impact seen in the evacuee 
population may stem from a diminishment of daily activity and communal involve-
ment beyond what an improvement in exercise habits can capture. Future studies 
will evaluate this by evaluating the currently identified metabolic outcomes versus 
changes in daily activity and diet between populations within the region.

A previous study [10] reported that the prevalence of polycythemia signifi-
cantly increased among evacuees compared with non-evacuees. This increase 
could be detectable even when stratified by smoking and obesity prevalence. 
Although it was not clear how evacuation led to polycythemia biologically, these 
authors assumed that mental stress might be a reason. The authors assumed a 
logical chain, in which mental stress increased hypertension, which is a well-
known cause of polycythemia [10]. In this study, we also confirmed that smoking 
status, which is a well-known risk factor for polycythemia [15, 16], in the two 
populations is not different. However, the prevalence of hypertension did not 
change in either evacuee population or non-evacuee population from baseline to 
2015 in the current study (Table 7.1). Thus we cannot attribute the increase in the 
prevalence of polycythemia to hypertension. Alternatively, we may assume that 
a sedentary lifestyle is a major risk factor for polycythemia. We previously inves-
tigated Hb levels among farmers in a nationwide survey including Fukushima in 
the 1980s [17], finding Hb levels changed with workload, increasing in the off-
season but decreasing in the active farming season [17]. Extending this, it may be 
that an increasingly sedentary life secondary to the psychosocial factors elabo-
rated above is also contributing to an increase in polycythemia rates in Kawauchi. 
A biological mechanism for this remains unknown. From the viewpoint of dis-
ease prevention, an increased Hb level may require intervention due to a connec-
tion with incidence of cardiovascular and cerebrovascular diseases [12].

We are now considering that evacuation shifted active lifestyle to sedentary life-
style in evacuee population. Several studies have reported the usefulness of revital-
ization of social capital to prevent metabolic diseases [18]. Social capital may likely 
be a supportive role in place of the three-generation family. In the evacuee popula-
tion, we propose to reconstruct social capital in the evacuee population in parallel 
with individual intervention.
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Chapter 8
After the Meltdown: Post-Fukushima 
Environmentalism and a Nuclear Energy 
Industrial Complex in Japan

Michael C. Dreiling, Tomoyasu Nakamura, Nicholas Lougee, 
and Yvonne A. Braun

Abstract  Since the Kyoto Protocol, and prior to the Fukushima Daiichi meltdown 
in 2011, a nuclear safety discourse bolstered the industry and supported its promise 
to meet energy demands while mitigating the risks of global warming. The 
Fukushima nuclear accident and humanitarian crisis caused by the Tohoku earth-
quake and tsunami in 2011 called the entire nuclear industry into question. However, 
the silence among established environmental organizations continued. Based on an 
extensive study of Japanese environmental organizations, we investigate why 
Japanese environmental organizations were relatively silent on one of the largest 
environmental crises in the country’s history. We address this question historically 
and quantitatively, incorporating survey data on a national sample of Japanese envi-
ronmental organizations. This research also quantitatively operationalizes the 
effects of board of director composition on the behavior of a subsample of environ-
mental organizations (EOs). The statistical analyses show that environmental groups 
with government and corporate board members are significantly less likely to pub-
licly denounce nuclear energy following the Fukushima meltdown. The political-
organizational embeddedness of these EOs is illustrated with a network heuristic of 
overlapping industry, government, and environmental organizations, and the impli-
cations for civil society and nuclear accident preparedness are discussed.
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The Fukushima Daiichi nuclear crisis in Japan in 2011 has presented social scien-
tists with a historical case to assess the efficacy of various institutions in holding 
accountable powerful energy industries and government agencies captured by 
industry interests. Ever since US President Eisenhower promised “atoms for peace” 
in 1953, nuclear energy industries have developed in close proximity to post-WW II 
US allies, including Japan. Since then, critics have pointed out the ways in which 
that industry has captured government regulatory agencies and expended enormous 
capital to support their industry, even at the cost of public safety. Rather than pro-
moting scientifically validated safety or regulatory standards, and public knowledge 
of the risks and benefits of the industry, critics allege that these agencies have been 
subordinate to the industry. Referring to Japan, Hasegawa [1, 2] describes an 
“atomic village,” Funabashi [3] references a “nuclear complex,” and Kingston [4] 
elaborates that Japan, which outspends all other countries on nuclear development, 
“is at the center of the global nuclear-industrial complex.” In the face of these condi-
tions, what are civil societies and the larger public to do with knowledge of the 
varied risks and benefits associated with different national energy priorities? How 
can civil society groups uphold the promise of democracy and the role of science in 
public policy by becoming a partner in reasoned public deliberations, in the modern 
“risk society” [5]?

Risk assessment and preparedness for nuclear emergencies and other crises nec-
essarily require regulatory autonomy and informed public engagement in policy 
development. How are citizens in a democracy to engage, publicly and privately, the 
direction of energy policy, nationally and globally? Specifically, what factors help 
or hinder social movement organizations within civil society in this critical public 
dialogue concerning the environmental and human costs of different energy priori-
ties and foster clear-eyed preparation for nuclear emergencies in the interest of pub-
lic safety?

In 2011, geophysicists Noggerath, Geller, and Gusiakov published an article in 
the Bulletin of the Atomic Scientists titled, “Fukushima: The myth of safety, the real-
ity of geoscience.” These scientists placed the recent Fukushima disaster within 
historical perspective, raising key questions about decisions regarding safety and 
siting of nuclear power plants on Japan’s coastline:

Altogether the historical catalogue counts up to 70 tsunamis generated by submarine earth-
quakes that have occurred since AD 869 near the eastern Tohoku coast (Iida, 1984; 
Watanabe, 1998). They include at least six destructive tsunamis… that resulted in run-ups 
of 25 to 38 meters and thousands of fatalities ([6], p. 39)

In fact, relatively recent incidents had revealed the risks of nuclear power plants 
in seismically active coastal areas, as well as the broader risks (unrelated to seismic 
events) of nuclear power. In 1981, an INES Level 2 leak occurred at Tsuruga, result-
ing in the overexposure of 100 workers during repairs to the facility. A lesser Level 
2 incident occurred in the Shika plant in June 1999, resulting in an uncontrolled 
reaction. Third, the Tokai-mura nuclear accident involved a Level 4 incident at a 
uranium processing facility in Ibaraki Prefecture in September 1999. Two workers 
were fatally exposed to neutron radiation and over 100 more were exposed. 
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Noggerath et al. [6] point to the widespread disbelief about the lack of precautions 
in coastal Japan after Fukushima:

The whole world was surprised that precautions against tsunamis were so weak at a nuclear 
power station located on Japan’s coast. How was this design permitted during the station’s 
construction in the 1960s and 1970s, and why were no additional safety measures taken in 
the time since?

Threats from nuclear energy development have long been contested, with the 
environmental movement and the nuclear industry challenging the narratives about 
the relative risks and benefits within public discourse [7]. While the risks of nuclear 
power for seismically active Japan appeared to be evident, interlocking efforts to 
deny or minimize these risks, while amplifying the benefits of nuclear power, were 
deeply entrenched within networks of powerful actors within government, indus-
try, media, and even some environmental organizations. By combining the geo-
physical risks with a public relations campaign that obscured these facts, a nuclear 
safety myth [3] functioned as a decades-plus negation of the costs and dangers of 
the nuclear industry. A nuclear safety myth, like climate denialism, relies on “sci-
entific ambiguity that provides cover for governmental and commercial inter-
ests…” ([8], p. 57).

Contemporaneously, nuclear power presents both risks of nuclear disaster and an 
alternative to the risk of continued fossil fuel dominance in the era of climate 
change. As climate change sharpens the urgency of alternative energy options, the 
threats and challenges associated with nuclear power have been softened in policy 
circles, and nuclear energy recast as a green choice. The contemporary debates 
about nuclear energy vacillate in the grey area between these two poles, providing a 
backdrop for the kind of ambiguity Perrow describes above. Within Japan, the his-
torical geophysical risks associated with seismic and tsunami activity compounded 
the threats associated with the political foreclosures on real debate about the reali-
ties of nuclear energy investment in seismically active coastal areas.

The nuclear safety myth was promulgated by industry, government, and media 
interests who shared overlapping networks of board and executive members who 
rotated through these institutions over time. Some of these also shared board con-
nections with environmental organizations, which then remained silent in the 
wake of one of the worst nuclear events in history, the Fukushima nuclear accident 
in 2011.

Environmental organizations (EOs) as a field have struggled with addressing and 
contributing to an independent civil society, and avoiding the risks of being captured 
by political parties or industry interests. Independent environmental organizations 
are necessary to help guide debate and policy, and to ensure the workings of a robust 
civil society. A small percentage of EOs that did denounce Japan’s nuclear energy 
development were not captured by the nuclear industry, and our analysis demon-
strates that they exhibit high levels of independence, as evidenced in their board 
composition.

This research explores these issues in the case of environmental movements and 
the energy sector in Japan. It demonstrates the importance of examining board 
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connections among environmental groups, the government, and industry, and exam-
ining what these connections may tell us about their relative independence and 
autonomy. We look at this in respect to the largest movement concerned with both 
the risks of climate change, including finding least risk energy policy solutions, and 
the risks of nuclear disasters, heightened from seismic and tsunami activity in the 
Japanese islands. We argue that an independent civil society is needed in order to 
foster robust public discussion about nuclear risks and to implement actions within 
public and private institutions for preparedness for nuclear emergencies.

8.1  �Nuclear Energy and Crisis in Japan

In the wake of the 9.0 Tohoku earthquake and tsunami on March 11, 2011, which 
tore through the Fukushima Daiichi power plant, the future of nuclear energy in 
Japan was thrown into serious question.1 Following the horrendous disaster and 
nuclear meltdown, large citizen mobilizations escalated from the spring of 2011 to 
the late summer of 2012. Demonstrations of 20,000–75,000 people were reported 
several times in Tokyo, with protesters chanting “Sayonara nuclear power.”2 
Figure 8.1 charts the frequency of anti-nuclear protest events after the Fukushima 
meltdown. The two largest events in terms of observed numbers of participants 
occurred in Tokyo in September 2011 and September 2012, with 60,000 and 75,000 
protesters assembled, respectively. Interestingly, these citizen challenges did not, 
for the most part, arise from the established environmental groups in Japan. Anti-
nuclear and international environmental groups played important organizing roles 
in these protests, but the vast majority of domestic environmental groups in Japan 
were silent. As mass protests continued over the course of a year and much of 
Japanese society grew critical of the hazards of the nuclear industry, a review of 
news reports, photos, and lists of event endorsers revealed a striking lack of environ-
mental organizations (EOs).3 Indeed, established environmental organizations 
played a very marginal, almost negligent role in these mass campaigns. As evidence 

1 As of 2011, Japan had fifty primary core reactors in operation and was projected to meet 40% of 
the country’s electricity needs through nuclear power by 2017. Immediately following the melt-
down, and amid growing protests across the country, the Japanese government and nuclear power 
industry temporarily closed down all electric power generation from nuclear sources. These tem-
porary initiatives reflected a heightened legitimacy crisis, prompting a first-ever investigation into 
the industry. The commissioner charged with the investigation concluded that Fukushima’s melt-
down “was a profoundly man-made disaster,” reflecting what the New York Times reported as “a 
preventable disaster rooted in government-industry collusion…” (Tabuchi, July 5, 2012). See 
Perrow [7] for an elaboration of the nuclear crisis.
2 USA Today, reporting via the Associated Press from Tokyo, captured this common refrain [8].
3 Our assertion stems from a comprehensive examination of all of the web-active groups in the 
Environmental Restoration and Conservation Agency [9] database, a national survey of all envi-
ronmental organizations in Japan, including over 4800 groups. Among members of the anti-nuclear 
coalition that organized the national protests, only 4 organizations listed in the [9] database were 
found.
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of the nuclear contamination grew and over 100,000 Fukushima residents were 
evacuated from the Level 7 meltdown, what kept EOs from joining the national 
denouncement of nuclear energy amid the largest environmental crisis in the coun-
try’s history?

By rethinking recent Japanese environmental movement history and incorporat-
ing survey data and board of director membership data into several multivariate 
analyses, this methodological combination identifies both historical and political-
organizational factors that drove silence, and, by contrast, the relatively rare 
denouncement of nuclear energy by EOs after the meltdown. This approach builds 
on theory as well. Accounts of environmentalism and environmental policy in Japan 
stress the strength of bureaucrats in a paternalist state and the power of large corpo-
rations to constrain political opportunities for social movements generally, and 
environmentalism particularly [2, 11–15]. To assess this general theoretical argu-
ment, the combination of methods—which operationalize both organizational-level 
determinants of EO behavior and inter-organizational network factors—provide 
empirical conclusions from our statistical results: environmental groups with 
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Fig. 8.1  Anti-nuclear protest events post-Fukushima. Note: Source data were obtained from 
“Anti-nuclear Power Movement Events Calendar,” recoded, and then summed up by month. (http://
datugeninfo.web.fc2.com/index.html). Reprinted with permission from Oxford University Press
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government and corporate board members are significantly less likely to publicly 
denounce nuclear energy following the Fukushima meltdown.

The historical analysis begins with a brief treatment of institutional shifts in 
Japanese environmentalism, prior to and following the Kyoto meetings on global 
warming. Specifically, the rapid growth in environmental organizations in the late 
1990s and early 2000s occurred as the ruling party, prominent industry associa-
tions, and the national government promoted Japan as a model of green moderniza-
tion, an approach that would rely heavily on the promotion of nuclear energy as a 
means to reduce carbon and increase efficiencies in the larger economy.4 The 
resulting institutional shifts offered new opportunities for environmental organiza-
tions to expand, but in a highly constrained legal and ideological context that 
primed these organizations for institutional capture by government agencies and 
industry. Hinged to political and economic interests, a discourse of green modern-
ization curtailed a critique of nuclear energy among many newer EOs. For this 
reason, EOs’ stance on the Fukushima accident provides a critical window into the 
varying contours, episodes, and voices of environmentalism in Japan in recent 
decades, and highlights the importance of an independent civil society in which 
real debate about the assessment of risks may occur, and can shape robust prepara-
tions for emergencies.

8.2  �Theory: Sources of Environmental Advocacy, 
Organization, and Movement

8.2.1  �Environmental Identities

As complex organizations, EOs are not simply reacting to structural stimuli, but 
instead are constantly developing shared subjective interpretations of reality 
through a process of actively engaged sense-making about environmental prob-
lems, though within a definite historical context [16, 17]. The identity of an EO 
can be observed both in what is proclaimed in its mission statement, as well as 
what members of the organization actually do [18]. Identity and strategy are thus 
theoretically linked through this ideological component of EOs, as identity influ-
ences what issues are pursued, the channels and methods of resource acquisition 
[19], the tactics that the EO endorses [20], as well as the organizational structure 
that the EO employs.

While the identities and issue-focus of Japanese EOs vary considerably, a defi-
nite set of patterns are reported in the sociological literature. One important distinc-

4 As Miyadai [13] concluded, the promotion of nuclear energy as carbon neutral is misleading: “If 
we look just at the process of generating electricity, it appears that there is no carbon dioxide emis-
sion. But seen in light of the entire process—including mining, refinement and enriching of ura-
nium; transportation; building of power plants; decades of cool temperature storage; and more than 
10 years of plant closure—such claims turn out to be pure exaggeration” (p. 99).
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tion is made between a first wave of anti-pollution campaigns in the 1960s and 
1970s from the later conservation initiatives that rose to prominence in the late 
1970s and 1980s [12, 15, 21, 22]. Though distinct environmental identities emerged 
in both periods, the focus of Japanese environmentalism was overwhelmingly local 
[23]. Schreurs [15] points out that environmental advocacy for global issues was 
largely nonexistent prior to the 1980s, though a shift in environmental identities 
began as more groups formed with a focus on national and global ecological risks 
in the 1990s (see also [24, 25]). Where there was anti-nuclear activism, as Schreurs 
[15] argues, it too was more focused on local siting concerns, unlike the more 
national or global campaigns against nuclear energy in Germany or the USA (see 
also [26–29]).5 We expect EOs with a focus on local environmental concerns, as 
well as conservation and park maintenance issues, to remain silent on the nuclear 
meltdown, while anti-pollution and internationally oriented groups denounce the 
disaster.

8.2.2  �Environmental Organizations and Resource Mobilization

Prior to the 1990s, scholars agree that Japanese environmentalism did not develop 
large, national level movement organizations as occurred in other industrialized 
countries [12, 15, 30, 31]. Broadbent and Barrett [21] characterize EOs in Japan, 
and social movements in general as “very much on the periphery of institutional 
power, under-funded, under-supported, and disenfranchised” (p. 73). The organiza-
tional demography of the environmental movement consisted of numerous small 
organizations focused on town and regional, prefecture-based anti-pollution and 
conservation campaigns [24]. Changes in the organizational composition of the 
environmental movement in Japan since the early 1990s reflect improved resource 
mobilization capacities [24].

EOs in Japan are situated across a range of potential financial, institutional, and 
membership constraints. Examining the organizational dependencies of an EO, for 
example, is likely to be a critical determinant of its behavior [32]. Further, because 
EOs are unlikely to advocate positions opposed to their allies or compromise 
embedded ties, we consider these factors relevant [18]. Additionally, accepting 
financial assistance from state agencies tends to reduce the volatility of their advo-
cacy, as those connections frequently leave EOs with a “loss of autonomy or inde-
pendence, particularly [with] dilution of the sector’s advocacy role” ([33]: 103; see 
also [12]). Contrarily, environmental organizations with fewer dependencies on 
state bureaucracies are likely less inhibited about their strategic choices [34]. 

5 Local anti-pollution organizations maintained affinities and ideological resonance with the local 
opposition to the siting of nuclear power plants. The shared concern over the exposure of hazards 
at the local level is apparent in our results presented below. Among other results, we report that, net 
other factors, EOs further from the site of the Fukushima Daiichi nuclear power plant are less 
likely to denounce nuclear energy after the crisis.
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Independent of structural dependencies, as an EO expands financially, it faces pres-
sure to professionalize from three directions: (1) the increasing complexity of envi-
ronmental legislation necessitates the expertise of a specialized paid staff, (2) 
rapidly expanding memberships require additional management, and (3) account-
ability becomes necessary to maintain their nonprofit status [35]. Pressures associ-
ated with increased finances and professionalization of EO leadership tend to 
constrain political action. In general, we expect few EOs with larger budgets to 
denounce nuclear energy post-Fukushima.

8.2.3  �National and Transnational Political Opportunity 
Structures

Understanding environmental movement dynamics in Japan requires a specific 
conceptual framework for grasping the relationship between domestic political 
opportunities, state structures, and elite unity. The social movement literature is 
clear on this point: political opportunities for movement mobilization vary by the 
degree of political openness in the state, the relative unity of elites, and the avail-
ability of elite allies in the state or broader society [36, 37]. Broadbent’s [12] 
scholarship provides such a framework for thinking about how the relatively strong 
state networks and a “ruling triad,” or what Reed [38] refers to as the “triple control 
machine,” interact to constrain political opportunities for environmental move-
ment mobilization in Japan. Broadbent’s [12] research explains how local environ-
mental organizations in Japan, like other community organizations, are embedded 
in horizontal and vertical networks that inhibit autonomy and outward growth. In 
contrast to western NGOs, Broadbent argues that community organizations are 
bound by a social hegemony directed by clientelistic ties and the authority of 
senior leaders. These organizational patterns, Broadbent suggests [39], began to 
unravel as the dominant triad of party, state, and business faced a series of crises in 
the 1990s. New opportunities for community organization appeared in 1993 as the 
ruling party lost power and new grassroots campaigns grew [40]. A wave of new 
EO-formation occurred in this window of opportunity from the mid-1990s into the 
early 2000s. Though the sheer number of EOs increased, questions remain as to 
any differentiations among these EOs, especially with respect to their relative 
autonomy from the dynamics of social hegemony explained by Broadbent. 
Broadbent and others suggest, and we explore in detail elsewhere [41], that these 
newer EOs arose in a contradictory context, where many emerged with greater 
autonomy and others conformed to the longer pattern of government organized 
NGOs. We expect evidence of a constricted political opportunity structure to be 
found in the networks between EOs and the political and industrial establishment, 
which should correlate with the silence of EOs on nuclear risks after the Fukushima 
accident.
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8.3  �Grassroots Mobilizations and State Facilitated 
Environmentalism in Japan, 1950–2000

While business and state leaders had been actively encouraging the development of 
nuclear power plants and nuclear fuel reprocessing facilities for years, particularly 
after the second oil crisis in 1979, the Atomic Energy Commission of Japan (AEC) 
and the Ministry of Education, Culture, Sports, Science and Technology (MEXT) 
began to insist early in the 1990s that nuclear power was essential for mitigating 
climate change [42, 43]. Even as the anti-nuclear movement remained distinct from 
the larger environmental movement, focused largely on fights over local siting of 
new nuclear reactors, several national level anti-nuclear coalitions emerged (see 
[26]). This new politics of global warming would, however, change the terrain for 
both the anti-nuclear and environmental movement (Fig. 8.2).
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New domestic political opportunities were opening for environmentalism at the 
same time that national elite sought domestic allies for asserting Japanese leader-
ship in a high-tech vision for a carbon-efficient model of modernization. While 
Japanese EOs and other NGOs mobilized for the Third Conference of Parties 
(COP3) to the UN Framework Convention on Climate Change (FCCC), held on 
December 1–11, 1997  in Kyoto, nuclear power was at the center of the carbon 
reduction discussions. Hosting the COP3 meetings reinforced a view among 
national elite and local environmentalists that global warming was the problem and 
nuclear energy was the solution.

As legal and institutional changes expanded opportunities for new EOs to obtain 
funding for green projects with “local partnership” funds, avenues for government 
officials to “retire” on the boards of EOs grew as well. Combined with the “golden 
parachutes” for government officials [44], funding from public agencies, and the 
active program to open nonprofit status to more groups, many of the environmental 
organizations formed at this time arose as part of a state facilitated environmental-
ism. Newer EOs formed with public administrative support to accomplish official 
policy initiatives, from conservation and parks to waste disposal, consequently 
identified with those government initiatives. Reimann [25] also identifies the role of 
new allies, new ideas, and new opportunities arising from preparations for the Kyoto 
COP3 meetings. The organizations working in the Kiko Forum were part of a new 
segment of globally oriented EOs, but these were not the majority of newer EOs 
[25]. Moreover, their activism was unfolding in an ideological context where the 
threat of global warming was ubiquitous. In that context, nuclear energy was promi-
nently and repeatedly presented as a solution to that threat. From industry leaders to 
the national government, expanding investments in nuclear power were offered as 
an acceptable, environmentally friendly solution, even as three major nuclear acci-
dents occurred in the years prior. In 1997 Keidanren announced that “we should 
place nuclear energy at the center of key energy choices…” [45].

8.4  �Hypotheses: Drivers of EO Silence on Nuclear Hazards 
After the Fukushima Crisis in Japan

Why were so few EOs critical of nuclear power after the meltdown at Fukushima? 
In response to this question, we summarize our primary hypotheses in Table 8.1. 
Several features become salient from our argument above. The first set of hypothe-
ses in Table 8.1 derives directly from standard assumptions about the role that envi-
ronmental identities and resources play in the political behavior of EOs. First is the 
prevalence of EOs focused on local issues, particularly around conservation, recy-
cling, and anti-pollution. Ceteris paribus, EOs that report a local focus will be less 
likely to post a critical position on nuclear energy after the Fukushima crisis. 
Second, we also expect that EOs reporting as their primary concern “conservation” 
and “recycling” to be less likely to denounce the risks of nuclear contamination 
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after Fukushima. In contrast, we expect anti-pollution organizations to be more 
likely to adopt a critical view of nuclear energy after Fukushima. This is because the 
anti-pollution identity resonates more closely with the local anti-nuclear waste and 
facility siting campaigns over the years, as well as the observed risks of nuclear 
contamination. These concerns have been reported to resonate among the Japanese 
public in other periods, for example, following the Three Mile Island and Chernobyl 
accidents.6 EOs identified with any number of global issues will tend to associate 
with ideas prevalent in the international environmental community, including con-
cerns with nuclear risks, and will therefore be more likely to express a critical view 
of nuclear power after the Fukushima crisis. Concerning resources, we expect EOs 
with larger budgets to be less likely to challenge prevailing programs of the state 
and therefore remain silent on the nuclear crisis after Fukushima.

Combined with passage of the NPO law (1998) and state support for conserva-
tion and carbon reductions during and after the Kyoto meetings on climate change, 
we expect EOs found after 1998 to be less likely to denounce the hazards of nuclear 
energy after Fukushima. Environmental advocacy that is subsumed under official 

6 In August 1986, after the Chernobyl incidents (April 26), a survey of public opinion carried out 
by Asahi Shimbun reported that the percentage of opposing nuclear power plant development 
(41%) exceeded that of pro-nuclear response (34%). This was the first instance where opinions 
swayed against nuclear power since the survey started in 1978. In 1988, 20,000 people were rallied 
to an anti-nuclear gathering at Hibiya Park in Tokyo [44]. For a comparison of environmental 
impacts of the Chernobyl and Fukushima disasters, see Steinhauser et al. [45].

Table 8.1  Hypothetical drivers of environmental organization denunciation of nuclear power after 
the Fukushima crisis in Japan

Identity, resource, and institutional hypotheses

  • � EOs that report a local (as opposed to national or global) focus in their mission will be less 
likely to denounce nuclear power post-Fukushima (−)

  • � EOs with identities that are single-issue focused on conservation (reforestation or 
beautification), recycling, or consumer protections will be less likely to denounce nuclear 
power post-Fukushima (−)

  • � EOs with identities that focus on anti-pollution and global environmental problems will be 
more likely to denounce nuclear power post-Fukushima (+)

  • � EOs with larger budgets will be less likely to denounce nuclear power post-Fukushima (−)
  • � EOs found in the decade after the Kyoto meetings will be less likely to denounce nuclear 

power post-Fukushima than those formed prior (−)
Network hypotheses

  • � EOs that have members of national or local government agencies on their boards will be 
less likely to denounce nuclear power post-Fukushima (−)

  • � EOs with corporate executives on their boards will be less likely to denounce nuclear power 
post-Fukushima (−)

  • � EOs with independent citizens, members of cooperatives, or other NPOs on their boards 
will be more likely to denounce nuclear power post-Fukushima (+)

  • � EOs with scholars or journalists on their boards will be more likely to denounce nuclear 
power post-Fukushima (+)
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policy goals, we reason, is less likely to oppose state energy and industrial policies. 
This is not merely a consequence of the founding date of the EO or the specific local 
partnership objective, but also a function of the political and organizational embed-
dedness of the EO governing board across the state, economy, and civil society. 
Specifically, we expect EOs with positive indicators of institutional capture—aris-
ing from the selective use of “golden parachutes” that place government or business 
members on the board of directors for the EO—to remain silent. A greater number 
of government officials and business leaders on the board of directors of an EO is 
likely to present political-organizational constraints on the identity and behavior of 
the EO. We therefore posit that EOs with board members from government agencies 
or corporations to be less likely to denounce nuclear energy after the Fukushima 
crisis. Conversely, EOs with positive indicators of civil autonomy—possessing citi-
zens, journalists, or cooperative members on their boards—will be more likely to 
denounce nuclear energy after Fukushima.

8.5  �Data and Analyses

Survey data were obtained from Japan’s Environmental Restoration and Conservation 
Agency census survey of environmental nonprofits [10]. This survey collected a 
wide range of data on 4855 EOs throughout Japan, including basic EO demographic 
data, numerous response items on the mission and principal activities of the EO, a 
categorical measure of annual revenues, headquarters location, and geographic 
scale of the EO’s focus. ERCA survey data is collected only on registered or incor-
porated nonprofit organizations. An unknown number of environmental groups do 
not register or officially incorporate in Japan, meaning that our analyses do not 
apply to those groups. All EOs in the ERCA population of registered environmental 
nonprofit organizations were then sought out on the internet. We identified 2223 
EOs with active, recently updated websites. Because of missing data on several key 
survey response items, 38 of these EOs were excluded from the analyses, leaving 
2185.

We also sought to collect additional, publicly accessible financial and board 
membership data on each EO. Unfortunately, access to this data proved limited and 
difficult to obtain. Our efforts nonetheless resulted in a substantial, non-random 
subsample of 278 EOs from the 2185 web-active EOs. Combined with the ERCA 
survey data, this smaller subsample includes detailed information on the board 
members of the EOs, enabling the operationalization of board interlocks with 
numerous institutions in Japan. Based on board member biographic and affiliation 
data, we then coded network indicators between these EOs and government agen-
cies (national and prefectural), media, other nonprofits, businesses, and universities. 
Together, the research design operationalized several theoretically salient factors 
driving environmental advocacy and policymaking in Japan. Our multivariate mod-
els and network indicators combined to make better sense of the responses by envi-
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ronmental organizations to the aftermath of Fukushima (for a detailed discussion of 
the data and operationalization of variables see [41]).

Below, we conduct two logistic analyses on the likelihood of EOs denouncing 
nuclear energy after Fukushima, first testing conventional variables of EO behavior 
in the larger sample (n = 2185) followed by a second regression with the smaller 
sample (n = 278) that incorporates the organizational network variables.7 Our results 
highlight the impact of the political-organizational embeddedness of EOs with the 
state, business, and civil society and point to the historic role played by the political 
and industrial establishment in shaping Japanese environmentalism prior to and 
during the Kyoto COP3 meetings. Overall, the analyses reinforce an interpretation 
that considers how historical conditions shaped environmental advocacy in Japan in 
a way that privileged nuclear energy in the face of a narrative on the threats from 
global warming and climate change.

Our final analysis consists of a graph-theoretic visualization of the network data. 
In addition to the EO board member data, which is incorporated into the second 
logistic analysis, we construct a separate matrix of official affiliations between EOs, 
major government ministries, numerous universities, and private corporations. A 
graph visualization method is used to construct an image of these organizations and 
their ties in a manner that spatially distributes similar pairs of organizations proxi-
mate to one another. This graph representation provides a visual heuristic of the 
underlying network structure (Table 8.2).

8.6  �Results

Model 1 in Table 8.3 presents the results of our first logistic regression on the odds 
of environmental organizations (EOs) publicly denouncing nuclear energy after the 
Fukushima crisis. We present both the log odds estimate and the odds ratio in 
Table 8.3. This first model examines organizations who completed the survey data 
from ERCA and had websites for coding their public positions on the Fukushima 
meltdown (n  =  2185). Three broad patterns are immediately apparent. First, the 
environmental identities reported by the organizations are associated with different 
outcomes toward nuclear energy, post-Fukushima. Model 1 offers important valida-
tion of previous scholarship explaining the important distinctions among the 

7 Both of our samples differ with respect to financial size and locality from the population of all 
EOs in the ERCA national survey. With regard to our larger sample (n = 2185), only EOs with 
active, recently updated websites were included. Second, with our smaller sample (n  =  278), 
because the ERCA data provides only limited information on the sources of organizational finances 
and no board membership details for EOs, this sub-sample was restricted to organizations where 
such revenue and board membership data was accessible. Each of these approaches resulted in 
samples that are comprised of larger environmental organizations, on average, and organizations 
that are slightly more inclined to work on national level issues as opposed to primarily local or 
neighborhood concerns. The differences on size and locality are statistically significant and war-
rant caution in the generalizability of our results below.
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environmental identities among EOs in Japan [15]. This scholarship established our 
expectations that EOs with a more global outlook on environmental problems would 
adopt a more oppositional stance to the risks of nuclear energy. Environmental orga-
nizations that primarily identify with anti-pollution and global environmental con-
cerns are 215% more likely to publicly denounce nuclear energy. EOs with a 
consumer protection identity are also about 107% more likely to denounce nuclear 
energy post-Fukushima. This is in contrast to those EOs reporting a primary focus 
on local beautification and conservation issues, who are 3.28 times less likely to 
denounce nuclear energy.

Second, the founding era of the organizations significantly impacts whether or 
not they would make a public statement denouncing nuclear energy post-Fukushima. 
Environmental groups formed in 1999 or after—following the 1998 NPO Law and 
the concerted campaign to promote nuclear energy as a solution to global warm-
ing—are significantly less likely to oppose nuclear energy. The inverse odds ratio 
(1/.369) indicates that EOs formed after 1998 were 2.71 times less likely to 
denounce nuclear energy after the Fukushima crisis. These results invite us to 
explore how silence on nuclear risks is nested in overlapping fields of state, corpo-
rate, and environmental politics, not just stated environmental identities or 
priorities.

Third, the geographic focus of the EO—found in our “locality” variable—posi-
tively increases the likelihood of denouncing nuclear energy by about 19% for each 
increase in the scale of geographic focus. EOs with wider geographic concerns are 
more likely to oppose nuclear energy after the crisis. Finally, contrary to our expec-
tations, the budget size of the EO failed to approach statistical significance.

For reasons found in the literature, it was desirable to test additional factors driv-
ing opposition to nuclear energy. Because neither the ERCA data nor most EO 
websites offered detailed financial or board member information about EOs, we 
limit the next to only those ERCA surveyed organizations that provided public 
information about their board membership. This greatly diminished the sample 
size. The results of the regression on this smaller sample are presented alongside 
Model 1 in Table 8.3 under Model 2. The results remain roughly analogous to those 
found in Model 1, though the size of the EO’s annual budget becomes significant. 
In Model 2, for each increase in budget size, an EO is 1.84 times less likely to 
denounce to nuclear energy. Consistent with our reasoning from the literature on 
environmental movements, larger organizations, net other factors, will tend to mod-
erate their political positions. The locality variable dropped out of significance in 
this model and each of the three identity variables retained significance in the direc-
tion found in Model 1, though consumer identity saw a significant increase in 
impact. The contrast between Model 1 and Model 2 confirm that our two samples 
are modestly different with respect to the size and geographic scope of EO 
operations.

Our next analysis is presented in Table 8.4. We introduce the count variables of 
the types of board connections to outside organizations among the sample of EOs. 
For the ease of interpretation, the odds (and inverse odds) ratios are reported in 
Table 8.4. This smaller sample offers results analogous to Model 2  in Table 8.3, 
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though the consumer protection identity and the locality variables are not included 
because they drop out of significance with the introduction of the board variables. 
The four variables that remain significant from Model 2 also operate in the same 
direction after adding the four board count variables. EOs identifying with 
anti-pollution and global environmental concerns are 278% more likely to denounce 
nuclear energy and, in contrast, EOs identifying with conservation and parks beau-
tification are 3.8 times less likely to denounce nuclear energy. For each increase in 
budget size, we find a 70% decrease in chance the EO will denounce nuclear 
energy.8

Results in Table 8.4 affirm the significance of our theoretical propositions con-
cerning the institutional dependency and organizational embeddedness of EOs. The 
presence of a “golden parachuted” official on a local EO board is negatively associ-
ated with a critical position on nuclear energy. Indeed, for each additional govern-
ment or corporate official, respectively, on their board EOs are 1.5 or 1.3 times less 
likely to denounce nuclear energy. Alternatively, those EOs with board members 
who are identified as scholars from universities, journalists, members of coopera-
tives, local citizenry or other nonprofit organizations (NPOs) are more likely to 
denounce nuclear energy. Each additional scholar or journalist increases the likeli-
hood of denouncing nuclear power by 32% and each additional member of a coop-
erative, another nonprofit or unaffiliated citizen, increases the likelihood of 
denouncing nuclear energy by 11%. Finally, our historical founding variable again 
confirms the significant cohort effect on EOs formed after the 1998 NPO law. In this 
sample, EOs formed after 1998 were nearly 4.5 times less likely to denounce nuclear 
energy.

8 A bivariate correlation between budget size and the number of outside board members (centrality) 
was 0.23, showing that financially larger EOs in this sample are more likely to have larger boards 
and therefore more outside directors. Net other factors, the larger EOs have more ties to govern-
ment and business, though many large EOs maintain ties to other civil society institutions (unions, 
universities, coops, etc.).

Table 8.4  Odds of denouncing nuclear energy post-Fukushima, with political-organizational 
variables

Predictor variable Odds ratios Inverse  odds ratios Standard errors

Scholar/journalist on board 1.320∗ 0.0761
National or local govt. on board 0.653∗ 1.531 0.1361
Corporate exec. on board 0.770∗ 1.299 0.0668
Coop, NPO, or citizen on board 1.110∗ 0.0388
Anti-pollution and global env. identity 3.784∗ 0.3914
Conservation and beautification identity 0.264∗ 3.788 0.4788
Annual budget (categorical, 0–4) 0.589∗ 1.698 0.1852
Formed before 1999=0, else 1 0.224∗ 4.464 0.4288

Significance tests for odds ratio estimates derived from 95% Wald confidence intervals, ∗P < 0.05; 
R-square, 0.4086; Max-rescaled R-square, 0.5756; N, 278
Note: Reprinted with permission from Oxford University Press
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8.6.1  �Administrative and Corporate Embeddedness 
of Environmental Advocacy

Why do the network connections to government agencies and private corporations 
so significantly reduce the odds that an EO will denounce nuclear energy after the 
Fukushima crisis? Building on Broadbent’s [12] concept of a “ruling triad,” we 
present a network heuristic that maps relationships between a large subsample of 
EOs, corporations, and government agencies.

Beginning in the early 1990s, state leaders actively facilitated a particular variant 
of environmental advocacy in Japan. These initiatives coincided with an emergent 
elite consensus that Japan’s national and international stature could be boosted by 
the promotion of green and efficient modernization. This vision relied on the pro-
motion of a nuclear safety myth [3] as a negation of the environmental costs of the 
nuclear industry, which help power this relatively low-carbon economy. Existing 
state structures, revised laws, and other initiatives by business and government 
facilitated a rapid growth of environmental organizations at this time, often funded 
directly via local partnership initiatives aimed at conservation, parks, and waste 
management. This state facilitated environmentalism advanced a proscriptive frame 
that nuclear power could safely advance national economic development while pro-
tecting the country (and world) from the threat of global warming and climate 
change. In this way, state facilitated environmentalism constrained EOs from reflex-
ively weighing the hazards and risks of nuclear energy, even after the Fukushima 
crisis. Our regression model in Table 8.4 validates this narrative.

