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Editorial 

It is our great pleasure to issue our journal ‘Global Environmental Research’ which aims to disseminate the results of studies on global 
environmental issues, studies conducted not only in Japan but also in other parts of the world. Many scientists monitor research in their 
own fi elds, but communications between scientists are not always easy, because the ranges of their fi elds are so broad, subjects are so 
diverse, and reports may not be written in an internationally spoken language. This journal is intended to help fi ll these gaps. 

A language gap often exists for Japanese scientists. In recent years, many reports, publications, and other forms of information have 
been released relating to Japanese studies on global environmental issues, but only a small number of them are published in English. 
Accordingly, one purpose of ‘Global Environmental Research’ is to provide information on Japanese research results to scientists, 
internationally and in a timely manner. 

Relatively speaking, exchanges of information among the Asian and Pacific regions on research results relating to global 
environmental issues are inadequate because of local language barriers and limited opportunities to present results. We hope that ‘Global 
Environmental Research’ will help to solve these problems simultaneously. 

International Geosphere-Biosphere Programme (IGBP), Human Dimensions Programme of Global Environmental Change (HDP), 
and other international and interdisciplinary programmes are now producing a lot of important results. Many government ministries and 
agencies are providing considerable budgets each year for studies on global environmental issues. The results of these studies need to be 
distributed world wide. We hope this journal will also make a contribution to this end. It was said that title of the third scientific 
symposium of the HDP ‘Global Change, Local Challenge’ recognises that global changes are the results of a variety of local activities 
shaped by particular cultures, histories, political boundaries, and national policies. We are certain  that ‘Global Environmental Research’ 
will serve as a transmitter of information on local activities about global change. 
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1Preface

Preface

The Fukushima Daiichi nuclear accident, initiated by the Great East Japan Earthquake, has resulted in 
environmental pollution across eastern Japan, especially in Fukushima Prefecture. The amount of radioactive 
substances released was far less than from the Chernobyl accident, and only radionuclide cesium has needed to 
be controlled. It was a daunting challenge, however, to implement the necessary countermeasures while obtaining 
a community consensus in the heavily populated country of Japan with its advanced information orientation. One 
of the main factors that made implementation of the countermeasures more challenging was a lack of necessary 
scientific knowledge for decision-making by policy makers. Nevertheless, Japan’s academic circles and industrial 
sectors have been making steady progress in research and development toward environmental restoration. 

This special issue focuses on research and development toward restoration from environmentally radioactive 
pollution caused by the nuclear accident, and provides an integrated body of relevant scientific knowledge 
collected to date. The articles in this issue cover a wide range of topics, including a study on the environmental 
dynamics of radioactive substances and its impact on ecosystems, and the adoption and evaluation of 
decontamination and contaminated waste treatment technologies. Many articles have been provided by 
researchers of the National Institute for Environmental Studies and the Japan Atomic Energy Agency, Japan’s 
leading research institutes in the environmental and nuclear fields, respectively. We are profoundly grateful for 
their contribution of valuable scientific knowledge and technical expertise in the midst of their hard work toward 
environmental restoration, and strongly hope that this information will be utilized in Japan’s steady 
environmental restoration efforts in the years to come.

Guest Editors
Toshimasa OHARA

Kaname MIYAHARA
Masahiro OSAKO

Seiji HAYASHI
Kimiaki SAITO

Minoru TAKEISHI
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1. Introduction

Enormous amounts of radioactive materials were 
released into the environment during the Fukushima 
Daiichi Nuclear Power Station accident (below, the 
Fukushima accident). Radioactivity released into the 
atmosphere and ocean was transported and deposited 
widely not only in Fukushima Prefecture but also in 
neighboring prefectures. This resulted in the radioactive 
pollution of inland and sea water;  soil;  ecosystems; 
agricultural, forestry and fisheries products; sewage and 
water treatment sludge;  waste incinerator ash;  and 
various other environmental media (Fig.1). In the face of 
perceived unprecedented environmental consequences, 
many organizations in the public and private sectors and 
academia have carried out multifaceted research to help 
restore the environment of the affected areas, starting 
from immediately after the accident. On the public 
administration side, the national and local governments 
have conducted off-site cleanup, treatment of 
contaminated waste and other endeavors. The present 
paper gives an overview of progress in environmental 
research on the radiological contamination derived from 
the accident, mainly by introducing research activities 
carried out by the Japan Atomic Energy Agency (JAEA) 
and National Institute for Environmental Studies (NIES).

2. The Fukushima Accident and its Environmental 
Impacts

2.1 The Fukushima Accident 
More than five years have passed since the Great 

East Japan earthquake and subsequent tsunami of the 
11th March 2011 devastated the entire northeastern 
coastal region of Japan. Despite major losses of life and 
destruction of infrastructure, the focus of environmental 
concerns following this event was the series of accidents 
at TEPCO’s Fukushima Daiichi Nuclear Power Station 
which led to meltdowns of the reactor cores in Units 1 to 
3 and the extensive release of radioactive materials. 

Units 1 to 3 were boiling water reactors (BWR) and 
were successfully scrammed prior to loss of power. A 
delay thus occurred before the meltdowns, allowing 
some of the most active, short-lived radionuclides to 
greatly diminish through significant decay. The related 
Unit 4 contained no fuel then, and two newer units at the 
site were under cold shutdown for planned maintenance 
at the time. The earthquake did, however, disrupt off-site 
power, and the on-site generators switched on to provide 
the required cooling for Units 1 to 3 and the fuel storage 
ponds associated with Units 1 to 4. The subsequent 
tsunami, however, was far larger than had been planned 
for and over-topped the defences, flooding all the 
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emergency generators for Units 1 to 4. The resulting 
total blackout extended beyond the lifetime of the 
emergency batteries, leading to reactor core damage. 

Core damage resulted in hydrogen formation, which 
in turn led to explosions in Units 1 and 3 and also the 
defueled Unit 4 as a result of hydrogen leakage from 
Unit 3 flowing in through shared ductwork with Unit 4. 
The background to the accident and its causes and 
progression are described in detail elsewhere (e.g., 
NAIIC, 2012). It should be emphasised, nevertheless, 
that due to loss of power and damage to instrumentation, 
there are still considerable uncertainties associated with 
interpretations of how the accident proceeded, which are 
reported on in updates provided by the Tokyo Electric 
Power Company (TEPCO) (e.g., TEPCO, undated). 

2.2 Radioactive Releases from the Fukushima Accident 
and Regional Fallout of Volatile Radionuclides

The reactor pressure vessels and primary containment 
had to be vented on several occasions due to excessive 
pressure build-up within, releasing radioactive gases 
from stacks on site. These gases also leaked into the 
secondary containment, resulting in the major explosions 
that damaged the reactor buildings of Units 1, 3 and 4. 
Core damage also caused the Unit 2 containment vessel 
to be breached. These events released a significant 
quantity of radioactive materials into the environment. 
The radionuclides involved were predominantly noble 
gases and more volatile radionuclides, of which  
iodine (I) and cesium (Cs) isotopes were the  
most radiologically significant. Although the values  
are uncertain probably by a factor of about 2, there  
is a reasonable consensus that effectively the  
entire inventory of noble gases was released—equivalent 

to about 10 exabecqerels (1019 Bq) of short-lived  
(5-day half-life) xenon (Xe)-133 (Ministry of Economy, 
Trade and Industry (METI), 2011). Releases of volatile I 
were lower, with the key safety-relevant isotope, I-131 
(8-day half-life), about two orders of magnitude less,  
~ 200 petabecqerels (2 x 1017 Bq).

Radioactive releases from Fukushima Daiichi were 
due to specific events (venting, explosions) and the 
fallout patterns of the radionuclides were complex and 
depended on the wind strength and direction and 
whether it was raining or snowing at the time. The 
quantity and characteristics of the fallout differed 
considerably depending on whether “dry” or “wet” 
deposition occurred and its subsequent behavior 
depended on the local topography and land use. 
Although initial concerns focused on radioiodine with 
an eight-day half-life, cesium isotopes now dominate 
contamination outside the Fukushima Daiichi site, 
especially Cs-137 (30-year half-life), with rapidly 
decreasing activities of Cs-134 (2.1-year half-life).

Less volatile radionuclides would also have been 
released to some extent, possibly predominantly as 
aerosols and maybe associated with the hydrogen 
explosions. The radiological activities of such releases 
have greater uncertainties, but have been estimated to be 
about 1 percent of the Cs-137 activity for fission 
products like strontium(Sr)-90 and a further four orders 
of magnitude lower for actinides like plutonium(Pu)-238 
(METI, 2011). Even if estimated releases are accurate, 
aerosols would be expected to be less stable in air and 
more likely to fall out locally. This is consistent with a 
limited number of off-site measurements indicating 
Sr-90 activities of up to four orders of magnitude lower 
than those of Cs-137 (Steinhauser et al., 2013) and 
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Figure 1 Schematic diagram of flow of radioactive materials in multimedia 
environment and target area of environmental restoration research. 

  

Fig. 1   Schematic diagram of flow of radioactive materials in multimedia environment and target area of environmental restoration research.
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extremely low levels of Pu isotopes, which are at a 
similar level to residual fallout from atmospheric bomb 
testing and are maybe indicative of transport by dust 
(e.g., Shinonaga et al., 2014).

Ideally, in a major accident releasing volatiles, stack 
measurements of the source term are combined with 
meteorological data to predict potential contamination, 
which is then refined by regional radiation monitoring 
networks. The Fukushima Daiichi releases, however, 
were poorly defined and much of the monitoring 
network was knocked out by the earthquake/ tsunami. 
Aerial surveys of gamma doses thus played a critical 
role in mapping contamination, calibrated by point 
analysis on the ground where access was possible. The 
data were initially used to run the fallout model 
“SPEEDI” in inverse mode in order to quantify releases.

The resulting fallout maps clearly show the highest 
activities in a zone to the northwest of Fukushima 
Daiichi. This information was initially used to guide 
evacuation, which was difficult due to damaged transport 
infrastructure. Logistics were further complicated by the 
scale of evacuation due to tsunami damage, which 
affected a larger area than radioactive contamination.

Later, contamination maps were used to plan 
decontamination. Local dose rates in air were manually 
measured at several thousand locations and soil profiles 
were sampled to build up a detailed 3D understanding of 
both the initial fallout and its subsequent redistribution. 
Most soil profiles of Cs concentration show a marked 
decrease with depth:  almost the entire inventory is still 
contained within the upper five centimeters (Nuclear 
Regulation Authority (NRA), 2016).

In Fukushima Prefecture, vegetation is an important 
factor, as about 70 percent of the land area is forested. 
The extent of fallout capture depends on the size and 
type of tree (deciduous or evergreen) and the subsequent 
distribution of fallout between foliage, leaf litter and soil 
varies significantly with time for different kinds of 
forests in different topographic settings.

2.3 Comparison with the Chernobyl Accident for 
Contamination Context

It should be clear that the releases from Fukushima 
Daiichi differed highly in nature from those from the 
Chernobyl accident. Despite both accidents being 
assigned to the highest category (7, “severe accident”) 
of the IAEA International Nuclear and Radiological 
Event Scale (INES), the quantity and nature of the 
resultant contamination differed greatly. Chernobyl Unit 
4 experienced a power surge during a test shutdown, the 
core exploded and exposed the graphite moderator, 
which caught fire and burned for about two weeks. A 
large proportion of the total inventory of radioactive 
materials in the core was dispersed outside the reactor 
site in the form of fine particulates, aerosols and 
volatiles in an atmospheric plume, which spread 
throughout Europe. Extremely high radiation fields and 
local contamination caused extensive (occasionally 
lethal) radiation sickness amongst the firefighters and 

other emergency workers who stabilized the remaining 
core and collected the most highly contaminated debris 
that was scattered about the vicinity (the remaining three 
reactors at this site continued to operate after the 
accident). There was also evidence of acute 
contamination of local populations, especially in the 
nearby town of Pripyat — which was not evacuated until 
more than 24 hours after the accident.