To further examine the political-organizational embeddedness of EOs, we pres-
ent data on these overlapping sectors in Fig.  8.3. Using coordinates from the 
Fruchterman-Reingold algorithm in NodeXL, Fig. 8.3 plots the affiliations among a 
subsample of EOs, government agencies, universities, foundations, and corpora-
tions that result from common personnel on the boards of the respective entities. In 
this figure, each node depicts an organization or agency, and an arc between two 
nodes indicates at least one common member shared between the two.

Figure 8.3 is a snapshot of the political-organizational embeddedness of our sub-
sample of EOs. In reality, these networks are far more expansive. It is apparent that 
many EOs accept board members, including full-time and paid ones from METI, 
MOE, MLIT,9 MHLW,10 and other government agencies. This figure also reveals 
dense connections between EOs and various industries, including the nuclear energy 
industry, by means of board appointments. Five major electric utility corporations, 
which own the nuclear reactors throughout Japan, have direct ties to EOs in our 
subsample. Major EOs are immersed in this network, including prominent ones 
such as the “Institute for Global Environmental Strategies,” “Japan Environmental 
Association,” “Japan Environmental Management Association for Industry,” 
“Global Environmental Forum,” “Japan Environmental Education Forum,” and 

9 Ministry of Land, Infrastructure, and Transport.
10 Ministry of Health, Labor, and Welfare.

M. C. Dreiling et al.



103

“Research Institute of Innovative Technology for the Earth.” These organizations 
have multiple board connections with government agencies, corporations, and other 
EOs. The density of network overlap between industries, government agencies, and 
environmental organizations is thus interpreted as a highly constricted political 
opportunity structure, one not likely to support a critique of the nuclear energy 
industry. EOs embedded in this political-organizational network inhabit a context 
that inhibits a reflexive critique of the risks of nuclear power in Japan.

As a result, leading EOs were a minor part of the citizen protests against nuclear 
energy after the Fukushima crisis. We conclude that national energy policy priori-
ties are not determined by ecologically reflexive responses to disaster (human or 
environmental) but are instead propelled by an interconnected complex of industry, 
government, and a state facilitated nonprofit sector. The distortion of ecological 
discourse is the result (see [16]).

Fig. 8.3  The political-organizational embeddedness of EO Subsample, 2012. Note: A_: University, 
College; B_: Bank and Insurance; C_: Corporation; D_: Independent administrative agency; F_: 
Foundation; G_: Government; LG_: Prefectural (Local) Government; M_: Media; E-, C-, K-, H-, 
T-, S-, N-: Environmental organizations (the first letter indicates the location of the EO). Reprinted 
with permission from Oxford University Press
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Consider the following EO from our sample, GENKI, the Network for Creating 
a Sustainable Society, which never denounced nuclear energy following the 
Fukushima meltdown. According to ERCA, the EO was found in 1996 and the 
annual budget is between US $100,000 and US $1 million. Personal and corporate 
memberships are 400 and 20, respectively. It is a pro-nuclear EO found to promote 
and facilitate waste reduction and recycling. In one report, their activities included 
workshops and educational initiatives related to the disposal of radioactive waste, 
funded by METI through the Agency for Natural Resources and Energy (ANRE). 
GENKI works to convince local communities to accept radioactive waste, and 
their president also worked for government agencies and similarly oriented EOs. 
For example, she was a councilor of the Nuclear Waste Management Organization 
of Japan (NUMO) and also a director of the Japan Environment Association (JEA), 
at least until 2012. NUMO was found for the long-term management of radioac-
tive waste. NUMO’s president was a former board member for TEPCO (the utility 
corporation that owns the Fukushima Daiichi nuclear power plant) and NUMO’s 
board has two officials from METI. To illuminate the interconnections depicted in 
Fig. 8.3, consider some of the other 21 directors and 17 councilors in the JEA [48]. 
They include: the Former Chief Director of the Institute for Global Environmental 
Strategies; the President of the Nuclear Material Control Center; an advisor to 
Electric Power Development Co., Ltd; the Chief Director of the Nature 
Conservation Society of Japan (another EO in the ERCA database); the Executive 
Director of the Federation of Electric Power Companies of Japan; the Managing 
Director of the General Insurance Association of Japan; another director from the 
JEA; a former official from the Ministry of the Environment; and an official of 
METI.

In contrast, consider an EO that denounced nuclear energy after the Fukushima 
accident. The Center for International Cooperation (JANIC) was primarily 
engaged in international training of NGO members engaged in environmental pro-
tection initiatives. After the meltdown of Fukushima, they devoted much of their 
efforts to supporting tsunami-stricken areas, and on October 4, 2011, the 
Chairperson of JANIC, citing environmental and human hazards, Masaaki Ohashi 
declared, “there is no room left to accept nuclear power generation in Japanese 
society” [49]. Except for one board member from the Japan International 
Cooperation Agency (JICA), which is an agency of the Ministry of Foreign 
Affairs, their board contains no other officials from government agencies. Their 
board also contains one professor, a member of the Japanese Organization for 
International Cooperation in Family Planning, and the Director of International 
Affairs from the Japanese Trade Union Confederation. Their revenue sources are 
also revealing, with 20% obtained from multi-denominational religious founda-
tions, labor organizations, and other organizations as grants, 45% from a variety 
of religious organizations and companies as contributions, and 24% from the 
Ministry of Foreign Affairs and its agency’s (JICA) commissioned project. JANIC 
was found in 1987.
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8.7  �Conclusion

Despite the threat of future nuclear accidents from earthquakes, environmental orga-
nizations in Japan have largely remained silent on the risks of nuclear energy follow-
ing the Fukushima disaster [8, 50]. This was found to be at least partly explained by 
meaningful variations in their identities, resources, and their embeddedness in polit-
ical-organizational networks. Accepting nuclear energy production as a mitigating 
strategy against global warming does not necessarily preclude a critical assessment 
of the risks associated with nuclear power, and indeed will be an essential caution as 
alternatives to carbon-intensive energy sources are devised. The adoption of this atti-
tude among many EOs meant a tacit approval for restarting nuclear plants and con-
tinued to position Japan as the rhetorical leader in the global struggle to reduce 
greenhouse emissions. Even when articulated by major environmental organizations 
(e.g., the Hokkaido Environmental Foundation (2011), who stressed that the expan-
sion of nuclear activities must be constrained and existing plants decommissioned) as 
an imperfect solution that must eventually be replaced, few EOs insist on a perma-
nent and complete decommissioning of nuclear reactors.11

The hesitance of many EOs to denounce the nuclear accident in Japan was par-
tially rooted in a constrained political opportunity structure for anti-nuclear claims 
arising since an historical conjuncture beginning in the mid-1990s. Many EOs were 
formed at the height of a national campaign against global warming and an ideo-
logical context that minimized the risks of nuclear energy relative to the very real 
threat of global warming. With greater legal access to nonprofit status and support 
from major government funding, their fields of action were shaped by political-
organizational networks to favor a status quo energy and environmental policy. 
Despite being hailed as a source of civil society opening in Japan, the 1998 NPO 
Law also set new normative and institutional constraints on EOs formed in the years 
following its passage. Thus, to understand EO silence and voice in the wake of the 
Fukushima disaster, we must look beyond standard organizational profiles and con-
sider the historical and network context where new EO cohorts arise. Such an 
approach can inform risk preparedness by properly understanding the conditions 
that help or hinder dialogue among state, economic, and civil society actors.
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Chapter 9
Public Relations in Times of Nuclear 
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Abstract  Surrounded by nuclear power plants, Austria forms a nuclear power-free 
enclave in the heart of Europe. In 1978, the Austrian population voted against the 
commissioning of the already built NPP Zwentendorf. Forty years later and after the 
shutdown of the ASTRA research reactor in Seibersdorf, the TRIGA Mark II reactor 
commissioned in 1962 at the Institute of Atomic and Subatomic Physics (ATI) of the 
Vienna University of Technology (TU Wien) remains the only nuclear reactor facility 
in Austria. Located in the Viennese Prater (Vienna’s largest recreational park area), 
the said reactor has defined a significant fraction of the research and teaching activi-
ties of the ATI, including training for external partners. Together with the associated 
teaching and research infrastructure, it puts the TU Wien in a position to work with 
radioactive materials and ionizing radiation and to teach the safe and responsible 
handling of nuclear materials. An important complementary activity of the ATI is to 
conduct training workshops for international experts from the International Atomic 
Energy Agency (IAEA). This chapter aims at providing an insight into public rela-
tions and science communication strategies in the event of a nuclear emergency with 
special focus on both a personal and a university’s perspective. Three case studies are 
discussed, in particular information management after the Fukushima crisis by the 
ATI, communication strategies during a delicate refueling procedure of a nuclear 
reactor, and perception of nuclear crisis management and communication by the 
mayor of a small Austrian municipality. When confronted by a massive nuclear cri-
sis, a university can develop great strength in crisis communication and become a 
source of trustworthy and unbiased information to the public and the media.
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9.1  �Introduction

An unexpected nuclear emergency can disrupt established communication struc-
tures and easily overstrain years of experience in public relations (PR) for stake-
holders that are involved or suddenly become involved in a nuclear crisis. Not 
always, to say the least, is communication and PR in times of a nuclear crisis only 
about facts that are relevant to the (public) understanding of the crisis. In this chap-
ter, I will outline some of the challenges that the PR office of Vienna University of 
Technology (TU Wien)—Austria’s sole operator of a nuclear research reactor—had 
been facing in the course of the Fukushima crisis—and beyond. Together with some 
anecdotal personal experiences, I will try to illustrate the challenges that evolved in 
nuclear emergency communication from the perspective of TU Wien, Austria’s larg-
est university for higher education in technical sciences (approx. 30,000 students).

In the late 1970s, I grew up together with four siblings in a small village called 
Langau, which is located in northern Lower Austria very close to the border to for-
mer Czechoslovakia. In 1978, I learned to ride a bike at the age of three. It was just 
this year that Austrian citizens were called upon for the first time in the history of the 
Second Republic to vote in a referendum on the question whether or not the already 
completed nuclear power plant (NPP) Zwentendorf should go into operation. On 5 
November 1978, 50.47% of Austria’s population voted against the commissioning 
of the NPP Zwentendorf. Since then, this result has influenced the governmental 
policy in nuclear power. In December 1978, the so-called Nuclear Cuts Act [1] 
passed the parliament. The government mothballed the already completed NPP 
Zwentendorf which became a multi-billion dollar industrial memorial site. In addi-
tion, the afore-cited Nuclear Cuts Act put the nail in the coffin of the second nuclear 
power station planned in Stein/St. Pantaleon, Upper Austria. Since then, nuclear-
generated electricity has been considered undesirable in Austria—but it is still being 
imported. Although there had been repeated attempts to reconsider the “No” to 
nuclear power, at the latest with the nuclear disaster in Chernobyl 1986 the topic 
became undebatable in Austria. In 1986, I was eleven years old, had a bigger bike, 
became an aunt for the first time, and was still living next to the strictly closed border 
to Czechoslovakia. What was happening on the other side of the “iron curtain,” the 
children on our side of the border did not know at all.

Austria has also been a member of EURATOM (European Atomic Energy 
Community) since joining the European Union (EU) on 1 January 1995. Already 
before and on Austria’s accession to EURATOM, there were strong ressentiments 
among the Austrians population about the membership in EURATOM and con-
cerns about nuclear power in general. In February 2018, Austria sued the 
European Commission (EC) at the European Court of Justice in Luxembourg for 
allowing Hungary to expand its NPP at Paks. The NPP at Paks on the Danube 
about 100 km south of Budapest has been in operation since 1982. The Austrian 
government asked the court to annul the ECʼs resolution approving the expan-
sion. Similarly, Austria had acted against the construction of the British NPP 
Hinkley Point C in 2015.
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The obviously critical Austrian attitude against nuclear power is reflected in studies 
by the European Commission. The Directorate General for Energy and Transport of 
the EC launched Special Eurobarometer reports on “Attitudes towards radioactive 
waste” and public opinion of “Europeans and Nuclear Safety” following three former 
studies on radioactive waste carried out in 1998, 2001, and 2005. According to the 
Special Eurobarometer 297 [2], only 14 percent of Austrians are in favor of using 
nuclear power, “The lowest support for nuclear energy is, however, clearly found in 
countries that have no nuclear power plants. The least support for this type of energy 
is found in Austria, Cyprus and Greece, with around eight in ten respondents confirm-
ing that they are opposed to this type of energy.” However, even Austrians are aware 
of the fact that global abandoning nuclear power would not be a realistic expectation. 
According to the Special Eurobarometer 324 [3], “Europeans have a moderate level of 
knowledge of nuclear issues: though few respondents knew that the European Union 
has the largest number of nuclear power plants in the world, they were more aware 
that nuclear waste is not exclusively produced by nuclear power plants. Similarly, 
Europeans continue to be unfamiliar with safety issues related to nuclear power plants. 
Only a quarter of citizens feel ‘very well’ or ‘fairly well’ informed, compared with 
three in four who feel ‘not very well’, or ‘not at all’ informed about the safety of 
nuclear power plants. This situation is almost identical to the one depicted in the previ-
ous survey.” Asked about the role of media in the context of information the results 
show that “Europeans are critical of the information offered in the media about energy 
in general and nuclear energy in particular: almost two thirds of the interviewees said 
that it is insufficient. Large majorities in almost all of the countries surveyed mention 
television as the main source of information on nuclear energy. When assessing the 
information about energy and nuclear energy offered to children, EU citizens regard it 
as only slightly more adequate than the information in the media.” [3]

9.2  �Theory

From the PR point of view, basic knowledge of theses of communication science 
may always help to do a challenging communication job. That applies even more to 
issues related to nuclear power.

9.2.1  �Watzlawick’s Axiom 2

Each communication has both a content and an emotional aspect, the latter of which 
determines the first. “Each message not only has a specific content, but also an ‘indica-
tion of how its sender wants it to be understood by the recipient.” [4, p. 61] and [5, 
p. 482]. In other words, the aspect of content offers information, whereas the emotional 
aspect focuses on the relationship between sender and receiver. Therefore, public 
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relations have to cope with the fact that purely informative communication does not 
exist. On the contrary, each expression contains a relationship statement. If a negative 
relationship is created on the content level, this can lead to a disturbed communication.

9.2.2  �Gatekeeper Research

One research approach concerning public attention refers to the concrete role of the 
media. All efforts by PR officers seem pointless if the media do not address their 
issues and inputs. “Gatekeeper research” deals with the selection process by journal-
ists. The core issue is the discussion of the limitation of the informational content by 
editors. They determine the topics that are considered relevant and thus are published. 
Thus, the editors also determine which events become public. This, in turn, influences 
the gatekeeper approach according to the image of reality that is generated by recipi-
ents. “In addition to the influence of individual predispositions on news selection, the 
influence of so-called ‘institutional’ factors was also recognized. This means that no 
journalist should be regarded as an isolated individual, but is always a member of a 
‘news bureaucracy’ made up of various departments with different tasks.” [5, p. 277]. 
This results in the specific relevance of journalist contacts for communication work, 
especially for crisis communication. A network to relevant editorial offices in general 
or individual key journalists in particular is the key to balanced reporting.

9.2.3  �Agenda-Setting-Hypothesis

Agenda setting research also deals with the impact of media coverage on recipients. In 
1963, Bernard C. Cohen first posed this thesis. “The core idea of this concept is the 
assumption that mass media do not influence what we think, but rather determine what 
we do have to think about. To a certain extent, they determine which topics we put on 
our agenda.” [5, p. 248]. Hence, the media, by means of frequency, scope, and presen-
tation, show the importance of an issue that the public is provided with. Thus, media 
take over the selection, bring up and weigh a subject for discussion, and thus create a 
social reality for the public. The role of the media is an essential aspect of a crisis.

9.2.4  �News Value Theory

An important concept for the explanation of the news selection by the mass media 
is the “News Value Theory”. “While classical gatekeeper research only observes the 
last stop on the route from the event to the editorial office, the News Value Theory 
starts much earlier in the perception of the events themselves.” [5, p. 279]. The basic 
assumption of this approach, based on Walter Lippmann [6] and his term of “News 
Value,” is that events have certain characteristics making them worthy of attention 
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or interest. These properties or message factors determine the message value, that is 
to say the publication worthiness of an event: The more pronounced these properties 
are, the greater the message value of the event.

9.2.5  �RACE-Formula

The RACE (Research-Action-Communication-Evaluation) model is a four-step 
process for communications planning proposed by John Marston [7]. Developed by 
Klimke and Schott [8], the RACE-formula compresses the steps necessary to over-
come a crisis.

•	 Research: During the first phase of a crisis, there is sometimes a kind of shock 
and often there is only a few or non-reliable information available. In such a situ-
ation, it is all about clarifying the most important questions, which are when, 
what, who, where (how, why). This phase is crucial for the further development 
since no strategy can be defined without reliable information.

•	 Action: Based on the results gained through this research phase, one will be able 
to develop a strategy, define one’s communication goals, and set appropriate 
tactics.

•	 Communication: The results of the first two phases again form the basis for the 
public relations work to be started now. In addition, the spokesperson has to play 
a key role therein. It is all about providing reliable information and being credi-
ble and trustworthy. In addition to the classical instruments such as press confer-
ences and press releases, the spokesperson’s performance significantly influences 
the perception.

•	 Evaluation: After the crisis, it is important to evaluate whether the chosen strate-
gies, tactics, and measures have been chosen correctly. The objective in this con-
text is learning for the future respectively being prepared for upcoming crises.

9.3  �Practice: Case Studies

9.3.1  �Fukushima (Japan)

On Friday March 11, 2011, the day when the disaster in Fukushima occurred, I had 
been going for a walk in my hometown Langau and received urgent phone calls from 
journalists from the Austrian Broadcasting Company (ORF) and the Austrian 
Newspaper Der Standard. Each of them wanted to talk to a nuclear expert about the 
accident and the current situation at the NPP Fukushima Daiichi. As the university’s 
spokesperson, I had to rely on my univeristy-wide (internal) network to the relevant 
experts and could easily provide the media with reliable contacts at TU Wien. When the 
triple-disaster in Fukushima occurred, the colleagues at the Institute of Atomic and 
Subatomic Physics in Vienna (ATI) proved to be communication professionals. As a 
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globally acting technical university with its focus on research, one of the duties of our 
scientists is to communicate and offer a rational evidence based expertise, especially in 
case of an emergency. When the disaster evoked, tremendous insecurity and fear all 
around the world and also among the people of Austria, they helped and transferred 
unbiased information. While universities usually complain about lack of funding and 
understaffing, the flexibility of a university with its student volunteers as a highly moti-
vated human resource made it possible to quickly set up an “Information Center.” Here, 
dozens of enthusiastic students, under the guidance of the nuclear experts at the ATI, 
researched for reliable information and answered urgent questions by the media and the 
concerned public via e-mail and phone [9]. The work of the Information Center made 
the ATI and TU Wien “the source point for the most recent and most reliable informa-
tion available about the Fukushima nuclear accident in Austria” (ORF, Zeit im Bild 2, 
March 2011). Within weeks, the ATI and its Information Center provided expert infor-
mation for 28 TV interviews, 26 radio interviews, and 52 print and online media inter-
views. Further, it provided unbiased and personalized information for approximately 
900 inquiries by private individuals who had contacted the Information Center via 
e-mail or telephone [9]. While news organizations often struggle with a lack of man-
power that would be needed upon a sudden crisis, a university—when endowed with a 
positive spirit—can rely on the availability of enthusiastic students who will be more 
competent in assessing the quality of potentially dubious raw data than journalists.

The experts at ATI took responsibility, referring to the university’s mission state-
ment “technology for people”. Let me quote Prof. Georg Steinhauser (then at the 
ATI), who replied to a heckler during a public speech in the Austrian Federal 
Ministry of Health, why he would always emphasize his expression of hope when 
talking about the Fukushima accident and not embark on possible worst-case sce-
narios, “People are genuinely afraid of radiation already. I firmly believe that it is 
the obligation of science to allay this fear, not to fuel it.” [10].

Subsequently, in September 2011, a large European joint project investigated the 
arrival and dispersion of the radioactive plume over Europe after the reactor accident 
in Fukushima [11]. The experts at the ATI of TU Wien also provided data and exper-
tise to this joint study. As a research institution, the great strength of a university is 
its great degree of flexibility that allows the allocation resources to quickly establish 
international collaborations and research projects for the monitoring of airborne 
contaminants. Moreover, it is the “freedom of research” that allows participation in 
international large-scale projects, thus allowing the linking of measurement data 
from all over Europe, so that the spread of radioactive substances from Fukushima 
could be reconstructed exactly. The outcome of the study [11] was that the releases 
from Fukushima did not pose any health hazard to the European people at any time.

9.3.2  �The TRIGA Mark II Research Reactor in Vienna 
(Austria)

In 2012, another phone call was the trigger for a challenging communication pro-
cess. The call reached my colleague and reactor operator Dr. Mario Villa at the 
ATI. It was a call from the Department of Energy of the United States (DoE) asking, 
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“Who is this person?” They were referring to media reports in which the universi-
ty’s spokesperson was quoted with information concerning the research reactor at 
TU Wien. At that time, the university had to cope with the exchange of the fuel ele-
ments from its TRIGA Mark II (Training, Research, Isotope Production, General 
Atomics) reactor. The university required the exchange of the fuel elements in its 
research reactor for being able to operate the infrastructure for 50 more years. After 
negotiations with the US Department of Energy and representatives of the Austrian 
Ministry of Science, the TU Wien agreed on the regular exchange of the fuel ele-
ments in the said research reactor and signed a corresponding agreement with the 
US Department of Energy and EURATOM. The agreement covered the withdrawal 
of 91 fuel elements and delivery of 77 low-enriched ones (Fig. 9.1).

At this point, let us take a look at the big picture. TU Wien is among the most 
successful technical universities in Europe. It is Austria’s largest scientific-technical 
research and educational institution, and operates the only research reactor in 
Austria. Throughout its 200-year history, the TU Wien has always been a presti-
gious institution but, more importantly, also a modern research university with high 
aspirations. The mission statement of TU Wien is “technology for people.” It 
expresses the high sense of responsibility of its researchers and teachers towards 
society. In 2012, one year after the Fukushima accident, there was still a high sensi-
bility among Austria’s society concerning nuclear energy and nuclear plants. It is 
precisely the already mentioned nuclear-critical attitude of Austrian people and sub-
sequently of Austrian policy, which requires the corresponding expertise in the 
areas of nuclear reactors and radiation physics as well as radiation protection. The 
research reactor is the best possible training facility and is after the closure of the 
two other research reactors in Graz and Seibersdorf the only nuclear research center 
in Austria. As the disaster in Fukushima has clearly shown, it is indispensable, 
especially for nuclear emergencies, to possess national expertise. This concerns 
issues such as the emergence and geographical spread of radioactive radiation, food 
safety, limit values for humans, animals, the environment, and goods. Such knowl-
edge is of particular importance in view of the proximity of nuclear power plants 
surrounding Austria.

Fig. 9.1  The TRIGA Mark II reactor of TU Wien (left) and its core (viewed through the pool) at 
full power (250 kW) (right)
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It was a special situation in 2012, as TU Wien had to manage an additional issue. 
During that time, the university had an internal financial crisis. For that reason, the 
university faced the accusation of financing a reactor from NGOs and the political 
Green Party (Die Grünen), as if “Financing a reactor while having no money for 
students …” etc. Therefore, what the management had to anticipate was the chal-
lenge of communication although the university had agreed with the USA and the 
Austrian authorities not to disclose any details due to security reasons. Nevertheless, 
it was necessary to inform the public and offer reliable data. The result of our activi-
ties in public relations and press review showed 29 media reports from January 
2012 up to December 2012, which aimed to be objective. It is clear that the yellow 
press had the very alerting headlines such as “Nuclear Alarm in Vienna,” for exam-
ple. As I was responsible for PR and was the only one who talked to journalists, it 
was my name in the newspapers that provoked the question of the US DoE “Who is 
this person?”.

9.3.3  �Langau (Austria) and Dukovany (Czech Republic)

Referring to the results published in the repeatedly mentioned Special Eurobarometer 
324 [3] on “Europeans and Nuclear Safety,” I interviewed the mayor of my home-
town Langau, Ing. Franz Linsbauer in May 2018. Langau (AT) is approximately 
35 km linear distance to the town of Dukovany in Southern Moravia (CZ). NPP 
Dukovany was put into operation between 1985 and 1987 and consists of four reac-
tor blocks with a total capacity of 1,792 MW. The existing plant comprises four 
WWER-440/213 Soviet-type pressurized water reactor units (4 × 440 MW electri-
cal power, built 1979–1987), a spent nuclear fuel storage facility, and a storage for 
low and intermediate level radioactive waste. Up to two new reactor units are cur-
rently planned for the Dukovany NPP site, with an electrical output of up to 
3500 MW. In July 2016, the Czech Ministry of Environment opened a cross-border 
procedure under the Espoo Convention and the EIA Directive on “New Nuclear 
Power Plant at Dukovany, Czech Republic.”

The Special Eurobarometer 324 [3] dealt among other issues with topics such as 
“Knowledge of nuclear issues and nuclear safety; Information on nuclear energy 
and safety: people’s feeling of being informed, whether there is sufficient informa-
tion in the media and schools, preferred information sources; Decision-making and 
participation: the level of decision-making and willingness to participate.” Within 
this context, I asked Langau’s Mayor Linsbauer about his assessment in his capacity 
both as a representative of local authority and as an organic farmer in a borderland 
municipality. “From my point of view, it is a very frightening situation for us all. On 
the one hand, we have the information that NPP Dukovany is no longer a modern 
power plant; on the other hand, the additional new reactor units will strengthen the 
site and so our children are extremely unlikely to experience decommissioning of 
Dukovany. It appears to me that in the event of an expansion any chances for such 
decommissioning in the foreseeable future will be lost.”

B. Neunteufl



117

In reply to the question whether or not, from his perspective, the comprehensibil-
ity and transparency around NPP-projects near the border are sufficient, Linsbauer 
said, “The only useful information is the one coming from the federal State of 
Lower Austria. Personally, I would expect more involvement of the Federal Ministry 
for Sustainability and Tourism. Of course, there are offers like the participation in 
“Klimabündnisgemeinde” (Climate Alliance Municipality), 
“Bodenbündnisgemeinde” (Soil Alliance Municipality) or established “model 
regions,” but the focus of the latter is different (e.g. charging stations, photovoltaic 
systems, and thermal insulation). Fundamentally, important things remain rather 
unaddressed. In Langau, a very small community with 670 main residents, we have 
gained 370 signatures against a planned near-border nuclear waste repository. That 
shows that we were able to mobilize more than half of our population for this issue. 
However, the campaign mainly based on the initiative of the Government of Lower 
Austria, especially on Governor Mag. Johanna Mikl-Leitner and Commissioner of 
Environmental Affairs Dr. Stephan Pernkopf. Additional information about nuclear 
issues comes through initiatives such as “Energiestammtisch” (“Get together on 
Energy”) or dedicated individuals who disseminate information. Me, as Mayor and 
farmer, I have a strong network with people in the Czech Republic, such as politi-
cians, farmers, hunters, and other citizens. Therefore I am quite aware that the 
Czechs have a completely different approach to nuclear energy.” As there seems to 
be a lack of systematic exchange with the Czech authorities, it largely depends on 
the active management of personal networks. “Exactly,” Linsbauer says, “my expe-
rience is that along the borderline, in small communities, there are far more nuclear 
energy proponents, while inland the voices become more critical. It is very rare that 
one finds a real nuclear opponent. Among my Czech hunting colleagues, I do not 
find an opponent. On the other hand, music colleagues from the Czech Republic e.g. 
in Dačice or the City of Brno get excited when they hear or talk about nuclear 
power.”

9.3.3.1  �Schools as Educational Platforms for Nuclear Questions

“EU citizens regard the information about energy offered by schools to children as 
only slightly more sufficient than that from the media. 58% of Europeans say that 
this information is not sufficient for children to acquire ‘a basic knowledge on the 
risks and benefits of energy choices in general and nuclear energy in particular’. 
However, 29% think that this information is probably or certainly sufficient (‘cer-
tainly’, 5%, or ‘probably’, 24%). This last result has improved somewhat compared 
to three years ago (+4 points)” [3, p.  95]. Facing this apparent lack of “nuclear 
education” in the European school system, I asked mayor Linsbauer whether or not 
he was aware of any special trainings or information campaigning in his commu-
nity’s school or preschool related to possible incidents in the nuclear power plants 
across the border. “In regular intervals, we carry out civil protection exercises aim-
ing at providing guidance to teachers on how to act in case of an emergency. 
Primarily, we focus on fire hazards, but of course, other incidents such as flood 
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events or nuclear disasters are also relevant. This activity forms part of the disaster 
protection plan that each community must have. We have organized a corresponding 
core team representing the commander of the voluntary fire brigade, a resident para-
medic, the civil protection officer and community representatives such as mayor and 
vice mayor. In the case of Langau, the comradeship alliance’s chairperson employed 
with the Austrian army is involved as well. We do not do NBC (nuclear, biological, 
and chemical) protection exercises, yet. But together with our fire department we 
train various scenarios such as rescuing pupils through the window and showing 
them the meeting at the collection point in the municipal office.” Does this mean 
that the community Langau is prepared? “We do our best! Realistically I have to 
admit that for a nuclear accident we are not sufficiently prepared. Regarding our 
limited capacities, we only could accommodate less people than desirable. This 
includes e.g. a protection cellar. I could imagine launching a project in which we 
prepare the basement of our school building as a protection room. In case of an NPP 
accident, we could give shelter to 60–70 children and teachers. If the municipal had 
money left, I could imagine realizing this project. I think our conversation is even 
helpful, because one becomes aware of prevention needs again. It’s no big deal 
organizing an exercise and I have the impetus to set up an emergency room.”

Based on the considerations above, the civil protection plan is organizationally 
anchored and follows a clear structure. That brought me to the question whether or 
not there are special communication measures included in this plan. “The priority is 
life and limb. Moreover, it is part of our crisis policy to involve other municipal staff 
for instance the members responsible for Public Relations who edit the local news-
paper ‘WILLI’ [12]. The online editorial office of Langau’s website is also in the 
loop in order to react quickly. In addition, the fire brigade with their command 
vehicle, having appropriate radio- and loudspeaker equipment, can keep people 
informed by announcements, even when other channels should fail. This is pure 
information work. We want to inform people comprehensively so that they are 
enabled to assess the situation by themselves. In my opinion, such scenarios call for 
the truth. You do not have to gloss over anything. People need to know and hear 
when something has happened so that they can assess it correctly. It does not help 
just to say that there was only strong wind and in fact, it was a blast. One must not 
play down anything!”

9.3.3.2  �The Role of Science in Nuclear Crisis

The scientists and experts dealing with nuclear technology are responsible to soci-
ety with regard to questions such as how does the technology work? What are the 
hazards? What are the disadvantages? Are there any benefits? What are the alterna-
tives? Asking Mayor Linsbauer how he sees the role of science in this context, he 
answered, “I think it is very important that scientists also point out what the benefit 
of nuclear energy is and also what are the alternatives. Facing our hunger for energy, 
I can hardly imagine the meaning of transposing this consumption to the whole 
world. Let me give you an example. These days, there are billions of solid cubic 
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meters of wood infested with the bark beetle. In the Czech Republic, they have no 
need for this wood. What happens to it? They export it to Austria for a dumping 
price and thus push prices down while we import nuclear power. That is what I am 
expecting from science, to tell that there are advantages of nuclear energy in terms 
of easing the burden on climate and environment, but who can tell us the risks and 
effects and predict what the burden will be, let’s say, in 200 or 500 years?”

9.4  �Conclusion

Decision-makers and managers are well-advised to prepare themselves together 
with an experienced, responsible person or team. Concerning the organization of 
public relations in case of an emergency or a critical situation, the first question is 
“Who is the person in charge of communication?”. They must find a qualified per-
son and charge it with the task. And it must be ensured that such a person in charge 
taking care of this communication agenda is reliably available in the event of a 
problem. They are encouraged to inform this person from the very beginning and 
involve this person. The credo is “Everything we communicate must be true, but 
on the other hand, not not every single aspect of such truth needs be communicated 
automatically,” especially when the information is capable to increase uncertainty 
or confusion. A lesson to be learned from the TRIGA’S refueling procedure is that 
if somebody comes up with the question “Who is this person?” the communication 
procedure worked efficiently and precisely. In fact, the question indicated that the 
PR had been organized professionally. This offers the opportunity of controlling 
the information and communication processes. At management level, the most 
important question is “Who is the person designated as a first point of contact for 
the public?” In the words of Naoto Kan, former Prime Minister of Japan, “Retreat 
is not conceivable.” Screening the media coverage around the Fukushima nuclear 
accident, this one sentence became central. It was a clear assignment to the power 
plant operators in Fukushima and as it was a promise for the Japanese 
population.

The strategy during the nuclear fuel exchange of the ATI’s TRIGA Mark II 
research was as follows: By communicating the importance of the research that is 
being conducted using this nuclear facility, including facts and figures of the proj-
ect, the university showed up with reliable information and gained high credibility. 
Facing a critical situation or a crisis, the responsible person for communication 
needs a clear-cut picture from the very beginning. As the refueling procedure was 
an international cross-border cooperation, it was necessary to have all the informa-
tion and access to the operation plan from the very beginning. Therefore, a strategy 
for communicators and public relations officers is to get involved and to analyze the 
entire process by answering the questions “When? What? Who? Where?”. It is cru-
cial to embody the chains of command between experts, authorities, law enforce-
ment officials, and other communicators. The communication processes must be 
defined precisely. Last but not least, it is up to the communicator to analyze all 
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groups of relevant stakeholders, have recourse to the network of journalists and 
stakeholders, and to be on the spot.

In times of nuclear emergencies, building confidence seems to be the key issue 
in public relations and emergency communication. Confidence can be built by stick-
ing to the truth and to facts, even if they appear inconvenient. There is no universal 
communication strategy for each and every case. However, my personal experi-
cence was that “Truth is reasonable for mankind” (Ingeborg Bachmann). Providing 
public with reliable expertise and data is an effective means to reduce fear and to 
build trust. The handling of the Fukushima crisis by the nuclear experts at ATI illus-
trated the great strength of a university in providing information to the public by its 
flexibility and the availability of enthusiastic students who are willing to volunteer 
when it comes to solving a (nuclear) crisis. A university can develop great strength 
in crisis communication and become a source of trustworthy and unbiased informa-
tion to the public and the media.
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Chapter 10
“Fukushima Live”: About the Role 
and Responsibility of the Media

Sven Stockrahm

Abstract  Competent and independent (science) journalism is needed not only, but 
especially in times of crisis. The accident at the Fukushima Daiichi nuclear power 
plant in March 2011 can be viewed as an example of the role and responsibility the 
professional media has to take on in the age of the digital revolution.

A limited empirical evaluation of German news media coverage during the 
nuclear emergency response serves as a case study here. By reflecting on decision-
making processes at ZEIT ONLINE, being one of the largest platforms for online 
journalism in the German-speaking countries, five paradoxes and implications are 
discussed.

Today the ability to report immediately includes the obligation to do so, with all 
its shortcomings. Journalists have to precisely tell users, readers, and viewers what 
they know and what they do not know as well as constantly correct mistakes and 
clarify circumstances.

Additionally, as debunking misinformation can easily strengthen the belief in 
false facts, accurate and transparent reporting without speculation is essential.

Science and facts can help people make informed decisions when presented in a 
way that embraces unknowns and explains behavioral patterns. But science cannot 
only prove a point but also be used to manipulate truth. Therefore, journalists and 
scientists need to work together—respecting a professional distance—to value their 
shared asset of credibility.

To report facts truthfully and to report the truth about a fact is a process that has 
to be refined and adapted constantly.
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“It is no longer enough to report the fact truthfully. It is now necessary to report the 
truth about the fact.” This quote from the 1947 report of the Commission on Freedom 
of the Press, better known as the Hutchins Commission [1], might be more impor-
tant than ever in today’s journalism and mass media. Moreover, it can be viewed as 
a constant reminder of the importance of competent journalism in the unfolding and 
aftermath of major incidents such as the Fukushima Daiichi nuclear accident.

To explain why, one has to look back to the time right after World War II. When 
the Hutchins Commission report set out to answer the question, “Is the freedom of 
the press in danger?” the press could easily be used by only a few in power as an 
“instrument of mass communication” to control and manipulate the public. It had in 
fact “greatly decreased the proportion of the people who can express their opinions 
and ideas through the press.”

Today, this has changed dramatically. In the age of the digital revolution, the pos-
sibilities to express one’s own views have never been more abundant. Communication 
tools like smartphones, tablets, and desktop computers are now at the hands of bil-
lions of people worldwide. They allow for a constant stream of information that is 
in the now, online, 24/7. This might have blurred the line between private opinion, 
corporate communication, advertising, and journalism. It has become difficult to 
discern between facts, opinion, and the sources of information.

To report the truth about the fact means, therefore, more than ever to be transpar-
ent about where data and news have originated from. Who is providing information, 
by which means, and for what reason? Is the news coherent, does it make sense, is 
the source itself trustworthy?

All these questions surrounded the media coverage about Fukushima. They are 
critical in order to understand why independent journalism is needed not only in 
time of crisis.

But what does competence in journalism entail?
In the following, I discuss the role and responsibility of the media using 

Fukushima as an example. Intentionally, this is a personal empirical account and 
evaluation. It is by no means a complete assessment, but a structured collection of 
thoughts and conclusions. The focus will be on media coverage in and from Germany 
and not from abroad or within Japan. I am not a scientist but a graduated science 
journalist. I have been working for the German news media ZEIT ONLINE and DIE 
ZEIT as an editor and writer since 2008. I am currently the deputy head of the sci-
ence, technology, and digital news section at ZEIT ONLINE.

ZEIT ONLINE is one of the largest and fastest growing platforms for online 
journalism in the German-speaking countries. It stands for outstanding multimedia 
journalism, award-winning storytelling, and data journalism. Its editorial team cov-
ers breaking news, publishes analyses, reviews, and opinion pieces on politics, 
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business, science, culture, and society. These reach almost 15 million (unique) users 
monthly [2].

At the time of the Fukushima nuclear accident in 2011, I was responsible for 
reporting about most of the events within the first hours and days as well as in the 
weeks and months after the magnitude 9 earthquake and the devastating tsunami hit 
northeastern Japan. As a reporter, I visited the Tohoku coastal region that was hit the 
most 6 months after the quake.

Working for a news website means that you do not have to wait for printing dead-
lines or even for setting up a live feed to a reporter. During a breaking news situa-
tion, we have to work in the now, we are constantly online, as are our readers.

In that respect, Fukushima can be viewed as an event that reflects certain para-
doxes journalists and especially science journalists are dealing with and often times 
are criticized for [3]. How do we report news and when?

10.1  �Journalism, Especially Online Journalism, Cannot Not 
Communicate

When the tsunami hit Japan on March 11th, 2011, ZEIT ONLINE set up a live news 
blog for days. Editors gathered around and tried to verify any piece of information 
that was sent by news agencies and news outlets from Japan. In the beginning and 
only for a couple of hours, the news mainly dealt with the devastation the tsunami 
had left behind. Then the attention shifted to the nuclear power plant in Fukushima. 
The defining event became not the natural disaster but the nuclear emergency.

The biggest problem at the time was that nobody knew exactly what was going 
on. Information provided by officials and the owner of the plant, Tepco, were incon-
clusive, contradictory, or not given at all. Evacuation orders and learning about the 
complete loss of electricity in the plant let everyone fear for the worst. This is when 
speculations began.

Major questions the news media were facing at that point referred to providing 
context for a situation that was still unclear and somewhat unpredictable. At ZEIT 
ONLINE we discussed to take a breath, to pause in order to not produce any (more) 
speculations but to stick to the facts and the unfolding event as it happened. We 
asked ourselves: Should we not wait until more information is available? Until offi-
cial statements are released and the situation can be assessed a bit better?

Readers and viewers, who often ask such questions, for example, via Facebook, 
Twitter, or the comment section at ZEIT ONLINE, are right. Often the simplest 
context clarifies only days after an event, the more complex sometimes take years or 
decades to be fully understood.

So should we slow down? The answer is no. We cannot restrain ourselves while 
other media and people on the social web are reporting what they see and experi-
ence and do speculate.

The ability to report immediately includes the obligation to do so.
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10.2  �As Journalists, We Are Part of the Frenzy We Try 
to Fight

But the defining questions are how and what to report. Competent journalism pro-
vides information that is in the public interest. At its core it tries to figure out what 
happened, when, where, why and how, by whom, and with who involved [4].

During the first couple of days of the nuclear emergency, we decided to do two 
things: keeping the news blog with all its shortcomings while providing facts and 
knowledge about radiation and nuclear power plants, emergency planning, and all that.

Shortcomings included unconfirmed reports about what exactly was happening 
at the nuclear plant and information released by official news agencies, non-
governmental organizations, ministries, public officials, and the company in charge 
of the nuclear plant. This accumulated news that often seemed contradictory or 
incomplete even flawed by news agencies and reporters trying to give context about 
a topic most of them had never before reported on. Radiation, radioecology, and 
nuclear emergencies involve a lot of science and details that can be difficult to 
explain or even understand. Challenges I myself had to deal with—I was basically 
thrown into the cold water as almost anybody else in newsrooms across the world.

I wrote an article that tried to lay out best and worst-case scenarios, asking physi-
cists, physicians, radioecologists, radiation protection experts, and other researchers 
for their assessment. It was published only a week after the tsunami had hit Japan 
[5]. In doing so I was as well trying to make sure the experts were neither lobbying 
for nor against nuclear power, for example. But also they should make themselves 
clear about what could possibly happen and what not. Providing context being real-
istic and trying not to nurture hysteria.

As journalists, our task is to inform and explain and assess news. But Fukushima 
was difficult. Misinformation was spread, Tepco withheld data and it was just not 
clear even in the weeks and months after the initial accident, which source you 
could trust and which not. One of the biggest topics already in the first weeks after 
the nuclear accident was the fact that Japanese officials had obviously turned a blind 
eye or two in the past when it came to regulations for nuclear power plants. There 
has always been a very friendly and cooperative relationship with the nuclear indus-
try—to the extent of cutting back on regulations and safety standards [6].

As reporters, we have to address all this. We have to precisely tell our readers 
what we know and what we do not know. And most importantly: We have to con-
stantly correct mistakes and clarify circumstances.

10.3  �Debunking Misinformation Can Strengthen the Belief 
in False News

“At the heart of journalism remains the neutral, unbiased report, still grounded in 
the traditional questions of who, what, when, where, why, and how,” states the 
American writer, editor, and teacher of writing, Roy Peter Clark [7]. The press and 
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competent journalism have become more important in a world that is questioning its 
role and demanding objectivity. In a world where everyone with access to the inter-
net and a mobile device can go on air and report, journalism has not become obso-
lete, but essential again.

But journalism in its core has never been neutral or unbiased or even objec-
tive. Every editor, writer, and reporter knows or might guess this every once in a 
while doing the job. Journalism is about selecting news, fact-checking informa-
tion, presenting it to support a certain truth. This process in itself is what makes 
journalism subjective to what the people who work in this profession have 
agreed upon. Journalism follows a purpose, has ethical standards, and relies on 
news judgment, literacy, evidence, and critical thinking. It reflects the culture we 
live in.

Journalism is the attempt of relieving one’s own point-of-view from bias. A way 
to do this is by being transparent about what you choose to include in a news story 
and what you leave out. What information is assessed to be essential and which not?

In a breaking news situation, the assessment might be flawed. Especially when 
the situation reporters are dealing with, is unprecedented. This is what it was like in 
the wake of the Fukushima Daiichi nuclear accident.

Instead of choosing what to report, and addressing the lack of information, media 
outlets all over the world, and especially in Germany, lost their ability to clarify 
matters and succumbed to speculation.

During the first days of the Fukushima crisis, reporters on German television 
openly discussed the possibility of thousands of people dying as a result of the inci-
dent. News about possible fall-out over Japan’s capital Tokyo had become a major 
topic, a lot of countries had advised their people to immediately leave the country 
and prepare for the worst. A lot of this was complete fear mongering and unin-
formed speculation.

Having witnessed three huge explosions on the site of the nuclear plant, anything 
seemed possible. It did not help much to constantly tell people that these explosions 
were caused by hydrogen and that the reactors themselves might still be intact. It 
just did not seem to matter anymore. The power of images had taken over; media 
outlets worldwide were showing the exploding reactor buildings on a permanent 
loop. They are now part of the collective memory of the Fukushima Daiichi nuclear 
accident. This almost destroyed any belief in the public eye that this emergency 
could ever be contained.

In some ways, this has not stopped in the years since the accident. There is still a 
lack of trust in the media coverage or the information released by official reports 
from the World Health Organization or the United Nations Scientific Committee on 
the Effects of Atomic Radiation about the possible health implications of the 
accident [8, 9]. This has to do with the fact that many people are scared of radiation 
and do not understand it well enough. It cannot be seen, felt, smelt, or tasted. In 
terms of a health threat, this can be seen as one of the worst dangers one might pos-
sibly deal with. Additionally, since at least the accident at the Chernobyl power 
plant in April 1986, nuclear emergencies are connected with misinformation, cover-
up, and lack of communication [10].
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Therefore it still is incomprehensible for a large part of the public that the 
Fukushima nuclear accident did not cause widespread radiation-related illnesses 
and that experts and health professionals do not expect dramatic increases in the 
number of cancers and other diseases in the future [9].

Another aspect to curb fears was the fact that the well-intentioned screening 
program for thyroid cancer in the aftermath of the accident was used by activists as 
proof of high radiation doses among the general public [10]. The screening of hun-
dreds of thousands of children and young adults, in fact, found abnormalities and 
even cancer. It was hard to believe that these were due to overdiagnosis and over-
treatment. And thyroid cancer specialists are still having a hard time to convince 
people that these abnormalities are in part harmless and would have remained unde-
tected if it had not been for the screening program. It also did not help much to 
explain that thyroid cancer takes longer to develop and cannot be detected as a cause 
of radiation exposure in the immediate aftermath of a nuclear accident. And most 
importantly that if diagnosed, it can be treated fairly well [10].

Recent research has shown that trying to debunk misinformation can be very 
hard. In fact people who are presented with fabricated content that is presented in a 
factual way tend to believe in the accuracy of that information even more so if it is 
repeatedly shown to them. Tagging such stories as “fake news” and dispute them 
does not help. It might even increase their believability [11].

This phenomenon has been observed especially when it comes to social media 
platforms where inaccurate or blatantly false information can spread easily by shar-
ing links to videos, stories, or images. Even more alarming are findings that debunk-
ing false information, meaning to present a corrective message that establishes that 
the prior message was misinformation, could as well strengthen the believability of 
the fabricated news [12].

This means that accurate and transparent reporting without speculation is 
essential.

10.4  �Facts and Science Can Help People Understand 
and Make Rational Decisions

The less a danger can be assessed, the more powerful is fear and the feeling of being 
out of control. In the days following the nuclear accident, people were afraid and 
they doubted a lot of the news after the accident.

Especially in Germany with its long tradition of anti-nuclear protests, nuclear 
power and its effects have been considered particularly dangerous for decades. 
These fears were fueled even further when on 26 April 1986, an explosion and fires 
at the Chernobyl nuclear plant in Ukraine caused the largest uncontrolled radioac-
tive release in the history of the civil nuclear industry [13].

Memories of safety measures and the lack of information are still vivid in 
Germany. Many citizens still think about contaminated wild boars in Bavaria when 
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hearing about Chernobyl. Some remember well how children were told not to play 
outside after more and more details about the fallout of Chernobyl came to light.

So after Fukushima, people who were already against nuclear power, felt reas-
sured that this is a technology that cannot be controlled. And a majority agreed. This 
led to the government’s decision to abandon nuclear power earlier than planned. 
Chancellor Angela Merkel said that Fukushima had shown that the risks of nuclear 
energy are uncontrollable [14, 15]. The decision was almost entirely based on emo-
tions rather than on safety concerns. In fact, the safety standards for the use and 
generation of nuclear energy remained almost entirely unchanged after Fukushima. 
The technology itself had frankly become unacceptable. Three months after Japan’s 
nuclear accident, the German Bundestag passed legislation to abandon the commer-
cial use of nuclear power by 2022 [14, 15].

This illustrates another misperception. As journalists and experts we can try to 
explain over and over again that, for instance, it is, statistically speaking, much 
more likely to be hit by lightning or to die in a car accident than being affected by a 
nuclear emergency. But to do so is a fallacy from the pre-school of risk assessment. 
Risks cannot be reckoned up against each other so easily. Smokers are also allowed 
to be afraid of nuclear power plants even if they cause themselves much more harm 
by lighting their next cigarette.

Journalists should explain how people perceive risks and it can help to talk about 
why people overestimate certain risks. Unlike politicians often suspect, explaining 
risks does not make people more afraid. But refusing to give an answer at all con-
tributes to uncertainty and fear.

As journalists, we should not only ask: How dangerous is something? But also: 
What are the arguments that nothing will happen to me?

People underestimate risks that occur continuously and over a long period of 
time; Those which affect many people at a specific time trigger an outcry. In 2017, 
3177 people were killed in traffic accidents in Germany [16]. Would they all die on 
a single day—we would probably immediately stop driving cars.

10.5  �Journalists and Scientists Have to Work Together 
and Stay Discerning

As journalists, we need to inform and assess. But we do not need reporters who 
speculate about the nuclear apocalypse without any knowledge base. There are 
already enough people on the social webs who do so.

But what journalists can and should do, is make expertise heard. Especially sci-
ence journalists need to remain close to the scientific community. This includes 
verifying the reliability of the experts they are talking to and choose to include in a 
story.

It is important for journalists to report on research and use science and scientific 
approaches to interpret the world as it is and as it may become. Journalists should 
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be aware that science is not about irrevocable truths, but the process of getting to the 
bottom of what we perceive as factual and given. Science can answer questions, 
deliver context and causality, and clarify matters and situations.

There is no better way than to explain to people over and over again, what 
research into nuclear emergencies tells us and what not. As science journalists, 
we also have to report on the forgotten dangers and health issues after Chernobyl 
and Fukushima. Journalism has the means and the obligation to inform the pub-
lic not only about inconvenient truths but also about topics that have been 
neglected.

This includes in respect to nuclear emergencies, for example, the psychological 
effects and the social impact of accidents. In Fukushima we see people having lost 
loved ones, their homes, and jobs, people who suffer from anxiety disorders, depres-
sion, trauma, and stigma. The fear of radiation could lead to long-term health effects 
that by far exceed the dangers of the contamination itself [17].

Keeping scientists and experts as sources, journalists should also never be afraid 
to call out misconduct, conflict of interests and question methods, and data that are 
presented. Science can be a tool to prove a point or a way to manipulate truth as 
well.

Scientists and journalists share a common asset that is essential for their exper-
tise: credibility. It is as valuable as it is fragile.

To report facts truthfully and to report the truth about a fact or piece of informa-
tion is also a process that has to be refined and adapted to. It includes certain ele-
ments, as the Poynter Institute, a non-profit organization for the advancement of 
journalism has laid out [7]:

•	 News judgment: What is important and interesting enough to be reported?
•	 Reporting and evidence: The gathering of reliable sources, the verification of 

information, and the distribution of evidence—the process and products of 
research.

•	 Language and storytelling: The effective use of language to express reports, sto-
ries, and other appropriate forms of communication.

•	 Analysis and interpretation: Critical thinking as well as context, meaning, trends, 
relationships, and tensions of information should be at the hands of a competent 
journalist.

•	 Numeracy: The ability to use computation skills and to report for numbers, to 
understand probability and statistics.

•	 Technology: Abilities in word processing, search and research functions, social 
networking, blogging, programming, mobile applications, data analysis and dis-
play, aggregation and curation of information.

•	 Audio-visual literacy: This is expressed, e.g., through photography and video, 
design and illustration, multimedia productions, the use of sound.

•	 Civic literacy: This includes knowledge of government, politics, social capital, 
social contracts, power, history, public life, civic culture, how audiences can be 
measured for public opinion, how media influence the constituent groups in 
society.
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•	 Cultural literacy: This requires knowledge of and sensitivity to cultural differ-
ences, whether they are expressed by race, social class, ethnicity, religion, gen-
der, or sexual orientation.

•	 Mission and purpose: These include media ethics and law, the history of journal-
ism, principles of democracy, and a working knowledge of the role journalism 
plays in communities and municipalities.

Does being persistent in reporting facts and news in such a way work out? I per-
sonally believe so. The more time is passing since the Fukushima Daiichi nuclear 
accident, the public can see that Japan has not turned into a nuclear wasteland. The 
construction and decontamination work is perceived so much as a routine already 
that people, especially in Germany, have lost interest in reports about Fukushima.

This is not necessarily a good thing, but it shows that the attention span even for 
nuclear emergencies in the public eye is getting shorter and shorter. So not only as 
journalists do we have to make sure to continue to report. Scientists need to keep us 
informed, too.
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Chapter 11
Teaching Radioactivity: What Is the Goal 
of Education?

Katsumi Shozugawa

Abstract  Lectures on radiation are held at any university. In Japan, new radiation 
education became necessary after the Fukushima Daiichi nuclear power plant acci-
dent. According to our survey, the ratio of the student who eats/buys apples, which 
contained sufficiently lower than the Japanese regulatory limit, is approximately 
half. This chapter reported the status of measurement and understanding after 
7 years of the Fukushima accident.

Keywords  Fukushima Daiichi nuclear accident · Teaching · Public education  
Public perception · Radiation · Radioactivity

11.1  �“2 Bq/kg of Apples”

“I offer you these apples that were grown in Fukushima Prefecture, and they contain 
2 Bq/kg of radiocesium” and “I hope that you will discuss this with your family and 
friends based on the new knowledge you learned.”

This was an inquiry for the freshmen and sophomores at University of Tokyo 
after they had attended our lecture on radiation, “Scientific understanding of radia-
tion” (see Fig. 11.1). This lecture is held every year with the cooperation of many 
faculty members with an aim to disseminate the basic knowledge on the Fukushima 
nuclear accident that occurred in the spring of 2011. Most of the students, who 
attended this lecture, had been in junior high school at the time of Fukushima 
nuclear accident, and their initial response regarding radioactivity is best summed 
up with, “I do not understand it, but it is always on the news.”

Our lecture included not only the commentary and definitions provided in con-
ventional textbooks but also the real-life aspects of the issues [1]. Regarding radio-
cesium in Japanese food, the lecture has been developed so that they are organically 
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connected to knowledge obtained from scientific viewpoints such as the containment 
and control of radioactive materials immediately after the accident to the present, 
the regulations that affect the public and safe limits of radiation exposure.

I told them, “Although the number of research institutes capable of measuring 
radiocesium at concentrations up to a few Bq/kg was limited before the Fukushima 
accident, the rapid spread of the measuring instruments has made it possible to 
detect low-level radiocesium concentrations below 10 Bq/kg.” and “Apples culti-
vated in Fukushima city contain about 2 Bq/kg radiocesium.”

Keeping these scientific facts in mind, I suggested the idea of framing a discus-
sion between food producers in Fukushima and consumers. Two opinions were 
given in response. One side of the argument can be summarized as, “Since the 
Japanese regulation for general food is 100 Bq/kg radiocesium, 2 Bq/kg of radioce-
sium in food is only 2% of that regulatory limit. Even if I eat an apple, the additional 
exposure dose is extremely small (0.007 μSv), which is negligible for human health. 
Thus, I will buy and eat them.”

The counterargument is typically expressed as, “We have another choice, i.e., 
there are apples in supermarket that are cultivated in some other parts of Fukushima, 
where the radiocesium content is much lower than 2 Bq/kg. In addition, you are 
telling me that the apples have 2 Bq/kg of radiocesium, but I have never seen such 
an indication in the supermarket. So, I will not buy and eat them.”

Figure 11.2 shows the percentage of positive (i.e., “I will buy and eat the apples”: 
A) and the negative response (“I will not buy nor will I eat the apples”: B). These 
results were collected using an online questionnaire that was sent to the students 
who attended my lecture. The total number of students who responded to the ques-
tionnaire was 42, and the percentage was 52% (B: will not buy) vs 48% (A: will 

Fig. 11.1  “Scientific understanding of radiation” in University of Tokyo
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buy). Interestingly, the percentage is consistently evenly split in lectures at the 
University of Tokyo and at other universities.

From an objective and scientific perspective, opinion A is correct. However, in 
my personal opinion, both opinions should be respected because the lecture audi-
ence judge beyond science after learning about radiation scientifically. Subjectively 
speaking, whether or not a person will purchase or eat the apples is not a simple 
matter that science can solve.

Ideally, the environment in which people obtain their scientific knowledge 
regarding radiation should be irrelevant to any other nuclear accidents. Among the 
people still living or considering to return to areas affected by the Fukushima 
nuclear accident, many refugees continue to suffer from several problems since the 
date of the accident, including evacuation, decontamination, and compensation. To 
ask these people to fully understand radioactivity is an added burden that is difficult 
to justify.

For that reason, sometimes, the situation gets worse because the complex radio-
activity science confuses many people. At the same time, it has been my experience 
in the past 7 years that new radiation regulations that were forced after the Fukushima 
accident fall short of solving various problems with respect to radioactive 
materials.

Since the Fukushima nuclear disaster in 2011, I have presented radiation semi-
nars to more than 8100 people, including public schools in Fukushima Prefecture. 
Along the way, I have realized that a complete understanding of radioactivity that 
includes recognizing the specific background of each situation is not adequately 
addressed by government regulations. For instance, huge costs and consciousness 
associated with decontamination have a dramatic effect on whether or not decon-
tamination is even possible.

Fig. 11.2  The percentage of my question “Do you eat/buy 2 Bq/kg of apples?” A is YES (48%), 
B is NO (52%), respectively

11  Teaching Radioactivity: What Is the Goal of Education?



134

11.2  �Measuring Food Is Essential in the Future

Seven years after the Fukushima nuclear disaster, the levels of radioactive contami-
nation in the food sold in the Fukushima are far below the Japanese regulatory limit. 
A comprehensive radioactive monitoring system established by the government has 
guaranteed very low-level contamination. More specifically, we have assessed the 
radioactivity of more than 300 high-sensitivity samples, and even the milk samples 
sold in Fukushima displayed concentrations of only 0.094–0.33 Bq/kg, which was 
1/150 of the regulatory limit [2].

Furthermore, I would like to introduce an example of agricultural crops in Iwaki 
city in the southern part of Fukushima Prefecture [3]. Regarding agricultural crops 
for shipment produced in Iwaki city, the number of samples measured by Iwaki city 
from September 20, 2011, to August 31, 2016, was 32,247. Among these, 36 prod-
ucts exceeded the regulatory limit (100 Bq/kg), which is about 0.1%. The percent-
age of crops displaying concentrations below the detection limit (10 Bq/kg; up to 
March 2012, it was 20 Bq/kg) accounted for 96.6% of the total. It was a clear fact 
that the number of samples that exceeded the Japanese regulatory in agricultural 
crops in supermarket was extremely low.

However, it should be noted that the radioactivity listed here was “for ship-
ping” agricultural products, that is, it was limited to agricultural crops that were 
on the market. According to other statistics of measurement, “for self-consump-
tion” and not aimed at shipping and selling, which was a measurement separated 
from “for shipping,” the percentage exceeding the regulatory standard in Iwaki 
city was approximately 9.4% (28,099 out of 2653 crops exceeded the limit). 
Among these crops, 766 out of 1001 samples of Shiitake mushrooms exceeded 
the regulatory limit at a rate of 76.5%. Additionally, the rate of exceeding the 
regulatory limit was 95.0% for Koutake (kind of mushroom) and 5.4% for Yuzu 
(citron).

The amount of regulatory crops that exceed the regulatory limit has been 
kept very low because a stringent system for clearly classifying production 
methods between shipping and self-consumption has been adopted, and the cur-
rent measurement system in Fukushima has guaranteed the low-level 
contamination.

Keeping this in mind, it is important to consider whether this ratio would increase 
if deregulation occurred on the grounds that the radioactivity in shipped crops was 
characterized with low-level contamination.

This is not simply a statistical problem. From the consumer’s point of view, if 
crops exceeding the limit are detected, it could lead to a decline in the desire to 
purchase and/or trust in the reliability of the current monitoring system.

Since the half-life of 137Cs (one of radiocesium) is 30.1 years, this problem is 
expected to continue for many generations. One of the effective countermeasures is 
to continuously keep on investigating a method that can overcome this. Instead, of 
taking measurements only at the “exit,” measurement of actual conditions is 
important.
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11.3  �The Existence of Outliers

It may be surprising that the radioactive contamination of fish has been much lower 
than that of crops. Nonetheless, the affected Japanese fishery industry has imple-
mented a voluntary regulatory limit at the 50% level of the governmental regulatory 
limit to exemplify the very high level of food safety. The Onahama Fishery 
Cooperative in Iwaki is pursuing their own agenda in terms of education of the pub-
lic by allowing some transparency in the data acquisition and even the handling of 
samples (at least in terms of accessibility of the laboratory). Figure 11.3 shows the 
measurement laboratory of the Onahama Fishery Cooperative.

For Iwaki-landing fishery products, the exceeding rate was estimated to be 0.03% 
(1 out of 3332 samples, from 21 May, 2012, to 31, August, 2016). Only one case 
was reported in 2013 where the regulatory limit was exceeded, and none have been 
reported in the last 3 years. This trend is same as that observed in other Japanese 
cities.

I would like to also introduce a very rare and specific case. Our research group 
investigated shortfin mako shark (Isurus oxyrinchus) fished in Numazu City, 
Shizuoka Prefecture, in 2016. The radioactive cesium in the edible part taken from 
that one was measured, and it was confirmed that 707 Bq/kg exceeded the regula-
tory by about 7 times. From the characteristics of the detected radiocesium (based 
on the 134Cs/137Cs radioactivity ratio), all the determined radiocesium was to be 
derived from Fukushima nuclear plant.

Fig. 11.3  Radioanalytical measurement laboratory of the Onahama Fishery Cooperative in Iwaki, 
Fukushima Prefecture
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With the cooperation of the Fisheries Agency, Japan and Shizuoka Prefecture, 
tissues testing results of a shark captured off the coast of the Izu Peninsula, which 
was caught 500 km from the Fukushima nuclear plant, indicated that high levels of 
contamination were not present, not even close to Fukushima Prefecture.

Generally, in the case of large fish, radiocesium in their body ranges from 0.1 to 
10 Bq/kg. According to Japanese database [4], a survey of the shortfin mako shark 
from April 9, 2012, to February 16, 2017, was conducted in Shizuoka, Tokyo, 
Miyagi, and Iwate prefectures. A total of 69 cases were reviewed, and the maximum 
radioactivity was 36 Bq/kg in the fish collected from the Miyagi prefecture. This 
statistic further proves that the high levels of contamination in fish are extremely 
rare.

The shark collected off Izu had seven times more radiocesium than the regula-
tory limit, which was an “outlier” even where radiocesium does not exceed the limit 
for almost all the fishery products. Since the consumption of single outliers is hardly 
dose-relevant, the Japanese government seems to promote the policy of terminating 
or deregulation of the monitoring system gradually. However, this leads to a decrease 
in the probability of finding outliers.

Owing to the small number of statistical outliers, the accumulated knowledge 
regarding the question of “why” is lacking. That is why the nationwide monitoring 
program for fish and crops should be maintained. Thus, it is important to pay atten-
tion to dynamics of radiocesium and the local and regional ecology over a period of 
time.

At the same time, what happens if outlier fish are widely reported under the cur-
rent condition?

11.4  �Lessons Learned in 7 Years After the Fukushima 
Accident

Seven years after the Fukushima accident, a lot of researchers have clarified the 
dynamics in terrestrial radiocesium behavior and migration including its presence in 
groundwater. However, enough knowledge has not been accumulated to apply this 
to all environments.

First, regarding agricultural crops, it will be necessary for the future to continue 
data collection using on-site measurements based on the future prediction using 
knowledge obtained in the past 7 years.

Second, regarding fishery products, despite there are rare exceptions, contamina-
tion levels have declined significantly. Fortunately, direct leakage from the 
Fukushima nuclear plant to the Pacific Ocean has become an insignificant factor for 
the Ocean. However, since 2015, 3H and radiocesium have continued to leak not 
only to Ocean but also to the landside from the Fukushima power plant, and coun-
termeasures to protect against its discharge have not been completed [5]. From this 
viewpoint, it is important to maintain a strict monitoring system in and around the 
Fukushima site.

K. Shozugawa
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The ideal solution would be to return all the released radioactive materials back 
to the fuel rods in the nuclear reactor, though this is unrealistic. Along with the sci-
entific knowledge obtained from the Fukushima accident, it is important to develop 
flexible strategies to optimize solutions according to each region. Only considering 
whether or not it conforms to the criteria is overly simplistic and will not solve the 
problem over the long term. I think 7 years should be enough time for the imple-
mentation of “lessons” for the revival of Fukushima. Education of students and the 
public will play an important role in this revival procedure, which will require long-
lasting and continuing efforts.
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Chapter 12
Agriculture in Fukushima: Radiocesium 
Contamination of Agricultural Products

Keitaro Tanoi, Naoto Nihei, and Martin O’Brien

Abstract  In this study, we examine the radioactivity monitoring data derived from 
Fukushima prefecture. The Japanese government has established very strict limits 
for radiocesium in food since April 2012 (100  Bq/kg for general food). The 
Fukushima prefectural government inspected foods and found that most of the agri-
cultural products in Fukushima did not contain contamination above the laboratory 
detection limit. Moreover, the radiocesium concentration in food samples decreased 
over time for the first 2–5 years, and very few samples of forest products, marine, 
and lake products exceeded the limit 5 years after the accident. Potassium fertiliza-
tion of arable land has been the most effective countermeasure, and the effort to 
create crops with low levels of cesium is continuing.

Keywords  Agriculture · Food safety · Fukushima Daiichi Nuclear Power Plant 
accident · Inspection · Limits · Monitoring · Radiocesium contamination

Abbreviations

FDNPP	 Fukushima Daiichi Nuclear Power Plant
MAFF	 Japanese Ministry of Agriculture, Forestry and Fisheries
MEXT	 Japanese Ministry of Education, Culture, Sports, Science and Technology
MHLW	 Japanese Ministry of Health, Labor and Welfare

K. Tanoi (*) · N. Nihei · M. O’Brien 
Graduate School of Agricultural and Life Sciences, The University of Tokyo, Tokyo, Japan
e-mail: uktanoi@g.ecc.u-tokyo.ac.jp

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-8327-4_12&domain=pdf
mailto:uktanoi@g.ecc.u-tokyo.ac.jp


140

12.1  �Introduction

12.1.1  �The Fukushima Daiichi Nuclear Power Plant (FDNPP) 
Accident

The 2011 Tohoku earthquake and tsunami that followed resulted in the FDNPP 
accident that caused the release of a significant amount of radioactive materials 
from the reactors into the atmosphere. In this regard, the land near the FDNPP was 
highly contaminated, which heightened concern among residents living in proxim-
ity to the plant about the health and safety risks associated with the radioactive 
materials.

12.1.2  �Radiocesium Nuclides

Among the radioactive materials deposited on the land, cesium-134 (134Cs) and 
cesium-137 (137Cs) were the primary sources of nuclides released after the accident 
[1]. The activity ratio of 134Cs/137Cs reported was 1:1 during the 2011 accident [2], 
though the half-lives of the nuclides are 2.1 years for 134Cs and 30.2 years for 137Cs. 
Therefore, both nuclides can affect the long-term external and internal radiation 
exposure of the inhabitants [1]. To overcome the problem of internal exposure, pre-
cautionary measures have been taken to address the elevated effects of radiocesium 
(134Cs and 137Cs) in agricultural products.

12.2  �Regulation of Radiocesium in Food Monitoring System 
in Japan

12.2.1  �Provisional Regulation Values

To maintain food safety in Japan, the government began to regulate the concentra-
tion of radionuclides in food on March 17, 2011. Prior to this, there was no regula-
tion to monitor radionuclides for food grown in Japan. Thus, a provisional regulation 
for radioactive substances in food was adopted by the Japanese Ministry of Health, 
Labor, and Welfare (MHLW). The regulation set the annual maximum permissible 
dose of radiocesium in foods at 5 mSv, assuming the long-term consumption of 
food in Japan [3, 4]. In the regulation, limits for radiocesium, which is a combina-
tion of 137Cs and 134Cs, have been established, with the maximum permissible dose, 
5 mSv/year, being split into 1 mSv/year for each of the 5 different food categories. 
The radiocesium limits were calculated by considering the food intake and its sus-
ceptibility to adults, young children, and infants (Table 12.1).
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12.2.2  �New Standards Limits

The Japanese government decided to reduce the maximum permissible dose from 
5 mSv/year to 1 mSv/year on April 1, 2012. The categories were re-organized into 
4 categories, including drinking water, milk, general foods, and infant foods. The 
limit for drinking water was established at 10  Bq/kg, consistent with the World 
Health Organization’s guidance, which corresponded to approximately 0.1  mSv/
year. The limit for general foods was calculated by taking the food intake and age 
into account, assuming that 50% of the market foods were contaminated [5]. As a 
result, the maximum limit among all age categories was 120 Bq/kg, rounded down 
to 100 Bq/kg. The new standard limits for milk and infant foods for children were 
established, and the MHLW set the new limit at 50 Bq/kg, assuming that all these 
foods were contaminated. Overall, the limit has been changed from 500 Bq/kg to 
100 Bq/kg, corresponding to the change of permissible dose from 5 mSv/year to 
1 mSv/year (Table 12.1).

12.2.3  �Local Government Food Inspections

To ensure the safety of food in Japan, a food monitoring system was established 
(Fig. 12.1), and the prefectural governments were given responsibility for its imple-
mentation and day-to-day operation [6]. In short, the Nuclear Emergency Response 
Headquarters provides instructions, or the orders to the local governments in 17 
prefectures (Aomori, Iwate, Akita, Miyagi, Yamagata, Fukushima, Ibaraki, Tochigi, 
Gunma, Chiba, Saitama, Tokyo, Kanagawa, Niigata, Yamanashi, Nagano, and 
Shizuoka). The local government performs all food inspections and reports the data 
to the MHLW. The local government also makes the inspection plans, collects sam-
ples, and measures radioactivity in the samples. As of 2018, in Fukushima Prefecture, 
there are currently 11 germanium semiconductor detectors in operation at the 
Fukushima Agricultural Technology Center.

Table 12.1  Provisional regulation values for radiocesium and the new standard for radiocesium in 
foods in Japan (modified from [3])

Provisional regulation valuesa New standardb

Category Limit (Bq/kg) Category Limit (Bq/kg)

Drinking water 200 Drinking water 10
Milk, dairy products 200 Milk 50
Vegetables 500 General foods 100
Grains 500 Infant foods 50
Meat, eggs, fish, etc. 500

aProvisional regulation values were introduced on March 17, 2011
bThe new standards were introduced on April 1, 2012
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12.3  �Time Course of Radiocesium Concentration 
in Agricultural Products in Fukushima

12.3.1  �Food Monitoring in Fukushima Prefecture

Fukushima prefecture reports the monitoring data of between 1000 and 3000 sam-
ples per month because of the high anxiety associated with the close proximity to 
the accident site [7]. Figure 12.2 shows the time course of radiocesium concentra-
tion in foods produced in Fukushima in the first 5 years after the accident. The green 
line represents the world standard [9]; the red line represents the limit of the provi-
sional regulation (from March 2011 to March 2012), and the limit of the new stan-
dard (from April 2012—present) (Table  12.1). In this study, radiation was not 
detected (N.D.) in most of the samples. For example, radiocesium contamination 
was not detected in 22,164 out of 23,604 (94%) vegetable specimens.

12.3.2  �Cereals

Figure 12.2a shows the radiocesium concentration in cereals (excluding rice). From 
2011 to 2016, 12,325 out of 12,469 (99%) specimens contained less than 100 Bq/
kg. Analysis of the specimens showed that there was a relatively high level of con-
tamination in the samples collected in 2011. The leaves and stems of winter crops 
were contaminated from the fallout in March 2011, and the harvested grain had 
more radiocesium when the surface area of foliage was large at the time of the acci-
dent [10]. Therefore, the cereals with high radiocesium concentrations in 2011 were 
contaminated directly from the fallout. In addition, soybeans harvested in 2011–
2013 had a higher concentration of radiocesium [7, 11], suggesting indirect con-
tamination from soil via the roots.

The Nuclear Emergency
Reponse Headquarters

Local government
(Fukushima prefecture)

SupportSupport

MAFF MHLW

ConsultationCooperation

Conduct
inspections

Instructions

Report

FSC NRA

Fig. 12.1  Food monitoring 
system in Japan. Local 
government (Fukushima 
prefecture) is responsible 
for food inspections. 
MAFF Ministry of 
Agriculture, Forestry and 
Fisheries, MHLW Ministry 
of Health, Labor and 
Welfare, FSC Food Safety 
Commission, NRA Nuclear 
Regulation Authority
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12.3.3  �Vegetables

Figure 12.2b shows the radiocesium concentrations in vegetables. Just after the 
accident, the vegetable specimens were seriously contaminated. Vegetables that 
grew in the field during the fallout were directly contaminated. However, the con-
tamination level decreased rapidly over the next several months. Except for the first 
2 years, all the samples were below the 100 Bq/kg limit, which served as the new 
Japanese standard. Although the contaminated samples in the first few months had 
much higher radiocesium than the regulation limit.

12.3.4  �Fruits

The radiocesium contamination in fruits was relatively high, especially in 2011 
(Fig. 12.2c). Radiocesium entered the body of fruit trees via the bark, then moved 
to xylem and phloem, where water and nutrients are transported to the fruits [12, 
13]. Because there were no fruits or leaves on the fruit trees at the time of fallout in 
March 2011, direct contamination of the fruit was not a concern. Moreover, most of 
the radiocesium remained on the topsoil where the roots of fruits trees are absent 
[14], revealing that Cs absorption by roots in the soil is unlikely. Although the path-
way from soil to fruits was insignificant just after the accident, recent data suggests 
that radiocesium uptake by tree roots was not negligible after 5 years (D. Takata, 
pers. comm.).

Fruits, especially peach and semi-dried persimmon, are used as seasonal gifts in 
Japan, and the market price of these fruits decreased drastically in 2011. Although 
the market price for the other agricultural products produced in Fukushima prefec-
ture gradually returned to normal 5 years after the accident, the price of fruits has 
still not recovered [15].

12.3.5  �Meat, Milk, and Eggs

Figure 12.2d shows the radiocesium concentration in meat, milk, and eggs. Just 
after the accident, local livestock feeds were directly contaminated with fallout 
which resulted in the livestock being exposed to radiocesium in 2011. To keep the 
radiocesium concentration of the livestock products low, the Japanese Ministry of 
Agriculture, Forestry, and Fisheries (MAFF) established the provisional allowance 
level of radiocesium for feeds on August 1, 2011. The radiocesium concentration 
was set at 300 Bq/kg for cow, cattle, pig, and poultry feeds, which was updated on 
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February 3, 2012, to 100 Bq/kg for cow, cattle, and pig feeds, and 80 Bq/kg for 
poultry feeds [16]. As a result of these strict allowance levels, radiocesium in live-
stock products (meat, milk, and eggs) was low over the last few years.

12.3.6  �Mushrooms and Wild Vegetables in the Forest

The radiocesium concentration in mushrooms and wild forest vegetables has not 
decreased greatly (Fig. 12.2e). To compare this with the CODEX standard, 155 out 
of 6846 (2.2%) specimens exceeded 1000 Bq/g of radiocesium over the 5-year 
period (2011–2016). This result indicates that forests retain 137Cs for a long time 
(Miura, unpublished data), and mushrooms are also known to retain 137Cs over 
long periods of time [17]. Because it is impossible to remove 137Cs from contami-
nated forests, it will take a long time to see a reduction in contamination. From an 
economic perspective, avoiding the distribution and consumption of wild forest 
vegetables is relatively easy. However, people who live in these mountainous areas 
are disappointed because eating seasonal wild plants is often part of their 
lifestyle.