The fact that the units were scrammed prior to loss of 
power and that further time delays occurred before the 
meltdowns in the Fukushima Daiichi case allowed 
significant decay of the shortest-lived radionuclides, 
which contribute most to early radiation fields. Even 
more importantly, the primary containment at Fukushima 
Daiichi was effective in greatly limiting releases of even 
volatile radionuclides and ensured negligible loss of the 
most toxic, alpha-emitting actinides. Thus, although 
radiation levels were very high within the damaged 
reactors, exposure to workers was limited and thus 
helped avoid any cases of acute radiation sickness. 
Releases of noble gases such as Xe-133 would have 
exceeded those at Chernobyl simply due to the larger 
power of the three Fukushima Daiichi units (Stohl et al., 
2012). Xenon-133, however, has little radiological 
significance as it is effectively dispersed in the 
atmosphere and does not fall out or concentrate in the 
biosphere. Despite the larger reactor power, the total 
release of non-noble gas isotopes was about 10 percent 
of that from Chernobyl (Steinhauser et al., 2014) and the 
impact of releases was further reduced by the fact that 
most of the releases (~ 80% ) were dispersed over sea 
rather than land (e.g., TEPCO, 2012). After the decay of 
radioiodine, the remaining radionuclides in the off-site 
environment are dominated by radiocesium, with total 
activity decreasing significantly over time due to the 
decay of the shorter-lived, higher dose contributor Cs-134.

This contrasts with the exclusion zone around 
Chernobyl, which is completely different from 
Fukushima in that it contains the entire spectrum of 
radionuclides explosively released from the reactor core 
and subsequent fires.

With regard to contamination, therefore, the 
immediate zone around Chernobyl is a poor analogue to 
Fukushima Prefecture. If anything, the distant fallout of 
volatile radionuclides in Fenno-Scandinavia and the 
uplands of northern England and southern Scotland 
would have much more similarity to Fukushima (with a 
few exceptions of higher Cs deposition), with the latter 
also having a more analogous climate (e.g., temperate 
coastal with significant seasonal storm events). In terms 
of fallout in the vicinity of a nuclear accident, the 
Windscale fire of 1957 is more similar to Fukushima 
than Chernobyl. Indeed, even though rated only as INES 
5, the radiotoxicity of the Windscale releases may well 
have been higher than those of Fukushima Daiichi due 
to the highly toxic polonium(Po)-210 also released 
(Garland & Wakeford, 2007).

In absolute terms, the levels of radiocesium 
contamination in much of the evacuated zone are low and 
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comparable to those resulting from the 1957 Windscale 
fire or the distant fallout from Chernobyl in Fenno-
Scandinavia, the UK and the southern European Alps.

In these other examples, there were some restrictions 
on use of local foodstuffs but generally no attempt at 
decontamination. As in Fukushima, air dose rates 
dropped at a rate greater than that expected by 
radioactive decay alone, due to wash-off of soil-bound 
radionuclides and redistribution deeper into the soil 
column. The aim of regional decontamination is to 
enable the rapid return of evacuees and provide 
assurance that they can resume their previous lifestyles 
without health concerns for themselves or their future 
generations.

2.4 Governmental Efforts after the Accident
After the Fukushima accident, the government of 

Japan as well as local governments carried out measures 
for handling environmental contamination by radioactive 
materials emitted from the Fukushima Daiichi Nuclear 
Power Station. The “Act on Special Measures 
Concerning the Handling of Environmental Pollution by 
Radioactive Materials Discharged by the Nuclear Power 
Station Accident Associated with the Tohoku District - 
Off the Pacific Ocean Earthquake that Occurred on 
March 11, 2011” (hereinafter referred to as the “Act”) 
was approved and enacted in August 2011. This Act was 
established to address the urgent issue of promptly 
reducing the impact of environmental contamination on 
human health and the living environment from 
radioactive materials released by the Fukushima accident 
associated with the Great East Japan earthquake. It 
stipulates that the basic principles regarding the handling 
of environment pollution caused by radioactive materials 
be determined in a cabinet meeting, and that monitoring 
and measurement be carried out to determine the status 
of environmental contamination by accident-derived 
radioactive materials. It also establishes procedures and 
other matters relating to the disposal of wastes and  
the decontamination of soil, etc., contaminated by 
radioactive materials.

Under the Act, the Minister of the Environment 
(MOE), giving due consideration to the degree of 
contamination, designated areas (Special Decontamination 
Area;  including eleven municipalities in Fukushima 
Prefecture; within 20 km of Fukushima Daiichi or having 
over 20mSv/ y of additional annual dose) where it was 
necessary for the national government to develop plans for 
decontamination measures and then carry out these 
measures in these areas. In addition, the Ministry of the 
Environment (MOE) has designated areas (Intensive 
Contamination Survey Area) other than the Special 
Decontamination Area, where states of contamination 
are expected not to conform to requirements (air dose 
rates of 0.23μSv/h or less). As for zones recognized as 
not conforming to the requirements through 
investigation into the state of contamination in the 
Intensive Contamination Survey Area, the local governor 
develops plans designating matters regarding measures 

for decontamination. Based on these plans, the national 
government, prefectural governor, mayor of the 
municipality, etc. carry out decontamination measures. As 
of the end of September 2016, decontamination had been 
completed in the area based on the initial plans in the 
seven municipalities of the Special Decontamination Area 
and was progressing in other municipalities.

In Fukushima Prefecture, large quantities of 
contaminated soil and waste have been generated from 
decontamination activities. Currently, it is unclear what 
methods will be adopted for the final disposal of such 
soil and waste. Hence, it has been necessary to establish 
Interim Storage Facilities (ISF) to manage and store the 
soil and waste safely until final disposal becomes 
available. The MOE in October 2011 presented its basic 
philosophy under the Act, titled “Basic Philosophy on 
Interim Storage and Other Facilities Required for the 
Handling of the Environmental Pollution from 
Radioactive Materials Associated with the Accident at 
the Fukushima Daiichi Nuclear Power Station of Tokyo 
Electric Power Company.” This Basic Philosophy on 
Interim Storage includes the flow schematics for 
treatment of wastes and a roadmap towards the 
installation of interim storage facilities in Fukushima 
Prefecture, where significant amounts of removed soil 
and other wastes are anticipated to be produced. 
According to the present plan, two kinds of materials 
were generated in Fukushima Prefecture:  (1) soil and 
waste (such as fallen leaves and branches) generated 
from decontamination activities, which have been stored 
at temporary storage sites, and (2) incineration ash with 
radioactive concentrations exceeding 100,000 Bq/ kg, 
which will be stored at the ISF. During 2015–2016, pilot 
transportation of soil and waste around of 1,000 m3 each 
from 43 municipalities in Fukushima Prefecture to the 
ISF was completed. 

For disposal of wastes contaminated by radioactive 
materials, the MOE developed a plan regarding 
disposal of “waste within the management area” 
(former Restricted Areas and Deliberate Evacuation 
Areas) of Fukushima Prefecture. In addition, the MOE 
designated wastes (specified wastes) which are located 
outside the management area and whose state of 
contamination by radioactive materials exceeds 8,000 
Bq/kg. Disposal of the specified waste and the waste 
in the management area is carried out by the national 
government on the basis of these standards. For the 
management area, the MOE is conducting 
contaminated waste disposal based on its “Treatment 
plan for waste within the management area.” On the 
other hand, the specified waste generated in the areas 
outside Fukushima Prefecture will be treated in each 
prefecture based on the MOE Basic Philosophy. 

The specified waste generated in Fukushima 
Prefecture and the wastes in the countermeasures area 
are planned to be transported to the ISF for wastes 
with over 100,000 Bq/kg and to the existing controlled 
landfill site in Fukushima Prefecture for wastes with 
less than or equal to 100,000 Bq/ kg. Combustible 
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portions (such as sewage sludge, rice straw, compost, 
etc.) of the specified waste generated in Fukushima 
Prefecture is incinerated for stabilization and waste 
volume reduction.

In addition to measures related to decontamination 
of soil and disposal of contaminated wastes, which are 
the most extensive efforts against radiological 
contamination by the government, environmental 
radiation monitoring based on the comprehensive 
radiation monitoring plan (Monitoring Coordination 
Meeting, 2016), collection and analysis of information 
on the effects of environmental radiation on natural 
ecosystems, and public communication on 
decontamination and radiation have been conducted by 
the government. Furthermore, the government supports 
health management in Fukushima Prefecture, including 
through grants to the Fukushima Residents Health 
Management Fund. One of the ways Fukushima 
Prefecture has been utilizing those grants is to conduct 
the Fukushima Health Management Survey (Fukushima 
Medical University, 2017).

3. Progress in Environmental Restoration 
Research

3.1 Overview of Environmental Restoration Research 
in Japan

Many different research institutions, government 
agencies and researchers are studying the radioactive 
materials released into the environment as a result of the 
Fukushima accident. This research covers methods for 
measuring radioactive materials and monitoring the 
environment (e.g., Saito et al., 2016);  dynamics and 
impacts of these substances in the environment (e.g., 
Hayashi, 2016;  Iijima, 2016;  Imaizumi et al., 2016; 
Morino &  Ohara, 2016, Saito, 2016;  Tamaoki, 2016, 
Yaita et al., 2016);  decontamination, treatment and 
disposal of waste (e.g., Endo, 2016;  Kawase, 2016; 
Kuramochi et al., 2016);  and many other fields. The 
researchers carrying out this work are specialists in 
many different academic fields.

Japanese scientists and scientific organizations need 
to tackle the serious environmental problems posed by 
Fukushima Daiichi-derived radioactive contamination 
head on. From immediately after the accident, many 
scientists dedicated themselves to ascertaining the status 
of radioactive contamination in soil, forests, the ocean, 
organisms and ecosystems. Research has been carried 
out on the volume and spread of radioactive materials 
released into the atmosphere and ocean. The researchers 
involved have shown tremendous mettle in the face of 
such a serious environmental crisis, and their actions 
have demonstrated the true value of researchers in 
environmental and nuclear research fields. These initial 
activities began spontaneously as small-scale grassroots 
initiatives launched by individual researchers and 
laboratories that gradually became more organized. 
Conducted at a time when Japanese society was 
enveloped in gloom, these forward-looking endeavors 

have performed a significant role in the reconstruction 
of the affected areas. However, given the extent  
and seriousness of the environmental contamination 
involved, overall research efforts still lack intensity, and 
much remains to be done. One of the key shortcomings 
is the paucity of interdisciplinary research efforts.

Developing an accurate overall understanding of all 
this research is not easy, but the recommendation 
published by the Science Council of Japan (Science 
Council of Japan, 2014) serves as a useful panoramic 
overview. It includes a chart titled “Movements of 
radioactive materials between media, and main research 
bodies” that lists the MOE;  Ministry of Education,  
Culture, Sports, Science and Technology (MEXT); 
Nuclear Regulatory Agency;  Fukushima Prefecture; 
research organizations (JAEA, NIES, Meteorological 
Research Institute, Central Research Institute of Electric 
Power Industry, National Institute of Radiological 
Sciences, Japan Agency for Marine-Earth Science and 
Technology, National Agriculture and Food Research 
Organization, National Institute for Agro-Environmental 
Sciences, Forestry and Forest Products Research 
Institute, Fisheries Research Agency, National Institute 
of Public Health, and National Institute of Health 
Sciences);  universities (University of Tsukuba, 
University of Tokyo, Tokyo University of Marine 
Science and Technology, Ibaraki University, Tokyo 
Institute of Technology, and others);  and TEPCO. 
Large-scale interdisciplinary research projects are  
also underway, such as the MEXT Grant-in-Aid  
for Scientific Research on Innovative Areas’ 
“Interdisciplinary Study on Environmental Transfer of 
Radionuclides from the Fukushima Daiichi Nuclear 
Power Plant Accident” (ISET-R) project (Available at 
http: / /www.ied.tsukuba.ac.jp/hydrogeo/ isetr/ ISETRen/
indexEN.html; Fig. 2). 