Prior to the accident, Fukushima prefecture supplied most of the 25 million oak 
logs used annually for commercial shiitake (Lentinus edodes) log-cultivation in 
Japan [18]. Today, shiitake producers use only logs sourced from regions not 
affected by the radioactive fallout (T. Iizumi, pers. comm.). Nevertheless, there is a 
strict limit of radiocesium (134Cs  +  137Cs, <50  Bq/kg) permitted in logs by the 
Japanese Forestry Agency [19] to ensure the concentration will be lower than the 
maximum tolerable level of radioactivity in general food (100 Bq/kg). Mushrooms 
are able to take up various stable or radioactive elements and accumulate them in 
their fruit bodies [20]. The ratio of an element in a fruit body to its concentration in 
a substrate such as wood, known as the transfer factor (TF), is a measure of the abil-
ity of a mushroom to accumulate an element. In March 2011, most of the radioac-
tive fallout contaminated the tree bark and not the inner wood [21]. Since then, the 
137Cs concentration within trees has been in flux and therefore the TF of 137Cs 
between logs and shiitake is not static. Cesium-137 ions will migrate from the bark 
into the wood and be taken up through the roots from the contaminated soil; 137Cs 
will not become homogeneously distributed within trees for an undetermined num-
ber of years (≥12 years based on data published by Yoshida et al. [22]). It is believed 
that shiitake mycelium primarily grows in the sapwood of logs [23], and an increase 
in radiocesium in the sapwood will result in a concomitant increase of radiocesium 
in shiitake mushrooms. In the coming years and decades, the distribution of radio-
cesium within oak trees felled from contaminated forests and radiocesium transfer 
to shiitake mushrooms during their cultivation using these logs will need to be 
closely monitored.

12  Agriculture in Fukushima: Radiocesium Contamination of Agricultural Products
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12.3.7  �Marine and Lake Products

Figure 12.2f illustrates how radiocesium concentration in marine and lake products 
has decreased over time. The contamination level was found to be dependent on the 
types of sea and freshwater creatures analyzed [8]. In short, migratory fish and crus-
taceans were reported to contain low radiocesium concentrations. On the other 
hand, bottom-dwelling fish (such as flounder) and freshwater fish contained higher 
radiocesium concentrations, indicating that the seafloor and freshwater lakes had 
high concentrations of bioavailable radiocesium.

12.3.8  �Rice

Rice is the main staple food in Japan, and it is strictly inspected to reduce the risk of 
internal exposure to radiocesium. Since 2012, a year after the accident, all the rice 
produced in Fukushima has been inspected by purpose-built monitoring equipment, 
known as belt conveyor testers that can inspect a 30 kg rice bag in less than 30 s. 
Nearly 200 belt conveyor testers are installed in Fukushima prefecture to inspect all 
rice after harvest in this prefecture [24]. As shown in Table 12.2, more than 10 mil-
lion bags of rice are inspected each year with very few instances of contamination 
(Table 12.2). The inspections are still in progress as of 2019, although the govern-
ment is considering to terminate these inspections in the near future (Fukushima 
prefecture, personal communication).

12.4  �Countermeasures and Strategies for Reducing 
Radiocesium Concentration in Crops

12.4.1  �Decontamination of Soil

MAFF [25] identified three primary countermeasures to reduce the risk of radioce-
sium contamination in crops: (1) removing the topsoil (stripping of topsoil), (2) deep 
ploughing to bury the topsoil (inversion tillage), and (3) removing the fine soil particle 

Table 12.2  Inspection of all rice produced in Fukushima prefecture

Production 
year

Number of rice 
bagsa

Number of rice bags containing more than 100 Bq/kg of 
radiocesium (sum of 137Cs and 134Cs)

2012 10,346,169 71
2013 11,005,859 28
2014 11,014,941 2
2015 10,498,579 0
2016 10,265,957 0

aRice bags contain 30 kg of brown rice (unpolished rice)
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in paddy fields using water. When the radiocesium concentration in soil is more than 
10,000 Bq/kg, removing the topsoil is recommended. When the radiocesium concen-
tration ranges from 5,000 to 10,000 Bq/kg, the three countermeasures listed above can 
be used to reduce the radiocesium levels. When the radiocesium concentration is less 
than 5,000 Bq/kg, decontamination is not an obligation but an option.

12.4.2  �Potassium (K) Fertilizer: The Relationship Between  
K in Soil and Cs in Crops

In the contaminated areas in Fukushima, rice farmers are obligated to apply K fertil-
izer to paddy fields [26]. When farmers grow other crops, K fertilizer is highly rec-
ommended [27]. It was demonstrated that high K concentration in soils contributes 
to not only reducing the Cs+ uptake through roots, but also reducing the Cs+ translo-
cation from leaves to the rice grains [28].

12.4.3  �Molecular Mechanism of Cs+ Uptake and Translocation

Recently, the molecular mechanism of Cs+ uptake through plant roots has been 
clarified. HAK5 is a protein located in the plasma membrane of Arabidopsis 
roots, and it is responsible for K uptake under low K conditions [29]. Moreover, 
hak5 mutants of Arabidopsis have low concentrations of Cs in low K conditions, 
suggesting that HAK5 is responsible for Cs+ uptake through Arabidopsis roots 
[29]. In rice, OsHAK1 was reported to perform the same function as HAK5 in 
Arabidopsis [30, 31]. In the oshak1 mutant, Cs concentration was drastically 
reduced under low K condition, but unchanged under sufficient K condition 
[30]. The K concentration in hak5 [29] and oshak1 [30] decreased compared 
with the wild types, which caused biomass to decrease [30]. On the other hand, 
for the oshak1 mutant that originated from another cultivar of rice (i.e., 
Akitakomachi), a decrease in both biomass and K concentration was not observed 
[31]. Therefore, OsHAK1 may become a breeding target to reduce the Cs con-
centration under K-deficient conditions. When K fertilizer is applied to soil, 
mutants of OsHAK1 are of little use because OsHAK1 occurs only under the 
K-deficient conditions.

There is no molecular information about the Cs translocation into grains, 
which could be a potentially important breeding target. It is necessary to reveal 
the mechanisms of Cs+ translocation in plants. Aside from the Cs+ transport, alter-
ing root architecture is also a breeding target. For example, a gene locus is report-
edly responsible for deep roots in rice [32]. In the future, it may be essential to 
create new crops that have deeper roots, which can help to reduce Cs+ absorption 
from the topsoil since Cs+ remains in the topsoil and moves downward very 
slowly [33].
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12.5  �Conclusions

In Japan, the local government is responsible for food monitoring. From the inspec-
tion data collected from Fukushima prefecture, most of the samples are below the 
analytical detection limits, and very few samples exceed 100 Bq/kg, which is the 
Japanese standard for radiocesium. Potassium fertilizer application began shortly 
after the accident to reduce the 137Cs concentrations in Fukushima crops. Efforts to 
produce low radiocesium crops continue. The gene candidates and molecular sys-
tems are currently in the development phase.
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Chapter 13
Isotopic Signatures of Actinides 
in Environmental Samples Contaminated 
by the Fukushima Daiichi Nuclear Power 
Plant Accident

Aya Sakaguchi and Georg Steinhauser

Abstract  Large amounts of radionuclides were released into the environment as a 
result of the Fukushima Daiichi Nuclear Power Plant (FDNPP) accident following 
the magnitude 9.0 Great East Japan Earthquake and subsequent tsunami on March 
11, 2011. Some research activities that focused on the monitoring of actinide ele-
ments (236U, 238,239,240,241Pu, 241Am, and 242,243,244Cm) in road dust (black substances), 
litter, and soil samples from Fukushima prefecture are summarized in this chapter.

Keywords  Radioactivity · Isotope · Actinides · Volatile element · Refractory ele-
ment · Environmental samples · Black substance

13.1  �Introduction

The magnitude 9.0 Great East Japan Earthquake occurred in the northwest Pacific 
on 11th March 2011; the earthquake was followed by a massive tsunami, the dam-
age from which led to the severe accident at the Fukushima Daiichi Nuclear Power 
Plant (FDNPP) and the release of large amounts of radionuclides into the 
environment. From broad survey work and subsequent investigations on the emitted 
radionuclides via radiological measurement of environmental samples, analyses of 
biological samples, and atmospheric dispersion simulations, a clear picture about 
the level and spread of contaminant radionuclides, especially iodine-131 (131I), 
cesium-134 and -137 (134Cs and 137Cs), and exposure doses to communities started 

A. Sakaguchi (*) 
Center for Research in Isotopes and Environmental Dynamics, University of Tsukuba, 
Tsukuba, Ibaraki, Japan 
e-mail: ayaskgc@ied.tsukuba.ac.jp

G. Steinhauser
Leibniz Universität Hannover, Institute of Radioecology and Radiation Protection,  
Hannover, Germany

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-8327-4_13&domain=pdf
mailto:ayaskgc@ied.tsukuba.ac.jp


152

to emerge. However, potential contamination by release of uranium (U) and trans-
uranic nuclides such as plutonium, americium, and curium (Pu, Am, and Cm) from 
the fuel cores also started to cause concern due in part to their measurement in a 
limited number of samples and also because of the difficulties associated with trace 
analysis of such α-emitting radionuclides. Due to the use of MOX fuel which con-
tains about 6% by weight of Pu in plant No. 3, in addition to the production of Pu 
isotopes from spent U fuel, residents in the immediate neighbourhood of the FDNPP 
became extremely apprehensive about the possible release of Pu from the plant (cf. 
interviews of citizens from Okuma town).

Although it might be thought that discharge of actinides, especially the transura-
nic elements, is uncommon, these elements have been continuously released into 
the environment, mainly during the 1950s to 1960s (global fallout), due to atmo-
spheric nuclear testing leakages/emissions from nuclear facilities, and nuclear acci-
dents. Most of these actinides are produced by the sequential/multiple neutron 
captures of 235,238U and 239Pu during the burning (neutron irradiation) of fuels in 
nuclear power stations. The chemically toxic actinides emit biologically hazardous 
α-particles/rays, which have a large radiation weighting factor 20 (cf. 1 for X-rays 
and γ-rays). In addition, they have long half-lives and they exist in a variety of 
chemical oxidation states (i.e., valences +III – +VI) in the environment. Thus, it is 
essential to know the concentrations, distributions, and behaviour of these elements 
in the environment and to understand their effects on humans, animals, and plant 
systems.

The purpose of recent research has been to obtain accurate elemental and isoto-
pic information on the FDNPP-derived uranium and transuranic nuclides in the 
environment. In this context, U isotopes (236U, 238U), Pu isotopes (238Pu, 239Pu, and 
240Pu), Am and Cm isotopes (241Am, 242Cm, 243Cm, and 244Cm) were measured in 
road dust samples (black substances), litter, and soil samples; many of the samples 
were collected at the most heavily contaminated areas in Fukushima Prefecture. The 
magnitude of the emissions together with the isotopic compositional data is dis-
cussed in relation to the fuel core inventories of the FDNPP obtained from the 
ORIGEN 2 model simulation by Nishihara et al. [1].

13.2  �Isotopes of Interest

13.2.1  �Uranium

Three isotopes of uranium occur naturally on Earth in macroscopic amounts, namely 
238U (99.2742%; T1/2 = 4.468 · 109 years), fissile 235U (0.7204%; T1/2 = 7.038 · 108 years), 
and 234U (0.0054%; T1/2 = 2.455 · 105 years), the latter of which is a decay product 
of 238U (member of the 238U decay chain). Uranium is not a particularly rare element 
in the upper continental crust (2.8 mg kg−1) [2]. Consequently, a release of minute 
amounts of anthropogenically enriched uranium is difficult to discern by a shift in 
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the uranium-isotopic characteristics of an environmental sample, given the rela-
tively high levels of ubiquitous natural uranium.

Instead, 236U (T1/2  =  2.342  ·  107  years) is a suitable and reliable indicator of 
anthropogenic uranium as it is primarily produced in a nuclear reactor upon neutron 
irradiation of uranium fuel, mainly via the nuclear reaction 235U(n,γ)236U.

13.2.2  �Neptunium

Neutron capture of 236U in an (n,γ)-type reaction yields short-lived 237U, which 
decays to 237Np (T1/2 = 2.144 · 106 years). An alternative route of production is the 
nuclear reaction 238U(n,2n)237U, again, followed by beta decay to 237Np. Although it 
constitutes a major constituent of spent nuclear fuel, no release of 237Np was con-
firmed after the Fukushima nuclear accident, despite methods that have been devel-
oped for that purpose [3]. Early indications of a release of short-lived 239Np [4] 
probably were a misinterpretation due to spectral interference with 129mTe in gamma 
spectrometry [5]. Until the complete decommissioning of the FDNPP plant, the 
leaching of radionuclides, in particular actinides (including neptunium) from dam-
aged and molten spent fuel in seawater must be watched closely [6].

13.2.3  �Plutonium

Most plutonium isotopes, in particular 239Pu (T1/2  =  24 110  years), 240Pu 
(T1/2 = 6563 years), 241Pu (T1/2 = 14.35 years), and 242Pu (T1/2 = 3.750 · 105 years), are 
produced by neutron capture in 238U, yielding short-lived 239U, which decays to 
239Np and subsequently to 239Pu. Further neutron captures yield heavier isotopes of 
plutonium. The onset of 238Pu (T1/2 = 87.74 years) is mostly due to neutron capture 
in 237Np, followed by beta decay of the 238Np. The most prominent isotopes are cer-
tainly (fissile) 239Pu and its activation product 240Pu. Both nuclides are α-emitters, 
but since their α-energies are almost identical, both nuclides cannot be differenti-
ated in regular alpha spectrometry. Literature values, therefore, are often given as 
sum activities of both 239+240Pu. The isotopic ratio of 240Pu/239Pu is the most reliable 
indicator for the distinction between nuclear weapons fallout-related plutonium and 
reactor plutonium. Global fallout plutonium is characterized by an isotopic ratio of 
240Pu/239Pu of 0.176 ± 0.014 [7]. However, this global, integral range may be shifted 
locally. For example, the Pu signature from the Pacific Proving Grounds is signifi-
cantly higher due to high yield explosions that can still be found in the environment 
[8, 9], up to 0.363 ± 0.004 [10]. Since alpha spectrometry cannot be applied for the 
distinction of the isotopic ratio, mass spectrometric methods have to be applied. A 
great variety of methods exists, from straightforward inductively coupled plasma 
mass spectrometry (ICP-MS) to more sophisticated accelerator mass spectrometry 
(AMS), which represents the gold standard of techniques available with respect to 
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sensitivity and suppression of isobaric interferences. If radiometric methods have to 
be used, the ratio of 238Pu/240+239Pu is used, which can be measured by alpha spec-
trometry. Figure 13.1 shows the various sources and their respective “plutonium 
fingerprint” [11].

13.2.4  �Americium and Curium

Relatively short-lived 241Pu decays to 241Am (T1/2 = 432.2 years). Americium-241 is 
a powerful α-emitter, but is also one of the few potent γ-emitters amongst environ-
mental transuranic elements. Neutron capture in 241Am yields short-lived 242Am, 
which then decays to 242Cm (T1/2 = 162.94 days), which then decays to 238Pu. Most 
relevant curium isotopes are shorter-lived than many other environmental actinides 
with T1/2 = 29.1 years for 243Cm and T1/2 = 18.10 years for 244Cm. Americium and all 
further (heavier) actinides (with the exception of nobelium) are primarily trivalent 
and thus potentially more immobile than ions with higher valence such as +V and 
+VI that typically form oxo-cations. At the same time, trivalent actinides can be 
more mobile and bioavailable than, for example, tetravalent plutonium.

13.3  �Measurements of Actinides

Japanese scholars have a long history in analysing U, Pu, Am, and Cm isotopes 
sequentially, e.g., by using the methods of Sakaguchi et al. [12–14] and Yamamoto 
et al. [15–19]. The samples are heated to 450 °C and thereby calcinated. Note that 
the calcination of soil samples at higher temperatures may trap the plutonium frac-
tion in newly built mineral phases [20]. The analytes are then leached from the 
ashed residue using solutions of mixed acids. For the quantification of the measured 
amount of the analyte, a known amount of 242Pu and 243Am is added to sample, 
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because background levels of these nuclides are very low. For the quantification of 
236U, the 236U/238U ratio is used and natural 238U serves as an internal standard. 
Purification of the radionuclide solution is usually performed using extraction chro-
matographic or ion exchange methods. After further chemical separation, 
α-spectroscopy is usually performed using surface barrier Si detectors.

In the case of selected samples of the black substances and litter samples, the U 
and Pu fractions were freshly separated and purified without adding any tracers 
[19]. General information on mass spectrometry for radionuclide applications can 
be found elsewhere [21].

13.4  �Detections of Actinides

The first detection of plutonium releases from Fukushima Daiichi (with isotopic 
evidence) was achieved by Zheng et al. [22] using sector field mass spectrometry. 
Two litter and one surface soil sample contained plutonium that carried a distinct 
reactor signature (240Pu/239Pu isotopic ratio >0.3, and exceptionally high relative 
content of 241Pu, which may become long-term dose relevant). The authors con-
cluded that 1.0 · 109–2.4 · 109 Bq 239+240Pu and 1.1 · 1011–2.6 · 1011 241Pu have been 
released in the course of the accident. A second evidence provided by Schneider 
et al. [23] further proved not only the release of Fukushima-derived plutonium, but 
also the fact that the distinction of Fukushima-plutonium from global fallout pluto-
nium is notoriously difficult and preferably requires samples that exhibit a low 
background in Pu. In that study, it was mainly vegetation samples from 2011 that 
allowed for the identification of the reactor plutonium signature.

Given the above-described challenges, it appeared prudent to use soil samples 
mainly for evaluating inventories (i.e., the accumulated levels) of the Fukushima-
derived transuranic nuclides, while analysis of black substances and litter samples 
was used to gain information on accurate isotopic compositions for the uranium and 
transuranic nuclides released into the environment [19].

13.4.1  �Cs and Pu Inventories in Soil, and the Fukushima-
Derived Pu

Our previous study [19] revealed exceptionally high radiocesium contaminations/
depositions in most samples. The distinct 134Cs/137Cs activity ratio of just below 1 
[24] evidenced that virtually the entity of the radiocesium stemmed from the 
Fukushima nuclear accident. In contrast, depositions of 239,240Pu were relatively low, 
yet detectable, ranging from 0.24 to 55  Bq/m2. The fingerprint of 238Pu/239,240Pu 
activity ratios was 0.024–1.19 [19]. Those values with a 238Pu/239,240Pu activity ratio 
>0.03 were apparently affected by the Fukushima Daiichi accident and transuranic 
releases from one of its reactor units (see Fig. 13.1).
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Our in-depth analyses [19] showed that the FDNPP released a relatively small 
amount of plutonium isotopes over a wide area. The 239,240Pu/137Cs activity ratios 
covered a wide range from 2.6 × 10−9 to 4.8 × 10−6 with mean and median values of 
(2.1 ± 6.4) × 10−7 and 5.7 × 10−8, respectively, see Table 13.1.

13.4.2  �Isotopic Uranium, Plutonium, Americium, and Curium 
Signatures for the Black Substances and Litter Samples

More than 100 samples from various areas within the 20 km evacuation zone were 
analysed for 236U, 238Pu, 239,240Pu, 241Am, 242Cm, and 243,244Cm by AMS, ICP-MS, and 
α-spectrometry after radiochemical separation [19]. However, a detection of Am 
and Cm was not possible in the soil samples. The activity ratios are summarized in 
Table 13.1 and compared with the core inventories estimated using the ORIGEN2 
code [1].

13.4.2.1  �Plutonium Isotopes

Like several previous studies, we showed a rather large variation range of 239,240Pu 
concentrations in the black substances of 0.013–3.92 Bq/kg (n = 105) with arith-
metic mean and median values of 0.33 ± 0.48 and 0.20 Bq/kg, respectively (see 
Table  13.1). The 238Pu/239,240Pu activity ratios allowed for a distinction from 
global fallout as they were higher for most samples compared to the nuclear 
weapons fallout. Activity ratios >2, however, were not observed in soil samples, 
though.

In contrast to the results presented by Schneider et al. [23], there was no apparent 
dependence of the ratios on distance or direction from the plant.

The isotopic 240Pu/239Pu ratios confirmed a rather narrow range of 0.31–0.37 
(n = 9) (Table 13.1). Since these ratios were higher than the generally agreed-up 
ratio of global nuclear weapons fallout (0.18), this finding confirmed the origin of 
the contamination as reactor plutonium. Further discussion on this topic is given in 
Chap. 14.

13.4.2.2  �Americium

Given its formation history of beta decay of 241Pu, most of the fallout-derived 241Am 
would attain an activity ratio of 241Am/239,240Pu in the soil with a value of about 0.4 
(as of March 2011) [15]. As for the black substances, 241Am concentrations were 
detected in the range 0.01–2.44 Bq/kg (n = 94). The 241Am/239,240Pu activity ratios for 
all samples were in the range 0.27–1.30 with mean and median values of 0.56 ± 0.16 
and 0.54, respectively. This mean value is approximately two times higher than the 
core inventory value [1]; further work is needed to clarify this discrepancy.
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It is of interest to discuss the growth and decay of 241Am following the decay 
scheme of 241Pu →  241Am →  237Np. Considering the global fallout 241Pu/239,240Pu 
activity ratio in the 1960s was 14 [15] and the activity ratios of 241Pu/239,240Pu and 
241Am/239,240Pu for the core inventories were 100 and 0.54 [19, 22], respectively, on 
the date of the FDNPP accident, the contribution of 241Am global fallout represents 
largest contribution for 241Am in the environment. Subsequently, the growth of 
241Am from 241Pu derived from the FDNPP accident, and 241Am from the fuel core 
contributes to environmental 241Am load [25]. The global fallout for the 
241Am/239,240Pu activity ratio will achieve a maximum value of ca. 0.41 in 2033. Even 
though about 1% of Pu was newly added from the FDNPP accident to the Pu global 
fallout level, this ratio will be about 0.44 in 2045 and this additional contribution is 
not substantial. The 241Am/239,240Pu activity ratio which is composed of the Am and 
Pu derived from the FDNPP accident will become ca. 3.4 in 2080.

13.4.2.3  �Curium Isotopes

After decay correction to March 2011, 242Cm concentrations in black substances 
ranged from 0.21 to 57.0 Bq/kg (n = 105). The 242Cm activity was the highest of all 
transuranic nuclides that have been analysed. The 243,244Cm concentrations in black 
substances covered a wide range from 0.005 to 2.78 Bq/kg (n = 94), while in litter 
samples, they were in the range from 0.02 to 15.15 Bq/kg-ash (n = 28).

The 242Cm/243,244Cm activity ratios in black substances ranged from 8.8 to 59.4 
(n = 94) [19]. It is possible to clearly observe a variation in the 242Cm/243,244Cm activ-
ity ratios (as of March 11, 2011) for the samples when the results are arranged in 
ascending order (Fig. 13.2a). Approximately a half of the values are found within 
those of between reactor core 2 (27.6) and core 3 (20.0) (n = 45), then they show a 
dramatic increase. The 242Cm/243,244Cm activity ratios for the southern area showed 
larger values overall, with large scattering when results were re-formatted according 
to the sampling location (Fig. 13.2b). In fact, the origin of radiocesium for the south-
ern area, including Tokyo, is thought to be reactor 2. However, due to the disparity 
in the ratios of Cm in reactor cores 2 and 3 and reactor core 1 (242Cm/243,244Cm = 32.5), 
we were not able to conclude that the Cm (and probably other actinides) in the 
southern area was derived from reactor 2. Further research is needed here.

A potentially important feature concerning Cm isotopes is the growth of 238Pu 
from 242Cm. However, the contribution of 238Pu from 242Cm was negligible. In addi-
tion, the 242Cm produced from the decay of 242mAm was also negligibly small as 
discussed by [19].

13.4.2.4  �Uranium Isotopes

Measurement of the 235U/238U ratio has provided evidence for anthropogenic U con-
tamination of the environment. However, due to the high prevalence of naturally 
occurring 238U (~a few ppm) in environmental samples, the detection of the 
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anthropogenic U is challenging. Given this situation, we have focused on the mea-
surement of 236U that is produced by reactions of 235U(n,γ)236U and 238U(n,3n)236U in 
nuclear reactors. To avoid the interference from global fallout of 236U [12], some 
black substances (n = 12) which exhibited relatively high 238Pu/239,240Pu ratios were 
selected for analysis. As a result, very low concentrations of 236U derived from the 
FDNPP, 0.28–6.74  ×  10−4  Bq/kg, were successfully measured. The 236U/239,240Pu 
values in the black substances, 1.96–18.4 × 10−4 (weighted average 7.87 × 10−4), 
were about 7 times higher than that for global fallout. These values were consistent 
with that found for the core inventory 2.84–3.63 × 10−4 [1], and thus provides evi-
dence that fuel U and Pu fine particles were dispersed in the environment without 
undergoing large fractionation. An estimate of the dispersed U and Pu was calcu-
lated as 6 × 10−5% of the total core inventory.
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Fig. 13.2  242Cm/243+244Cm activity ratios observed in samples obtained from each area and com-
parison with core inventories of Cm isotopes [1]
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13.5  �Summary

Based on the release estimates of (15 PBq) of 137Cs in combination with samples 
from more than 100 highly contaminated spots within Fukushima Prefecture, we 
estimated the total atmospheric release as follows: 236U, 238Pu, 239,240Pu, 241Am, 
243,244Cm, and 242Cm released were 5.2 · 105 Bq (236U), 3.0 · 109 Bq (238Pu), 1.2 · 109 Bq 
(239,240Pu), 4.6 · 108 Bq (241Am), 1.7 · 109 Bq (243,244Cm), and 4.5 · 1010 Bq (242Cm), 
respectively.

As a result of our monitoring, all these transuranic elements listed above were 
successfully determined such that the isotopic compositions of these elements in 
soil and litter samples were acquired and estimates of the amounts released to the 
environment were made. Even though, the activities of U and the transuranium ele-
ments dispersed to the environment were a minute fraction of the volatile releases 
(e.g., radiocesium), knowledge on transuranic contaminations may help in elucidat-
ing the circumstances of the accident as well as reactor-specific characteristics.
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Chapter 14
The Key Role of Isotopic Analysis 
in Tracing the Fukushima Nuclear 
Accident-Released Pu and Radiocesium 
Isotopes in the Environment

Youyi Ni, Jian Zheng, Qiuju Guo, and Hai Wang

Abstract  The actinide plutonium (Pu) isotopes and the fission product radiocesium 
isotopes released in the Fukushima Daiichi Nuclear Power Plant (FDNPP) nuclear 
accident have drawn scientific attention in post-accident studies. In this chapter, 
studies that trace the Pu and radiocesium isotopes released from the FDNPP accident 
into the environment to ensure better nuclear emergency preparedness for the future 
were summarized. The characteristic 240Pu/239Pu, 241Pu/239Pu, and 135Cs/137Cs atom 
ratios of the FDNPP accident were determined to be 0.323–0.330, 0.128–0.135, and 
0.333–0.343, respectively, which were distinct from those of global fallout. While 
Pu and radiocesium isotopic signatures from the accident were detected in the ter-
restrial environment, the release of Pu to the marine environment, if any, was negli-
gible. And no data for 135Cs in the marine environment has been reported yet.
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14.1  �Introduction

On March 11, 2011, equipment and structures of the Fukushima Daiichi Nuclear 
Power Plant (FDNPP) were damaged by a magnitude-9.0 earthquake and the 
earthquake-induced catastrophic tsunami. Since then, different amounts of radionu-
clides including plutonium (Pu) and radiocesium isotopes have been released into 
the environment. Tracing the FDNPP accident-released Pu and radiocesium iso-
topes and investigating their long-term fates in the environment have been impor-
tant aspects of the post-accident studies for the scientific community. For the 
non-volatile Pu isotopes, because the released amount of the core inventory was 
small, recognizing the FDNPP accident-released Pu signature in the environment 
using conventional 239+240Pu activity is difficult. Since the atom ratios of Pu isotopes 
(e.g., 240Pu/239Pu, 241Pu/239Pu) vary with sources, such characteristic ratios can be 
reliable evidence for distinguishing the accident-released Pu in the environment. 
For radiocesium isotopes 134Cs (T1/2 = 2.06 y), 135Cs (T1/2 = 2.3 × 106 y), and 137Cs 
(T1/2 = 30.17 y), both 134Cs and 137Cs concentrations as well as 134Cs/137Cs activity 
ratios have been intensely monitored to identify the radioactivity contamination of 
the accident. However, due to technical difficulties in 135Cs analysis, studies of the 
FDNPP released 135Cs are rather scarce. Due to the short half-life of 134Cs, the 
accident-released 134Cs quickly decreases to the background level, making it 
impractical to tracing the long-term behaviors of this fission product in the environ-
ment. Therefore, it is of great scientific importance to obtain information on the 
release of 135Cs and the 135Cs/137Cs isotopic fingerprint of the FDNPP accident for 
long-term studies.

The FDNPP consisted of six reactor units among which four (Units 1 to 4) were 
damaged to different extents. Units 1 to 3 were in operation at the time of the earth-
quake and a total of 256 tons of nuclear fuel had been loaded in these reactors [1, 2]. 
The Unit 4 reactor had been shut down before the accident for equipment replace-
ment, and all the fuel in this reactor had been transferred to its spend fuel pool (SFP) 
in the reactor building. A total of 461 tons of nuclear fuel was stored in the SFPs of 
Units 1 to 4 [1, 2]. Therefore, during the accident, there were two possible sources 
of the released radionuclides, i.e., the reactor cores of Units 1 to 3 and the SFPs of 
Units 1 to 4. Thus, identifying the specific sources of Pu and radiocesium isotopes 
is instructive for accurate estimation of their release, and it also contributes to better 
understanding of the accident.

In this review, to highlight the key role of isotopic analysis in tracing the 
Fukushima nuclear accident-released Pu and radiocesium isotopes after they 
entered the environment: first, the background levels of Pu and radiocesium in the 
Japanese environment are summarized; then studies on characterizing the isotopic 
signatures of the FDNPP accident-released Pu and radiocesium isotopes in terres-
trial environmental samples are introduced; possible Pu contamination in the 
marine environment is assessed; and last, some perspectives for future studies are 
discussed.
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14.2  �Background Levels of Pu and Radiocesium Isotopes 
in the Japanese Environment Before the Accident

Before the FDNPP accident, the main source of Pu and radiocesium in the Japanese 
environment was global fallout that was deposited following atmospheric nuclear 
weapon tests in the twentieth century. Due to the diversity of environmental condi-
tions, the 239+240Pu activity concentrations in Japanese soils (e.g., agricultural field 
soils and forest soils) were found to vary largely, typically ranging from 0.07 to 
4.31  mBq/g [3–5]. In a recent work by Yang et  al. [6], 80 archived surface soil 
samples (mainly school ground soils) collected in 1969–1977 from Fukushima and 
the adjacent prefectures were analyzed to establish baseline of Pu isotopes before 
the accident. The 239+240Pu activity concentration in these surface soils ranged from 
0.004 to 1.46  mBq/g, and the mean value of the 240Pu/239Pu atom ratio was 
0.186 ± 0.015. The 240Pu/239Pu atom ratios in these samples were close to that of 
global fallout (0.18), indicating that global fallout was the major source. However, 
241Pu (T1/2 = 14.4 y) in these surface soils was not detected because its concentration 
level was below the detection limit of the analytical method. To obtain the back-
ground of 241Pu in these areas, Yang et  al. employed the 241Pu/239Pu atom ratio 
obtained for a fallout reference material in Japan reported by Zhang et al. [7] to 
reconstruct the background distribution of 241Pu in 1964 when the 241Pu activity was 
presumably at the maximum. The 241Pu activity concentration in these school ground 
surface soils was calculated to be 0.06–6.07  mBq/g and the mean 241Pu/239+240Pu 
activity ratio of 14.8 was obtained for the time of 1964.

Apart from supplementing the baseline of Pu in the terrestrial environment, Bu 
et al. [8] also made efforts to enrich the information about the Pu distribution in the 
marine environment before the accident. The concentrations of 239+240Pu activity in 
the Japanese near-coast marine sediments ranged from 0.003 to 5.81 mBq/g, while 
the 241Pu in these sediments was below the detection limit (2 mBq/g). In addition, 
the 240Pu/239Pu atom ratios ranged from 0.170 to 0.270, a high average ratio of 
0.231 ± 0.025 (n = 36) in the sediments from the North Pacific side indicated a mix-
ing of Pu from two endmembers with different 240Pu/239Pu atom ratios: the global 
fallout (0.18) and the Pacific Proving Grounds (PPG) close-in fallout Pu (0.30–
0.36) [9].

Regarding the baseline of radiocesium isotopes in Japan, abundant reports on the 
137Cs activity concentration in the environment can be found in the literature. 
Because of the short half-life of 134Cs and marginal yield in nuclear fission, its con-
tent in the Japanese environment was minute, and the 134Cs/137Cs activity ratio for 
the global-fallout background was approximately on the magnitude of 10−4 at the 
time of the accident [10]. Hampered by the difficulties in 135Cs analysis, direct 
determination of the 135Cs/137Cs atom ratio in pre-accident environmental samples 
of Japan has not been reported yet. Yang et al. [10] analyzed the radiocesium iso-
topes (134Cs, 135Cs, and 137Cs) in soil and plant samples collected in Fukushima 
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Prefecture after the accident. They reconstructed the 135Cs/137Cs atom ratios in the 
soil samples before the accident by considering the relative contribution of global 
fallout in these samples. Nevertheless, this estimation was rough since the contribu-
tions of global fallout in these contaminated samples were small (mostly <10%) and 
the calculated 135Cs/137Cs atom ratios for the global fallout showed large variation, 
ranging from 0.028 to 4.02 (decay corrected to March 11, 2011). Theoretically, 
because the fission yields of 135Cs and 137Cs from neutron fission of both 235U and 
239Pu are similar, the productions of 135Cs and 137Cs from nuclear weapon tests are 
comparable and thus an isotopic ratio 135Cs/137Cs of around 1 can be expected for 
global fallout in the 1960s [11]. This has been supported by the measured 135Cs/137Cs 
atom ratios in the global-fallout contaminated sediment and rainwater samples 
reported in the literature [12, 13]. Therefore, after about a 50-year decay of 137Cs, 
the characteristic 135Cs/137Cs atom ratio of the global fallout at the time of the acci-
dent (March, 2011) is presumably around 3. Zheng et al. [14] recently enlarged the 
135Cs/137Cs atom ratio database for global fallout by analyzing a soil reference mate-
rial (IAEA-soil-6) from Austria, the 135Cs/137Cs atom ratio in this global-fallout con-
taminated soil was calculated to be 2.58  ±  0.37 (decay corrected to March 11, 
2011).

14.3  �Characterizing the Signatures of Pu and Radiocesium 
Isotopes Released in the FDNPP Accident into 
the Terrestrial Environment

As discussed before, distinguishing the FDNPP accident-released Pu by using the 
239+240Pu activity concentration is difficult in the presence of global-fallout Pu since 
the release of non-volatile Pu from the accident was small. The isotopic composi-
tions of Pu are more reliable tracers compared with the 239+240Pu activity concentra-
tion. To clearly recognize the FDNPP accident-released Pu signature in the terrestrial 
environment, Zheng et al. [15] conducted Pu analysis with forest litter samples (S2 
and S3 in Fig. 14.1b) collected two months after the accident. Because the soil-to-
plant transfer factor of Pu is extremely low (10−3–10−6), the contribution of global-
fallout Pu in these litter samples via soil-to-plant transfer was negligible (Fig. 14.1a). 
Thus the Pu present in these litter samples was derived exclusively from the FDNPP 
source. The 240Pu/239Pu (0.323–0.330) and 241Pu/239Pu (0.128–0.135, decay corrected 
to March 15, 2011) atom ratios in these forest litter samples were representative for 
the FDNPP-accident-source Pu and were distinctive from the background 
(240Pu/239Pu: 0.18, 241Pu/239Pu: 0.0011, decay corrected to March 15, 2011) of global 
fallout, making it possible to trace the FDNPP-released Pu in the environment with 
these isotopic ratios. Slightly lower 240Pu/239Pu (0.303) and 241Pu/239Pu (0.103) atom 
ratios observed in a surface soil sample collected in the J-village facility (S6  in 
Fig. 14.1b) were believed to be the result of receiving a 13% contribution from the 
global fallout.
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For radiocesium isotopes, the 135Cs/137Cs atom ratio has been recognized as a new 
tracer for characterizing fallout from the nuclear power plant accident [17]. The 
135Cs/137Cs atom ratios in nuclear reactors vary significantly with neutron fluxes and 
the reactor operation history, opening a new dimension to characterize a nuclear 
power plant accident with this distinctive ratio [18]. To obtain the characteristic 
135Cs/137Cs atom ratio of the FDNPP accident, forest litter and lichen samples (S1-
S5) collected northwest of the FDNPP site were analyzed together with a surface 
soil sample from J-village (S6), which were previously analyzed for Pu isotopes as 
shown in Fig.  14.1b [17]. Although the 137Cs activities in these samples varied 
largely between 119 and 4649  Bq/g, the 135Cs/137Cs atom ratios in the litter and 
lichen samples varied only in a narrow range from 0.333 to 0.343, and the latter 
values were quite different from that of global fallout (theoretically around 3). In 
addition, Cao et al. [19] have also realized concurrent analysis of Pu and radioce-
sium isotopes in river suspended particles mainly collected from an area northwest 
of the FDNPP site to gain further information about the contamination of the ter-
restrial environment. Although 240Pu/239Pu (0.182–0.208) atom ratios in these sus-
pended particles were similar to the global-fallout background, the 135Cs/137Cs 
(0.329–0.391) atom ratios and high 137Cs activity concentrations (23.4–152 Bq/g) 
suggested there was radiocesium contamination from the FDNPP accident.