In the spring of 2016, the Centre for Environmental 
Creation opened in Fukushima Prefecture and an inter-
institutional research system for environmental 
restoration and creation was established in collaboration 
with the Fukushima prefectural government, JAEA and 
NIES. In the future, the Centre is expected to become a 
research network hub for many domestic and 
international organizations involved in addressing the 
Fukushima accident.

3.2 JAEA Mission to Enhance Fukushima 
Environmental Resilience

As Japan’s sole comprehensive research and 
development institute in the field of nuclear energy, 
JAEA makes it a mission to contribute to the welfare 
and prosperity of society through nuclear science and 
technology. One of the top priority fields for achieving 
JAEA’s mission is enhancing off-site environmental 
resilience in Fukushima by fully applying JAEA’s 
scientific and technical expertise, based on the Basic 
Policy for Recovery and Reconstruction of Fukushima 
(Reconstruction Agency, 2012).

To enhance Fukushima environmental resilience, the 
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Figure 3 JAEA’s Research and development for Enhancing Fukushima Environmental 

Resilience 

  

Fig. 2   Research outline of “Interdisciplinary Study on Environmental Transfer of Radionuclides from the 
Fukushima Daiichi Nuclear Power Plant Accident” (ISET-R) project (http://www.ied.tsukuba.ac.jp/
hydrogeo/isetr/ISETRen/indexEN.html).

Fig. 3  JAEA’s Research and development for Enhancing Fukushima Environmental Resilience.



9Overview of environmental research on Fukushima accident

needs for better scientific and technological capabilities 
to assess, predict, and minimize the impact of 
radiological contamination must be addressed and the 
understanding of radiation and associated risks to the 
public must be enhanced. It reflects the role of JAEA in 
research associated with both decontamination of 
contaminated areas and natural contamination migration 
processes in non-remediated areas (Fig. 3). 

JAEA is working with a number of Japanese and 
international organisations and research institutes in 
research on decontamination. This has proceeded in a 
stepwise fashion. First, JAEA tested technology required 
at two locations outside the evacuated zones where 
contamination was low. This allowed alternative 
approaches for measuring contamination, removing it 
and handling the resulting wastes to be developed and 
tested in a representative range of agricultural and rural 
settings. This work formed the basis of a larger-scale test 
of the technology when JAEA contracted engineering 
company consortia to carry out decontamination in a 
wider range of settings, including urban and industrial 
areas and locations with higher contamination levels 
(Decontamination Pilot Project). Novel decontamination 
approaches and the potential for optimisation of these 
decontamination approaches were also investigated (e.g., 
Kawase, 2016).

Currently, contractors working for the MOE and local 
municipalities are carrying out regional decontamination. 
JAEA supports such work predominantly through 
development of monitoring technologies and improved 
understanding of the long-term behaviour of radiocesium 
in this setting.

Environmental monitoring and mapping to define 
boundary conditions in terms of the distribution of 
radioactive materials and resultant doses, guides the 
subsequent response. Radiation protection considerations 
set constraints, with approaches developed to estimate 
doses to different critical groups and set appropriate dose 
reduction targets. 

Since the Fukushima accident, large-scale environmental 
monitoring activities have been successfully implemented 
and enormous amounts of environmental monitoring data 
have been accumulated, which makes it possible to analyze 
precisely the regional and temporal characteristics of the 
state of contamination around the Fukushima Daiichi 
Nuclear Power Station site (e.g., Saito et al., 2016). 

The radionuclide deposition densities obtained in the 
Fukushima mapping project were utilized in the 
International Commission on Radiation Units and 
Measurement (ICRU) 2013 Report as the basic data for 
evaluating exposure doses to the public in Japan. The 
IAEA extensively discussed the features of radionuclide 
distributions in the terrestrial environment based on the 
data obtained in the mapping project together with aerial 
monitoring data (IAEA, 2015a). Further, decreasing of 
air dose rate trends under various conditions were 
discussed on the basis of air dose rates repeatedly 
measured by different methods in the mapping project 
(IAEA, 2015b).  

Air dose rates in environments related to various 
human activities were found to decrease much faster 
than would result from physical decay; while, in pure 
forest, the air dose rate reduction was close to that from 
physical decay. On the basis of a statistical analysis of 
large amounts of data obtained, an empirical model for 
predicting air dose rates was developed. 

JAEA developed a new database aggregating various 
monitoring data obtained by national projects, local 
governments and research institutes (JAEA, 2016). The 
aggregated data are presented in several different ways 
such as numerical data, maps and graphs indicating 
time-trends together with some simple analysis softs. 

Decontamination activities have been generating 
huge volumes of contaminated soil and vegetation 
waste, which must be managed safely and cost-
effectively. In particular, future reuse of the soil in 
construction is an important option, if constraints in 
terms of allowable organic and clay content can be 
managed. As Cs is very strongly bound to clay minerals, 
use as ballast or infill might provide options for both 
reducing the total costs and also minimizing the 
environmental impact based on undestanding Cs 
sorption-desorption behaviours in clay minerals for 
waste reduction. 

Sorption behavior of Cs in clay minerals has been 
studied by microscopic analysis supported by molecular 
orbital calculation to provide the newest information 
about identification of sorption sites, incorporation 
mechanisms and stabilization mechanisms, which 
facilitate understanding of how limited clay minerals 
such as weathered biotite and ferruginous smectite 
concentrate radioactive Cs. These results are informative 
for developing volume-reduction processing methods 
such as classification of soil particles, chemical and 
thermal treatments (Yaita et al., 2016).

Assessment of the natural behavior of contaminating 
radionuclides and their mobility in the environment is 
now focused almost entirely on radiocesium (project 
termed F-TRACE), evaluating the extent of required 
management of forested areas that cannot be simply 
decontaminated, developing quantitative models of the 
natural self-cleaning processes that eventually transport 
radioactive materials through river systems into coastal 
marine environments and assessing the ability of control 
measures to minimize environmental impacts (Iijima, 
2016). Here, the impact of natural mobility in terms of 
self-cleaning/ re-concentration in cleaned areas is 
evaluated, along with possible actions to modify such 
transport or manage potential areas of radiocesium 
accumulation. 

A large fraction of the radiocesium inventory 
captured by forest canopies has gradually migrated to 
the ground through rain wash-off and leaf fall and 
transited within the litter layer, eventually being 
captured (in most cases) by the forest soil layer 
underneath. Catchment-scale movement of Cs-loaded 
suspended sediments in the aquatic environment has 
been observed through streams, rivers and estuaries into 
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the coastal marine environment, accounting for trapping 
of Cs in ponds, lakes and dams, including its transfer 
back to the terrestrial environment (mainly flood plains 
during periods of high river flow).

Overall, the F-TRACE project and related studies are 
developing a comprehensive knowledge base on Cs 
transport mechanisms in specific Fukushima 
environments. This can form the basis of rigorous future 
dose forecasts and plans for countermeasures required to 
reduce such doses

Many trials for evaluating exposure doses to the 
public have been performed since the Fukushima 
accident. It has been shown that doses to the public from 
external exposures have been more significant than 
those from internal exposures. This is thought to be due 
to restrictions on consumption of contaminated foods 
and drinks being introduced rather promptly after the 
accident. Annual additional external doses to Fukushima 
residents in recent years are all estimated to be within 
several mSv. It is expected that residents will not receive 
large additional external doses after they return to the 
areas from which the evacuation orders will be lifted 
(Saito, 2016).

Extensive efforts have been made to communicate 
such work to the public, although it is clear that even 
more could be done here. Although evacuees are already 
returning to some of the remediated areas, 
decontamination of the most highly contaminated areas 
near Fukushima Daiichi will take a long time and may 
require effective technical communication to be 
maintained over that period, with the tacit knowledge of 
the multidisciplinary teams involved. Thus modern 
knowledge management tools will be needed. A version 
of the communication platform (Cleanup Navi;  JAEA, 
undated) is available in English and information has been 
summarized in JAEA technical reports (JAEA, 2015a, 
2015b; Miyahara et al., 2015) and communicated during 
two international workshops (JAEA, 2013, 2014). 

3.3 NIES Research for Contributing to Environmental 
Recovery and Rebuilding 

NIES is Japan’s only research institute that 
undertakes a broad range of environmental research in 
an interdisciplinary and comprehensive manner. Since 
its inception, NIES has played a vital role in solving a 
variety of environmental problems. NIES has undertaken 
disaster-related environmental research as an extremely 
important field since the Great East Japan earthquake. It 
has thereby contributed to the recovery and rebuilding of 
the environment in the devastated areas, based on the 
Basic Policy for Recovery and Reconstruction of 
Fukushima (Reconstruction Agency, 2012).

Since immediately after the Great East Japan 
earthquake struck on March 11, 2011, NIES has leveraged 
its rich experience in environmental research to investigate 
environmental issues resulting from the earthquake, 
tsunami and Fukushima accident, positioning this research 
as the discipline of “Environmental Emergency Research.” 

NIES shifted these research activities into high gear in the 
second half of fiscal 2011, focusing in particular on 
developing technologies and systems for the proper 
treatment and disposal of disaster waste and waste 
contaminated with radioactive materials (contaminated 
waste research); on elucidating and predicting the behavior 
of radioactive materials in the environment through 
measurement and simulation;  and on assessing human 
radiation doses and impacts on organisms and ecosystems 
(multimedia environmental research; Fig. 4). 

In its contaminated waste research (on waste materials 
and soil contaminated with radioactive materials), NIES 
is conducting field surveys, basic experiments, field 
verification tests, systems analysis and other research on 
the development, refinement and evaluation of disposal 
process control technologies and systems (temporary 
storage, volume reduction through incineration, reuse, 
interim storage, final disposal, etc.) (e.g., Kuramochi  
et al., 2016; Endo, 2016), and on methodologies for the 
long-term management and eventual dismantling and 
removal of related treatment facilities based on the 
fundamental physical properties and behavior of the 
radioactive materials. NIES is also studying 
measurement, analysis and monitoring technologies; 
radioactive material management strategies; stocks and 
flows in waste disposal/resource recycling systems; and 
risk communication methods. NIES is contributing to the 
appropriate treatment and disposal of contaminated waste 
by collating and providing its research findings to the 
MOE and other bodies. 

For multimedia environment research, NIES is 
conducting research that combines multimedia 
environmental monitoring, environmental dynamics 
measurement and environmental data analysis to 
ascertain and predict future trends in the status of 
contamination and environmental dynamics for soil, 
forests, rivers, lakes and coasts of watersheds suffering 
various degrees of contamination with radioactive 
materials (e.g., Hayashi, 2016;  Imaizumi et al., 2016; 
Morino & Ohara, 2016). NIES’s research findings in this 
area are providing scientific support for the 
environmental recovery measures being implemented by 
national and local governments. NIES has developed a 
method for wide-area estimation of human radiation 
doses and is using it to ascertain exposure levels. NIES 
is also researching the impacts of radioactive materials 
on organisms and ecosystems (e.g., Tamaoki, 2016), and 
has embarked on research into changes in ecosystems 
resulting from human evacuation and decontamination. 

In addition to this Environmental Recovery Research 
Program, NIES is implementing two other research 
programs— the Environmental Renovation Research 
Program for supporting disaster area reconstruction  
and sustainable community development, and the 
Environmental Emergency Management Research 
Program for leveraging the experience and lessons of the 
Great East Japan earthquake to prepare for future 
disasters from an environmental perspective.

NIES is committed to supporting the reconstruction 
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Figure 4 NIES’s research activities for contributing environmental recovery and 

renovation: Research on the treatment and disposal of radioactively 
contaminated wastes (a) and the movements and impacts of radioactive 

substances in the environment (b). 
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and environmental recovery of areas affected by the 
Great East Japan earthquake disaster through research 
and technology within the framework of these three 
Environmental Emergency Research programs, and to 
contributing to the creation of sustainable technological 
and social systems equipped to withstand future 
disasters. These research activities have been 
summarized in English-language booklets (NIES, 2015, 
2016a, 2016b). 

4. Summary

Six years have now passed since the Fukushima 
Daiichi Nuclear Power Station accident. Many research 
organizations such as JAEA, NIES, universities and 

private sector organizations have carried out 
environmental research for contributing to 
environmental restoration in Fukushima Prefecture and 
other areas. We are still looking, though, for ways of 
resolving the issue of environmental contamination by 
radioactive materials released as a result of the accident. 
Radiological contamination is a new kind of pollution 
that constitutes an extremely serious environmental 
problem from various perspectives, including its spatio-
temporal spread, the scale of its impact on human health 
as well as on that of other organisms and ecosystems, 
and the fact that diverse environments have been 
contaminated. This issue can only be resolved by 
marshaling the many different scientific capabilities 
available in Japan while also enlisting the cooperation of 
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other nations. Further research and governmental efforts 
will be needed.   
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1. Introduction

Enormous amounts of radionuclides released into the 
atmosphere by the Fukushima Nuclear Power Plant 
(NPP) accident were deposited on wide regions of East 
Japan. Several different kinds of large-scale 
environmental monitoring have been repeatedly 
implemented since the accident, and the accumulated 
monitoring data have revealed the characteristics of 
environmental radiological conditions around the 
Fukushima NPP. This paper reviews the regional and 
time-dependent characteristics of the contamination 
based on an analysis of the observed data. This review 
mostly cites the results from national so-called 
radioactive substance distribution mapping projects 
(mapping projects) (NRA, 2016a; Saito & Onda, 2015) 
commissioned by the National Government, because 
those have continuously obtained comprehensive 

monitoring data. Radiological conditions in the 
environment provide information fundamental to a 
discussion of exposures to the public as well as biota. 
Further, they provide keys to elucidate contamination 
pathways. Therefore, proper recognition of radiological 
conditions is essential in several respects. 

2. Large-scale Environmental Monitoring

2.1 Air Dose Rates
Three kinds of large-scale measurements for air dose 

rates have been continuously performed in mapping 
projects (Saito & Onda, 2015). Further, large-scale aerial 
monitoring has been repeatedly carried out by others 
(Sanada et al., 2014).These measurements can be 
characterized briefly as follows:
1) Measurements in Undisturbed Fields

At about 6,500 fixed locations in the zone within  

©2016 AIRIESGlobal Environmental Research
20/2016: 015–022
printed in Japan

Radiological Conditions in the Environment around 
the Fukushima Daiichi Nuclear Power Plant Site

Kimiaki SAITO1*, Hideaki YAMAMOTO2, Satoshi MIKAMI2, Masaki ANDOH2, 
Norihiro MATSUDA3, Sakae KINASE3, Shuichi TSUDA3, Tadayoshi YOSHIDA3, 

Shinichiro MATSUMOTO4, Tetsuro SATO5, Akiyuki SEKI3 and Hiroshi TAKEMIYA3

1Japan Atomic Energy Agency
2-2-2  Uchisaiwai-cho, Chiyoda-Ku, Tokyo 100-8577, Japan

2Japan Atomic Energy Agency
7-1  Taira Omachi, Iwaki, Fukushima 970-8026, Japan

3Japan Atomic Energy Agency
2-4  Shirane, Tokai-mura, Naka, Ibaraki 319-1106, Japan

4International Research Institute for Nuclear Decommissioning
2-23-1  Nishi-shimbashi, Minato-ku, Tokyo 105-0003, Japan

5Hitachi Solutions East Japan Ltd.
2-16-10  Honcho, Aoba-ku, Sendai, Miyagi  980-0014, Japan

*email: saito.kimiaki@jaea.go.jp

Abstract
Large-scale environmental monitoring that has been repeatedly performed has revealed the 

characteristics of radiological conditions around the Fukushima NPP site. Several radionuclides other than 
radiocesium were detected three months after the accident, but radiocesium turned out to be far more 
important than the other radionuclides from the viewpoint of long-term exposures. Radiocesium deposition 
was found to be heterogeneous at different scales. On the one hand, air dose rates in environments related to 
human living have decreased much faster than the physical decay of radiocesium; on the other hand, the 
reduction has been close to physical decay in pure forests. Movement of deposited radiocesium has generally 
been very slow except in urban areas, while radiocesium deposited on the ground has gradually penetrated 
into the ground, resulting in decreased air dose rates because of the increased radiation shielding effect.
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80 km of the Fukushima NPP site, air dose rates have 
been measured using standard survey meters (Mikami  
et al., 2015a). In the measurements, undisturbed flat 
fields where conditions are expected not to change for a 
long time were selected. The measurements are thought 
to give accurate reference values on air dose rates and 
how they change according to natural weathering effects. 
2) Car-borne Surveys

Car-borne surveys are carried out using KURAMA 
(Kyoto University RAdiation MApping)-II systems 
developed at Kyoto University, which are compact and 
easy to operate (Tsuda et al., 2015). The surveys cover 
broad contaminated areas in East Japan in collaboration 
with a number of local municipalities (Andoh et al., 
2015). The total traveling distance of the survey cars is 
several tens of thousands of kilometers in each 
campaign. A great quantity of air dose rates can be 
obtained on the ground which are useful for statistical 
analysis.  
3) Person-borne Surveys

A person carrying a KURAMA-II system walks 
around in an area of 1 km square as long as possible 
including on small roads which are difficult to drive by 
car. This kind of survey is intended to obtain air dose 
rates in various environments related to human activities. 
These are important for revealing public exposure dose 
aspects. About 600 areas of 1 km square are targeted 
each time. A good correlation has been found among air 
dose rates in undisturbed fields, those obtained by car-
borne surveys and those by person-borne surveys, if the 
measurements were taken in closely located areas.   
4) Aerial Monitoring

Monitoring by helicopter has been conducted in 
another national project since the accident (Sanada  
et al., 2014). As aerial surveys can cover entire targeted 
regions, the map obtained is useful for grasping broad 
distributions of air dose rates over wide areas, though 
the data contain some uncertainty because the original 
data were obtained from a height of 300 m. 

2.2 Radionuclide Deposition
Two radionuclide ground deposition quantities were 

obtained. One was radionuclide deposition density in 
terms of Bq/m2, which consisted of integrated 
radionuclide activity over the vertical direction in the 
ground. The other was depth profiles which were 
radionuclide concentrations as a function of soil depth in 
terms of Bq/kg.
1) Radionuclide Deposition Density

In the first campaign of the mapping projects, soil 
samples were collected at about 2,200 points and 
analyzed at laboratories using gamma spectrometry  
with a Ge detector (Saito et al., 2015). Cesium (Cs)-134 
and Cs-137 were detected in all samples;  while,  
iodine(I) -131, Te-129m and Ag-110m were detected at 
some of the sampling points. Further, radio chemical 
analysis was used to examine plutonium(Pu)-238, Pu-
239+240, strontium(Sr)-89 and Sr-90 in a selection of 
100 soil samples. Since the start of the second campaign 

from December 2011, in situ gamma spectrometry using 
a portable Ge detector has been employed to quantify 
gamma-emitting radionuclides (Mikami et al., 2015b). 
This method can determine the average deposition 
density of a location by detecting gamma rays coming 
from sources widely distributed there. In the second 
campaign, in situ Ge measurements were carried out at 
about 1,000 locations in East Japan. Since the third 
campaign, measurements have been conducted at about 
380 locations in the 80 km zone.
2) Radionuclide Depth Profiles

Depth profiles of radiocesium were investigated by 
sampling soil at different depths using a scraper plate 
that can minimize cross-contamination of soil samples 
(Matsuda et al., 2015). Soil was peeled off from the 
surface of the ground from 5 mm depth up to a few cm 
according to the conditions, and the radiocesium 
concentration was determined by Ge spectrometry. 

3. General Features of Radiological Conditions

3.1 Air Dose Rates
Figure 1 shows air dose rate distribution maps within 

the 80 km zone from the NPP site for five different 
occasions through 2015. These air dose rate maps were 
constructed by integrating results from undisturbed flat 
fields with those obtained by aerial monitoring. In the 
areas where ground-measured data existed, those data 
were used;  and in the areas where they did not exist, 
aerial monitoring data were used after some adjustment. 
The aerial monitoring data tended to be systematically 
higher than those measured on the ground, especially in 
various environments related to human living. 

The contamination was quite heterogeneous at 
different scales. As the maps show, the area north-west 
of the NPP site was highly contaminated, and the middle 
part of Fukushima Prefecture, called Nakadori, had 
relatively high contamination. Even in a small area with 
a range of a few tens of meters, the air dose rate often 
changes drastically with location. Further, there existed 
locally high dose-rate points where radiocesium had 
accumulated due to water flow; for example, rain gutters 
and gullies around houses. 

The heterogeneity made exposure dose evaluation 
difficult, because the exposure levels changed markedly 
with the location of the inhabitant. Therefore, if one 
intends to evaluate realistic exposure doses from air 
dose data, changes in air dose rate with location need to 
be precisely considered together with detailed 
information on the behavior of the inhabitant.

3.2 Radionuclide Deposition
In the first campaign, carried out in June 2011, the 

following radionuclides were detected at many mapped 
locations:  Cs-134, Cs-137, I-131, Te-129m, Ag-110m, 
Sr-89, Sr-90, Pu-238+239 and Pu-240. Figure 2 shows a 
Cs-137 deposition map as of June 14, 2011 (MEXT, 2012; 
Saito et al., 2015). In this respect, it is quite similar to that of 
the air dose rate distribution shown in Fig. 1, since 
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Fig. 1   Air dose rate distribution within the 80 km zone from June 2011 till August 2015. An air dose 
rate map in undisturbed fields was integrated with aerial monitoring data for each occasion.  

Fig. 2   Deposition density distribution of Cs-137 as of June 14, 2011, determined by soil sampling and analysis. 
(MEXT, 2012; Saito et al., 2015)
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radiocesium was already the main contributor to the air dose 
rate in June 2011. 

The air dose rate in an undisturbed flat field was 
found to have a strong correlation with the deposition 
density of radiocesium, at least after June 2011, when 
radiocesium became the main contributor to the air dose 
rate. Figure 3 shows the relation of air dose rates to 
deposition densities measured in November 2013. A 
similar strong correlation was observed in each 
campaign of the mapping project, though the conversion 
ratio from the deposition density to the air dose rate has 
changed with time. The relationship enabled us to create 
a detailed deposition density map from the air dose rate 
distribution.

Rough and conservative evaluations of effective 
doses for 50 years after June, 2011 were made for the 
observed radionuclides (MEXT, 2012; Saito et al., 2015) 
using the dose conversion coefficients provided by the 

IAEA (2000) as shown in Table 1. It was confirmed that 
the effective doses from radiocesium were higher than 
those from any other radionuclide by more than two 
orders. It must be noted that the high doses indicated in 
the table were never actually encountered, because very 
conservative and unrealistic assumptions were used in 
the evaluation. The evaluation’s goal was to examine the 
relative importance of exposure doses among the 
observed radionuclides. 