After the accident, researchers of the Japan Atomic Energy Agency (JAEA) cal-
culated the isotopic compositions of the Pu and radiocesium isotopes in the reactor 
cores of Units 1–3 and SFPs of Units 1–4 using the ORIGEN2 code and fuel burn-
up data provided by TEPCO [20]. To further identify the specific sources of these 
released radionuclides among the reactor cores and SFPs, comparisons were made 
between the model-simulated Pu and radiocesium isotopic compositions and the 
actually measured values in the environmental samples. As is seen in Fig. 14.1c, the 
highest 240Pu/239Pu atom ratio among the environmental samples obtained for litter 
collected in a Fukushima forest was close to the ratios of the damaged nuclear reac-
tors, but the value of this highest ratio was significantly lower than the ratios of the 
SFPs. The same phenomenon was found in the case of the 241Pu/239Pu atom ratio, 
indicating that Pu was released from the damaged reactor cores instead of the SFPs. 
This viewpoint was further supported by the 238Pu/239+240Pu activity ratios in the 
environmental samples among which the maximum value was still lower than the 
maximum values in the SFPs. A similar conclusion was drawn by using radiocesium 
tracer. In the litter and lichen samples receiving exclusively FDNPP contamination, 
the 135Cs/137Cs atom ratios were more similar to those in the damaged reactor cores 
than the SFPs (Fig. 14.2a). Furthermore, 135Cs/137Cs atom ratios in these samples 
corresponded very well with those in the Units 2 and 3 reactor cores, and were 
somewhat lower than the 135Cs/137Cs atom ratio in the Unit 1 core, indicating that 
radiocesium in these northwestern areas from the FDNPP was likely to have origi-
nated from the reactor cores of Units 2 and 3. The slightly higher 135Cs/137Cs atom 
ratio in the surface soil from J-village (S6) was likely to have resulted from the 
contribution of the Unit 1 core and/or the mixing of global-fallout radiocesium with 
the FDNPP-accident-derived radiocesium. In addition, a cluster map illustrating the 
240Pu/239Pu and the 135Cs/137Cs atom ratios in the reactor cores, SFPs and the heavily 
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contaminated environmental samples (S2, S3: litter, S6: soil) is presented in 
Fig. 14.2b. It clearly illustrates that the Pu and radiocesium isotopic compositions in 
the samples were closer to those in the reactor core of Unit 2. Considering that the 
Ministry of Economy, Trade and Industry (Japan) has estimated the released amount 
of 137Cs from Unit 2 accounted for more than 93% of the total releases from the 
three damaged reactors, for the first time, it was determined that the major source of 
Pu and radiocesium released from the FDNPP accident was the damaged reactor 
core in the Unit 2 [17]. Therefore, the early release estimate of 137Cs, i.e., 36.6 PBq 
made by Stohl et al. [21], with the assumption that significant releases of fission 
products occurred in the SFP of Unit 4, must be an overestimation.

Based on the 137Cs/239+240Pu activity ratio and the isotopic compositions of Pu and 
Cs in the heavily contaminated litter samples together with the 137Cs releases, Zheng 
et al. [16–15] estimated the released amounts of Pu isotopes and the 135Cs during the 
accident. It was concluded that the releases of 238Pu (2.9  ×  109–6.9  ×  109 Bq), 
239+240Pu (1.0 × 109–2.4 × 109 Bq), and 241Pu (1.1 × 1011–2.6 × 1011 Bq) were four 
orders of magnitude lower than those released in the Chernobyl accident, and only 
a minute percent (10−5%) of the core inventories for all the Pu isotopes was released 
into the environment during the accident. In comparison, the release of 135Cs was 
estimated to be 6.7 × 10−5 PBq, accounting for 2.0% of the total 135Cs core inventory. 
This conclusion corresponded well with the estimated 137Cs percent of release 
(~2%) made by the IAEA [22].

14.4  �Possible Contamination by Pu and Radiocesium 
in the Marine Environment

After the accident, seawater and sediment samples in the Northwest Pacific Ocean 
were analyzed to detect possible Pu contamination from the accident [8, 15, 23–26]. 
For the seawater samples collected in the 30–200  km zone off the FDNPP, the 
239+240Pu activity concentrations and 240Pu/239Pu atom ratios were 0.43–5.59 mBq/m3 
and 0.227–0.284, respectively [27]. These results were similar to those in seawater 
of the distant sea (446–1316 km), where the 239+240Pu activity concentrations were 
1.21–2.19  mBq/m3, while the 240Pu/239Pu atom ratios were 0.198–0.322 [25]. 
Plutonium isotopes are particle-reactive and thus they can be quickly scavenged 
from seawater to the bottom sediment especially in the near-coast marginal seas. 
Therefore, if there is any detectable contamination of Pu in the marine environment 
from the FDNPP accident, the Pu signatures should be likely presented in the sedi-
ment. Considering this, Bu et al. [24] further determined Pu isotopes in sediment 
samples from the North Pacific collected both in the <30 km zone and in the >30 km 
zone off the FDNPP. The 239+240Pu activities and the 240Pu/239Pu atom ratios in these 
sediments were all comparable to those of the background in the near-coast sedi-
ments. Compared with the case for the terrestrial environment, identifying the pos-
sible Pu contamination from the FDNPP accident in the marine environment is 
more difficult because of the dilution effect of seawater and the fact that the released 
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amount of Pu was small. More importantly, the similarity of the characteristic 
240Pu/239Pu atom ratios for the FDNPP source (0.323–0.330) and the PPG close-in 
fallout Pu (0.30–0.36) make it difficult to distinguish the contribution of FDNPP in 
seawater and sediments with this single tracer. To provide more solid evidence on 
tracing the possible Pu contamination in the marine environment, the 241Pu/239Pu 
atom ratios in the sediments collected both inside and outside the 30 km zone after 
the accident were determined. The 241Pu/239Pu atom ratios in all of the sediments 
ranged narrowly from 0.0012 to 0.0016, which corresponded well with those of 
global fallout (0.0011) and the PPG close-in fallout (0.0018–0.0025), but they were 
distinctly different (about 100 times lower) from that of the FDNPP source (0.128–
0.135). Therefore, it was concluded that the release of Pu isotopes from the FDNPP 
to the marine environment, if any, was negligible. Regarding the radiocesium iso-
topes, it was estimated that around 80% of the atmospheric release of 137Cs was 
eventually deposited over the west North Pacific, and additional radioactive waste 
water has been directly discharged or leaked into the Pacific Ocean [28, 29]. 
However, no data for the 135Cs/137Cs atom ratios in the marine environment after the 
accident has been reported yet.

14.5  �Perspectives for Future Study

In the post-accident studies reviewed here, efforts have been made to trace the 
FDNPP-source radionuclides and to reveal their temporal variations and spatial dis-
tributions in the environment. Regarding the Pu and radiocesium isotopes in the 
environment, the authors of this review suggest the following points for future 
study:

	1.	 Characterizing the Pu and radiocesium isotopic compositions in highly radioac-
tive microparticles (hot particles) released from the FDNPP accident.

	2.	 Long-term monitoring of the variations of Pu and radiocesium isotopes in the 
North Pacific.

	3.	 Studying the riverine transport of Pu and radiocesium isotopes with soil particles 
by land runoffs or floods.

	4.	 Investigating the vertical migration of Pu and radiocesium isotopes in soil in the 
heavily contaminated areas.

	5.	 Assessing the bioavailability of FDNPP accident-released Pu and radiocesium 
isotopes to plants and animals.
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Chapter 15
Radioiodine Releases in Nuclear 
Emergency Scenarios
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Abstract  This document provides a comprehensive overview study on the physico-
chemical speciation of radioiodine observed in the atmosphere after various emis-
sions related to nuclear activities: nuclear weapon tests, accident and incident 
releases, and routine discharges. The study covers different types of nuclear facili-
ties including medical isotope production facilities (MIPFs), reprocessing plants 
(RPs), and nuclear power plants (NPPs). Most attention is paid to 131I which has a 
major human health impact in the early stages of a nuclear emergency situation with 
regard to inhalation. Iodine-131 combines a high yield by neutron-induced nuclear 
fission of 235U (2.87%) or 239Pu (3.8%), high dose coefficients, and a radioactive 
half-life long enough to allow for spreading at global scales and entering the food 
chain but sufficiently short to produce a significant dose commitment when inhaled 
or ingested. Reliable dose assessment requires both detailed and valid information 
on the physico-chemical composition of 131I present in the air. Apart from reactor 
explosions and fires, which produce large amounts of particles and may therefore 
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favor the presence of iodine in particulate form at short distance, other nuclear acci-
dent scenarios will lead fairly rapidly to a dominant gaseous radioiodine proportion 
in the atmosphere.

Keywords  Iodine · Radioiodine · Nuclear accident · Thyroid · Internal exposure · 
Radiation protection · Environmental release · Environmental monitoring · Routine 
discharges

15.1  �Introduction

The goal of this chapter is to provide basic and updated knowledge about radioio-
dine (i.e., radioactive isotopes of iodine) speciation in the atmosphere and to pro-
vide information about the way to refine inhalation dose assessment and reduce 
associated uncertainties. Within this framework, different emission scenarios cover-
ing a wide range of nuclear activities and release situations are examined. Without 
neglecting the contribution of the 131I dose induced by ingestion, that may rapidly 
overwhelm that of inhalation if proper ban on sales or on foodstuff consumption are 
not taken rapidly after the deposition of airborne contaminant, this review focusses 
on the contamination of the atmosphere and the dose induced by inhalation.

Radioiodine is of major concern for public health when released in large quanti-
ties into the atmosphere, as during nuclear accidents or even significant nuclear 
incidents at short distances. Whether radioactive or not, iodine is necessary for the 
thyroid gland to synthesize hormones involved in the human body metabolism. It is 
considered as an essential element. Especially in areas of shortage in iodine supply 
in the daily diet, the human body is seeking for each iodine molecule, ion, or com-
pound either in the breathing air or in the food. Among the various population ages, 
children are most sensitive to iodine deficiency and to the uptake of radioactive 
iodine.

The chemistry of iodine-containing species is complex, and their chemical 
existence once released into the atmosphere will depend on many interactions 
with other atmospheric compounds and will vary according to solar radiation. 
Iodine is a volatile element with high vapor pressures, even at relatively low tem-
peratures. Molecular iodine (I2) sublimates quite easily even at ambient tempera-
ture and boils at 184  °C owing to this high vapor pressure. In addition, 
organically-bound iodine species are even more volatile, where, for example, 
methyl iodide (CH3I) boils at 42 °C. Particulate forms of iodine are often salt or 
oxide forms (e.g., CsI or IxOy such as I2O3), and iodine coexists both in these gas-
eous and particulate forms in the atmosphere. Even if it is expected to remain 
mostly in gaseous species (organic and inorganic), parts of them will condensate 
and nucleate to form nanoparticles, or adsorb onto atmospheric aerosols. However, 
the transfer kinetics related to adsorption on particles, the kinetics of the reactions 
with other airborne compounds and finally the kinetics of the conversion into par-
ticulate iodine by condensation and heterogeneous nucleation are not yet fully 
understood and are also a matter of uncertainties and biases in inhalation dose 
assessment.
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Being a member of the halogen group, iodine is a reactive element and has a 
complex chemistry with other atmospheric compounds [1]: aerosols, ozone, HxOy, 
nitrogen oxides (NOx), volatile and semi-volatile organic compounds (VOC, 
SVOC), etc. In addition, these interactions are driven by light and UV radiation to 
form gaseous organic iodides (CH3I, CH2I2, CH3CH2CH2I, etc.) during diurnal con-
ditions while they produce mostly inorganic gaseous species (I2, HI, IO, HOI, HIO3, 
IONO2, etc.) in night conditions [2, 3], in addition to aerosol-bound species (mixed 
iodinated aerosols, iodide salts, and iodine oxide aerosols [3] formed by reaction 
with ozone to give IO2, I2O3, I2O4, I2O5, etc. Gaseous iodine species such as CH3I 
and even more I2 are sensitive to photo-dissociation (or photolysis) under solar UV 
radiation. The photolysis of I2 and CH3I generate active atomic iodine (I) that will 
react with the previously mentioned atmospheric compounds and will be recycled 
through numerous intermediates in both gaseous and aerosol phases over time 
scales of hours to days [4]. The main final CH3I photolysis products in the air are in 
the form of IxOy [5]. As a consequence of photo-dissociation, the concentrations of 
I2 and CH3I and that of their reactions products will rapidly change between daytime 
and nighttime [6, 7]. According to kinetic parameters used in iodine behavior mod-
els, it has been found that I2 has a short lifetime of about 20 s before photolysis in a 
sunlit atmosphere [8] or that 95% of I2 released during daytime will be photo-
dissociated in less than 1 min. Over a period of a few hours [9], a rapid evolution of 
the physico-chemical forms of iodine can be observed as a function of seasonal 
parameters with an almost total conversion of released I2 into INOx in winter condi-
tions and INOx plus organic iodine in summer conditions where photolysis plays a 
predominant role. Based on kinetic parameters related to photo-dissociation rates, I2 
is thus theoretically not expected to be found during daytime. However, iodine spe-
ciation data acquired after nuclear accidents demonstrate that gaseous inorganic 
iodine exists in a rather high proportion after a long range transport. Relative com-
parison can be made with CH3I [10] whose photo-dissociation requires between 1.1 
and 4 days [6] and even 8 days (CH3I is photolyzed about 600 times more slowly 
than I2) [8]. Conversely, enhanced oceanic emissions of HOI (hypoiodous acid) and 
I2 happen during nighttime in addition to the increase of INOx as demonstrated 
when using kinetic parameter-based theoretical calculations [6, 7]. Filistovic and 
Nedveckaite [6] suggested that the atmospheric persistence of inorganic iodine spe-
cies in a rather significant proportion, as observed after nuclear accidents, is less 
linked to I2 than to other inorganic species like HOI or IONO2 species. The global 
chemical complexity of iodine also encompasses iodinated reaction products which 
in turn will behave in a different way in the atmosphere depending on their physico-
chemical features, UV radiation, and the mechanisms involved in the contamination 
of the environment: gas-to-particle conversion and transfer from one species to 
another, deposition and interception, biomass integration, re-emission of aerosol-
bound iodine (liquid or solid), or gaseous re-volatilization. All the different chemi-
cal and physical forms that radioiodine (i.e., radioactive isotopes of iodine) can take 
in the atmosphere will influence their individual behavior, and thus their persistence 
in the atmosphere and the contamination of other compartments of the biosphere. 
The same statement stands for incident releases, and routine discharges. By extrapo-
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lation, there may ultimately be consequences for long-range deposition or transport 
of radioiodine with dose–response implications received in proportion to inhaled 
organic, inorganic, and particulate species, as well as levels of contamination of 
marine and continental ecosystems. Therefore, a comprehensive quantification of 
the exposure to radioiodine is of highest importance for radioprotection issues.

15.2  �Synopsis of Radioiodine Presence in the Atmosphere

Since the beginning of the nuclear era, there has been a large variety of radioac-
tive iodine emissions to the environment. Apart from 127I, which is the only stable 
isotope, there exist 42 radioactive iodine isotopes or isomers with atomic num-
bers between 108 and 145, and 13 of these are fission products. Thirteen iodine 
isotopes have a half-life longer than 1 h, and four have a half-life ranging from a 
few days to about 60 days (Table 15.1). Radioactive iodine isotopes are generated 

Table 15.1  Radioiodine half-lives longer than 10  min and main γ–X-ray energies (keV) and 
emission intensity (%)

Radioiodine 
mass number Half-life

Specific 
activity 
(Bq/g)

Main γ–X-ray 
energy (keV), 
emission 
intensity (%)

Other 
analytically 
relevant
γ–X-rays

Maximum β 
emission (keV), 
emission 
intensity (%)

119 19.3 min 2230 (46%)
3252 (38%)

120 1.35 h 7.15·1017

120 m 53 min
121 2.12 h 4.5·1017 2058 (76.6%)
123 13.27 h 7.2·1016 159 (83%)
124 4.18 days 602.7 (63%) 723 (10%), 

1691 (11%)
1532 (11.7%)

125 59.4 days 6.4·1014 35.5 (6.68%) 27.2 (40%), 
27.5 (76%)

126 13.11 days 7.1·1016 338.6 (34%) 666.3 (33%) 869.0 (33.4%)
128 24.99 min 2.2·1018 442.9 (17%) 2119.0 (76.7%)
129 1.57·107 years 6.5·106 39.6 (7.5%) 29.5 (20%), 

29.8 (38%)
151.2 (99.5%)

130 12.36 h 7.2·1016 536 (99%) 668.5 (96%), 
739.5 (82%)

1004.9 (48%)

131 8.02 days 4.6·1015 364.5 (82%) 637.0 (7.1%) 606.3 (89.4%)
132 2.28 h 3.8·1017 667.7 (99%) 772.6 (76%) 2140.0 (19%)

1185.0 (18.8%)
132 m 1.38 h 6.3·1017 600 (14%) 173.7 (8.8%) 1482.9 (8.6%)
133 20.9 h 4.2·1016 529.9 (87%) 1227.0 (83.4%)
134 52.6 min 9.9·1017 847 (95%) 884.0 (65%) 1307.6 (30.4%)
135 6.61 h 1.3·1017 1260 (29%) 1131.5 

(22.6%)
1387.6 (23.8%)

Compilation of data from [11–14]
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during the nuclear fuel life cycle (from spontaneous fission of uranium in soil to 
energy production and reprocessing of spent nuclear fuel) or by various tech-
niques involved in radiopharmaceutical production like neutron bombardment. 
Among the different released and transported radioactive iodine isotopes in the 
atmosphere, most attention is paid to 131I. Iodine-131 combines a high yield by 
(thermal) nuclear fission of 235U (2.88%) or 239Pu (3.8%), high dose coefficients, 
and a radioactive half-life long enough to let it spread at worldwide scale and 
enter the food chain but also sufficiently short to produce a high dose commit-
ment when inhaled or ingested. Major decay of 131I into 131Xe takes place through 
β and γ emissions with a short half-life of 8.02 days. The thermal fission of 235U 
also produces another iodine isotope of interest, namely 129I with a ratio 
131I/129I = 3.59 [15] according to the most recent 2017 OECD “Joint Evaluated 
Fission and Fusion File” (JEFF-3.3). Only 129I has a very long half-life 
(T1/2 = 1.57·107 years), and is also the only radioactive iodine isotope to be natu-
rally produced by nuclear reactions of atmospheric Xe under the impact of cos-
mic radiation [16], and to a lesser extent in soil by spontaneous fission of 238U, 
thermal neutron-induced fission of 235U (fission yield 0.9%), or by neutron activa-
tion reactions of tellurium isotopes in soil. However, its natural inventory esti-
mated in total to ~ 230 kg (ca. 1.5 TBq) is largely overwhelmed by anthropogenic 
emissions from nuclear activities [2, 16].

15.3  �Physiological Aspects and Health Impact

Iodinated compounds exhibit a high affinity with different organs (mainly the thy-
roid gland) whose metabolism is essential for the development and functioning of 
the body. Iodine is an essential component of the thyroid hormones thyroxine (T4) 
and triiodothyronine (T3), which regulate metabolic processes and are critical to 
growth and development. The iodine concentration in the thyroid of an adult is 
about 500 μg g−1, and 80–90% of iodine present in the body of an adult is contained 
in its thyroid. The World Health Organization (WHO) recommends a daily iodine 
intake of 150 μg for an adult (and 200 μg for a pregnant or breastfeeding woman). 
Large regional variations are observed, from less than 20 μg days−1 to more than 
10,000 μg days−1. Inhalation of air contaminated with radioiodine, i.e., during the 
plume presence, or ingestion of contaminated foodstuff within days or even a few 
weeks after deposition lead to internal irradiation of the thyroid gland and increases 
the risk of thyroid cancer. WHO-recommended daily iodine intakes converted into 
gaseous-only 131I2 and CH3

131I activities would be equivalent to about 0.69 and 0.35 
TBq, respectively. Thus the mass of radioiodine that could be incorporated by an 
individual, as a consequence of a nuclear accident, would be much lower than his 
stable iodine intake. The thyroid will readily absorb 5–90% of the incorporated 
radioiodine, depending on the dietary intake of stable iodine, with highest thyroid 
uptake in the case of a stable iodine deficiency. Most of the remaining radioiodine 
intake is quickly excreted in urine. The thyroid gland is a small organ of about 
15  cm3–20  cm3 only, for an adult. When inhaled or ingested, 131I will thus 
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concentrate in this gland where a relatively high specific dose will be delivered over 
about one month, mainly through β− radiation of mean energy 182 keV with 100% 
yield and maximum emission at 606 keV (90% intensity) prone to irradiate thyroid 
tissues up to 2 mm range [17].

In comparison, 129I decay emits β− particles with a maximum energy of 151 keV, 
100% (mean 37 keV). Because of the low levels of 129I activity produced in nuclear 
reactors and released in the environment in case of an accident (and its low specific 
activity of 6.5·106 Bq·g−1 in general), the dose induced by 129I exposure remains 
negligible compared to that from 131I. However, because of its very long half-life, 
the study of 129I is a matter of interest for 131I dose reconstruction and in the frame-
work of radiological waste disposal. Indeed, in a long-term basis after the closure of 
a repository 129I as well as 36Cl, 79Se, and 99Tc are expected to be a major dose source 
for humans due to their high mobility in the environment and anionic nature. In the 
safety assessment of the spent nuclear fuel in a long-term basis, 129I and 36Cl are 
classified as the first (top) priority radionuclides [18].

Following the Chernobyl accident (April 1986), radio-induced hypothyroidism 
appeared for high dose exposures (about 10 Gy and above), while radio-induced 
thyroid cancer incidence increased about 3–5 years [19] after exposure among chil-
dren to doses higher than 100 mGy (Fig. 15.1a) [21–23]. The younger the age at 
exposure, the higher the risk (Fig. 15.1b). After this accident, it has been found that 
children having stable iodine deficiency experienced at least twice as high thyroid 
exposure as compared with children in the case of a dietary iodine sufficiency. An 
increase of cancer risk with thyroid dose was also reported among “Chernobyl liq-
uidators” exposed at adult age [24].

Iodine-containing species in the atmosphere are usually categorized into gas-
eous inorganic species with I2 (elemental iodine, also called molecular iodine) as 
the representative species; gaseous organic species with CH3I (methyl iodide) as the 
representative, and particulate iodine (aerosol-bound). Once inhaled, these species 
will deposit in different proportions in the respiratory tract and integrate partly or 
almost totally the thyroid gland. Biokinetic effects are integrated in a single param-
eter named dose coefficient (dose per unit of intake, expressed in sievert per incor-
porated becquerel of radionuclide). Dose coefficients are published by the 
International Commission on Radiological Protection (ICRP) for the three repre-
sentative iodine-containing species (Table 15.2). According to Morgan et al. [27], 
the average CH3I deposition in the respiratory tract is 72% (53–92%) of intake [27]. 
The deposition of inhaled I2 is even higher (>90%). For both vapors, the absorption 
of deposited activity to blood is complete and very rapid. About a third of the activ-
ity transferred to blood concentrates in the thyroid within 24 h. The deposition of 
particulate iodine depends on the size distribution of the aerosol. Gaseous organic 
and inorganic iodine species have higher inhalation dose coefficients than aerosol-
bound because of their larger deposition in the respiratory tract: For elemental 
iodine vapor (I2), it is assumed that 100% are deposited in the respiratory tract [28], 
while regarding the aerosol-bound fraction, about half of the aerosol with an activ-
ity median aerosol diameter (AMAD) of 1 μm will deposit. Pathways of particle 
clearance rely on exhalation, dissolution in the lung fluids, transport in the alimen-
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tary tract, and absorption in blood. For the particulate fraction, dose coefficients 
vary with the dissolution rate of the deposited particulate species in the lung fluids: 
reference absorption types fast, moderate, or slow (F, M, S) are considered by the 
ICRP. Type F (rapid and complete absorption) is recommended by default for 131I 
when no specific information is available for members of the public [25]. The frac-
tion of an ingested activity that is absorbed into blood is quantified according to f1 
values; 1 corresponding to complete absorption is recommended for ingested 
iodine.

140a

b

100

80

40

0
1986 1988 1990

1986
Chernobyl

1992 1994 1996 1998

© IRSNRussia Belarus Ukraine

0
1
2
3
4
5
6
7
8
9

10

<1 1-4 5-9 10-14 15-19

R
el

at
iv

e 
ris

k 
at

 0
.2

 G
y

Age (years) at the time of exposure

Fig. 15.1  (a) Temporal change of the yearly thyroid cancer number in children aged <15 when 
exposed to the Chernobyl accident. Reprinted with permission, © IRSN. (b) Relative Risk (RR) of 
thyroid cancer according to the age at exposure to the Chernobyl accident, after [20]

15  Radioiodine Releases in Nuclear Emergency Scenarios



182

Ta
bl

e 
15

.2
 

T
hy

ro
id

 e
qu

iv
al

en
t d

os
e 

co
ef

fic
ie

nt
s 

(S
v 

B
q−

1 )
 f

or
 in

ha
la

tio
n 

of
 12

5 I
, 12

9 I
, 13

1 I
, 13

2 I
, 13

3 I
, a

nd
 13

2 T
 c

om
po

un
ds

 b
y 

an
 a

du
lt,

 w
ith

 a
er

os
ol

 s
iz

es
 o

f 
1 
μm

 
[2

5]
 a

nd
 5

 μ
m

 [
26

]

12
5 I

T
1/

2 =
 6

0.
1 

da
ys

12
9 I

T
1/

2 =
 1

.5
7 

E
07

 y
ea

rs

13
1 I

T
1/

2 =
 8

.0
4 

da
ys

13
2 I

T
1/

2 =
 2

.3
 h

13
3 I

T
1/

2 =
 2

0.
8 

h

13
5 I

T
1/

2 =
 6

.6
1 

h

13
2 T

e
T

1/
2 =

 3
.2

 d
ay

s

E
le

m
en

ta
l i

od
in

e 
(I

2)
 a

nd
 u

ns
pe

ci
fie

d 
fo

rm
s

2.
7 

E
-0

7
1.

9 
E

-0
6

3.
9 

E
-0

7
3.

6 
E

-0
9

7.
6 

E
-0

8
1.

5E
-0

8
7.

6E
-0

8

M
et

hy
l i

od
id

e 
(C

H
3I

) 
et

hy
l i

od
id

e 
(C

2H
5I

)
2.

1 
E

-0
7

1.
5 

E
-0

6
3.

1 
E

-0
7

3.
2 

E
-0

9
6.

0 
E

-0
8

1.
3E

-0
8

A
er

os
ol

 F
—

ty
pe

 �
– 

A
M

A
D

 =
 1

 μ
m

 �
– 

A
M

A
D

 =
 5

 μ
m

1.
0 

E
-0

7
1.

5 
E

-0
7

7.
1 

E
-0

7
1.

0 
E

-0
6

1.
5 

E
-0

7
2.

1E
-0

7
1.

4 
E

-0
9

1.
9 

E
-0

9
2.

8E
-0

8
4.

1E
-0

8
5.

7E
-0

9
8.

2E
-0

9
2.

5E
-0

8
3.

2E
-0

8

A
er

os
ol

 M
—

ty
pe

 �
– 

A
M

A
D

 =
 1

 μ
m

 �
– 

A
M

A
D

 =
 5

 μ
m

2.
2 

E
-0

8
2.

6 
E

-0
8

2.
5 

E
-0

7
2.

4 
E

-0
7

2.
2 

E
-0

8
3.

1E
-0

8
1.

4E
-1

0
2.

0E
-1

0
3.

6E
-0

9
5.

3E
-0

9
6.

5E
-1

0
9.

6E
-1

0
4.

3E
-0

9
6.

4E
-0

9

A
er

os
ol

 S
—

ty
pe

 �
– 

A
M

A
D

 =
 1

 μ
m

 �
– 

A
M

A
D

 =
 5

 μ
m

1.
1 

E
-0

9
1.

5 
E

-0
9

3.
4 

E
-0

8
2.

6 
E

-0
8

1.
1E

-0
9

2.
0E

-0
9

1.
1E

-1
1

1.
8E

-1
1

1.
8E

-1
0

3.
3E

-1
0

3.
8E

-1
1

6.
6E

-1
1

3.
2E

-1
0

5.
0E

-1
0

O. Masson et al.



183

Inhalation dose coefficients for aerosols also differ according to the aerosol size 
due to differential deposition in the airways. For workers, an AMAD of 5 μm is 
commonly assumed while the default value for the public is 1 μm. The ICRP pro-
vides dose coefficients according to aerosol sizes in the range of nm to about 10 μm 
(Fig. 15.2). The dose coefficient variation is about a factor of 3. Assuming a case for 
which the 131I fraction is supported only by fine aerosols (i.e., typically <0.01 μm), 
as occurs when gaseous species nucleate or condensate to form nanoparticles, will 
result in a 2.2 times increase in the inhalation dose from aerosol-bound 131I species 
compared to the 1 μm aerosol reference size usually considered for members of the 
public.

In addition, inhalation dose is age-dependent. Table 15.2 gives the dose coeffi-
cients for an adult only and Table 15.3 the change in thyroid equivalent dose coef-
ficients with age. The radio-sensitivity of the thyroid gland is especially high for 
children; among them babies (age <1 year) represent the highest-risk population, 
while several studies, including that of the survivors of the atomic bombings, have 
detected no increase in relation to exposures received after the age of 20 years. More 
detailed information can be found in the ICRP 68 or in its updated version ICRP 
137, for workers (occupational intake) and in the ICRP 71 for members of the pub-
lic (ICRP 68 and ICRP 71 are based on the same bio-kinetic models).

Note that the dose coefficient for 129I is higher than for 131I whatever the species 
as a result of the five times higher dose coefficient per unit of uptake for 129I than for 
131I.  A material is assigned to Type F when the deposited materials are readily 
absorbed into blood from the respiratory tract. Type M is assumed for deposited 
particulate forms that have intermediate rates of absorption into blood from the 
respiratory tract, as may be the case of iodine trapped in irradiated fuel fragments. 
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Fig. 15.2  Change in the thyroid equivalent dose coefficients for inhalation of 131I, as a function of 
the aerosol diameter. After: [29]
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A material is assigned to Type S if deposited materials are relatively insoluble in the 
respiratory tract. In practice, and according to the EU directive 96-29 [31], aerosol-
bound iodine isotopes are assigned to absorption type F. After a substantial release 
of radioiodine in the environment, the most realistic dose assessment for exposed 
individuals will be based on in vivo measurement of thyroid retention (Fig. 15.3), 
regardless of the physico-chemical form of incorporated iodine and takes into 
account the actual thyroidal uptake of the measured person.

Neglecting the Gaseous form of 131I in Prospective Dose Assessment Leads to an 
Inhalation Thyroid Dose Underestimation  Assuming that the airborne 131I activ-
ity level deduced from aerosol filter measurements corresponds to the total atmo-
spheric iodine content would result in an underestimation of the inhalation dose by 
a factor of 6.4 (for an adult and aerosol type F of 1 μm). This clearly shows that the 
gaseous fraction of iodine, although more tedious to monitor compared with the 
particulate fraction, cannot be omitted and requires assumptions on the speciation 
or at least fractionation of iodine between gaseous and particulate species. When 
prospectively evaluating the potential dose to the population from exposure to a 
radioactive plume of a given activity level, and assuming an average 131I speciation 
of 30% in particulate form (AMAD 1 μm, absorption Type F), 35% for organic and 
35% for inorganic 131I gaseous species, and ICRP inhalation dose coefficients for an 
adult will lead to about twice as much higher dose estimate than for the consider-
ation of the particulate form only. In the absence of information regarding the gas/

Table 15.3  Thyroid equivalent dose coefficients (Sv Bq−1) for inhalation of 131I according to the 
age at exposure [30]

Iodine species
Age
3 months 1 year 5 years 10 years 15 years Adult

I2 (gas) 3.3E-6 3.2E-6 1.9E-6 9.5E-7 6.2E-7 3.9E-7
CH3I (gas) 2.6E-6 2.5E-6 1.5E-6 7.4E-7 4.8E-7 3.1E-7
AMAD 1 μm (aerosol type F) 1.4E-6 1.4E-6 7.3E-7 3.7E-7 2.2E-7 1.5E-7

Fig. 15.3  In vivo measurement of 131I activity in the thyroid at IRSN (© IRSN)
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particle fractionation, it is therefore recommended to assume 50% particulate and 
50% gas in the occupational intakes of radionuclides series published by the 
International Commission on Radiological Protection [28]. Regarding the gaseous 
speciation, when it is not possible to distinguish inorganic and organic species, the 
ICRP [28] recommends adoption of the deposition rate for elemental iodine. Based 
on half-lives and inhalation dose coefficients associated to the various iodine iso-
topes, those to which attention should be paid first during a nuclear reactor accident 
are 131I, 132I, and 133I, as well as the precursor of 132I, i.e., 132Te. Indeed, more accurate 
estimates of radioiodine health impact should also consider decay of tellurium iso-
topes, especially for inhalation dose assessment in the first few days after a nuclear 
accident release. Tellurium isotopes present in the releases or in the environment 
will give the following radioiodine: 129I by filiation of 129mTe (T1/2 = 33.6 days) and 
129Te (T1/2  =  69.6  min), 131I by filiation of 131mTe (T1/2  =  30.0  h) and 131Te 
(T1/2 = 25.0 min), 132I by filiation of 132Te (T1/2 = 3.2 days; γmax = 228.2 keV with 
88.2% abundance), 133I by filiation of 133mTe (T1/2  =  55.4  min) and 133Te 
(T1/2 = 12.5 min), and 134I by filiation of 134Te (T1/2 = 41.8 min). As for radioiodine 
with a short half-life of tens of minutes, other tellurium-induced radioiodine iso-
topes have a too short half-life and can therefore be neglected, since it takes usually 
several hours after the start of the accident when releases start. Exposures to gas or 
vapor forms of tellurium are relatively unusual compared with exposures to particu-
late forms in the environment. From aircraft samplings performed at short distance 
over the block IV of the Chernobyl NPP, Borisov et al. cited in [32] reported that the 
gaseous 132Te component varied only 1–8%. It is therefore recommended to con-
sider a particulate form of M-type for tellurium in the absence of specific informa-
tion [33]. Once inhaled, a part of 132Te (T1/2 = 3.2 days) will deposit in the respiratory 
tract where it will decay to give 132I. The contribution to the thyroid dose from the 
inhalation of 132Te is substantially higher (by a factor >10) than that from the intake 
of the same activity of 132I, which is in radioactive equilibrium with 132Te in air [34]. 
In practice, it means that the inhalation dose contribution from direct intake of 132I 
can be neglected compared with 132I induced by the intake of 132Te and despite its 
screening in the respiratory tract. Regarding the Chernobyl accident, Balonov et al. 
[35] estimated the contribution of 132I to the thyroid doses as being about 30% for 
person who did not use stable iodine prophylaxis and about 50% for persons who 
took KI pills on 26–27 April. Regarding the Fukushima accident, Shinkarev et al. 
[34] demonstrated that on March 12, 2011, the contribution of short-lived radioio-
dine (133I and 132I induced by the intake and radioactive decay of 132Te) to the thyroid 
dose from inhalation of the plume might be as great as 30–40% of the dose from 131I, 
while it could have reached about 10% on March 15, i.e., the day of the main 
releases. However, the dose from 132I was not considered in the thyroid dose estima-
tion from radioiodine due to the lack of information [36]. In addition to 131I, 132Te, 
and 132I, other short-lived iodine isotopes (123I, 130I, 135I) can be considered to refine 
inhalation dose assessment, but this requires prompt measurements. Globally, the 
contribution of the inhalation exposure pathway to the thyroid dose may be dominant 
during the first few weeks after the beginning of the releases and as far as the appli-
cation of dietary consumption restrictions, especially for fresh milk and vegetables, 
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is ensured. No significant health effect is expected for 129I, on account of much 
lower levels of activity, long radioactive half-life, and rapid biological half-life.

15.4  �Management of Nuclear Emergency Situations 
with Regard to Radioiodine

An effective decision-making process is required in the emergency phase of nuclear 
events. When a release of radioactive material occurs or is about to happen, prompt 
protective actions can avoid or mitigate the potential consequences. These actions 
can be decided and set up preventively in the perspective of a possible future release, 
or in response to an ongoing release and combine sheltering, administration of stable 
iodine tablets, evacuation if necessary, and later possible restrictions on foodstuff 
consumption. In any case, a specific evaluation would be necessary in order to pro-
pose protective actions to set up correspondingly to the situation, to the public 
authorities. For radioactive iodine impact due to the passage of the plume, one has to 
evaluate the corresponding projected thyroid dose. This protection strategy is driven 
by comparing those projected doses to the corresponding action guide level (50 mSv 
as for instance in France, Germany, and many other countries). Transboundary har-
monization on reference levels is not yet fully operational. Nevertheless, in Europe, 
the Herca-Wenra approach proposes that in the very early stages of the crisis, if the 
analysis of the situation is shared, the bordering countries align themselves with the 
decisions taken by the country where the accident occurs [37, 38].

From a general point of view, there are several factors that influence the assess-
ment of the radioiodine-induced inhalation dose during an atmospheric release:

–– Magnitude of the release, physico-chemical forms of iodine (gaseous inorganic, 
gaseous organic, aerosol), granulometry of aerosol-bound iodine species;

–– Dispersion conditions such as height of the release, meteorological conditions 
(wind speed, direction, atmospheric stability, boundary layer thickness, presence 
of rain, fog, etc.), local topography (rural, urban, etc.) and depletion processes 
(dry deposition, wet scavenging etc.);

–– Exposure scenario of individuals such as time of exposure, breathing rate, pos-
sible indoor protection factor;

–– Biokinetics of the incorporated materials, which depend on factors related to the 
age and gender (see previous section).

The remaining parameters and the modelings have to be chosen by experts per-
forming dose assessments. Due to major unknowns in number of the parameters and 
modeling simplifications, especially in the acute phase of the emergency, the pro-
jected dose assessment is subject to a significant uncertainty level. In general, a 
balance is made between model complexity and timely response. Emergency 
response employs substantial simplifying assumptions that make the evaluation of 
the consequences become tractable and available rapidly:
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–– Generally, a Gaussian dispersion modeling is used, with constant and uniform 
deposition velocities, sometimes with uniform wind speed and direction; gas-
eous and particulate iodines are generally associated with different dry or wet 
deposition velocities;

–– Representative persons are considered: it consist of a virtual individual, with 
constant breathing rate, with no benefit of any protection factor during the whole 
time period of exposure. This fictitious individual is sometimes supposed to 
remain located at different distances downwind on the plume centerline, where 
the air-activity concentrations are the highest. For reactor accidents, a 1–2 years 
old child is the ICRP age category for which the calculated dose is the highest.

Emergency planning ensures the availability of potassium stable iodine (KI) tab-
lets by a pre-distribution performed in the near to medium fields around a nuclear 
power plant. In France, this distance is set to 20 km. Their administration must be 
organized as soon as possible in the case of a nuclear accident involving significant 
radioiodine releases to the atmosphere, to saturate the thyroid and protect it from 
exposure to radioiodine [39]. Administration is recommended when the thyroid 
equivalent dose is expected to be higher than 50 mSv. This procedure is comple-
mentary to others protective actions such as population sheltering or evacuation. 
The efficiency of the protection is at its highest when KI tablets are administrated at 
the time of radioiodine intake and therefore distributed at the start of the accident 
releases or even better by anticipation; ideally 2 h before inhalation of contaminated 
air (Table 15.4). ICRP recommends a biological half-life of iodine of 80 days, how-
ever a more recent empirical study suggested a biological half-life as short as 
66 ± 6 days [41]. From Eq. 15.1, an effective half-life of iodine in the human body 
(for adults with intact thyroid function) of about 7 days can be deduced (Teff being 
the effective half-life, Tbio the biological half-life, and Tphys the physical half-life).