The total amount of Cs-137 deposited on Japanese 
territory was calculated by integrating deposition densities 
observed on the ground with those from aerial monitoring. 
An integration method similar to that for air dose rates 
described in the previous section was used. The total 
Cs-137 deposition in the 80 km zone and in East Japan 
overall were estimated to be 1.6 and 2.0 PBq, respectively. 
In the 80 km zone, about 70 percent of radiocesium was 
estimated to be deposited in forested regions, 20 percent in 
agricultural regions and 5 percent in urban regions, which 
are nearly proportional to the areas. 

The deposition density ratio between different 
radionuclides indicates specific regional features, and 
this may reflect differences in reactor origins and 
contamination pathways. The ratio of  I-131 and Te-129m 
to Cs-137 was higher in the southern coastal region 
(Saito et al., 2015). The deposition density of Ag-110m 
had a good correlation with that of Cs-137 over wide 
areas of Fukushima, Tochigi and Gumma prefectures 
(Mikami et al., 2015b), suggesting the contamination of 
these areas had the same origin. 

Deposition ratios between Cs-134 and Cs-137 were 
analyzed by Chino et al. (2016) with atmospheric 
dispersion simulation and reactor analysis data. The 
observed Cs-134/Cs-137 ratios differed slightly according 
to region, and the regional differences were thought to 
reflect the main source of contamination, that is, the unit 1, 
2 or 3 reactor. A limited specific region north northwest 
from the NPP site was thought to be contaminated mainly 
by a release from the unit 1 reactor. Over other wide 
regions, the contamination came from the unit 2 and 3 
reactors, with the contribution of each reactor seeming to 
vary according to the region. 

4. Time-trend of Radiological Conditions

4.1 Air Dose Rates
Figure 4 provides the frequency and cumulative 

frequency of air dose rates in undisturbed fields in the  
80 km zone. Each color in the figure indicates data from 
each monitoring period (NRA, 2016a). It is clear that areas 
with air dose rates below 0.2 μSv/h have increased over 
the course of time. In 2015, about 90 percent of the area in 
the 80 km zone had air dose rates below 0.5 μSv/h. In four 
years, the average air dose rate in undisturbed flat fields 
had fallen to about a quarter of that in June 2011. 

The temporal change in the average air dose rate is 
summarized for different conditions in Fig. 5 (NRA, 
2016a). The average air dose rate measured above roads 
by car-borne surveys within the 80 km zone fell to one 

 
μ

Fig. 3   Relation of air dose rates to Cs-137 deposition densities in 
undisturbed fields.

Table 1   Estimated maximum effective dose for 50 years from 
June 2011. (MEXT, 2012; Saito et al., 2015)
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fifth of that in June 2011; the air dose rate is estimated 
to have fallen to a little over two fifths through physical 
decay of radiocesium. Air dose rates above roads have 
decreased much faster than the physical decay rate. 

The results from person-borne surveys cannot be 
discussed in the same manner because those surveys 
started in 2013. Nevertheless, the air dose rates 
measured in the person-borne surveys, shown as living 

environment data in Fig. 5, were found to be generally 
greater than those by the car-borne surveys and smaller 
than those by the undisturbed field measurements in the 
same areas. Thus, it was found that air dose rates in 
environments related to various human activities had 
decreased markedly faster than physical decay. On the 
other hand, the measurements made in purely forested 
environments indicated that the air dose rates had 
decreased almost according to physical decay (NRA, 
2015).

On the basis of a statistical analysis of car-borne 
survey data, two important factors affecting the air dose 
rate reduction were suggested:  land use and human 
activities (Kinase et al., 2014). Air dose rates in forests 
have decreased relatively more slowly, those in urban 
areas more quickly, and those in agricultural areas, 
moderately. The air dose rate reduction outside the 
evacuation zone has proceeded more quickly than that 
inside the zone even though the land use is the same. 
This suggests that not only decontamination but various 
other human activities tend to accelerate the air dose rate 
reduction. A detailed quantitative analysis of human 
activity effects on dose reduction will be a future 
challenge. 

A predictive model of air dose rates was developed 
based on a statistical analysis of car-borne survey data 
(Kinase et al., 2014). In the model, the air dose rates at 
one location were assumed to decrease according to an 
empirical formula, with two exponential functions 
representing a fast reduction component and a slow 
reduction component. The empirical formula was fitted 
to time-dependent air dose rates averaged over a  
100 m square area. Fitting was conducted for about 
14,000 areas of 100 m square, and the obtained 
parameters were statistically analyzed. The most suitable 
parameters for the prediction were determined 

Fig. 4   Frequency distribution and cumulative frequency of air 
dose rates measured above flat fields in the 80 km zone. 
Data for eight occasions are indicated by different colors.
(NRA, 2016a)
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considering the conditions in each area. Figure 6 
demonstrates the differences in tendencies of predicted 
air dose rate reduction for two cases: one is a forested 
area in the evacuation zone and the other, an urban area 
outside the evacuation zone. The decreasing tendencies 
differ sharply, and the air dose rates in the latter case 
were predicted to decrease much faster.

4.2 Deposited Radionuclides
The time-dependent average deposition densities in 

undisturbed fields within the 80 km zone for Cs-134 and 
Cs-137 are illustrated separately in Fig. 7 (NRA, 2016a). 
The densities were normalized to that of Cs-137 in 
March 2012 when in situ measurements using a Ge 
detector started. The observed deposition densities have 
decreased with time in almost the same manner as the 
physical decay for both radionuclides. This suggests that 
horizontal movement of radiocesium is generally very 
slow in undisturbed fields. This finding coincides with 
the results from radiocesium migration studies carried 
out at several test plots in Fukushima (Yoshimura et al., 
2015).

Radiocesium deposited on the ground has gradually 
penetrated into deeper parts of the soil. There are two 
typical radiocesium concentration profiles in ground. 
One follows an exponential function, and the other is a 
distribution with a concentration peak at a certain depth. 
The latter profile was found to fit well to a hyperbolic 
secant function which asymptotically approached an 
exponential function in the deeper part (Matsuda et al., 
2015). Though the number of the latter profiles increased 
with time soon after the accident, that number seems to 
have hit a saturation point at present. 

The 90-percent depth, defined as the depth up to 
which 90 percent of deposited Cs-137 is contained, is 
shown in Fig. 8 as a function of elapsed days (NRA, 
2016a). The blue and red marks indicate whole data at 
about 80 locations in the 80 km zone, and the green 
marks indicate the geometric averages. The averages 
have gradually increased with time. The overall average, 
however, was still smaller than 5 cm in 2015, suggesting 
that removal of surface soil up to 5 cm is still effective 
for reducing air dose rates in decontamination work. 

The air dose reduction in undisturbed flat fields 

Fig. 6   Time-trends of predicted air dose rates for two different conditions. The upper bound and lower bound in the figure indicate the 
90% confidential range of the prediction.
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Fig. 8   Ninety percent depth of Cs-137 calculated from depth 
profiles observed in undisturbed fields in the 80 km zone. 
(NRA, 2016a)
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proceeds faster than physical decay, as shown in Fig. 4, 
even though horizontal movement of radiocesium is 
very small. This can be explained by the penetration of 
radiocesium into the ground. The penetration results in 
an increased shielding effect for gamma rays, and the 
degree of air dose rate reduction was found to 
correspond to the increase of the shielding effect due to 
radiocesium penetration indicated in Fig. 8. 

It turns out that radiocesium deposited in forest areas 
moves inside the forest system and hardly escapes from 
the system. Radiocesium deposited on tree crowns has 
been falling down to the ground level with throughfall, 
litter-fall and stemflow; and at present a large part of the 
deposited radiocesium is thought to exist near the 
ground surface (Kato et al., 2015). On the other hand, it 
was confirmed that radiocesium deposited on artificial 
structures such as roads and houses tends to be easily 
removed, and the radiocesium concentration on artificial 
structures has become much smaller than that in the 
surrounding environment (Yoshimura et al., 2016). 

5. Summary

Since the Fukushima accident, large-scale 
environmental monitoring activities have been 
successfully implemented with the efforts of a number 
of people, even though preparedness for emergency 
monitoring over the long-term was insufficient before 
the accident. The monitoring resulted in an accumulation 
of enormous amounts of environmental monitoring data, 
and these data made it possible to analyze the regional 
and temporal characteristics of contamination conditions 
around the Fukushima NPP site with precision. 

Air dose rates in environments related to various 
human activities were found to decrease at a much faster 
rate than physical decay; while, in pure forest, the air 
dose rate reduction is close to physical decay. Movement 
of radionuclides deposited in natural environments is 
generally slow;  while, radiocesium deposited on 
artificial structures is removed faster. Further, human 
activities seem to accelerate the air dose rate reduction. 
On the basis of a statistical analysis of a large number of 
observation data, an empirical model for predicting air 
dose rates was developed. Its accuracy of prediction is 
expected to improve as further monitoring data are 
accumulated.  

Accumulated environmental monitoring data have 
been provided to the public in different ways. The 
extended radiation map site on the Internet has presented 
distribution maps on air dose rates and radionuclide 
deposition densities obtained from the mapping projects 
and also by aerial monitoring (NRA, 2016b). JAEA 
developed a new database aggregating various 
monitoring data obtained by national projects, local 
governments and research institutes (JAEA, 2016). The 
aggregated data are presented in several different ways 
such as numerical data, maps and graphs indicating time 
trends together with some simple analytical software. 

Large-scale monitoring should be continued while 

optimizing scale and frequency, since the radiation 
levels are still high in certain areas and future trends 
must be properly perceived. Further, the accumulated 
data should be thoroughly analyzed to unveil novel 
information on radiological environments after a severe 
accident.  
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1. Introduction

After the accident at the Fukushima Daiichi Nuclear 
Power Plant in March 2011 (FDNPP;  the Fukushima 
accident), many studies using atmospheric simulation 
models were conducted, helping to grasp the 
atmospheric behaviors, source terms and deposition 
patterns of radioactive materials released by the 
accident. In this review article, we summarize 
atmospheric modeling studies conducted after the 
Fukushima accident. First, source term estimates using 
atmospheric simulation models are introduced (Section 
2). Then, research on atmospheric model evaluation is 
described (Section 3). We also introduce modelling 
studies on analysis of radionuclides’ atmospheric 
behaviors (Section 4) and application of atmospheric 
simulation models (Section 5) Finally, the future 
direction of modelling studies is discussed (Section 6).

2. Source Term Estimates

For atmospheric simulation of radionuclides, source 
terms are one of the most critical input parameters. 
Source terms can be estimated using bottom-up methods 
by simulating the accident sequence using severe nuclear 
accident simulation codes like MELCOR (Methods for 
Estimation of Leakages and Consequences of Releases, 
Gauntt et al., 2000), or by reverse or inverse modeling 

using atmospheric transport models and environmental 
monitoring data (Stohl et al., 2012). No bottom-up 
estimates from a stack monitor or reactor analysis were 
available after the Fukushima accident, so reverse or 
inverse analysis has mostly been applied to date.