Table 15.4  KI prophylaxis efficiency for different periods between ingestion of KI tablets and 
intake of radioiodine, after: [40]

Period between administration of KI and intake of 
radioiodine

Thyroid cover 
(%)

Factor of exposure 
reduction

4 days before 5 1.1
3 days before 32 1.5
2 days before 75 4
1 day before 93 14
0 day 97 33
2 h after 80 (65∗) 5
8 h after 40 (15∗) 1.7
16 h after 17 1.2
1 day after 7 1.1

Values are for an area with no iodine deficiency (i.e., normal iodine dietary supply). Values fol-
lowed by ∗ are for areas with iodine deficiency
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However, the efficiency of the KI tablets is about 1  day after ingestion 
(Fig. 15.4). The following populations are targeted for priority KI tablet adminis-
tration since they are at highest risk for negative health effects to the thyroid from 
radioiodine: newborns (< 1  month), infants (1  month–3  years), children 
(3–12 years), adolescents (12–18 years), pregnant and breastfeeding women [40]. 
Considering KI tablets of 65 mg (equivalent to 50 mg of I), the dosages are as fol-
lows: newborns: ¼ of a KI tablet, dissolved in a liquid; infants: ½ of a KI tablet 
dissolved in a liquid; children: one tablet; and from 12 years including pregnant 
women up to 40 years: two KI tablets. In the event of prolonged or repeated expo-
sure by inhalation, public health authorities may advise taking KI tablets more 
than once. Under such circumstances, neonates (<1 month) and pregnant or breast-
feeding women should not be given repeated doses of KI and other protective 
actions should be considered such as early evacuation, for these particular groups 
[42]. The administration of iodine would concern in all cases only the emergency 
and short-term phases. Indeed, if the iodine levels are still too high beyond a few 
weeks, it also means that the area is very contaminated and that for reasons of 
external dose, evacuation is advised.

Beside sanitary preoccupations, the management of nuclear emergency situ-
ations integrates the communication to mass media. The omission of the gas-
eous component could be publicly perceived as a deliberate intention to 
minimize the situation as far as the gaseous predominance will be reminded, 
and even if levels of activities are of no concern for public health. A mistrust 
feeling may spread leading to undermine confidence in governmental and expert 
institutions [43].
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Fig. 15.4  Efficacy of KI 
as a function of the period 
between administration 
and 131I intake. After: [40]
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15.5  �Anthropogenic Releases and Discharges

Anthropogenic releases and routine discharges of radioiodine in the environment 
can be categorized in five main sources, namely (1) nuclear weapon tests, (2) nuclear 
reactor accidents, (3) routine discharges from radiopharmaceutical production1 and 
use in nuclear medicine, (4) routine discharges1 from the nuclear fuel reprocessing 
industry, and (5) routine discharges1 from the nuclear power production industry.

15.5.1  �Nuclear Weapon Tests (NWT)

First large-scale radioiodine emissions occurred during the nuclear weapons testing 
era (1945–1980). In total, it is estimated that 0.28–0.98·1012 Bq (or TBq) of 129I and 
about 6.7–7.8 and even 12.2·105 PBq [44] (1 PBq = 1015 Bq) of 131I were released by 
ca. 530–543 NWT (depending on accounting methods) performed in the atmosphere 
[45, 46] and at ground-level [47, 48]. An approximate rate of 0.17 and 0.28 g of 129I 
per kiloton TNT equivalent is produced by a nuclear detonation [2], from fission of 
235U and 239Pu, respectively. The total yield of atmospheric nuclear weapons tested is 
about 440 megatons (Mt) among which ca. 182 Mt. came from fission [48]. Globally, 
the fraction of radionuclides injected by atmospheric detonations into the troposphere 
quotes about 5% only, the rest into the stratosphere where the residence time of aero-
sol-bound radionuclides has been estimated 1–2 years. This duration is long enough 
to allow for a complete decay of 131I before reaching lower tropospheric layers. 
However, the remaining 5% in the troposphere is of significance for the deposition of 
short-lived radionuclides such as 131I. This percentage is also closely linked to the 
bomb yield and latitude because the tropopause height varies with latitude. In the case 
of a 1 Mt detonation in equatorial region, the percentage of radionuclides released in 
the troposphere will rise to 65%. Iodine-131 was the most important isotope in fallout 
with regard to health impact, as demonstrated for instance in the surroundings of the 
Nevada Test Site (NTS) with an excess risk in thyroid cancers in the US [49]. 
However, on a global scale, the contribution of 131I to the total effective dose equiva-
lent commitment to the world’s population from atmospheric nuclear testing has been 
estimated in the range 1.4–3.8%, far below the contribution of 14C (70%) [47, 50]. 
Among radioiodine, only 129I from this period is still present in the environment.

15.5.2  �Nuclear Reactor Accidents

In the case of a nuclear reactor accident, radioactive iodine isotopes account for the 
second largest fraction of emissions, second only to xenon isotopes. In addition, 
radioiodines belong to the most hazardous class of radionuclides that are released, 

1 Incident releases can be integrated in these categories.
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and are responsible for 80–90% of the dose received in the first hours after the start 
of the accident, primarily due to inhalation of 131I contaminated air (i.e., during the 
initial emergency situation, and before taking into consideration ingestion of con-
taminated food). While the dose contribution through contaminated food was sig-
nificant after Chernobyl, it has been suggested that inhalation was more significant 
than ingestion in the Fukushima case [51]. Radioiodine and radiotellurium isotopes 
(see previous section) to be considered in such scenarios have half-lives typically 
ranging between hours and about 10 days (see Table 15.1). For a loss-of-coolant 
accident (LOCA), the radioiodine released, as ranked by decreasing order, are: 131I, 
133I, 135I, 132I, and to a lesser extent 134I, 125I, 129I, and 130I. The speciation of the iodine 
species present in the containment (before release in the environment) may differ 
depending on the accident conditions. Gaseous iodine can be released and aerosols 
iodine can be also produced by reaction between gaseous iodine and other species 
such as fission products (Cs, Cd, Ag etc.) or ozone or other air radiolysis products 
[52]. Various techniques (filtration, adsorption) are deployed including wet purifica-
tion step to retain the different iodine-containing species, but gaseous CH3I, unlike 
I2, is not significantly absorbed by a liquid phase and requires dedicated filtration 
steps.

At Windscale Works, Sellafield (U.K.), the graphite-moderated reactor (pile 1) 
using a gas coolant was operating for the production of plutonium and other materi-
als for the UK weapon program, when it experienced a graphite fire in 1957. The 
fire caused the release of 0.74–1.8 PBq 131I in the environment (Table 15.5). The 
damaged (1979) unit 2 of the Three Mile Island (TMI, USA) NPP was a pressurized 
water reactor (PWR). Despite melting of the fuel, the reactor vessel maintained its 
integrity, and the damaged fuel was retained inside [69] thus limiting the release 
into the environment. The unit 4 at the Chernobyl NPP was a graphite-moderated 
power reactor with pressure channels (RBMK) and the Fukushima Daiichi reactors 
(units 1, 2, 3, and 4) were BWRs. The Chernobyl and Fukushima accidents were 
associated with significant core meltdowns, steam or hydrogen explosions, and par-
tial or total loss of the confinement. They were responsible for the highest amounts 
of radioactive iodine released to the environment (Table  15.5). Estimates of 129I 
releases during Windscale and TMI accidents are difficult since the 129I generated 
signal was blurred or encompassed in the global fallout signal [70]. In the case of 
the Windscale accident, the available activity of 129I was only about 1.5·10−8 times 
that of 131I. Health consequences were undoubtedly established for the young popu-
lation exposed to 131I after the Chernobyl accident. The main radionuclides investi-
gated in Europe were 99Mo, 103Ru, 106Ru, 110mAg, 125Sb, 129mTe, 132Te, 131I, 134Cs, 137Cs, 
140Ba, 141Ce, and 144Ce. Other radionuclides (60Co, 63Ni, 90Sr, 95Nb, 95Zr, 154,155Eu, 
238,239,240,241Pu, 241Am, and 242,243,244Cm) were also observed in Poland for instance 
(see Chaps. 1 and 2).

The major released radionuclides from the Fukushima accident were 132Te 
(T1/2 = 3.2 days), 131Te (T1/2 = 24.8 min) and their respective progeny 132I and 131I, as 
well as 134Cs (T1/2 = 2.06 years) and 137Cs (T1/2 = 30 years). In its source term assess-
ment, the French Institute for Radiological Protection and Nuclear Safety (IRSN) 
retains the following decreasing importance of released radioiodine (in Bq): 131I, 
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132I, 133I, 135I, 130I, 134I, 132mI, 129I, and 128I, for a total amount of 182 PBq. After the 
Fukushima accident, a cocktail of radionuclides was detectable in Japan among 
them 129mTe, 132Te, 129I, 131I, 132I, 133I, 134Cs, 136Cs, 137Cs (see [71] for a more complete 
list). Cesium isotopes (134 and 137), particulate and gaseous 131I were detectable 
worldwide. At a limited number of European locations equipped with high-volume 
aerosol samplers and low-level gamma-ray spectrometry, it was also possible to find 
in addition 132Te and 132I [72], 129Te, 129mTe, and ultra-traces of 136Cs [73] and 140La 
[74–76].

The immediate aftermath of the Fukushima accident has not yet been fully clari-
fied because no systematic data on exposures of the general public to short-lived 
radionuclides, especially 131I, were available soon after the releases [36]. Indeed, no 
fission products could be monitored during 12 days because of blackout of power 
supply; only dose rates were measured [77]. The lack of information on ambient 131I 
concentrations in the early stage of an accident can later be partly filled, step by step, 
but requires strong assumptions on the relationship between 131I and other radionu-
clides having longer half-lives and on their deposition conditions, once deposited on 
soil or integrated into the biomass. Among them, 129I is the most interesting since, as 
an iodine isotope, it is assumed to behave similarly [78] to 131I and its long half-life 
makes it possible to investigate retrospective evaluation of 131I deposition density 
and 131I external exposure, long after the accident [79, 80] and even if the uncertainty 
in the 129I/131I ratio may reach 20% [81] to 30% [82]. Nevertheless, it has to be con-
sidered that the 129I background may not be equal to zero when subtracting the pre-
accident concentrations, because of 129I from global fallout and 129I fallout from a 
reprocessing plant (RP), at local or regional scales. The inverse reconstruction of the 

Table 15.5  Radioiodine amount released during major nuclear accidents

Location, start date, 
and INES level

131I
Activity range and equivalent 
mass (g)

Others iodine 
isotopes

% of the core 
inventory Ref.

Kyshtym 29/09/1957 
(6)

1–10 PBq
(0.2–2.0 g)

Unknown N/A [53, 
54]

Windscale
10/10/1957 (5)

0.74–1.8 PBq (re-evaluation)
(0.15–0.38 g)

Unknown 12–15 [55, 
56]

Three Mile Island 
28/03/1979 (5)

0.48–0.63 TBq
(0.10–0.13 g)

5·10−5 [57, 
58]

Chernobyl
26/04/1986 (7)

1760 PBq
(380 g)

132I: 1150 PBq 
from 132Te
133I: 910 PBq
134I: 25 PBq
135I: 250 PBq
129I: 
8.5–40 GBq

20–57 [59]

Fukushima 
11/03/2011 (7)

90–500 PBq but most often 
100–200 PBq (21–42 g)

132I: 7–60 GBq
133I: 42 PBq
129I: 8 GBq
(7.0–11.6)
132Te: 60 PBq

[2, 
60–
68]
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131I airborne activities and inhalation dose to the thyroid from 129I deposition may 
thus be highly uncertain because of additional assumptions on deposition mecha-
nisms. Finally, taking advantage of the affinity of the thyroid gland with iodine, the 
internal dose from radioiodine, whether inhaled or ingested, is generally evaluated 
subsequently by in vivo counting methods [83] (thyroid monitoring [84] or whole-
body counting) but the drawback is that no distinction between intake from inhala-
tion or from ingestion can be done without additional hypothesis. The knowledge of 
the iodine concentrations in the air if not in real-time at least within a short delay 
after sampling is therefore a strong tool for emergency situation management.

15.5.3  �Routine Discharges

15.5.3.1  �Radiopharmaceutical Production

Medical isotope production facilities (MIPFs) have the highest 131I release authori-
zations (up to 780 and even 1600 GBq years−1 for the two most important ones 
located in Europe). The most widely produced radioiodine is 125I for radio-immuno-
analysis, therapy and diagnostic; and 131I for radiotherapy and diagnosis applica-
tions. Medical isotopes facilities also produce 133I in large quantities, 123I and 124I for 
medical imaging and diagnosis. Up-to-date and detailed information on iodine iso-
topes for medical purpose can be found in [17]. To cope with an increasing demand 
of radiopharmaceuticals, the production has raised and is expected to grow [85, 86]. 
Consequently and despite various abatement techniques [85], the number of 131I 
detections in the atmosphere close to production units is also increasing [87]. The 
January–February 2017 European-scale 131I detection event ensued from a combina-
tion of routine releases from the main European MIPFs and poor atmospheric dis-
persion conditions [88].

15.5.3.2  �Nuclear Medicine Hospitals

Iodine-131 is a frequently used radionuclide in nuclear medicine with therapeutic 
(rather than diagnostic) applications. The activity of 131I involved in diagnosis 
ranges 0.19–3.7 MBq, while it can reach 1.8–9.2 GBq per treatment for a thyroid 
cancer. A standard amount of 123I administered for diagnosis is 110–220 MBq and 
will result in an effective dose of 0.5–2.2 mSv, which is close to the average annual 
natural exposure [17]. One day after the administration of a 131I capsule (NaI) for 
therapeutic purpose, a patient still exhales 131I, mainly (94% to almost 100%) in 
organically bound form [89, 90]. Depending on the diagnostic or therapeutic pur-
pose of the treatment, a patient will stay 1–3 days at the hospital before leaving. The 
first case corresponds to an ambulatory stay for which about 70% of the adminis-
trated 131I activity will be excreted in the municipal sewerage system once the patient 
returns home and taking into account the radioactive decay. In the second case 
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(therapeutic), the percentage of iodine entering the sewerage system is usually 
insignificant if the nuclear-medicine hospital is (as it is usually the case) equipped 
with septic tanks in which urines from lavatories are distinctly collected and stored 
for 131I decay up to 3 months before discharge to municipal sewerage. Regarding 
excretion, more than 90% of iodine loss from the body is due to renal clearance of 
iodide [28]. However, part of urines may be directly released in the hospital showers 
and thus may escape without significant decay before leaving the hospital. Excretion 
through feces is about 10–12% that of urinary excretion, but feces are usually 
drained out directly without storage and significant decay as for urines because of 
the nosocomial hazard that has to be avoided within the hospital premises [88]. 
Depending on the treatment, almost all the administrated iodine will finally be evac-
uated from the body within at least a week with an effective half-life of a dozen 
hours for a carcinoma thyroid, to more than 100 h for patients suffering from hyper-
thyroidism [91, 92].

15.5.3.3  �Sewage, Waste Water Treatment Plants, and Sludge Incinerators

The patient-to-sewage pathway either from hospitals or from home may thus repre-
sents a widespread source of 131I to the environment at many locations. Finally, tak-
ing account of the activity of urines that escape to the decay tank and that of feces 
excretion, an estimate of about 20% can be retained for the activity that will be 
released in the municipal sewer system for patients treated for therapeutic purposes. 
In addition, excreta may be exempt from regulations that address disposal of radio-
activity into municipal sewerage. Wastewater treatment plants (WWTP) settled in 
watershed area equipped with nuclear-medicine hospitals will thus receive a part of 
131I excreted by patients through hospital effluent or from domestic effluents, once 
returned at home. Iodine-131 entering the WWTP will be covalently bound to 
organic matter, a reaction that is essentially irreversible [93]. According to Kitto 
et al. [94], water treatment process and chemical forms (e.g., organic or inorganic) 
of 131I in the waste influence the ability of the isotope to concentrate in the sludge. 
The authors confirm that most 131I emission to the atmosphere from a WWTP came 
originally from excreta entering the plant, then concentrated in dried sludge and 
finally burned in the WWTP incinerator. According to Hormann and Fischer [95], 
20% at most of the 131I inflow activity is retained in the sludge. However, the real 
amount of remaining 131I greatly depends on the internal structure of the WWTP and 
time spent by the sludge in the circulation processes prior to their incineration or 
further treatments, which make it possible for radioactive decay [96]. Other synthe-
ses have reported a 131I retention in sludge ranging 2% to about 20% [97, 98]. 
Incineration of dried sewage sludge inside WWTP is increasingly applied and 
encouraged to reduce their transportation cost outside from the plant, to increase the 
yield of sludge driers or for heating of the premises. Despite the physical decrease 
of 131I during its residence time inside the plant plus filtration and scrubbing systems 
to clean the fumes before discharge, WWTP incinerators are prospective 131I re-
emission source to the atmosphere. Typical atmospheric 131I emission is about 1% 
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of the amount entering the plant as wastewater [99] and typical airborne 131I activity 
of several mBq  m−3 at 300  m from a WWTP incinerator were observed [100]. 
Typical daily emissions of gaseous 131I have been estimated between 15 and 60 kBq 
[94] from such facilities but are of no concern for public health. They are worth 
mentioning however, since they can explain the detection of 131I in the atmosphere 
close to medical facilities/hospitals or WWTPs.

15.5.3.4  �Reprocessing Plants (RPs)

Nuclear fission of 235U and 239Pu produces 129I and 131I among other radionuclides. At 
the end of a 4-year activity, the core of a PWR 1300 MW reactor contains about 
400 PBq of 131I and 75 GBq of 129I. According to the time spent between de-fueling 
and reprocessing (about 8–10 years), all 131I has totally disappeared by radioactive 
decay, whereas 129I is almost entirely present during reprocessing operation. This 
iodine isotope remains stored in the fuel pellets until the dissolution and solvent 
extraction steps involved in the reprocessing of spent nuclear fuel which leads to the 
release of significant amounts of 129I. Despite trapping and filtration of the fumes, a 
small proportion (ca. 1%) of 129I is emitted to the atmosphere. Main RPs currently 
in operation are located in La Hague (France) since 1966, in Mayak (Russian 
Federation) since 1948, and in Rokkasho (Japan) [101] since 2000. Other RPs have 
ceased operation, such as in the USA: West Valley since 1980, Hanford (1944–
1988), Savannah River (1954–1989); in Europe: Sellafield (UK, 1951–ended 
November 2018 for the Thermal Oxide Reprocessing Plant—THORP), Marcoule 
(France, 1959–1997), Karlsruhe (Germany, 1970–1990); Tokai-mura (Japan, 1977–
2006); Seversk and Zheleznogorsk (Russian Federation, 1956 and 1964–1995). 
Other plants are likely to be still in operation at the Mayak industrial complex, and 
in India (Trombay, Tarapur, and Kalpakkam). Detailed estimated amounts of 129I 
released to the atmosphere are summarized in [102] and in [103]. Due to its long 
half-life, 129I accumulates in the environment including atmosphere, hydrosphere, 
and biosphere and will continue to accumulate. The estimate of the naturally pro-
duced 129I amount is ca. 250 kg, while the input from anthropogenic activities can be 
evaluated to more than 6500 kg [2], among which 99% originates from reprocessing 
activities [104]. It has been assumed by [102] that the average atmospheric 129I 
releases from the Savannah River facilities was at 58% in a gaseous form. By 2012, 
the reprocessing plant in La Hague had discharged 4677 kg 129I into the English 
Channel and 77 kg (~2%) of 129I into the atmosphere, in addition to the 1634 kg 129I 
into the Irish Sea and 197  kg (~12%) into the atmosphere from the Sellafield 
RP. Yearly 129I atmospheric release authorizations for La Hague and Sellafield RPs 
are 18  GBq  years−1 and 70  GBq  years−1, respectively. Actual releases represent 
about 30–34% for la Hague [105] and 14% for Sellafield, of those authorizations. In 
addition, the 131I release of Sellafield was about 1.2% of the yearly authorization 
(37 GBq years−1) [106]. Despite of a higher amount of 129I released by the Fukushima 
accident (129I/131I ratio isotopic ratio = 31.6 ± 8.9, as of March 15, 2011) [82], it was 
impossible to discern the Fukushima-derived 129I, while 131I was easily detectable in 
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Europe after the arrival of the contaminated air masses [107]. This was due to the 
129I background originating from European RP discharges [108, 109]. Today most 
129I, if not directly deposited on or discharged to the ocean, has migrated in the 
marine environment. At a more or less local scale, 129I can also be found in the ter-
restrial environment close to reprocessing facilities or waste disposal repositories. 
Based on stable iodine distribution in soils, it is apparent that soil-iodine enrichment 
is limited to about 100–120 km from coastal areas. It can be hypothesized that the 
same impact can be found for 129I [110].

15.5.3.5  �Nuclear Power Plants (NPPs)

In comparison with fuel reprocessing, the nuclear energy industry has much limited 
authorizations and much lower actual radioiodine discharges to the atmosphere 
since most iodine remains basically trapped in the fuel rods. Despite the various 
techniques used to purify the fumes, residual radioiodine activities are released to 
the atmosphere (about 15 iodine isotopes but mainly 131I and 133I). However, no sig-
nificant increase in the 129I by AMS measurement technique and no detection of 131I 
activity in the surroundings of NPPs have been reported [111] to our knowledge, in 
routine operations. Nedveckaite et al. [112] investigated the reason for thyroid dis-
orders around the Ignalina nuclear power plant and concluded that thyroid disorders 
ensued from a stable iodine supply deficiency. Taking the case of the French NPPs 
(pressurized water reactor technology) as an example, the yearly authorized release 
for radioiodine is 0.4 GBq years−1 for each reactor. The average actual discharge for 
each reactor is estimated to be ca. 0.016 GBq years−1. This estimate is based on 
accountancy rules established in France according to which the detection limits are 
considered as being reached even when the measurement result remains below. The 
actual discharges are likely to be smaller. Additionally, it is supposed that most 131I 
(CH3I) discharges occur during gaseous trap efficiency tests.

The contribution of routine emissions to the atmosphere from these different 
industries or activities (MIPF, NPP, sewage sludge incinerators, etc.) has recently 
been investigated on the occasion of the early 2017 European-scale detection event 
of airborne 131I [88]. The expected contributions of various typical routine releases 
to the ambient atmospheric concentration during this detection event were ranked as 
follows: MIPF > sewage sludge incinerators > NPP > spontaneous fission of ura-
nium in soil.

Between routine discharges and accident releases, there have been several 131I 
release incidents within or close to authorization limits, in the recent years from 
nuclear reactors or MIPFs. Borisov et al. [113] reported the use of combined filter 
and charcoal packs for the complex analysis of air nearby the St Petersburg NPP 
(probably in March 1992) with 60–70% of total 131I in gaseous form associated with 
contamination level of 104 Bq m−3 [113]. On August 22, 2008, at the Institut des 
RadioEléments (IRE) in Fleurus (Belgium), 47  GBq of elemental iodine were 
released at once [114], which corresponded to the yearly authorization limit. This 
incident was rated 3 on the INES scale (International Nuclear and radiological 
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Event Scale), but no airborne 131I measurement has been reported. In the time inter-
val between September 8 and November 16, 2011, 342 GBq of 131I, compared to the 
1600 GBq yearly authorized, were released from an activation facility at the Institute 
of Isotopes Ltd., Hungary [115]. This incident was rated 1 on the INES. It led to 
detections in the range of a few to several tens of μBq m−3 in Europe, and even in 
animal thyroids [84]. Other 131I detections in the μBq m−3 to tens μBq m−3 range 
occur from time to time as, for example, in April 2010 in Sweden and Germany; in 
March 2011 (the week prior to the F1NPP accident) in several countries in Europe; 
in September to October 2011 as previously indicated; in February 2012 in several 
European countries; in December 2013 in Scandinavia; in March and May 2015 in 
Sweden, Finland, Norway, Poland, France, Russian Federation; in January–February 
2017 and in January–February 2018, in Europe. Figure 15.5 shows the contribution 
of various 131I source emissions. Iodine-131 induced by the spontaneous fission of 
uranium has been added for comparison. Its contribution to ambient airborne activ-
ity is much lower than any other anthropogenic emissions [88] and is out of reach of 
conventional HPGe gamma spectrometry detectors. At distance from the various 
emission points, only large-scale releases (on the order of magnitude of several tens 
GBq) can be detectable by low-level gamma spectrometry combined with high-
volume aerosol sampling. However, close to routine discharge points (MIPFs, 
nuclear-medicine hospitals, sewage incinerators), 131I may be detected 
occasionally.
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15.6  �Conclusion

The presence of radioiodine in the environment is of major concern for radioprotec-
tion issues for workers and members of the public. Regardless of the iodine isotope 
(129I, 131I, 132I); of the situation (routine release, incident, or accident); and the nuclear 
activity (radiopharmaceutical production and use, nuclear energy production, 
nuclear reprocessing), an overall dominant iodine gaseous fraction has to be consid-
ered in the global atmosphere at distance from the emission source. The dominancy 
of the radioiodine gaseous fraction is about 4–5 times higher compared to the 
aerosol-bound fraction. This pattern applies for Three Mile Island, Chernobyl, and 
Fukushima Daiichi NPP accidents at more or less long distances from the release 
points, i.e., where the concentrations of the different radioactive iodine-containing 
species have significantly decreased because of (1) plume dispersion, (2) deposition 
mechanisms (dry + wet) involved along the route of the contaminated air masses 
and according to different deposition velocities linked to the different iodine-
containing species, (3) photochemical reaction of gaseous iodine with ozone and 
NOx leading to oxide particles [8, 116], and (4) the sorption kinetics of gaseous 
iodine onto ambient aerosols, to a lesser extent.

Exemptions to this scheme (i.e., a dominant radioiodine particulate fraction) may 
temporarily occur when a high amount of aerosol is produced as during explosions 
and fires affecting a nuclear reactor or its outer superstructures. At short distances, 
the release features and/or accident scenario therefore control the distribution of 
radioiodine, and it is difficult to predict from where and when it will return in favor 
of the gaseous fraction. This is all more important than at such distances the air-
borne radioiodine activity levels are likely to be a matter of health issues, and the 
resulting inhalation dose assessment will be sensitive to the detailed speciation of 
iodine between gaseous inorganic and organic species, plus aerosol-bound species. 
During explosions and fires, which is typically what happened during the Chernobyl 
and Fukushima accident, the amount of particles is likely to enhance the proportion 
of aerosol-bound iodine. This is also typically what was observed during atmo-
spheric nuclear weapon detonations. In the Fukushima-Daiichi NPP case, explosion 
phases alternated with venting, scrubbing, and leaking phases, which exhibited a 
higher gaseous proportion. Methyl iodide (CH3I) and elemental iodine (I2) have 
higher dose coefficients than aerosol-bound species since they settle at 70% and 
100%, respectively. At a more detailed stage, is thus of primary importance to know 
or assess the gaseous chemical speciation (organic and inorganic species) to derive 
a realistic dose assessment in the early stage of an accident. Indeed, if the gaseous 
fraction remains unmonitored or ignored, the inhalation dose can be underestimated 
by a factor of about 6. Recent accident or incident situations involving 131I releases 
show the need to shift to a higher sampling frequency for most accurate source term 
estimates and in the case of an undeclared or a priori unknown release, to locate the 
source location with less uncertainty.

Among the gaseous species, organic gaseous iodine (CH3I as a representative) is 
the dominant 131I species in the atmosphere after an accident situation while it is 
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expected to remain lower than elemental iodine (I2) during a normal operation. 
Differences in I2 and HOI contributions were noticed depending on the type of acci-
dent (TMI and Chernobyl). In addition to the contribution of iodine-containing spe-
cies to the inhalation dose assessment, it is important to consider the contribution of 
132I induced by decay of 132Te which could lead to a 30% underestimation in the 
inhalation thyroid dose. Apart from the three main iodine chemical species for which 
inhalation dose coefficients have been established, little is known about the 131I in 
the form of hypoiodous acid (HOI) in the atmosphere. Moreover, no inhalation dose 
coefficient exists for this species. There are some indications of a significant contri-
bution (up to 40%) of HO131I to the total 131I content in the atmosphere when dealing 
with routine discharges and up to 10% during accident releases. Due to the high 
photo-dissociation rate of I2, it has even been proposed to replace I2 by HOI and 
IONO2 species with regard to inorganic species to be considered [6]. More investi-
gations on routine releases are welcome. By default, the following distribution can 
be adopted in the absence of detailed information: 25% for particulate iodine spe-
cies, 25% for gaseous inorganic species, and 50% for gaseous organic species.

Other topics of interest are directly or indirectly linked to the increasing use of 
radiopharmaceuticals for the purpose of both diagnostics and treatments of malig-
nant tumors, and the increasing number of patients. The routine radiopharmaceuti-
cal production exhibits by far the highest routine releases, and some recent incidents 
in Europe have highlighted this source. At a lesser extent, atmospheric discharges 
from waste water treatment plants equipped with incinerators and located on water-
sheds with nuclear-medicine hospitals can be considered as possible source of 131I 
emission to the atmosphere, despite cleaning techniques applied to the fumes. 
Preliminary investigations have already been carried out in Germany [95], Poland, 
and in the USA [94] but remain limited in number. However, their impact in terms 
of dose to the residents living nearby is also worth to be assessed.

Despite the Chernobyl and Fukushima accidents, there is still a lack of informa-
tion and sampling capabilities dedicated to the knowledge of iodine in the atmo-
sphere and especially regarding its gaseous component.

References

	 1.	Saiz-Lopez A, Fernandez RP, Ordóñez C, Kinnison DE, Martín JCG, Lamarque JF, et al. Iodine 
chemistry in the troposphere and its effect on ozone. Atmos Chem Phys. 2014;14:13119–43.

	 2.	Hou X, Hansen V, Aldahan A, Possnert G, Lind OC, Lujaniene G. A review on speciation of 
iodine-129 in the environmental and biological samples. Anal Chim Acta. 2009;632:181–96.

	 3.	Trincal J. Modélisation du comportement de l’iode dans l’atmosphère. PhD thesis, Université 
de Lille, France. 2015.

	 4.	Landis JD, Hamm NT, Renshaw CE, Dade WB, Magilligan FJ, Gartner JD. Surficial redis-
tribution of fallout 131iodine in a small temperate catchment. Proc Natl Acad Sci U S A. 
2012;109:4064–9.

	 5.	Kulyukhin SA, Kulemin VV, Rumer IA, Konovalova NA. Gas-phase UV photolysis of CH3 
131I. Radiochemistry. 2005;47:296–300.

O. Masson et al.



199

	 6.	Filistovic V, Nedveckaite T. Photochemical aspects of the behavior of the atmospheric radio-
iodine after the Chernobyl accident. J Radioanal Nucl Chem. 1999;242:75–80.

	 7.	Saiz-Lopez A, Plane JMC, Cuevas CA, Mahajan AS, Lamarque JF, Kinnison DE. Nighttime 
atmospheric chemistry of iodine. Atmos Chem Phys. 2016;16:15593–604.

	 8.	 Jenkin ME, Cox RA, Candeland DE. Photochemical aspects of tropospheric iodine behav-
iour. J Atmos Chem. 1985;2:359–75.

	 9.	Trincal J, Cantrel L, Cousin F, Fevre-Nollet V, Lebegue P.  Impact of atmospheric species 
reactivity on radioactive gaseous iodine transport in severe accident conditions. WIT Trans 
Ecol Environ. 2015;198:77–86.

	 10.	Chameides WC, Davis DD. Iodine: its possible role in tropospheric chemistry. J Geophys Res 
Atmos. 1980;85:7383–98.

	 11.	Brookhaven National Laboratory. Interactive chart of nuclides, NuDat 2.7. 2019. https://
www.nndc.bnl.gov/nudat2/. Accessed Jan 2019.

	 12.	Chu SYF, Ekström LP, Firestone RB. Table of radioactive isotopes. 2019. http://nucleardata.
nuclear.lu.se/toi/nucSearch.asp. Accessed Jan 2019.

	 13.	 ICRP 38. Radionuclides transformations, energy and intensity of emissions. ICRP Publication 
38; 1983.

	 14.	Laraweb. Library for gamma and alpha emissions. 2019. http://www.nucleide.org/Laraweb/
index.php. Accessed Jan 2019.

	 15.	OECD.  JEFF-3.3. 2017. http://www.oecd-nea.org/dbdata/jeff/jeff33/index.html. Accessed 
Jan 2019.

	 16.	Fan Y, Hou X, Zhou W. Progress on 129I analysis and its application in environmental and 
geological researches. Desalination. 2013;321:32–46.

	 17.	Shirakami Y.  Radioactive Iodine. In: Kaiho T, editor. Iodine chemistry and applications. 
Hoboken: Wiley; 2015. p. 605–23.

	 18.	Haapanen A.  Results of monitoring at Olkiluoto in 2008  – environment: Posiva Working 
Report 2009-45. 2009.

	 19.	UNSCEAR.  Sources and effects of ionising radiation (Report to the General Assembly). 
New York: United Nations; 2000.

	 20.	Veiga LHS, Holmberg E, Anderson H, Pottern L, Sadetzki S, Adams MJ, et al. Thyroid can-
cer after childhood exposure to external radiation: an updated pooled analysis of 12 studies. 
Radiat Res. 2016;185:473–84.

	 21.	 Ivanov V, Kashcheev V, Chekin S, Maksioutov M, Tumanov K, Menyajlo A, et al. Results of 
the thyroid cancer epidemiological survey in Russia following the Chernobyl accident. In:  
Thyroid cancer and nuclear accidents: long-term aftereffects of Chernobyl and Fukushima. 
Amsterdam: Academic Press; 2017. p. 88–95.

	 22.	 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 Dosim. 
2012;151:489–99.

	 23.	Tronko M, Brenner AV, Bogdanova T, Shpak V, Oliynyk V, Cahoon EK, et  al. Thyroid 
neoplasia risk is increased nearly 30 years after the Chernobyl accident. Int J Cancer. 
2017;141:1585–8.

	 24.	Kesminiene A, Evrard AS, Ivanov VK, Malakhova IV, Kurtinaitise J, Stengrevics A, et al. 
Risk of thyroid cancer among Chernobyl liquidators. Radiat Res. 2012;178:425–36.

	 25.	 ICRP 71. Age-dependent doses to members of the public from intake of radionuclides. Part 
4. Inhalation dose coefficients. ICRP Publication 71; 1995.

	 26.	 ICRP 68. Dose coefficients for intakes of radionuclides by workers. ICRP Publication 68; 
1994.

	 27.	Morgan A, Morgan DJ, Evans JC, Lister BAJ.  Studies on the retention and metab-
olism of inhaled methyl iodide-II: metabolism of methyl iodide. Health Phys. 
1967;13:1067–74.

	 28.	 ICRP 137. Occupational intakes of radionuclides. ICRP Publication 137; 2017.

15  Radioiodine Releases in Nuclear Emergency Scenarios

https://www.nndc.bnl.gov/nudat2/
https://www.nndc.bnl.gov/nudat2/
http://nucleardata.nuclear.lu.se/toi/nucSearch.asp
http://nucleardata.nuclear.lu.se/toi/nucSearch.asp
http://www.nucleide.org/Laraweb/index.php
http://www.nucleide.org/Laraweb/index.php
http://www.oecd-nea.org/dbdata/jeff/jeff33/index.html


200

	 29.	 ICRP 66. Human respiratory tract model for radiological protection. ICRP Publication 66; 
1994.

	 30.	 ICRP 72. Age-dependent doses to the members of the public from intake of radionuclides - 
part 5 compilation of ingestion and inhalation coefficients. ICRP Publication 72; 1996.

	 31.	EUR-lex. Council Directive 96/29/Euratom of 13 May 1996 laying down basic safety stan-
dards for the protection of the health of workers and the general public against the dangers 
arising from ionizing radiation. 1996. https://eur-lex.europa.eu/eli/dir/1996/29/oj. Accessed 
Jan 2019.

	 32.	Ogorodnikov BI, Budyka AK, Pazukhin ÉM, Krasnov VA.  Aerosol emissions from the 
destroyed power-generating unit of the Chernobyl nuclear power plant in 1986 and 2003-
2005. Atomic Energy. 2006;100:264–70.

	 33.	 ICRP. ANNEX B: deposition, characterisation, and sampling of radioactive aerosols. Ann 
ICRP. 2002;32:139–306.

	 34.	Shinkarev SM, Kotenko KV, Granovskaya EO, Yatsenko VN, Imanaka T, Hoshi M. Estimation 
of the contribution of short-lived radioiodines to the thyroid dose for the public in case of 
inhalation intake following the Fukushima accident. Radiat Prot Dosim. 2015;164:51–6.

	 35.	Balonov M, Kaidanovsky G, Zvonova I, Kovtun A, Bouville A, Luckyanov N, et  al. 
Contributions of short-lived radioiodines to thyroid doses received by evacuees from the 
Chernobyl area estimated using early in  vivo activity measurements. Radiat Prot Dosim. 
2003;105:593–9.

	 36.	Tokonami S, Hosoda M. Thyroid equivalent doses for evacuees and radiological impact from 
the Fukushima nuclear accident. Radiat Meas. 2018;119:74–9.

	 37.	European Commission. Radiation Protection No. 165; Medical effectiveness of iodine pro-
phylaxis in a nuclear reactor emergency situation and overview of European practices. 2010. 
https://ec.europa.eu/energy/sites/ener/files/documents/165.pdf.

	 38.	HERCA. New European approach for cross-border emergency preparedness. 2014. http://
www.herca.org/herca_news.asp?newsID=41. Accessed Jan 2019.

	 39.	Reiners C, Schneider R. Potassium iodide (KI) to block the thyroid from exposure to I-131: 
current questions and answers to be discussed. Radiat Environ Biophys. 2013;52:189–93.

	 40.	Ministry of Health and Long-Term Care (Canada). Potassium Iodide (KI) Guidelines. 2014. 
http://www.health.gov.on.ca/en/pro/programs/emb/rhrp/docs/ki_guidelines.pdf. Accessed 
Jan 2019.