The first source term estimate of the Fukushima 
accident was released by researchers at the Japan Atomic 
Energy Agency (JAEA) (Chino et al., 2011). Researchers 
at JAEA had gained experience in estimating source 
terms from the Chernobyl accident (Chino et al., 1986) 
and the JCO accident (Hirao & Yamazawa, 2010) using 
their simulation models:  System for Prediction of 
Environmental Emergency Dose Information (SPEEDI) 
and the worldwide version of SPEEDI (W-SPEEDI). At 
first, they made a preliminary estimate of the source 
terms of radioiodine and radiocesium using a reverse 
estimation method involving comparison of a regional 
model with monitoring data for air dose rates and  
air concentrations in Japan during March 12 – April 6 
(Chino et al., 2011). This preliminary estimate was 
updated in subsequent papers by JAEA researchers. 
Katata et al. (2012a) and Katata et al. (2012b) revised 
their estimates of release rates during March 12– 14  
and March 15, respectively, using the same model. 
Terada et al. (2012) summarized those source terms for 
March 12 –  April 30 and evaluated the model results 
using daily and monthly surface deposition data over 
eastern Japan. Kobayashi et al. (2013) updated the source 
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terms by combining atmospheric and oceanic dispersion 
simulations with observed Cs-134 in seawater collected 
from the Pacific Ocean. Katata et al. (2015) updated the 
source terms during March 12 – April 30 using atmospheric 
and oceanic transport, dispersion and deposition models. 
They updated schemes of dry and fog-water depositions, 
cloud condensation nuclei activation, and subsequent wet 
scavenging through mixed-phase cloud microphysics.

Stohl et al. (2012) and Winiarek et al. (2012) 
estimated source terms using inverse models at a global 
scale and atmospheric activity concentrations measured 
by the global International Monitoring System operated 
by the Comprehensive Nuclear Test Ban Treaty 
Organization. The first guesses of Stohl et al. (2012) 
were based on fuel inventories and documented accident 
events at the site, and these first guesses were 
successfully improved through inverse modeling by 
combining it with measurement data.

Deposition data were also used for estimating Cs-137 
source terms. Winiarek et al. (2014) developed an 
inversion method using total cumulative deposition  
and air activity concentration simultaneously. Yumimoto 
et al. (2016) also developed an inversion method to 
estimate Cs-137 emissions using cumulative deposition 
data from airborne monitoring, and improved their 
inventory during the period of inland flow. Using these 
emissions data, they improved the deposition simulation 

results for the central region of Fukushima Prefecture 
and of atmospheric concentrations on March 15. Both 
these studies, however, found improvement to be limited 
because of inaccuracy in meteorological model 
simulations of wind fields and precipitation.

The latest source term results are summarized in 
Fig. 1 (Katata et al., 2015). Most of the estimates have 
agreed within an order during periods when the plumes 
flowed over land during March 14 – 15 and March 
20 – 21. On March 15, however, the highest Cs-137 
release rates were found in the evening and nighttime 
by Katata et al. (2015), though this behavior did not 
agree with other estimates. We should note that the 
results of Katata et al. (2015) agree with those of Stohl 
et al. (2012) even during periods when the plumes 
flowed toward the Pacific Ocean. Katata et al. (2015) 
used Cs-134 sea surface concentration data, while 
Stohl et al. (2012) used mainly air concentrations of 
Cs-137 worldwide. This comparison should indicate 
that these estimates are somewhat reasonable.

Recently, Chino et al. (2016) identified FDNPP 
reactor units which generated large amounts of airborne 
matter during March 12–21, 2011 from a combination of 
measured Cs-134/Cs-137 depositions on ground surfaces 
and atmospheric simulations. The major source reactor 
units were Unit 1 in the afternoon of March 12, 2011, 
Unit 2 during the period from the late night of March 14 

 

Katata Cs137 

Fig. 1.  Comparison of Cs-137 release rates from March 12 to March 17, 2011 (a) and March 17 to April 1, 2011 (b) 
among six studies (Katata et al., 2015).
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to the morning of March 15, Units 2 and 3 from the 
evening of March 15, and Unit 2 on March 20.

3. Model Evaluation

3.1 Inter-comparison of Models
Model results usually include uncertainties, because of 

problems with their input data (e.g., meteorological and 
emissions data), the parameterization of each process, and 
missing science elements. To evaluate the validity and 
variability of model results, inter-comparisons of models 
have provided valuable information. 

The Science Council of Japan (Science Council of 
Japan, 2014) compared the simulation results of nine 
regional atmospheric models and six global atmospheric 
models. Meteorological fields obviously play an 
important role in simulating radionuclide deposition. All 
the models showed that the wet deposition process had a 
strong impact on accumulated deposition over eastern 
Japan, although there were large variabilities in the 
horizontal distribution of accumulated deposition 
(Fig.2). These variabilities may have been caused by 
differences in the models’ treatment of deposition and in 
the configuration of meteorological models (e.g., their 
microphysics and convection parameters). They noted 
that ensemble means were useful for estimating 
accumulated deposition.

The World Meteorological Organization (WMO) also 

performed inter-comparisons among five different 
atmospheric transport and dispersion models (Draxler  
et al., 2015). They evaluated the model results  
using observed deposition and air concentrations, and 
found that the best model for simulating deposition  
was not always the best model for simulating air 
concentrations. In addition, they also reported that the 
ensemble mean among better performing models 
provided more consistent results for both types of 
calculations, and this result is consistent with that of the 
Science Council of Japan (2014).

Nakajima et al. (2017) compared the results of two 
simulation models, and applied a two-model ensemble 
method using weights determined by deviations of the 
respective model results from observed air 
concentrations (Tsuruta et al., 2014). The ensemble 
model reproduced observed plumes better, though in 
some cases, the models failed to simulate the exact 
location and time of arrival of the plumes. These 
differences suggest a need for improvements to models 
regarding emissions scenarios, plume heights, wet 
deposition processes, and plume propagation in the 
Abukuma Mountain region.

3.2 Uncertainty analyses
In addition to inter-comparison studies of multiple 

models, uncertainty analyses from sensitivity simulations 
of a single model also provide useful information about 

Fig. 2.  Observed and simulated spatial distributions of Cs-137 accumulated deposition (Bq m-2) through April 1, 2011 
(Science Council of Japan, 2014).
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model reproducibility.
Morino et al. (2013) conducted ten sensitivity 

simulations to evaluate the atmospheric model 
uncertainties associated with key model settings 
including emissions data and wet deposition modules. 
They found that simulations using emissions estimated 
at a regional scales (~ 500 km) model better reproduced 
the observed Cs-137 deposition pattern in eastern Japan 
than simulation using emissions estimated at local scales 
(~ 50 km) or global-scale models. In addition, simulation 
using a process-based wet deposition module reproduced 
the observations well, whereas simulation using 
scavenging coefficients showed large uncertainties 
associated with empirical parameters.

Girard et al. (2014) evaluated uncertainties associated 
with 19 uncertain input parameters, including 
meteorological fields and source terms, by conducting 
simulations with simple perturbations whose magnitudes 
were estimated from a thorough literature review. They 
found that wind perturbations and emissions factors for 
iodine and cesium were the predominantly uncertain 
parameters, while some inputs, such as the cloud layer 
thickness, were found to have little influence on most of 
the outputs considered.

Sekiyama et al. (2015) compared the simulation 
results with low (15-km), medium (3-km), and high 
(500-m) resolutions. They used the same meteorological 
analysis from their data assimilation system for 
consistent comparisons. They concluded that for 
analyses of the Fukushima accident at a regional scale, 
low-resolution (15-km grid or greater) atmospheric 
models should be avoided while models with a grid size 
of 3 km showed similar results with those having 500-m 
resolution.

From these analyses, emissions and meteorological 
fields, including wind and precipitation fields, seem to 
be the most critical sources of uncertainty. In addition, 
model results are sensitive to wet deposition modules, 
which accordingly suggests that the treatment of 
physical and chemical properties of radionuclides needs 
to be revealed. In particular, the diameters and 
hygroscopicity of particles are sensitive parameters in 
deposition simulations (Adachi et al., 2013), and their 
treatment should be a subject of future studies.

4. Analyses of Atmospheric Behaviors

To understand the atmospheric behaviors of 
radionuclides, analyses using observational data have 
been insufficient because of lack of spatial and temporal 
coverage, and thus atmospheric simulations have been 
conducted over local, regional and global scales.

At a local scale, Katata et al. (2012b) analyzed 
formation processes of high dose rates using limited 
environmental data and the nuclear emergency response 
system, WSPEEDI. They showed that a significant 
amount of surface deposition was produced in the region 
northwest of the FDNPP in the evening, when the high-
concentration plume discharged in the afternoon was 

scavenged by rainfall. Wet deposition due to rainfall 
played an important role in the formation of wide and 
heterogeneous high dose rate zones. The plume flowed 
and widely dispersed along a valley leading leeward, 
expanding the area receiving a large amount of surface 
deposition.

At a regional scale, Morino et al. (2011) showed that 
during March 15–16 and 20–23, northeasterly, easterly or 
southeasterly winds associated with a transient cyclone 
transported radioactive materials from the FDNPP to 
inland areas. In addition, precipitation was observed 
during this period, thus radioactive materials were 
effectively deposited over the land by wet processes.  
In contrast, on March 17 – 20 when an anticyclone 
dominated over Fukushima, westerly or northwesterly 
winds prevailed, and radioactive materials were 
transported predominantly to the Pacific Ocean. Morino 
et al. (2013) indicated that in their standard simulation, 
most of the deposition over Japanese land occurred 
during March 15 – 16 (72.0%  of the total deposition 
during the model period), March 20 –24 (15.7%), and 
March 30 – 31 (11.4% ), while deposition during other 
periods was very small (0.9%) (Fig. 3). Nakajima et al. 
(2017) analyzed the simulation results by comparing 
them with the hourly observed atmospheric Cs-137 
surface level concentrations during March 14–23, 2011 
at 90 sites of the suspended particulate matter monitoring 
network. They elucidated the transport routes of the 
atmospheric plumes (Fig. 4) and the distribution of the 
surface-level atmospheric Cs-137. Migratory pressure 
systems periodically brought radioactive materials to the 
Japanese land area, producing similar plume 
development patterns. For instance, a group of plumes, 
P2 and P3, followed by P4 during March 15– 16 and 
another group of plumes, P7 and P8, followed by P9 
during March 20–21, produced two sets of peaks in the 
time series. The first peaks from P3 in the period of 
March 15– 16 were caused by a wind field change to 
northeasterly and later to southeasterly with the progress 
of a migratory low toward the Japanese islands. The 
second peaks (P4 and P9) were caused by a northerly 
wind, after the low-pressure system passed from the 
Japanese islands into the Pacific area. 

At a global scale, Takemura et al. (2011) conducted 
numerical simulations of long-range transport with an 
aerosol transport model. A large-scale updraft produced 
by a low-pressure system lifted the particles from the 
surface layer to the level of the westerly jet stream 
during March 14 – 15, and the particles were carried 
across the Pacific within three to four days. 
Subsequently, those particles were transported across the 
Atlantic by a poleward-deflected jet stream, first toward 
Iceland and then southward to continental Europe.  
Stohl et al. (2012) also showed that radioactive clouds 
reached North America on March 15 and after that, 
Europe on March 22. They estimated that 18% of the 
total Cs-137 fallout until April 20 was deposited over 
land in Japan, while most of the rest fell over the North 
Pacific Ocean. Only 0.7 PBq, or 1.9% of the total fallout 
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was deposited on land areas other than Japan. 
Evangeliou et al. (2013) also estimated that Cs-137 was 
deposited mostly in the Pacific and Atlantic Oceans and 
the Arctic (80%), whereas the rest, falling in the 

continental areas of North America and Eurasia, 
contributed slightly to natural background levels on the 
ground. 