	 41.	Kramer GH, Hauck BM, Chamberlain MJ. Biological half-life of iodine in adults with intact 
thyroid function and in athyreotic persons. Radiat Prot Dosim. 2002;102:129–35.

	 42.	WHO.  Use of potassium iodide for thyroid protection during nuclear or radiological 
emergencies. Geneva: WHO; 2011. https://www.who.int/ionizing_radiation/pub_meet/
tech_briefings/potassium_iodide/en/.

	 43.	Petrova K, Jankovec M, Fojtíkova I, Hůlka J. New challenges in crisis communication − 
the results of sociological survey in the Czech Republic. In: Proceedings of the RICOMET 
2017 conference: social and ethical aspects of decision-making in radiological risk situations. 
IAEA: Vienna, Austria. 27−29th June 2017.

	 44.	 Izrael YA. Radioactivity in the environment, vol. 3. New York: Elsevier; 2002.
	 45.	Hu Q, Moran JE.  Iodine. In: Atwood DA, editor. Radionuclides in the environment. 

Chichester: Wiley; 2010. p. 165–78.
	 46.	NCRP. 129I: evaluation releases from nuclear power generation. Report NCRP no. 75. 

Bethesda: National Council on Radiation Protection and Measurements; 1983.
	 47.	Prăvălie R. Nuclear weapons tests and environmental consequences: a global perspective. 

Ambio. 2014;43:729–44.
	 48.	UNSCEAR.  United Nations Scientific Committee on the Effects of Atomic Radiation. 

Reports to the General Assembly of the United Nations. New York: United Nations; 1982.
	 49.	Gilbert ES, Huang L, Bouville A, Berg CD, Ron E. Thyroid cancer rates and 131I doses from 

Nevada atmospheric nuclear bomb tests: an update. Radiat Res. 2010;173:659–64.

O. Masson et al.

https://eur-lex.europa.eu/eli/dir/1996/29/oj
https://ec.europa.eu/energy/sites/ener/files/documents/165.pdf
http://www.herca.org/herca_news.asp?newsID=41
http://www.herca.org/herca_news.asp?newsID=41
http://www.health.gov.on.ca/en/pro/programs/emb/rhrp/docs/ki_guidelines.pdf
https://www.who.int/ionizing_radiation/pub_meet/tech_briefings/potassium_iodide/en/
https://www.who.int/ionizing_radiation/pub_meet/tech_briefings/potassium_iodide/en/


201

	 50.	UNSCEAR. Report to the general assembly (Annex B—Exposures from man-made sources 
of radiation). 1993. http://www.unscear.org/docs/reports/1993/1993c_pages%2091-120.pdf. 
Accessed Jan 2019.

	 51.	Steinhauser G, Chávez-Ortega M, Vahlbruch J-W. Japanese food data challenge the claimed 
link between Fukushima’s releases and recently observed thyroid cancer increase in Japan. 
Sci Rep. 2017;7:10722.

	 52.	Colombani J, Gregoire AC, Morin S. Main findings of the IRSN experimental programs per-
formed on iodine chemistry in severe accident conditions. In: Proceedings of the International 
OECD/NEA-NUGENIA/SARNET Workshop April 1, 2015. Marseille (France). 2015.

	 53.	Nikipelov BV, Romanov GN, Buldakov LA, Babaev NS, Kholina YB, Mikerin EI. Accident 
in the southern Urals on 29 September 1957. International Atomic Energy Agency Report 
INFCIRC-368, Vienna; 1989.

	 54.	Wakeford R. A double diamond anniversary - Kyshtym and Windscale: the nuclear accidents 
of 1957. J Radiol Prot. 2017;37:E7–E13.

	 55.	Garland JA, Wakeford R. Atmospheric emissions from the Windscale accident of October 
1957. Atmos Environ. 2007;41:3904–20.

	 56.	McNally RJQ, Wakeford R, James PW, Basta NO, Alston RD, Pearce MS, et al. A geographi-
cal study of thyroid cancer incidence in north-west England following the Windscale nuclear 
reactor fire of 1957. J Radiol Prot. 2016;36:934–52.

	 57.	Levin RJ, De Simone NF, Slotkin JF, Henson BL. Incidence of thyroid cancer surrounding 
three mile island nuclear facility: the 30-year follow-up. Laryngoscope. 2013;123:2064–71.

	 58.	Rogovin M, Frampton GT, Cornell EK, DeYoung RC, Budnitz R, Norry P. Three Mile Island: 
a report to the commission and the public. NUREG/CR 1250 volume 1. Washington: US 
NRC; 1980. 184 pp

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

	 60.	 IAEA. The Fukushima Daiichi accident. Technical volume 1/5. Description and context of 
the accident. Vienna: IAEA STI/PUB/1710. 2015.

	 61.	 IRSN. Information report, 22 March 2011. 2011. www.irsn.fr/EN/news/Documents/IRSN_
fukushima-radioactivityreleased-assessment-EN.pdf. Accessed Jan 2019.

	 62.	Mathieu A, Korsakissok I, Quélo D, Groëll J, Tombette M, Didier D, et  al. Atmospheric 
dispersion and deposition of radionuclides from the Fukushima Daiichi nuclear power plant 
accident. Elements. 2012;8:195–200.

	 63.	MEXT. Radioactive substance emission data, press release, October 20, 2011. 2011. www.
meti.go.jp/press/2011/10/20111020001/20111020001.pdf. (in Japanese). Accessed Jan 2019.

	 64.	NISA. Evaluation of the status of reactor cores in units 1–3 of the Fukushima Daiichi nuclear 
power plant. 2011. http://www.meti.go.jp/press/2011/06/20110606008/20110606008-2.pdf. 
(in Japanese). Accessed Jan 2019.

	 65.	Povinec PP, Gera M, Holý K, Hirose K, Lujaniené G, Nakano M, et  al. Dispersion of 
Fukushima radionuclides in the global atmosphere and the ocean. Appl Radiat Isot. 
2013;81:383–92.

	 66.	Saunier O, Mathieu A, Didier D, Tombette M, Quélo D, Winiarek V, et al. An inverse model-
ing method to assess the source term of the Fukushima nuclear power plant accident using 
gamma dose rate observations. Atmos Chem Phys. 2013;13:11403–21.

	 67.	Steinhauser G, Brandl A, Johnson TE. Comparison of the Chernobyl and Fukushima nuclear 
accidents: a review of the environmental impacts. Sci Total Environ. 2014;470–471:800–17.

	 68.	UNSCEAR.  Sources, effects and risks of ionizing radiation. UNSCEAR 2013 Report, 
Volume I, Scientific Annex A. Levels and Effects of Radiation Exposure due to the Nuclear 
Accident after the 2011 Great East-Japan Earthquake and Tsunami New York. 2014.

	 69.	Yamada M. A brief review of environmental impacts and health effects from the accidents 
at the three Mile Island, Chernobyl and Fukushima Daiichi nuclear power plants. Radiat. 
Emerg. Med. 2012;1:33–9.

15  Radioiodine Releases in Nuclear Emergency Scenarios

http://www.unscear.org/docs/reports/1993/1993c_pages 91-120.pdf
http://www.irsn.fr/EN/news/Documents/IRSN_fukushima-radioactivityreleased-assessment-EN.pdf
http://www.irsn.fr/EN/news/Documents/IRSN_fukushima-radioactivityreleased-assessment-EN.pdf
http://www.meti.go.jp/press/2011/10/20111020001/20111020001.pdf
http://www.meti.go.jp/press/2011/10/20111020001/20111020001.pdf
http://www.meti.go.jp/press/2011/06/20110606008/20110606008-2.pdf


202

	 70.	Gallagher D, McGee EJ, Mitchell PI, Alfimov V, Aldahan A, Possnert G.  Retrospective 
search for evidence of the 1957 Windscale fire in NE Ireland using 129I and other long-lived 
nuclides. Environ Sci Technol. 2005;39:2927–35.

	 71.	Steinhauser G. Fukushima’s forgotten radionuclides: a review of the understudied radioactive 
emissions. Environ Sci Technol. 2014;48:4649–63.

	 72.	Lozano RL, Hernandez-Ceballos MA, Adame JA, Casas-Ruiz M, Sorribas M, San Miguel 
EG, et al. Radioactive impact of Fukushima accident on the Iberian Peninsula: evolution and 
plume previous pathway. Environ Int. 2011;37:1259–64.

	 73.	Knetsch GJ. Environmental radioactivity in the Netherlands. Results in 2011. RIVM report 
610891004/2013. 2013.

	 74.	De Vismes OA, Gurriaran R, Cagnat X, Masson O. Fission product activity ratios measured at 
trace level over France during the Fukushima accident. J Environ Radioact. 2013;125:6–16.

	 75.	Gudelis A, Druteikiene R, Lujaniene G, Maceika E, Plukis A, Remeikis V. Radionuclides in 
the ground-level atmosphere in Vilnius, Lithuania, in March 2011, detected by gamma-ray 
spectrometry. J Environ Radioact. 2012;109:13–8.

	 76.	Lujanienė G, Byčenkienė S, Povinec PP, Gera M. Radionuclides from the Fukushima acci-
dent in the air over Lithuania: measurement and modelling approaches. J Environ Radioact. 
2012;114:71–80.

	 77.	Doizi D, Reymond la Ruinaz S, Haykal I, Manceron L, Perrin A, Boudon V, et al. Analytical 
measurements of fission products during a severe nuclear accident. EPJ Web Conf. 
2018;170:08005.

	 78.	Xu S, Zhang L, Freeman SPHT, Hou X, Shibata Y, Sanderson D, et al. Speciation of radi-
ocesium and radioiodine in aerosols from Tsukuba after the Fukushima nuclear accident. 
Environ Sci Technol. 2015;49:1017–24.

	 79.	Muramatsu Y, Matsuzaki H, Toyama C, Ohno T. Analysis of 129I in the soils of Fukushima 
prefecture: preliminary reconstruction of 131I deposition related to the accident at Fukushima 
Daiichi nuclear power plant (FDNPP). J Environ Radioact. 2015;139:344–50.

	 80.	Pietrzak-Flis Z, Krajewski P, Radwan I, Muramatsu Y.  Retrospective evaluation of 131I 
deposition density and thyroid dose in Poland after Chernobyl accident. Health Phys. 
2003;84:698–708.

	 81.	Yang G, Tazoe H, Yamada M. Can 129I track 135Cs, 236U, 239Pu, and 240Pu apart from 131I in soil 
samples from Fukushima prefecture, Japan? Sci Rep. 2017;7:15369.

	 82.	Miyake Y, Matsuzaki H, Fujiwara T, Saito T, Yamagata T, Honda M, et  al. Isotopic ratio 
of radioactive iodine (129I/131I) released from Fukushima Daiichi NPP accident. Geochem J. 
2012;46:327–33.

	 83.	Kim E, Kurihara O, Tani K, Ohmachi Y, Fukutsu K, Sakai K, et al. Intake ratio of 131I to 137CS 
derived from thyroid and whole-body doses to Fukushima residents. Radiat Prot Dosim. 
2015;168:408–18.

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

	 85.	Doll CG, Sorensen CM, Bowyer TW, Friese JI, Hayes JC, Hoffmann E, et al. Abatement of 
xenon and iodine emissions from medical isotope production facilities. J Environ Radioact. 
2014;130:33–43.

	 86.	Karpov Institute of Physical Chemistry. Activity report. 2017. http://www.rosatom.ru/upload/
iblock/334/334f8a20cd4f2b02cb25e58b48190bd8.pdf. (in Russian). Accessed Jan 2019.

	 87.	Ageevа NV, Kim VM, Vasilieva KI, Katkova MN, Volokitin AA, Polyanskaya ON. Long-
term monitoring airborne I-131  in the surface layer in Obninsk city. Radiation & Risk. 
2015;24:96–107.

	 88.	Masson O, Steinhauser G, Wershofen H, Mietelski JW, Fischer HW, Pourcelot L, et  al. 
Potential source apportionment and meteorological conditions involved in airborne 131I detec-
tions in January/February 2017 in Europe. Environ Sci Technol. 2018;52:8488–500.

	 89.	Schomäcker K, Sudbrock F, Fischer T, Dietlein M, Kobe C, Gaidouk M, et al. Exhalation of 
131I after radioiodine therapy: measurements in exhaled air. Eur J Nucl Med Mol Imaging. 
2011;38:2165–72.

O. Masson et al.

http://www.rosatom.ru/upload/iblock/334/334f8a20cd4f2b02cb25e58b48190bd8.pdf
http://www.rosatom.ru/upload/iblock/334/334f8a20cd4f2b02cb25e58b48190bd8.pdf


203

	 90.	Sudbrock F, Fischer T, Zimmermanns B, Drzezga A, Schomäcker K. Exhalation of 131I after 
radioiodine therapy: Dosimetric considerations based on measurements in exhaled air. J 
Environ Radioact. 2017;166:162–5.

	 91.	Ravichandran R, Binukumar JP, Al Saadi A. Estimation of effective half life of clearance of 
radioactive iodine (131I) in patients treated for hyperthyroidism and carcinoma thyroid. Indian 
Journal of Nuclear Medicine. 2010;25:49–52.

	 92.	Willegaignon J, Malvestiti LF, Guimarães MI, Sapienza MT, Endo IS, Neto GC, 
et  al. 131I effective half-life (Teff) for patients with thyroid cancer. Health Phys. 
2006;91:119–22.

	 93.	Yeager CM, Amachi S, Grandbois R, Kaplan DI, Xu C, Schwehr KA, et  al. Microbial 
transformation of iodine: from radioisotopes to iodine deficiency. Adv Appl Microbiol. 
2017;101:83–136.

	 94.	Kitto ME, Fielman EM, Fielman SE, Gillen EA. Airborne 131I at a background monitoring 
site. J Environ Radioact. 2005;83:129–36.

	 95.	Hormann V, Fischer HW. The physicochemical distribution of 131I in a municipal wastewater 
treatment plant. Internal report, University of Bremen; 2017. pp. 1–17.

	 96.	Hormann V, Fischer HW.  A simple compartment model for the dynamical behavior of 
medically derived 131I in a municipal wastewater treatment plant. Environ Sci Technol. 
2018;52:9235–42.

	 97.	Fenner FD, Martin JE. Behavior of Na131I and Meta (131I) Iodobenzylguanidine (MIBG) in 
municipal sewerage. Health Phys. 1997;73:333–9.

	 98.	Titley JG, Carey A, Crockett GM, Ham GJ, Harvey MP, Mobbs SF, et al. Investigation of the 
sources and fate of radioactive discharges to public sewers, environment agency R&D techni-
cal report P288. Bristol: Environment Agency; 2000.

	 99.	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.

	100.	Kitto ME, Fielman EM, Hartt GM, Gillen EA, Semkow TM, Parekh PP, et al. Long-term 
monitoring of radioactivity in surface air and deposition in New York state. Health Phys. 
2006;90:31–7.

	101.	Japan Nuclear Fuel Limited. Reprocessing. 2019. https://www.jnfl.co.jp/en/business/repro-
cessing/. Accessed Jan 2019.

	102.	Reithmeier H, Lazarev V, Rühm W, Nolte E. Anthropogenic 129I in the atmosphere: over-
view over major sources, transport processes and deposition pattern. Sci Total Environ. 
2010;408:5052–64.

	103.	Eslinger PW, Napier BA, Anspaugh LR. Representative doses to members of the public from 
atmospheric releases of 131I at the Mayak production association facilities from 1948 through 
1972. J Environ Radioact. 2014;135:44–53.

	104.	Xing S, Hou X, Aldahan A, Possnert G, Shi K, Yi P, et al. Iodine-129 in snow and seawater in 
the Antarctic: level and source. Environ Sci Technol. 2015;49:6691–700.

	105.	Orano. Rapport d’information sur la sûreté nucléaire et la radioprotection du site AREVA la 
Hague (in French). 2014.

	106.	Sellafield Ltd. (2015) Monitoring our Environment. Discharges and environmental monitor-
ing. Annual report.

	107.	Zhang L, Hou X, Xu S. Speciation of 127I and 129I in atmospheric aerosols at Risø, Denmark: 
insight into sources of iodine isotopes and their species transformations. Atmos Chem Phys. 
2016;16:1971–85.

	108.	Daraoui A, Riebe B, Walther C, Wershofen H, Schlosser C, Vockenhuber C, et  al. 
Concentrations of iodine isotopes (129I and 127I) and their isotopic ratios in aerosol samples 
from northern Germany. J Environ Radioact. 2016;154:101–8.

	109.	Xu S, Freeman SPHT, Hou X, Watanabe A, Yamaguchi K, Zhang L. Iodine isotopes in pre-
cipitation: temporal responses to 129I emissions from the Fukushima nuclear accident. Environ 
Sci Technol. 2013;47:10851–9.

	110.	Fuge R. Iodine deficiency: an ancient problem in a modern world. Ambio. 2007;36:70–2.

15  Radioiodine Releases in Nuclear Emergency Scenarios

https://www.jnfl.co.jp/en/business/reprocessing/
https://www.jnfl.co.jp/en/business/reprocessing/


204

	111.	Hou XL, Dahlgaard H, Nielsen SP, Kucera J. Level and origin of Iodine-129 in the Baltic Sea. 
J Environ Radioact. 2002;61:331–43.

	112.	Nedveckaite T, Motiejunas S, Kucinskas V, Mazeika J, Filistovic V, Jusciene D, et  al. 
Environmental releases of radioactivity and the incidence of thyroid disease at the Ignalina 
nuclear power plant. Health Phys. 2000;79:666–74.

	113.	Borisov NB, Budyka AK, Verbov VV, Ogorodnikov BI. Monitoring of radioiodine in air. J 
Aerosol Sci. 1994;25:271–2.

	114.	Vandecasteele CM, Sonck M, Degueldre D. Rejet accidentel d’iode-131 par l’IRE sur le site 
de Fleurus: retour d’expérience de l’autorité de sûreté belge. Radioprotection. 2011;46:159–
73. (in French)

	115.	European Commission. Technical Report HU-12/01. 2012. https://ec.europa.eu/energy/sites/
ener/files/documents/tech_report_hungary_2012_en.pdf. Accessed Jan 2012.

	116.	Garland JA. The adsorption of iodine by atmospheric particles. Journal of Nuclear Energy. 
1967;21:687–700.

O. Masson et al.

https://ec.europa.eu/energy/sites/ener/files/documents/tech_report_hungary_2012_en.pdf
https://ec.europa.eu/energy/sites/ener/files/documents/tech_report_hungary_2012_en.pdf


205© Springer Nature Singapore Pte Ltd. 2019 
G. Steinhauser et al. (eds.), Nuclear Emergencies,  
Current Topics in Environmental Health and Preventive Medicine, 
https://doi.org/10.1007/978-981-13-8327-4_16

Chapter 16
Utilization of Radioxenon Monitoring 
to Aid Severe Nuclear Accident Response

Steven Biegalski

Abstract  Radioxenon isotopes are produced with high yield from nuclear fission. 
The noble gas properties facilitate migration through nuclear fuel. At fuel tempera-
tures present in a severe nuclear accident, the release fraction of xenon isotopes 
from the UO2 matrix approaches 100%. Consequently, a breech in fuel cladding 
integrity during a severe nuclear accident will likely lead to a radioxenon release. 
This radioxenon release provides an early signature indicating fuel damage. Fuel 
was significantly damaged at the Windscale (1957), Three Mile Island (1979), 
Chernobyl (1986), and Fukushima Daiichi (2011) nuclear reactor accidents, and 
radioxenon releases were early indicators of the extent of fuel damage for these 
events. Radioxenon isotopes are an optimum indicator as their half-lives are long 
enough to be detected but not too long to cause significant environmental back-
ground accumulation. The radioxenon isotopes are also readily detectable via mod-
ern radiation monitoring equipment.

The chapter will describe the properties of radioxenon, identify the release 
mechanisms of radioxenon from nuclear fuel, summarize the radioxenon releases 
from historic severe nuclear accidents, and review the ways that radioxenon may be 
utilized to aid responders in a severe nuclear accident.
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16.1  �Radioxenon

Noble gas fission products are of special interest as an indicator of fuel damage 
within a severe nuclear accident due to their natural physical property of high mobil-
ity within nuclear fuel. Xenon is present naturally in the atmosphere at a concentra-
tion of 0.087 ± 0.001 parts per million (μl l−1) [1]. Table 16.1 lists the nine naturally 
present stable xenon isotopes along with their radiative capture cross-sections. Out 
of these isotopes, 124Xe, 134Xe, and 136Xe are predicted to undergo double beta decay 
[2, 3]. The radiative neutron capture cross-sections are of particular note. Stable 
xenon isotopes including 124Xe, 129Xe, 130Xe, and 131Xe have particularly high prob-
abilities for neutron absorption. As a result, Xe in air and dissolved in water will 
activate to radioxenon isotopes in the presence of neutrons from fission.

Table 16.2 lists the radioxenons of interest to this work. While Xe isotopes range 
from 110Xe to 147Xe, the radioxenon isotopes listed in Table 16.2 are expected to be 
produced within a nuclear reactor environment. They are also produced from other 
sources, so monitoring for radioxenon should always include a source assessment. 
While other Xe isotopes may be produced in a reactor, their half-lives are too short 
for a realistic chance of monitoring them.

Table 16.2 also shows that each of the radioxenon isotopes of interest, gamma 
rays, X-rays, and electrons. The electron emissions are either in the form of conver-
sion electrons or beta particles. The X-rays listed are the primary Kα1 and Kα2. The 
X-rays are in coincidence with the conversion electrons. As a result, all of the 
radioxenons of interest produce signals that are in coincidence with the ca. 30-keV 
X-rays. For radioxenons such as 131mXe and 133mXe, the coincidence signal with 
X-rays is the primary decay path and the main means for detection. As a result, it is 
of primary importance that all the radioxenon signatures be well understood.

Primary fission products to be monitored from a nuclear fuel leak within a severe 
nuclear accident are 131mXe, 133mXe, 133Xe, and 135Xe. 137Xe has too short of a half-life 
for realistic monitoring. 125Xe, 127Xe, and 129mXe have very low fission yields, so the 
primary path for production of these radioxenons is through activation of 124Xe, 
126Xe, and 128Xe, respectively.

Table 16.1  Stable isotopes of xenona

Target 
isotope

Natural 
abundance (%)

Maxwellian average 
at 0.0253 eV

Resonance 
integral

Fission spectrum 
average 14 MeV

124Xe 0.10 146.7 b 2968 b 570.9 mb 2.741 mb
126Xe 0.09 3.784 b 23.33 b 307.9 mb 1.797 mb
128Xe 1.92 7.090 b 12.46 b 97.02 mb 1.050 mb
129Xe 26.4 18.63 b 255.3 b 40.16 mb 1.000 mb
130Xe 4.1 23.05 b 17.76 b 100.5 mb 1.053 mb
131Xe 21.2 75.48 b 899.3 b 40.98 mb 1.000 mb
132Xe 26.9 399.0 mb 4.503 b 13.34 mb 1.001 mb
134Xe 10.4 234.9 mb 616.1 mb 9.466 mb 1.001 mb
136Xe 8.9 230.5 mb 141.1 mb 0.5372 mb 1.000 mb

aData compiled from http://atom.kaeri.re.kr/

S. Biegalski

http://atom.kaeri.re.kr/


207

Radioxenon in the atmosphere has both anthropogenic and natural origins. 
Table 16.3 summarizes radioxenon releases from anthropogenic facilities.

Radioxenon is also present in the environment produced from natural sources. 
The two primary natural sources of radioxenon include cosmic-ray activation and 
spontaneous fission [5, 6]. The dominant source of subsurface and oceanic natural 
radioxenon is the spontaneous fission of 238U. Cosmic-ray activation of xenon is the 
dominant source term of radioxenon in the atmosphere. Activity concentrations of 
these natural radiation sources are low and challenging to detect from natural 
sources [7].

Table 16.2  Radioxenon isotopes of interesta

Isotope Half-life

Primary 
decay 
mechanism

Primary 
gamma 
rays (keV)

X-rays 
(keV)
(Kα1 and 
Kα2)

Conversion 
electrons 
(keV)

Cumulative yield 
from 235U thermal 
fission (%)

125Xe 16.9 h Electron 
capture

188.4, 
243.4

28.612, 
28.317

1408.62, 
1463.59, 
471.11

6.32 × 10−20

127Xe 36.4 days Electron 
capture

202.8, 
172.1, 
375.0

28.612, 
28.317

459.54, 
287.41

1.81 × 10−15

129mXe 8.88 days Internal 
transition

39.58, 
196.6

29.782, 
29.461

162.00, 
191.11

3.47 × 10−10

131mXe 11.934 days Internal 
transition

163.93 29.782, 
29.461

129.369, 
158.477

0.0317

133mXe 2.19 days Internal 
transition

233.22 29.782, 
29.461

198.660, 
227.768

0.194

133Xe 5.243 days β− 80.99 30.973, 
30.625

45.012, 
75.283

6.70

135mXe 15.29 min Internal 
transition

526.56 29.782, 
29.461

492.000, 
521.108

1.21

135Xe 9.14 h β− 249.79, 
608.19

30.973,
30.625

213.809 6.53

137Xe 3.818 min β− 455.49 30.973, 
30.625

419.505 6.11

aData compiled from http://atom.kaeri.re.kr/, http://ie.lbl.gov/toi/nucSearch.asp and http://www.
nndc.bnl.gov/nudat2/indx_dec.jsp

Table 16.3  Radionuclide releases from anthropogenic nuclear activities [4]

Source
Typical order of magnitude of radioxenon 
release

Hospitals ~106 Bq days−1

Nuclear power plants ~109–1011 Bq days−1

Radiopharmaceutical facilities ~1011–1013 Bq days−1

1 kton nuclear explosion underground 0–1015 Bq event−1

1 kton nuclear explosion atmospheric ~1016 Bq event−1
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16.2  �Fission Product Releases from Nuclear Fuel

In nuclear accidents, fuel temperatures may range from 600 °C up to in exceedance 
of 2400 °C. The melting temperature of UO2 fuel is 2850 °C and the melting point 
of Zircalloy 4 cladding is 1850 °C. While these may seem like hazard points for the 
degradation of the nuclear fuel, fuel integrity starts to degrade by U–Zr eutectic 
flows starting as low as 1227 °C [8]. This leads to fuel rod ballooning and potential 
rupture. Cladding oxidation becomes significant around 1000 °C via the reaction 
shown in Eq. (16.1).

	 Zr H O ZrO H heat+ → + +2 22 2 2 	 (16.1)

Zirconium oxidation is exothermic, producing 6.5 MJ kgZr
−1 and produces hydro-

gen that may lead to a hydrogen deflagration or detonation. The heat produced from 
this reaction increases temperatures and further degrades fuel integrity. The zirco-
nium oxidation continues until it is quenched through ample water supply or it 
becomes reactant limited. Once the structural integrity of the fuel cladding is 
breached, a pathway is open to the release of fission products to the reactor vessel.

Noble gasses begin a path to the surface of the fuel starting at the time of produc-
tion. Xenon gases are produced from the fission process as shown in Table 16.2. 
Xenon atoms are born in the crystal lattice of the UO2 fuel with significant kinetic 
energy. The Xe atom transfers its kinetic energy to surrounding atoms as it slows 
down, creating on the order of 104–105 atom displacements. While most of the dis-
placed atoms quickly relocate [9], some point defects are created. Eventually inter-
granular gas bubbles start to form. Xe produced during fission of uranium has low 
solubility in UO2. Hence, after a relatively short irradiation period, a large number 
of fission gas bubbles are generated within the fuel grain [10]. Through diffusion, Xe 
gas also transports to grain boundaries and forms additional bubbles there. The grain 
boundaries serve as a system of paths that facilitate noble gas and volatile elements 
to transport to the fuel surface. At fuel temperatures <1000 °C, diffusion of Xe is 
athermal, independent of temperature, but is enhanced by the fission process [11].

In severe nuclear reactor accident conditions, the fuel and cladding become 
defective. These deformations increase the oxygen-to-uranium ratio. This increases 
the diffusion rate of the fission products in the fuel resulting in a larger fraction of 
the fission products being released. The VERCOS experiments examined fission 
product release in severe accident conditions. These tests showed that the fractional 
release of Xe ranged from 33 to 68% as temperatures ranged from 1900  °C to 
2297 °C for experiments with Xe release reported [12].

Figure 16.1 shows Knudsen effusion mass spectrometric measurements of irradi-
ated fuel showing that xenon is released in stages as temperature increases [13]. 
These data show the fractional release of xenon as a function of temperature from 
irradiated mixed-oxide fuel with a burn-up of about 5.5 at.%. At temperatures below 
1700 °C, the Xe release is dominated by the gas accumulated at the grain boundar-
ies. Above 1700 °C, the Xe trapped in intragranular bubbles is released. The release 
fraction of Xe gas is close to 1.0 by 2800 °C.
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16.3  �Nuclear Accidents

Radioxenon gas release has been measured from all the main nuclear accidents to 
date. These accidents include Windscale (1957), Three Mile Island (1979), 
Chernobyl (1986), and Fukushima Daiichi (2011). Detailed explanations of these 
accidents may be found in Sehgal [14]. A short summary of each event is provided 
below.

The Windscale nuclear accident occurred on October 10, 1957. It took place in 
Unit 1 of the two unit Windscale facility reactors in Cumberland (now Sellafield), 
England. The Windscale reactors were graphite-moderated, air-cooled reactors. 
When graphite is bombarded with neutrons, dislocations are incurred in the crystal-
line structure. These dislocations store energy, called Wigner energy, and build up 
over time. If a reactor is run at temperatures above 250 °C, the graphite continually 
anneals and there is no Wigner energy buildup. With lower temperature reactors, 
such as Windscale, the Wigner energy is accumulated until a release is triggered. 
For the Windscale accident, a Wigner energy release started a fire in the graphite. 
The fire burned for 2 days releasing fission products. Most of the fission products 
were contained via the high efficiency filters, but noble gasses including xenon were 
released to the environment.

The Three Mile Island nuclear accident occurred on March 28, 1979. The reactor 
was an 880 MWe B&W pressurized water reactor located in Middleton, PA, 
USA. The event started with a blockage in a condensate polisher used for cleaning 
the secondary loop water. This blockage caused the feedwater pumps, condensate 
booster pumps, and condensate pumps to turn off. This caused the trip of the turbine 
along with a trip of the reactor. With reduced flows and a lack of energy removal 
from the turbine, primary system pressure increased causing the opening of a pilot-
operated relief valve (PORV). The reactor system operated as designed through 
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these steps. The problem started with the PORV valve did not close as it should 
have. This caused a small leak in the primary reactor system. This leak led to a 
reduction in coolant inventory. Safety systems automatically initiated to inject water 
at high pressures within less than 1 min from the time of the PORV closure failure. 
Reactor operators did not immediately understand the reason for the high-pressure 
water injection, so they throttled it back. Eventually, the reactor vessel water level 
dropped to below the core level. Lack of heat removal caused temperatures to rise, 
oxidation of the zircaloy cladding, and eventual fuel damage. Fission products were 
released into the reactor vessel and reactor containment. These fission products 
were largely contained, but a containment venting to reduce pressure did allow 
noble gasses and some volatile fission products to escape.

The Chernobyl nuclear accident occurred on April 26, 1986 (see Chap. 2). The 
reactor was a RBMK-1000 pressure tube graphite-moderated reactor in Pripyat, 
Ukraine. Preceding the accident, the reactor was being set up to run a safety test that 
measured the power output from the turbine as it coasted down for shutdown. The 
reactor conditions at the time of the test were unstable due to 135Xe buildup (“xenon 
poisoning”) in the core and a positive void coefficient of reactivity due to the reactor 
design. A power transient was followed by two explosions. The first explosion was 
likely a steam explosion and the second explosion was likely a hydrogen detonation. 
The reactor fuel integrity was compromised, and fission products as well as fuel 
particles had a direct path to the environment. With the high temperatures and ample 
supply of oxygen, the graphite moderator ignited into a fire. The fire continued for 
9 days as fission products were lofted into the atmosphere.

The Fukushima Daiichi nuclear accident occurred on March 11, 2011 (see Chap. 
2). The accident included Units 1, 2, and 3. Unit 1 was a BWR-3 design with a rated 
power of 460 MWe. Units 2 and 3 were BWR-4 designs with a rated power of 
784 MWe. Units 4, 5, and 6 were shut down for maintenance and subsequently their 
cores were not damaged as part of the event. The Fukushima Daiichi nuclear accident 
was initiated by a tsunami triggered by the 9.0-MW Tōhoku earthquake. The tsunami 
wave was 13–15 m in height and surpassed the 5.7-m seawall. While the reactors were 
shut down due to the earthquake, they still required decay heat removal via forced 
convection. The water from the tsunami eliminated the off-site power, on-site emer-
gency diesel generators, and on-site back-up electrical batteries. As a result of the sta-
tion blackout, heat was not removed from the reactors and temperatures rose. 
Eventually, the water levels within the reactor systems dropped below the core and fuel 
damage ensued. Hydrogen, produced from zirconium oxidation, produced detonations 
that caused structural damage. With fuel damage along with containment building 
damage from the detonations, fission products had a pathway into the environment.

Table 16.4 shows the 133Xe release magnitude and release fractions from the four 
accidents of interest. All of these accidents included reactor core damage. Release 
magnitudes range from Windscale with 1.20  ×  1016  Bq released to Fukushima 
Daiichi with 1.14 × 1019 Bq released. Release fractions from the reactor accidents 
range from 63% to 100%. Variations in scale are a function of the core size, power 
history, severity of core damage, reactor containment, and the number of reactors 
involved in the accident.
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The magnitude of these radioxenon releases did not impose major health con-
cerns to the public, but they were well within a detectable range at locations across 
the globe. Release of other fission products including 90Sr, 131I, and 137Cs may be of 
magnitude for potential health concerns, but health effects are beyond the scope of 
this chapter. Other radioxenon isotopes including 131mXe, 133mXe, and 135Xe were 
also released from these accidents as they are all produced with relatively high yield 
from fission. However, release values of 131mXe, 133mXe, and 135Xe were not available 
for all of these events.

16.4  �Radioxenon to Aid in Nuclear Accident Response

Atmospheric radioxenon activity concentrations are routinely monitored around the 
world with a focus on nuclear non-proliferation. The International Monitoring 
System (IMS) was set up to monitor the world for atmospheric radionuclide concen-
trations as part of the Comprehensive Nuclear Test-Ban Treaty (CTBT) [20]. The 
IMS has an international network of radionuclide monitoring stations that include 
the ability to measure radioxenon atmospheric activity concentrations at levels 
below 1 mBq m−3. The purpose of the radioxenon measurement capabilities within 
this network is to detect clandestine nuclear weapon tests to detect non-compliance 
with the CTBT by signatory nations. However, the capabilities of this detection 
network along with technology advancements made possible through the IMS 
develop facilitate capabilities to aid with the nuclear reactor emergency response.

16.4.1  �Sensitive Detection of Nuclear Fuel Damage

The IMS radioxenon monitoring capability was not available for the Windscale, 
Three Mile Island, and Chernobyl nuclear accidents. However, the network was 
available to provide important information regarding the Fukushima Daiichi nuclear 

Table 16.4  133Xe release magnitude and release fraction for Windscale, Three Mile Island, 
Chernobyl, and Fukushima Daiichi accidents

Nuclear accident 133Xe released (Bq) 133Xe release fraction (%)

Windscale (1957) 1.20 × 1016 a 100b

Three Mile Island (1979) 5.85 × 1016 c 93c

Chernobyl (1986) 6.51 × 1018 d 100d

Fukushima Daiichi (2011) 1.14 × 1019 e 92e

aClarke [15]
bLoutit et al. [16]
cBattit and Peterson [17]
dMétivier [18]
eEslinger et al. [19]
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accident. First radioxenon measurements were made in the USA starting 4 days 
after the Tōhoku earthquake and the detections continued for weeks after the acci-
dent [21]. Aerial and ground-based measurements for radioxenon following the 
Fukushima Daiichi nuclear were also made in Canada [22, 23]. Detections followed 
the Fukushima radioxenon plume as it traveled across the Northern Hemisphere 
[24]. 133Xe activity concentrations were measured as high as 17 Bq m−3 in Ashland, 
KS, USA. While these activity concentrations are well below any health concerns, 
they are a factor of 17,000 above the detection limit system requirement for radiox-
enon monitoring systems within the CTBT. These results may be extrapolated to 
demonstrate that the current radioxenon IMS has the capability to measure a 0.01% 
radioxenon inventory release from a reactor approximately 10,000  km away. As 
such, radioxenon monitoring is very sensitive and can measure minute fuel breaches 
in a nuclear reactor’s fuel.

16.4.2  �Quantification of Release Magnitude and Fuel Damage

In addition to detecting a nuclear fuel radioxenon release, radioxenon atmospheric 
concentrations when combined with atmospheric transport calculations may be uti-
lized to quantify the magnitude of reactor core damage. As a noble gas, radioxenon 
transporting through the atmosphere is insensitive to chemical fractionation and 
subsequent removal. This makes radioxenon a more reliable tool for fuel release 
quantification in comparison to volatile radionuclides including 137Cs and 131I that 
may also be released in a nuclear accident. Eslinger et al. [19] utilized HYSPLIT 
[25] via an iterative method to match the measured radioxenon activity concentra-
tions measured at five sampling locations across the USA and Canada. These results 
were able to estimate the radioxenon release of 1.14 × 1019 Bq of 133Xe released 
from the accident consisting of 92% of the core inventory of Units 1, 2, and 3.

16.4.3  �Accident Progression and Recriticality

Continual monitoring of the radioxenon atmospheric activity concentrations pro-
vides insight into the accident progression. In the aftermath of the Fukushima 
Daiichi nuclear accident, there were concerns regarding the recriticality of the core 
[26]. Two independent radioxenon methods may be utilized to assess if the reactor 
core remains in a shutdown condition.

The first method utilizes the radioxenon fission products. Figure 16.2 shows the 
133Xe/131mXe activity ratio as measured in Ashland, KS, USA, following the 
Fukushima Daiichi nuclear accident [27]. These data are compared to an ORIGEN 
ARP [28] model that calculates the activity ratio assuming reactor shutdown at the 
time of the Tōhoku earthquake. The 133Xe/131mXe activity ratio serves as a chronom-
eter that starts at the time of reactor shutdown. The data show consistency between 
model and the measurements in Ashland, KS. This builds confidence in the theory 
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that the reactor shutdown at the time of the earthquake and a significant number of 
fission events did not occur after that time.