 
Fig. 3  Simulated Cs-137 deposition during the eight episodes (a-h) and during the periods other than these episodes (i) (Morino et al., 2013).
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5.  Model Applications

5.1 Health Effects
To estimate the health effects arising from the 

Fukushima accident, dosimetric radiation surveys are 
critical. After the Fukushima accident, measurement in 
humans (e.g., activity in the thyroid) was conducted to 
estimate early internal doses to residents and evacuees 
(Tokonami et al., 2012). No comprehensive dosimetric 
radiation surveys were conducted, however (Akiba, 
2012;  Steinhauser et al., 2014). Thus dose estimates 
using atmospheric monitoring and modelling data are 
required. 

Ten Hoeve and Jacobson (2012) quantified health 
effects with a global atmospheric simulation model. 
Inhalation exposure and external exposure to radionuclides 
(I-131, Cs-134, and Cs-137) were estimated using 
atmospheric simulations, and exposure-dose relationships 
and dose-response relationships for each radionuclide were 
determined using Dose and Risk Calculation software 
(Environmental Protection Agency, 2006). The software 
provides organ-specific, age-specific, and gender-
specific relative risk coefficients for the inhalation 
pathway. They estimate an additional 130 (15-1100) 
cancer-related mortalities and 180 (24-1800) cancer-
related morbidities incorporating uncertainties associated 
with the exposure-dose and dose-response models used 

in their study. It should be noted that the International 
Commission on Radiological Protection (2007) indicated 
that the collective effective dose (sum of effective dose 
to exposed subject) should not be used for risk 
evaluations of large populations, such as computing 
cancer deaths. This is because the calculation of 
collective effective doses includes large biological and 
statistical uncertainties (e.g., application of linear no-
threshold models). In addition, the internal doses 
evaluated based on atmospheric simulations (inhalation 
exposure) overestimate those obtained from human 
measurements by several times (Kim et al., 2016). This 
overestimation might have been caused by  the 
simulations’ lack of consideration of possible dose 
reduction effects, such as by staying indoors or through 
voluntary evacuation. 

5.2 Forecasting Radionuclide Distributions
JAEA developed a forecast model, SPEEDI, to 

predict environmental doses from radioactive materials 
and to assist organizations responsible for emergency 
planning (Imai et al., 1985). After the Fukushima 
accident, though, even though they provided the SPEEDI 
results to the relevant authorities, the information was 
reportedly not used in evacuation countermeasures 
(Chino, 2013). 

After the Fukushima accident, SPEEDI simulations 

 
Fig. 4.  Schematic diagrams of transport routes of plumes from the Fukushima Daiichi Nuclear Power Plant during 

March 12–16 (a) and March 18–21 (b) (Nakajima et al., 2017). Red circles and characters indicate the 
locations and codes of measurement stations.
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were conducted with unit-release rates on a regular 
basis. In addition, they were conducted for events with 
presumed radionuclide releases, such as containment 
venting or hydrogen explosions. Chino (2013) 
mentioned that regular calculations started for the 
Fukushima accident at four o'clock p.m. on March 11 
and provided qualitative information such as arrival of 
radionuclide plumes in cities near the FDNPP. No 
information on source terms, however, was attained 
from the Emergency Response Support System (ERSS), 
and emergency monitoring, which could have been used 
for inverse or reverse analysis of source terms, did not 
start until March 15. Because of these problems, 
SPEEDI could not provide sufficient quantitative 
information for delineating evacuation zones. 

Based on these issues, Chino (2013) suggested future 
usage of SPEEDI before and after the deployment of 
emergency monitoring. Before monitoring is deployed, 
SPEEDI could be used for developing emergency 
monitoring plans, countermeasures and plans for 
evacuation, and for determining the timing of presumed 
releases, such as contaminant venting. After it is 
deployed, SPEEDI could be used to evaluate the 
accident level and provide a detailed exposure 
evaluation. 

The National Diet of Japan Fukushima Nuclear 
Accident Independent Investigation (2012) pointed out 
limitations to using SPEEDI to aid decisions on 
evacuation. SPEEDI, however, could play an important 
role regarding the aforementioned purposes. In that 
respect, specific application of SPEEDI results in 
decision making should also be discussed.

5.3 Understanding Radoinuclide Behavior Years 
after the Accident

In addition to understanding radionuclides’ behaviors 
immediately after an accident, learning about their 
long-term behaviors could be important in assessing 
migration processes through the atmosphere or 
inhalation exposure to humans. After the Chernobyl 
accident, re-suspension from the ground contributed to 
atmospheric radionuclides to some extent. For example, 
Garland and Pomeroy (1994) showed from monitoring 
data at 20 European sites that Cs-137 derived from 
Chernobyl could be measured in the air up to six years 
after deposition. In the first year after the accident, the 
time integral of the deposition flux was a large fraction 
of the initial deposition. Depending upon the site, 
between 0.01 and 1.0 times the initial deposit 
accumulated in the deposition collectors. Wildfires were 
also a source of the secondary radioactive contamination 
which spread over Eastern European countries 
(Evangeliou et al., 2016).

Research on radionuclides’ behaviors several years 
after the Fukushima accident has been very limited to 
date, though there were a few modeling studies on 
sporadic increases in Cs-137 atmospheric concentration 
and Cs-137 resuspension years after the Fukushima 
accident. 

Steinhauser et al. (2015) analyzed sporadic increases 
in airborne radiocesium using an atmospheric simulation 
model, and indicated that debris removal operations 
conducted at the FDNPP site on August 19, 2013 were 
likely to be responsible for a late release of 
radionuclides.

Kajino et al. (2016) analyzed the effect of Cs-137 
re-suspension from contaminated soil and forests using 
a numerical simulation model combined with a field 
experiment on dust emission fluxes and air concentration 
measurements in a contaminated area during 2013.  
The estimated re-suspension rate (~10– 6 day–1)  
was significantly lower than the decreasing rate of  
the ambient gamma dose rate in Fukushima Prefecture 
(10– 4 –  10– 3 day– 1) as a result of radioactive decay, 
migration in the soil and biota and decontamination. 
Consequently, re-suspension contributed negligibly to 
reducing ground radioactivity. An atmospheric simulation 
model which only considered dust emissions reproduced 
the air concentration of Cs-137 in winter, while the 
model underestimated the air concentration in summer 
by 1 to 2 orders. When re-suspension from forests was 
considered, however, the air concentration of Cs-137 and 
its seasonal variations were reproduced. They still noted 
that the re-suspension mechanisms, especially through 
forest ecosystems, remain unknown, and further studies 
on processes and mechanisms governing the  
re-suspension would be necessary. 

6. Future Directions

More than five years has passed since the Fukushima 
accident, but there still remain many research tasks with 
respect to environmental assessment of radionuclides 
from the FDNPP, as well as model development itself 
utilizing various data measured after the Fukushima 
accident. To improve health effects estimates from 
FDNPP radionuclides, reproduction of Cs-137 
atmospheric concentrations (Oura et al., 2015; Tsuruta 
et al., 2014) will be necessary. In addition, for accurate 
thyroid exposure estimates, improvement in I-131 model 
evaluations is expected when I-131 atmospheric 
concentration estimates from I-129 analyses become 
available. Further understanding of the physicochemical 
properties of radionuclides is also necessary for 
simulating both human exposures and deposition. 
Improved estimation of atmospheric deposition of 
radionuclides could lead to better simulations using 
oceanic and terrestrial models (Higashi et al., 2015; 
Tsumune et al., 2012).

Thanks to the great efforts by observational 
researchers, after the Fukushima accident, various 
observational datasets, including atmospheric 
concentrations, deposition and resuspension fluxes, have 
become available. Because of these datasets, simulation 
of the Fukushima accident could also serve as a platform 
for testing simulation models, including those for source 
term estimates, meteorological simulations and transport 
and deposition processes. Improvement of atmospheric 
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simulation models by using datasets would contribute to 
the advancement of environmental modeling research.
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1. Introduction

Radioactive cesium (Cs) released during the accident 
at the Fukushima Daiichi Nuclear Power Station 
(FDNPS) was deposited on soil, where most of it was 
fixed at the soil surface (Matsuda et al., 2015). This may 
be one major reason for the air dose rate increases in 
Fukushima Prefecture (hereinafter, “Fukushima”). For 
reducing the air dose rate and helping evacuated 
residents return to their hometowns, decontamination 
projects such as removing surface soil have been carried 
out by the local and national governments. These have 
succeeded at decreasing some of the air dose rates in 
Fukushima. These projects, however, generate huge 
amounts of radioactive soil waste at the same time. 

(Ministry of the Environment, 2016) Against this 
backdrop, the issue of how soil waste should be 
processed and disposed of after decontamination has 
recently become important in efforts toward recovery of 
Fukushima’s environment. Development of these 
treatment methods would lead to broader choices for 
various decisions. Accordingly, a better understanding of 
conditions of Cs in the environment, for instance, where 
Cs is found, how it behaves or how strongly it binds to 
materials, would help optimize details of treatment 
conditions. To date, many researchers have reported on 
wet classification of soil, i.e., particle size classification 
under wet condition, and the radioactivity of each 
portion thus classified. Subsequently we have learned 
that more than 60% of the radioactive Cs detected was 
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Abstract
To investigate detailed sorption behaviors of cesium (Cs) into clay minerals, thereby contributing to 

resolution of soil contamination issues due to Fukushima Daiichi Nuclear Power Station accident, we applied 
synchrotron-based X-ray analysis along with molecular orbital calculation (MO) using density functional 
theory and SEM/TEM-EDS combined with imaging plate (IP) methods. Conventional extended X-ray 
absorption fine structure (EXAFS) results suggest that Cs is preferentially incorporated into interlayers of 
vermiculite clay, which has water-swollen interlayers, but, by contrast, is dominantly sorbed onto the surface 
of clays such as illite in which most of the interlayers are closed off. The processes of incorporation of Cs 
into the swollen interlayers, followed by collapse of the interlayers, were first observed with time resolved-
dispersive X-ray fine structure (TR-DXAFS). Small angle X-ray diffraction (SAXS) results show that 
successional sorption of Cs into clay minerals follows if one Cs ion can be sorbed into the clay minerals. 
Molecular orbital calculation based on density functional theory (DFT) methods suggests, furthermore, that 
the Cs incorporated into clay minerals can stabilize in the interlayers of clay minerals by forming covalent 
bonds with the clay minerals after the incorporation process. From analysis of litter soil collected from a 
forest in Iitate, Fukushima Prefecture, using SEM/TEM-EDS and IP sensitive to radioactivity, weathered 
biotite clay was confirmed to be important as a super-selective absorbent for Cs.   
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in the clay minerals of many soil samples (Ito et al., 
2012). Clay minerals are fine particles at a scale of 
usually less than 2μm, and radioactive Cs often exists as 
a clay particle in the environment. (Cremers et al., 1988; 
Ito et al., 2012) It is not going too far to say that to 
understand the condition of Cs in clay minerals would 
be approximately equal to knowing its condition in soil. 
Therefore, we have studied the sorbed states of Cs in 
clay minerals using state-of-art analytical methods such 
as synchrotron radiation neutron based analysis, 
electron microscopy, and density-functional-theory-
based molecular orbital calculation, which are currently 
remarkably well developed. This paper reports new 
scientific findings regarding the present state of Cs from 
research conducted after the Fukushima accident. 