The use of fission products to determine recriticality is useful, but it may be lim-
ited to the significant levels of fission products present in the core at shutdown. 
Detection of new fission products produced from a very low power criticality even 
would be limited as the signal from the new criticality would have to exceed the 
background that is already present. A second method utilizes activation of xenon in 
air as another indicator. Xenon in air is activated in the presence of neutrons as 
would be present from a criticality event in a severe nuclear accident. Examination 
of the stable xenon isotopes shows that 124Xe has a large radiative neutron capture 
cross-section of 146.7  b or the Maxwellian average at 0.0253  eV as shown in 
Table  16.1. The resonance integral radiative capture cross-section for 124Xe is 
2968 b. These large capture cross-sections indicate that 125Xe is a strong indicator 
for the neutron activation of xenon in air [29]. Presence of 125Xe in the atmosphere 
following a nuclear accident indicates that air had been activated by neutrons. This 
could be the result of a recriticality after the structural integrity of a nuclear reactor 
system had been compromised.

16.5  �Conclusion

During the initial response to a nuclear reactor accident, all reliable avenues of 
information should be pursued. History has shown that there is significant conjec-
ture during this time period regarding the severity of the accident and that the media 
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is often populated with unreliable and speculative information. Study of radioxenon 
emission data shows that significant information may be determined regarding a 
nuclear accident. Radioxenon gas will be among the first fission products to be 
released from damaged nuclear fuel, and they serve as an initial indication of clad-
ding failure. Radioxenon atmospheric measurements may be utilized to quantify the 
extent of the core damage and may be monitored for signs of accident progression. 
The radioxenons may also be utilized as an indicator for core recriticality. While 
severe nuclear reactor accident frequency is very low, it is important to be prepared 
for any future events that may occur.
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Chapter 17
Response to Nuclear Terrorism 
in Germany

Britta Lange

Abstract  This chapter describes the responsive approach to nuclear terrorism in 
Germany. Germany is committed to responding to all kinds of criminal acts involv-
ing nuclear and other radioactive material out of regulatory control through interna-
tional treaties and national law.

After a short introduction and a definition of nuclear terrorism, particular atten-
tion will be paid to Germany’s international commitment and national strategies. 
Due to the scope and complexity of the task at hand and the large number of institu-
tions involved, this chapter shall focus on the practical approach to the response to 
nuclear terrorism in Germany, especially in regard to radiation protection, and will 
be limited to the responsibility of the federal authorities. An exhaustive representa-
tion of German capabilities was not attempted, as this would go beyond the scope 
of this publication.

Keywords  Nuclear terrorism · Nuclear security event · Misuse of radioactive 
material · Radiation detection · Central Federal Support Group for the Response to 
Serious Nuclear Threats (ZUB) · Mobile Expert Support Team (MEST) · Radiological 
crime scene work · Nuclear forensics analysis

17.1  �Introduction

Terrorism remains a threat to international stability and security. A special type of 
terrorism is nuclear terrorism, which is defined extensively in Article 2 of the United 
Nations International Convention for the Suppression of Acts of Nuclear Terrorism 
[1]. According to this article, nuclear terrorism is an offense committed if a person 
unlawfully and intentionally possesses or uses radioactive material or a nuclear 
device or damages a nuclear facility with the intent to cause death or serious bodily 
injury or with the intent to cause substantial damage to property or to the 
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environment or with the intent to compel a person, an organization, or a State to do 
or refrain from doing an act. This means nuclear terrorism is not limited to the use 
of nuclear devices. Any use of radioactive material with the intent to cause serious 
damage can be seen as nuclear terrorism. The threat of nuclear terrorism has been 
recognized as a matter of concern for all States, and the risk that nuclear material or 
other radioactive material could be used in a criminal act remains high and is 
regarded as a serious threat to international peace and security. Therefore, it is vital 
that each State establishes an appropriate and effective nuclear security regime to 
combat nuclear terrorism.

There are large quantities of radioactive material in existence, which have appli-
cations in various fields, such as health, the environment, agriculture, and industry. 
The hazards associated with this material vary according to composition and activ-
ity. Additionally, the use of explosives in combination with this material can drasti-
cally enhance the impact of a criminal or terrorist act. If a criminal or terrorist group 
managed to detonate a radiological dispersal device (RDD) or often called “dirty” 
bomb in an urban area, the result could be mass panic, widespread radioactive con-
tamination, and major economic and social disruption [2, 3].

17.2  �International Commitment

The threat of nuclear and radiological terrorism remains on the international secu-
rity agenda. Nevertheless, to reduce this risk, the international community has made 
great progress in securing nuclear and other radioactive material that could other-
wise be used in a terrorist act. This progress is contingent on the efforts of all States, 
including Germany, to adopt strong nuclear security systems and measures [4].

Germany has already committed itself to taking all necessary measures to com-
bat nuclear terrorism. It signed international conventions, such as the Convention 
on the Physical Protection of Nuclear Material [5] and the International Convention 
for the Suppression of Acts of Nuclear Terrorism [1]. Germany signed and fully 
supports the Code of Conduct on the Safety and Security of Radioactive Sources 
[6]. Germany is a Member of the G7 Global Partnership against the Spread of 
Weapons and Materials of Mass Destruction and signed the United Nations Security 
Council resolutions on the non-proliferation of weapons of mass destruction. 
Germany is a partner nation of the Global Initiative to Combat Nuclear Terrorism, 
supported the Nuclear Security Summit Communiqués and contributed to the 
IAEAs Nuclear Security series. This international commitment requires that 
Germany has a national strategy and appropriate measures in place to handle 
nuclear security events.

In addition to the international involvement mentioned above, Germany signed 
agreements with other countries on cooperation and assistance in addressing a 
terrorist threat in the radiological and nuclear fields in order to establish mutual 
cooperation between the participants in the scientific, technical, and operational 
fields.
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17.3  �National Strategies

In order to fulfill the international obligations set out in the last paragraph and as 
part of the national action plan Germany has in place, among other things, strategies 
for the safety and security of its nuclear facilities, including cyber security, strate-
gies for gaining control over orphan sources, for the intervention in the event of a 
malicious act involving a radioactive source, as well as arrangements for the appro-
priate training of staff in this field. Many of these measures are set out in the Atomic 
Energy Act and in the Radiation Protection Act [7], which came into force in 2017. 
The Radiation Protection Act regulates, among other things, the responsibilities of 
the Federal and State (“Länder”) authorities for nuclear emergencies.

A regular evaluation of the nuclear threat level in Germany, which is carried out 
by the Federal Criminal Police Office (BKA) and other federal authorities, and a 
regular exchange of information within Germany, is the basis for an adequate prepa-
ration. There are reporting mechanisms besides police reporting, for instance, 
reporting incidents with nuclear or radioactive materials to the competent federal 
authorities. In regard to the security of sealed sources, Germany has a very well-
maintained centralized register of Highly Active Sealed Sources (HASS), which 
easily enables accounting of such sources.

For an appropriate and timely response to a nuclear security event, a range of 
specialists are required and need to be included in the planning and prevention 
stage: police, radiation protection, and environmental protection officers from all 
levels of government (from forces deployed at the scene to those working in the 
ministries) and from other institutions such as universities and laboratories. These 
specialists can come from the Länder, the federal government, and from the EU or 
beyond. With sixteen Länder together with the federal government and with many 
different active partners, Germany is faced with a considerable cooperation and 
communication challenge for the response to nuclear security events. However, the 
advantage of such a large active network is its natural resilience.

Each state (“Land”) is directly responsible for the first response to all emergency 
situations and for the police response on its own territory, including, generally, the 
response to nuclear security events, as set out in German Basic Law. Since every 
Land has different ways of dealing with nuclear hazards, different regulations, and 
specialists, it is crucial for federal forces to retain a high degree of flexibility in 
order to work together effectively. Coordination is usually carried out by the federal 
government. In the event of a serious emergency with radioactive material, the 
German Land concerned can receive support from the federal government in the 
form of additional forces to deal with the event. The federal government has a 
Mutual Crisis Committee in place formed by the Federal Ministry of the Interior, 
Building and Community (BMI) and the Federal Ministry for the Environment, 
Nature Conservation, and Nuclear Safety (BMU) for such cases.

In the event of an act of terrorism, the responsibility can completely or partially 
be handed over to the federal authorities. Support for the competent authority, state 
or federal, can be in the form of administrative assistance by a particular federal 
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institution (e.g., by the Federal Office for Radiation Protection (BfS) or the BKA) 
or, in the event of the criminal use of radioactive material, by the joined forces of the 
Central Federal Support Group for the Response to Serious Nuclear Threats (abbre-
viated to “ZUB” from the German term), which is an ad hoc response support group 
that brings together the BKA, the Federal Police (BPOL), and the BfS.

17.4  �The German Federal Office for Radiation  
Protection (BfS)

The BfS is a scientific and technical federal office with a focus on the measurement 
and control of radiation and the safety and security of the use of all kinds of radiation 
(ionizing and non-ionizing). Nuclear emergency preparedness and response at the 
BfS and supporting other authorities during the response to nuclear security events is 
written into law. The task involves preparing for and responding to situations in 
which radioactive or nuclear material is out of regulatory control. That can be the 
loss or discovery of radioactive materials or sources, including risk assessment, or 
cases where the material could be or is being used maliciously. The BfS can be called 
upon to support other German authorities (on the federal level or from the Länder) if 
the authority responsible is not able or does not have the capacity to respond itself. 
The tasks performed by the BfS will vary depending on the type of deployment and 
the resources and capabilities of the requesting German authority. The BfS can sup-
port with advice in all fields of radiation protection and measurement, with trained 
personnel who can operate in the field and with specialized radiological measure-
ment equipment, including remotely controlled equipment (Fig. 17.1).

The BfS has various kinds of specialized Mobile Expert Support Teams (MESTs): 
for the characterization of radioactive and nuclear material (RN-material), for covert 
searches for RN-material, for open searches for RN-material on the ground, and for 

Fig. 17.1  Remote-
controlled caterpillar 
vehicle with high-purity 
germanium detector for the 
identification of radioactive 
material (“manipulator 
robot,” exercise scenario)
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open searches for RN-material from the air. Additionally, BfS staff can carry out 
dispersion calculations after a release of radioactive material into the environment, 
e.g., after an explosion, including the related radiation exposure to the deployed 
forces and population. Usually, BfS works as one subunit of the ZUB during the 
response to nuclear security events. The main task of the BfS in the ZUB is the 
radiological threat assessment including detection and identification of radioactive 
material. The BfS advises the BKA and the BPOL, as well as other police authori-
ties, on the radiation protection measures and the nuclear forensics possibilities in 
real time. The BfS aims to apply measures to allow normal police work to continue 
within a reasonable timeframe, despite the presence of nuclear or other radioactive 
material out of regulatory control.

17.5  �The Central Federal Support Group for the Response 
to Serious Nuclear Threats (ZUB)

The ZUB is formed as part of the response to a nuclear security event, in particular 
to criminal acts involving nuclear or other radioactive materials out of regulatory 
control. It is a cooperation between the BKA, the BPOL, and the BfS. If support 
from the ZUB has been requested by a German Land, then the ZUB will join the 
police investigation as a subsection, with the police commander from the Land 
remaining in charge of the entire operation.

The ZUB has specialized subunits and is trained to work in the presence of 
RN-material. The ZUB can provide teams for surveillance and covert detection, 
meaning the localization of radioactive sources through the use of covert measuring 
equipment, for instance, backpacks and vehicle-based detection. It has Special 
Weapons and Tactics (SWAT) teams formed by the Border Protection Group 9 
(GSG9) of the BPOL, who are trained and equipped to work in contaminated areas 
(Fig. 17.2).

The subunits of the ZUB can perform wide area searches for radioactive sources 
including foot- and vehicle-based measurements and airborne gamma spectroscopy 
measurements. There are bomb disposal experts, as well as experts for crime scene 
work and for decontamination and medical care. Additionally, the ZUB has its own 
forces for air transport and logistics.

In the event that a suspicious object is found, the bomb disposal experts of the 
ZUB make sure that it is safe to approach, collect basic radiological data, perform 
remote analyses, and assess the situation. Additionally, neutron- and gamma-
measurements are performed including the detection of fissionable materials and 
evaluation of criticality risks. If necessary, a containment is set up in order to 
minimize the possible release of radioactive material and render-safe procedures are 
performed.

ZUB teams are also trained for radiological crime scene work (Fig. 17.3). At its 
most basic level, a radiological crime scene is a location where either a criminal act 
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involving nuclear or other radioactive material has taken place or is suspected to 
have taken place, or it is a location where traces or evidence related to such an act 
have been found [8]. It could be an area where someone tried to manipulate sealed 
sources, construct a dirty bomb, or the scene after a terrorist attack that intended to 
deliberately disperse nuclear or other radioactive material in a populated area. ZUB 
staff ensure that all actions at the radiological crime scene are carried out in a way 

Fig. 17.2  SWAT team members undergo contamination control measurements after deployment 
(during an exercise of the ZUB)

Fig. 17.3  A mixed team of 
police and radiation 
protection specialists work 
together in a radiologically 
contaminated crime scene 
(during an exercise of the 
ZUB)

B. Lange



223

that maintains the integrity of the criminal investigation and that all relevant crimi-
nal investigative procedures are applied through effective radiological crime scene 
management. Managing the radiological crime scene is also an integral part of law 
enforcement investigations and is necessary to support any future legal proceedings 
in relation to the nuclear security event.

Evidence contaminated with nuclear or radioactive material can undergo limited 
initial forensic analysis at the scene. Under usual circumstances, forensic analysis 
would take place in a police laboratory; however, further forensic analysis of evi-
dence contaminated with nuclear or radioactive material is not possible in a police 
forensic laboratory in Germany, due to the fact that police laboratories are neither 
licensed nor capable of handling radioactive samples. In such an event, a close 
cooperation between police and radiation protection experts is needed to investigate 
such samples by means of nuclear forensics.

17.6  �Nuclear Forensic Investigations

Nuclear forensics includes not just the forensic analysis of nuclear material, or evi-
dence contaminated with nuclear material, but also the forensic analysis of radioac-
tive materials and evidence contaminated with radioactive material. The analysis of 
nuclear or other radioactive material seeks to identify what the materials are, how, 
when, and where the materials were made, and what their intended uses were [9]. 
Nuclear forensics on radioactive materials can be carried out by the BfS, where there 
is a specialized laboratory for receiving and characterizing “unknown” radioactive 
samples, i.e., non-nuclear samples for which the nuclide identification and the activ-
ity values have not yet been determined exactly. The BfS also has a laboratory for 
trace analysis and can handle and analyze contaminated food samples. In addition, 
measurements in the whole-body counter, biological dosimetry, and the analysis of 
urine samples are possible if incorporation of radionuclides is suspected. The BfS 
also maintains the centralized register of HASS mentioned above and can trace 
source numbers if requested.

In the event that nuclear material or evidence contaminated with nuclear material 
is removed from the scene for further forensic investigation, the items in question 
are transported, taking into account chain of custody and all-hazards considerations, 
to the Joint Research Centre (JRC) Karlsruhe of the European Commission, based 
on a framework agreement with the German federal government. The JRC Karlsruhe 
has specialized facilities for handling nuclear material and contaminated evidence. 
They specifically developed a glove box in cooperation with the BKA for the pur-
pose of obtaining fingerprint analysis and DNA samples from evidence contami-
nated with nuclear or other radioactive material. During the analysis, the police 
experts can direct the working steps carried out by the JRC personnel. In addition, 
the JRC Karlsruhe can perform nuclear forensics analysis on nuclear materials 
(bulk or trace) and compare the results of the measurements with their extensive 
database. The work of the JRC Karlsruhe is carried out within the framework of a 
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nuclear forensics investigation plan, which is drawn up in close cooperation with 
the police. The aim is to produce a scientific report that can be used in the police 
investigation and also in court. In conclusion, it can be stated that Germany is very 
active in the field of nuclear forensics and that cooperation between police experts 
and radiation protection specialists exists at the Länder-level as well as the federal 
level and internationally. The cooperation involves many different police experts 
and radiation protection specialists and is extensively tested through exercises and 
deployments.

17.7  �Training and Exercises

Since the ZUB has a legal obligation to support the competent authorities during the 
response to radiological or nuclear threats, the ZUB has to ensure its operational 
readiness. The three institutions of ZUB, the BfS, the BKA, and the BPOL, are very 
different in nature, both culturally and with respect to their expertise. In order to 
ensure that the forces work well together, despite the possibly difficult and varying 
conditions of a deployment, regularly planned exercises and training are essential 
for improving cooperation, capabilities, and resilience. The ZUB has a training 
schedule that includes both training and exercises internally within the ZUB 
(between BPOL, BKA, and BfS) on two different levels. The first level is training 
and exercises within one of the partner institutions, organized by that institution for 
its employees alone. The second level of training and exercises internally within the 
ZUB occurs between the subunits of the different institutions, for example, crime 
scene work exercises between forensic experts and radiation protection specialists, 
training police in how to use specialized radiation protection equipment and train-
ing BfS staff on police procedures and equipment.

The first level of training and exercises within each partner institution maintains 
the skills base, forges stronger communication links, and strengthens the feeling of 
commitment of the institution’s members. The second level of training, between 
subunits of different ZUB partner institutions, strengthens the communication link 
between the officers in the subunits, keeps skills updated, and allows for the bound-
aries of the expertise of the other institution to be assessed. This is particularly use-
ful for a deployment, as deployment leaders need to have a realistic idea of the 
capabilities of each institution within the ZUB.

Another type of exercise is that between the ZUB and one of the German 
Länder, known as a “ZUB full scale exercise.” It is the largest and most costly of 
all the exercises and training undertaken by the ZUB, and it is arguably the most 
important. The lessons learned from such an exercise have a profound effect on 
the future course of the ZUB and many changes are made following a review of 
an exercise.

Exercises and training are one of the main methods used for improving best 
practice in the field of the response to nuclear terrorism in Germany. Exercises 
undertaken in a controlled manner can highlight problems, which can then be tack-
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led in a systematic fashion to develop new operating procedures and guidelines. 
These guidelines and procedures are then implemented and tested in a similar fash-
ion, yielding what is hopefully a continuous improvement in the ZUB operation.

17.8  �Radiation Detection at Major Public Events

It is widely acknowledged that there is a substantial threat of a terrorist attack on 
major public events, such as high-profile political or economic summit meetings or 
major sporting contests. High-profile major public events occur regularly, capturing 
great public interest and receiving intense media coverage. Criminal or terrorist acts 
involving nuclear or other radioactive material at any major public event could 
result in severe consequences, depending upon the nature and quantity of the spe-
cific material involved, the mode of dispersal (violent or non-violent), the location 
and the population impacted. Implementing nuclear security systems and measures 
is, therefore, of paramount importance [3].

In Germany, the BKA is usually responsible for the security measures at such 
events. The strategy and scope of the security measures are based on the threat and 
risk assessment which is carried out by the competent authorities and will be adapted 
to the specific situation. If the police authorities deem it necessary, a special CBRN 
(chemical, biological, radiological, and nuclear defense) team consisting of experts 
from federal institutions can be called upon to support the security arrangements at 
major public events.

For the RN part, the BfS can support a requesting German security authority dur-
ing a major public event [10]. The tasks of the radiation protection personnel will be 
communicated before the deployment and included as part of the deployment plans 
drawn up by the security authority. A concept of operations that combines radiation 
detection with metal detection is usually implemented. Procedures are put in place 
for the event that the presence of RN-material is detected and/or confirmed. The 
method of deployment of the radiation detection capability varies depending on the 
needs of the requesting security authority and can encompass elements such as 
search teams for the detection of nuclear and other radioactive material inside and 
outside, setting-up and running mobile radiation portal monitors for gamma and 
neutron radiation, providing advice when there is a threat to use radioactive mate-
rial, and the analysis of samples. If samples are taken from the search area (e.g., 
swipe samples), then these samples are analyzed off-site (outside the search area). 
This can be done either by mobile equipment or in a standard lab. Labs are used if 
the analysis of samples is a planned part of the BfS assistance, or if it becomes nec-
essary during the deployment to confirm results in the lab (e.g., alpha spectroscopy, 
liquid scintillation counting). A regular part of the security measures at major events 
is the analysis of food samples taken by BKA food chemists. Such samples are 
scanned for chemical, biological, and radiological contaminants. The BfS has devel-
oped procedures for the very rapid analysis of alpha, beta, gamma, and neutron 
radiation in food.
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17.9  �Incidents

Since the reunification of Germany, several high-profile criminal investigations 
involving nuclear or other radioactive material have been reported in the interna-
tional press. Examples include the prominent “plutonium affair” in 1994, during 
which approximately 360 g of plutonium were smuggled into Munich airport, the 
“WAK plutonium theft” in 2000, during which contaminated material was stolen 
from a reprocessing facility in Karlsruhe and the “Po-210 case” in 2006, during 
which traces of 210Po were discovered at various locations in and around Hamburg. 
The latter case was the first deployment of the ZUB.

In late 2006, Alexander Litvinenko died as a result of a poisoning with polo-
nium-210 (Po-210 or 210Po), which allegedly occurred at a meeting in London. 
Media reports at the time linked Dimitri Kovtun to this meeting and to the German 
city of Hamburg. An investigation was started by Hamburg Police into Kovtun’s 
movements during a visit to Hamburg in the week directly before the alleged poi-
soning. As the presence of 210Po at the sites visited by Kovtun in Hamburg was 
uncertain, Hamburg Police called on the ZUB for support. The BfS was responsible 
for the measurement of 210Po at the sites visited by Kovtun [11], the radiological 
evaluation of the measurements, and the radiation protection recommendations. 
Following a measurement for airborne contamination at the sites involved, both 

Fig. 17.4  “Po-210 case” 
in Hamburg 2006: BfS 
measurement experts at 
work at one of the sites 
investigated
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field and laboratory techniques were used to monitor the 210Po contamination 
(Fig. 17.4).

The evaluation of the measurements enabled the BfS to offer effective radiation 
protection advice and to assist the police investigation. Fortunately, the traces of 
210Po found by the BfS were of little radiological relevance and the radiation protec-
tion measures taken by BfS reflected this fact.

In summary, it is fair to say that Germany has prepared a comprehensive set of 
measures for the response to nuclear terrorism and is prepared to combat this type 
of terrorism. However, especially in these times of increasing terror—more than 45 
such attacks resulting in fatalities in western Europe in 2016 and 2017—and the 
poisoning of Sergei and Yulia Skripal in March 2018 in the UK (with its apparent 
analogies to the Litvinenko poisoning), it is always necessary to improve such 
measures in the entire field of CBRN and to train and exercise them in order to be 
well prepared.
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Abstract  Both the Chernobyl and Fukushima nuclear reactor disasters had a huge 
impact on nuclear energy policy in general and in particular on nuclear emergency 
planning and response. The Chernobyl accident demonstrated the need for addi-
tional planning for precautionary protective actions on food production on a large 
scale as well as for international harmonization of emergency preparedness and 
response. As a consequence, the German Integrated Measurement and Information 
System (IMIS) was established. The Fukushima Daiichi NPP accident demonstrated 
not only the possibility of severe beyond design accidents in western-type light 
water reactors but also highlighted the need for in-depth preparation of protection 
strategies, in particular for INES-7-category accidents, and the outstanding role of 
psychosocial issues in disaster mitigation and recovery. Following guidance of 
international bodies and the European directive 2013/59/EURATOM, the Federal 
Government of Germany reviewed and updated its entire nuclear emergency plan-
ning and response framework since 2011. Under the new German radiation protec-
tion law, a process of implementing a modern nuclear emergency management 
system is currently under way.
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18.1  �Introduction

Emergency preparedness and response (EPR) for severe nuclear reactor accidents 
and other nuclear or radiological disasters is a complex issue involving numerous 
disciplines, including nuclear physics and engineering, chemistry, meteorology, 
biology, medicine, psychology, social sciences, and economy. Managing a nuclear 
accident or disaster has many challenges in common with managing other non-
nuclear disasters such as flooding or hurricanes. However, protection strategies are 
often discussed and developed by radiation protection experts only. Maintaining the 
appropriate level of interdisciplinary exchange is a requirement yet to be fulfilled.

Another specific problem of EPR is that—luckily—nuclear disasters are 
extremely seldom. As a consequence, most countries plan for situations they never 
had to and probably never will have to manage. In order to ensure that EPR is well 
established, there are a number of tools to employ: Using experience and cross fer-
tilization from non-nuclear disaster management, exercises, evaluation and quality 
assurance, scenario development, and, most importantly, a careful analysis of the 
few nuclear disasters mankind has experienced so far.

18.2  �Post-Chernobyl EPR in Germany

In May 1986, there was no overarching federal plan in Germany on how to cope 
with a large-scale cross-boundary contamination. Existing monitoring programs 
and planning for protective actions were linked to domestic nuclear facilities and 
the accountability was with the licensing federal state. Provisions were in force to 
protect the population against severe adverse effects from reactor accidents up to a 
regional scale. However, there was no concept on how to reduce radiation doses in 
regions where no hard disaster protection measures were needed but doses due to 
ingestion and external exposure could be well detectable and in the order of a few 
millisievert. In particular, there were:

–– No program and capabilities to monitor the full territory of Germany in sufficient 
geographical resolution for ambient dose rate, air activity concentration, and 
activity concentration in other environmental media and in the food production 
chain;

–– No capabilities to aggregate and disseminate quality controlled measurement 
data nationwide in standardized formats;

–– No permissible limits for activity concentrations in food and feedstuff;
–– No concept on how to limit and reduce the dose to the public at relatively low 

levels in a balanced and justified way and no plan for appropriate protective 
actions to apply; and

–– No communication concept to recommend in plain language reasonable protec-
tive actions and to explain why others make no sense.
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It became apparent that radioactive material can be transported over large dis-
tances at concentrations that may have certain impact on the population and requires 
some action. Particularly, safety of food was subject to controversial debates and 
problems of marketing food had high economic impact.

The situation severely worsened as there was no sufficient data available to 
assess adequately the radiological situation and thus information given to the pub-
lic by the federal government, state (Länder) governments, and NGOs was often 
incorrect, misleading, and even contradictory. The result was a loss of trust in 
government and authorities and a widespread emotional overreaction by the 
public.

In response to these shortcomings and misperceptions, the federal government 
began to plan, implement, and commission an Integrated Monitoring and Information 
System (IMIS), comprising networks for monitoring ambient dose rate, air concen-
trations and water contamination, laboratory measurement programs as well as 
appropriate communication and IT infrastructure [1]. This task was achieved in 
close cooperation with the federal states. The legal framework was defined in the 
new precautionary radiation protection law (StrVG) which filled the gap of addi-
tional protective actions besides the “classic” actions of disaster management, i.e., 
evacuation, sheltering, and iodine thyroid blocking.

With this monitoring system, Germany implemented one of the densest and most 
sophisticated monitoring programs in the world for environmental monitoring and 
nuclear emergency preparedness. The already existing dose rate monitoring net-
work (established decades before for civil defense purposes) was technologically 
upgraded with more sensitive probes. With an average distance of about 20  km 
between probes countrywide and additional probes around nuclear installations it is 
now the network with the highest spatial density in Europe.

It was also acknowledged that emergency planning and response must be harmo-
nized between neighboring countries, particularly member states of the European 
Community. Consequently, the EC responded with issuing maximum permissible 
activity concentrations in food and feeding stuff to be applied in the common 
European market. Common European exchange platforms for environmental radio-
logical monitoring data (EURDEP) and early notification for nuclear accidents 
(ECURIE) were created.

Epidemiological studies recorded unexpected high thyroid cancer rates in chil-
dren in the most affected areas in the Ukraine, Belarus, and Russia few years after 
the accident [2]. The German radiation protection advisory board reacted on the 
new risk estimations for thyroid cancer and lowered the intervention level of iodine 
thyroid blocking for children, adolescents, and pregnant women to 50 mSv thyroid 
dose. Planning zones, in which iodine thyroid blocking was planned for children, 
adolescents, and pregnant women, were accordingly increased from 25 km up to 
100 km. Other planning radii were not changed. The particular characteristics of the 
Chernobyl reactor accident were too specific for RBMK type reactors and the sce-
nario, in particular the source term, was not appropriate as a basis for a hazard 
assessment for nuclear power plants in Germany.

18  Nuclear Emergency Preparedness in Germany: Lessons Learned from Fukushima…
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18.3  �The Fukushima Shock

The Great Eastern Earthquake and Tsunami disaster in Japan and the resulting core 
melt in three reactors at Fukushima Daiichi nuclear power plant (NPP) in the after-
math had a great impact on the general attitude against nuclear energy in Germany 
in general. A few weeks later, the German federal government decided on an accel-
erated nuclear phase-out with the immediate shutdown of several reactors and a 
planned shutdown of the remaining reactors before end of 2022. With this decision, 
the risk of a severe domestic reactor accident is now decreasing. However, other 
nuclear threat scenarios, for example, nuclear accidents in foreign NPPs near the 
border, remain.

The Fukushima accident had no radiological impact within the German territory. 
Only traces of radioiodine and other fission products were detected in German mon-
itoring systems after 23 March 2011 [3, 4]. Concentrations were of the order of few 
millibecquerels per cubic meter. However, the interest of the public in environmen-
tal data, particularly in data from the German dose rate monitoring, was huge and 
the Federal Office for Radiation Protection (BfS) had to respond accordingly: 
Information offers had to be hosted on scalable servers and sufficient capability to 
respond to a high number of requests. Data given to the public were not well under-
stood and design and explanatory text had to be added or improved where already 
existing. Following an open data access policy, BfS decided to publish the data 
immediately after polling from the probes rather than withholding data until being 
fully verified. It turned out that the data quality was high enough and erroneous data 
did not pose a problem [5]. The analysis of public response to BfS data showed 
clearly that “data only” is not sufficient to satisfy the population’s needs.

Fukushima was the first accident with a core melt in a western-type pressurized 
water reactor falling into the highest INES category 7 [6]. It happened in an indus-
trialized democratic country comparable with other highly developed countries like 
Germany. As a consequence, the German Radiation Protection Commission (SSK) 
reviewed the EPR system in Germany based on the lessons learned in Japan and 
summarized experts’ discussions in a publication containing 76 detailed recommen-
dations on how to improve the EPR system in Germany [7]. The most important 
recommendation was to increase planning radii for precautionary and urgent protec-
tive actions around power reactors. The old and new numbers are given in Table 18.1. 
The new radii are based on a rigorous scientific approach for hazard assessment of 
nuclear accidents [8] and a clear separation between scientific findings and political 
decisions. The new approach started with a change of paradigm: Beyond design 
accidents up to INES category 7 were now explicitly taken into consideration. Any 
calculated or assumed low probability was no longer accepted as a cut-off criterion 
to not consider such extreme scenarios. It was agreed to use a few specific source 
terms assessed by the “Gesellschaft für Anlagen- und Reaktorsicherheit” (GRS) as 
new reference scenarios. They serve as basis of the hazard assessment and thus of 
the whole EPR system for nuclear accidents and they were used as input for exten-
sive consequence analysis based on the decision support system RODOS.  The 
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largest of the new reference source terms comprises a release of radioactivity equiv-
alent to 1600 PBq iodine-131 (this compares to estimated 100–500 PBq iodine-131-
equivalent from Fukushima [9] and 1760 PBq from Chernobyl [10]). Atmospheric 
dispersion and resulting dose to the public were calculated for three representative 
NPP sites in Germany and with real weather data for each site for 365 days of one 
reference year. According to the German legislation, specific dose criteria exist for 
each of the three typical precautionary and urgent protective actions: evacuation, 
sheltering, and iodine thyroid blocking. In the hazard assessment, those areas were 
identified for all weather scenarios, where those dose criteria would have been 
exceeded. A careful analysis of frequency and maximum distance from the source 
led to the abovementioned new emergency planning zones [4].

Inspired by international guidelines of the ICRP and following the EU council 
decision 2013/59 EURATOM, the radiation protection in general and the EPR sys-
tem in particular were completely refurbished in Germany. The legislative basis was 
integrated and several laws and ordinances were comprised into the new radiation 
protection law (StrlSchG).

Most prominently, a new Federal Radiological Emergency Response Centre 
(RLZ) was created, which will replace several radiological emergency response 
centers in federal states. It is comprised of operating units in the Federal Ministry of 
Environment, Nature Conservation, and Nuclear Safety (BMU), the Federal Office 
for Radiation Protection (BfS), and the GRS. The RLZ will only be established in 
case of a nuclear accident and will then become an entity of BMU. Supporting orga-
nizations are connected to the center by redundant and specifically hardened com-
munication lines. Computer systems and other equipment are highly redundant 
allowing operation of the center even if single location is out of operation due to 
major disaster consequences, which may occur in conjunction with a severe radio-
logical emergency. This resilience against large-scale failures of infrastructure is 
also a consequence of the Fukushima event analysis and the observed malicious 
synergy of earthquake, tsunami, and nuclear disaster.

The tasks of the new Federal Radiological Emergency Response Centre are:

–– Collecting data;
–– Compilation of a comprehensive radiological situation report;
–– Dissemination of information within German emergency response organizations;

Table 18.1  Old and new NPP emergency planning zones

Zone Protective action
Old radius 
for NPP

New radius for 
NPP

Central zone Evacuation within 6 ha 2 km 5 km
Middle zone Evacuation within 24 ha 10 km 20 km
Outer zone Iodine thyroid blocking  

(all <45 years), Sheltering
25 km 100 km

Remaining national 
territory

Iodine thyroid blocking for children 
<18 years and pregnant women

100 km Remaining national 
territory

aSheltering and iodine thyroid blocking also apply
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–– International information exchange;
–– Coordination of protective measures among public stakeholders;
–– Information of the public; and
–– Coordination of radiological measurements within Germany.

18.4  �An Outline of Modern EPR: The Way Forward

Detrimental consequences of the fast evacuations in Fukushima province became 
apparent. At least 50 elderly persons died during or directly after the evacuation [11] 
and over the following years a clear increase of mortality rates was reported for the 
evacuees [12]. On the other hand, neither radiation-related deaths nor deterministic 
effects caused by the increased exposure have been found up to now in Japan [9, 
13]. It can be concluded that the evacuation of about 160,000 people did more harm 
than good to them, especially to some of the most vulnerable fractions of the popu-
lation (elderly people and people suffering from diseases). This experience from 
Fukushima begs questions on the process of decision-making, in particular on pre-
cautionary and urgent protective actions. As frequently observed in exercises, 
decision-makers tend to make decisions “on the safe side.” The whole process of 
decision-making from atmospheric dispersion prognosis to finally identifying 
affected municipalities has an implicit bias of being too “conservative” [14].

The protective action of evacuation is not only specific to nuclear emergencies. 
It is planned and carried out in case of a number of natural and man-made disasters. 
This also holds true for a number of other protective measures. A severe reactor 
accident has huge impact far beyond direct radiological consequences. Protective 
actions, remediation, and recovery are a complex societal process. The alignment of 
EPR with non-nuclear disaster preparedness is one of the big lessons learned and 
discussed internationally [15].

Beyond this discussion there is a deep change of the understanding of the role of 
radiation protection experts. They can consider only the radiological aspects of the 
emergency and they are only advisors for those who plan, decide on, and implement 
protective measures. The new German legislation consistently follows this concept, 
called “Verzahnungsansatz,” which can be roughly translated to “interlinking 
approach.” Emergency planning is specified in a General Emergency Plan, which is 
under the responsibility of the BMU, and several Special Emergency Plans focusing 
on specific issues such as Agriculture, Traffic, Drinking Water, and Waste 
Management. Each Special Plan is under the responsibility of the respective 
accountable Ministry. One key task of radiation protection experts in the abovemen-
tioned Federal Radiological Emergency Response Centre is to define and adjust 
reference levels and to advise on maximum permissible levels in environmental 
media, to assess and forecast where and when these levels are exceeded.

A few days after the Fukushima accident the international, the volunteer-centered 
“citizen science” organization “Safecast” was formed. It quickly began monitoring, 
collecting, and openly sharing information on environmental radiation. Its mission 
is “to provide citizens worldwide with the tools they need to inform themselves by 
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gathering and sharing accurate environmental data in an open and participatory 
fashion” [16]. Data collected from, e.g., car borne devices were uploaded on a pub-
licly available server and aggregated in a visual form clearly delineating affected 
areas. In doing so they contributed independent trustworthy information. Emergency 
planning and preparation should be open to such civil society contributions.

Health impact of a major nuclear accident always includes impact attributable to 
ionizing radiation and psychosocial health and societal impacts. In Fukushima, psy-
chosocial and societal problems had clearly the highest impact. Germany’s acceler-
ated phase-out from nuclear energy after the Fukushima disaster was driven by a 
broad and deep public concern about the risk of radioactivity and nuclear energy. It 
is safe to say that a similar event in Germany would have even more pronounced 
societal and psychosocial impacts compared to Japan. The consequences of this 
finding will have far reaching consequences on EPR and will require a re-evaluation 
of basic concepts and protection strategies. A full discussion goes beyond the scope 
of this paper. However, we would like to outline a short but not exhaustive list of 
issues to be addressed in future:

–– Protective measures must do more good than harm. It is unclear how to ade-
quately apply psychosocial adverse effects in a quantitative fashion, both in con-
siderations at the preparedness stage and in decision-making in an emergency.

–– The process of the termination of an emergency and return to normal living con-
ditions as outlined in [17] will need careful preparation. It is yet unclear how to 
achieve societal consensus about the conditions for returning to normal life.

–– Transfer of information to the public is not a goal as such but essential for miti-
gating psychosocial impact. Information must be understandable and targeted 
for specific groups. This targeting may go down to single individuals who need 
specific attendance. Individual dose assessments based on suitable tools, namely 
incorporation measurements and dose reconstruction based on individual dwell-
ing profiles, must be developed and made operational. Furthermore, such indi-
vidual dose assessments have to be “translated” into understandable information 
for the population. This includes an assessment of the individual risk correspond-
ing to the dose.

–– Harmonization of protective measures is one key issue for credibility of 
EPR. Equal reference values and decision criteria among neighboring countries, 
cross border communication between decision-makers, and regular consultations 
in the preparation phase are prerequisites for a consistent protection strategy 
across borders.
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