2. Structural Description of Clay Minerals

Clay minerals basically form a bi-layered structure in 
which two-dimensionally continuous sheets pile up as 
shown in Fig. 1. Phyllosilicates composed of tetrahedral 
(Td) Si(Al)-O and octahedral (Oh) Al-O form tetrahedral 
and octahedral sheets, respectively. A Td sheet has a 

tetrahedral core structure, formed by Si(Al) enclosed by 
four oxygen atoms, with links sharing three of its four 
apical oxygen atoms with the adjacent tetrahedrons. The 
other remaining one apical oxygen atom points out the 
same direction as those of all the other tetrahedrons, 
spreading out two-dimensionally in a hexagonal mesh as 
shown in Fig. 2 (left). In combining with an Oh sheet, 
the apical oxygen atoms of the Td sheet are shared as 
those of the octahedral sheet as shown Fig. 1. The Oh 
sheet is composed of and octahedral core structure, 
formed by cations such as Al enclosed by six OH 
radicals or oxygen atoms, spread out two-dimensionally 
as shown in Fig.1, in which the edges of one octahedron 
are shared with those of the other octahedrons in two 
fashions to form 2 Oh and 3 Oh sheets, respectively, as 
shown in Fig. 2 (right). In this paper, we describe a clay 
structure with a 2:1 Td to Oh sheet ratio, which is 
important for Cs sorption. This “2:1 type clay” is 
composed of Td and Od sheets, as mentioned above. The 
layer charge in 2:1 type clay minerals is mostly negative, 
mainly due to isomeric substitution of Si4+ with Al3+ in 
the Oh sheet. The interlayer charges for representative 
2:1 clays are estimated to be 0 for pyrophillite, mica, 
－0.6~－1 for micaceous clay minerals, about －2 for 
brittle mica, －0.8~－1.2 for chlorite, －0.6~－0.8 for 
vermiculite, and －0.2~－0.6 for smectite.

3. Sorption Structure and Sorption Dynamics 
of Cs into Clay Minerals

To study the mechanism of Cs sorption into clay 
minerals, the XAFS technique was used to elucidate the 
local structure around Cs atoms in several clay minerals 
(Tsuji et al., 2014). Figure 3 shows the k3-weighted Cs 
K-edge extended X-ray absorption fine structure 
(EXAFS) oscillations and corresponding Fourier 
transforms of the EXAFS oscillations (FTs) for several 
Cs-ion-sorbed clay samples. The FT of a CsCl solution 
shows the nearest peak at around 2.3 Å, which can be Fig. 1   Clay mineral 2:1-layer structure.

Fig. 2  Diagrams of tetrahedral, Td, left, and octahedral, Od, right, clay mineral sheets.
The different fashions of edge sharing, as shown in the figure on the right, lead to two different types of sheets being formed, 
2-octahedral and 3-octahedral sheets.
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attributed to the Cs-O bond of a Cs aqua complex 
(Cs-OH2O), but no other distinguishable peaks are 
observed. In contrast, the FTs of all the clay samples 
show not only the nearest peak but also the next nearest 
peak located at around 3.5 Å. The nearest peaks can be 
attributed to the Cs-O distance resulting from the oxygen 
atoms of the silicate tetrahedral sheet in clay minerals 
and/or water molecules, and the second nearest peaks are 
assigned to the Cs-Si distance resulting from the silicon 
atoms in the silicate sheet. The peak intensity of Cs-Si of 
vermiculite clay is clearly higher than that of the other 
clay samples. This result suggests different dominant 
sorption sites among the clay samples. The sorption sites 
of Cs ions are generally considered to be surface, edge 
and interlayer sites of clay minerals. The interlayers of 
vermiculite clay are swollen, composed of cations and 
water molecules, and Cs ions are incorporated into the 
interlayers by a cation exchange process, resulting in the 
collapse of the swollen layers with dehydration of the Cs 
ions, and strong fixation within the silicate sheets 
(Motokawa et al., 2014a;  Motokawa et al., 2014b). In 
contrast, the interlayer spaces of the other clay samples 
are closed from the start. Therefore, most of the Cs ions 
are considered to be sorbed onto the surface and edge 
sites. This is why the FT peak for the Cs-Si distance of 
vermiculite clay is stronger than that of the other clay 
samples. The fact that the amount of Cs ions sorbed into 
vermiculite clay was larger than that of the other clay 
samples also suggests Cs sorption peculiarities of 
vermiculite clay, as described in the experimental details.

Next, we discuss the concentration dependence of the 

local structures around Cs ions in clay samples. 
Weathered biotite (WB) clay could be an important 
absorbent in the environment. This is because WB clay, 
the intermediate state of the weathering process of 
biotite changing to Cs-philic vermiculite, is one of the 
main components of clay minerals in the Fukushima 
region. WB clay samples sorbing Cs ions at 
concentrations of 20, 200 and 2000 ppm were prepared 
for EXAFS measurement. Cs-saturated WB samples 
(~ 20,000 ppm) were also prepared. The FTs of these 
samples are shown in Fig.4. The XAFS spectra of 
saturated and 2,000 ppm samples were measured using 
the transmission mode, while the Cs concentrations of 
the 200 and 20 ppm samples were measured using the 
fluorescence yield mode. Figure 4 clearly indicates that 
the peak intensity of the Cs-Si distance is increased and 
the peak position of the Cs-Si distance shifts to the 
shorter side, while also becoming a sharper feature, as 
the Cs sorption concentration is reduced. This implies 
that the WB sample has a specific interlayer sorption site 
which is a closer-packed structure due to the higher 
interlayer charge and has higher symmetry than a 
general interlayer site. It is thought that Cs ions were 
being incorporated into specific interlayer sites of the 
WB sample from the start. It has been reported that 
radioactive Cs atoms released from the FDNPS were 
selectively sorbed onto particular soil grains (Mukai  
et al., 2014). A more recent study has pointed out that a 
WB clay sample selectively sorbed Cs ions more quickly 
than other clay minerals when the Cs concentration was 
adequately low as observed in the natural environment 

Figure3 

 

 
Fig. 3  Examples of k3-weighted Cs K-edge EXAFS oscillations (left) and the 

corresponding Fourier transforms of the EXAFS oscillations (right) for aqueous solutions 

of CsCl and some clay minerals adsorbing Cs ions. *The vermiculite and illite clays 

were obtained from Connecticut and Illinois, USA, respectively. The sericite and 

kaolinite clays were provided by the Clay Science Society of Japan as standard samples. 

The sorption amounts for the vermiculite, illite, sericite and kaolinite were 3.6, 1.3, 0.9 

and 0.7 wt%, respectively. 

  

Fig. 3   Examples of k3-weighted Cs K-edge EXAFS oscillations (left) and the corresponding Fourier transforms of the EXAFS oscillations 
(right) for aqueous solutions of CsCl and some clay minerals adsorbing Cs ions.
The vermiculite and illite clays were obtained from Connecticut and Illinois, USA, respectively. The sericite and kaolinite clays 
were provided by the Clay Science Society of Japan as standard samples. The sorption amounts for the vermiculite, illite, sericite 
and kaolinite were 3.6, 1.3, 0.9 and 0.7 wt%, respectively. The Cs K-edge EXAFS spectra were measured at beamline 11 XU of 
SPring-8 (Shiwaku, 2004)
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(Mukai et al., 2016). Our EXAFS measurement results 
indicate that some clay minerals may have specific Cs 
sorption sites which incorporate Cs ions into narrower 
positions in low Cs concentration cases. In actual soil 
contaminated due to the Fukushima accident, it is 
assumed that the Cs atoms are sorbed onto special soil 
grains having specific sorption sites. The irreversibility 
of Cs ion transfer may relate to such specific sorption 
sites. We would like to emphasize that understanding the 
sorption mechanism of WB clay would provide 
important insights for decontamination of radioactive-
contaminated soil in the Fukushima region.

Time-resolved dispersive XAFS (TR-DXAFS) 
observation at a timescale of under one second can 
reveal detailed mechanisms of interaction between Cs 
compounds and clay minerals, because the XAFS 
technique gives us information about the local structures 
around the Cs atoms only. Therefore, it allows us to 
understand changes in the local structure of Cs species 
as the reaction progresses by providing a time-resolved 
data set. Figure 5 shows the results of time-resolved FTs 
during a water-triggered reaction between CsCl and 
vermiculite clay at a one second rate. This time-resolved 
measurement models the reaction of radioactive Cs 
species released from the FDNPS that had fallen onto 
the soil surface on land, followed by a sorption reaction 
onto clay minerals after dissolving in rainfall and/ or 

groundwater. The FT intensity at around 2.3 Å, which 
agrees with Cs-OH2O in the aqueous CsCl solution in 
Fig.3, before water injection indicates that Cs has 
already formed an aqua complex in the dried mixture 
with clay as the nearest neighbor. The water, which 
forms an aqua complex with Cs after it is mixed with the 
clay, is estimated to derive from water absorbed into the 
clay sample. The Cs aqua complex keeps its structure at 
this stage. This Cs peak changes its intensity and 
becomes sharp just after water injection at about  
60 seconds after the measurements have started. The 
disappearance of higher coordination signals suggests 
that the Cs ions form an aqua complex again in the 
aqueous solution just after water injection. On the other 
hand, a new peak at around 3.5 Å emerges at about  
80 seconds after the measurements have started, namely 
20 seconds after the water injection. The new peak 
suddenly appears and gradually increases its intensity as 
time progresses. From the results of the conventional 
EXAFS measurements displayed in Fig. 3, we assigned 
this peak to a Cs-Si interaction consisting of 
incorporated Cs ions and the interlayer sheets of the 
vermiculite clay. This indicates that Cs aqua complex 

Figure 6 

 

 

Fig.6. Schematic illustrations of the collective adsorption of Cs+ ions into the selective 

interlayer of vermiculite clay. (a) Adsorption of one Cs+ into an interlayer; (b) exchanging 

of Mg2+/Ca2+ with another Cs+; (c) accumulative adsorption of Cs+; (d) shrinkage of part 

of the interlayer; and (e) abruption of the clay sheet. ＊The three layers expressed by the 

thin light-brown bars in (a)~(e) indicate Td-Oh-Td (2:1) sheets. 
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Fig. 5  Time-resolved intensities of Fourier transforms of Cs K-edge EXAFS 

oscillations expressed by a gray scale during the reaction between water and the mixture 

sample of vermiculite clay and CsCl.  The strengthening of peak intensity in this figure 

is indicated by a change from white to black on the gray scale. *The Cs K-edge TR-

DXAFS spectra were measured using dispersive optics at beamline BL14B1 of SPring-8 

(Matsumura et al., 2010). A curved silicon crystal with a Si(422) reflection plane and the 

Laue configuration was exposed to white X-rays to catch the emerging energy-dispersed 

X-rays (Matsushita & Phizackerley, 1981; Kaminaga et al., 1981). A phosphor screen was 

exposed to the re-dispersed X-rays and the emitted light was collected using a charge-

Fig. 5   Time-resolved intensities of Fourier transforms of Cs 
K-edge EXAFS oscillations expressed by a gray scale 
during the reaction between water and the mixture sample 
of vermiculite clay and CsCl.  The strengthening of peak 
intensity in this figure is indicated by a change from white 
to black on the gray scale. 
The Cs K-edge TR-DXAFS spectra were measured using 
dispersive optics at beamline BL14B1 of SPring-8 (Matsumura 
et al., 2010). A curved silicon crystal with a Si(422) 
reflection plane and the Laue configuration was exposed to 
white X-rays to catch the emerging energy-dispersed 
X-rays (Matsushita & Phizackerley, 1981; Kaminaga et al., 
1981). A phosphor screen was exposed to the re-dispersed 
X-rays and the emitted light was collected using a charge-
coupled device camera. Vermiculite clay mixed with 
anhydrous CsCl powder was used for the TR-DXAFS 
(Matsumura et al., 2014).
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Fig. 4  Fourier transforms of Cs K-edge EXAFS oscillations of weathered biotite after 

adsorbing different amounts of cesium ions. *The weathered biotite (WB) clay was 

provided by Fukushima Vermi Co., Ltd. (Fukushima, Japan). The WB clay was classified 

as mechanical milling and levigation treated. Fine WB clay powder with <2 m average 
particle diameter was obtained by the treatment. 

Fig. 4   Fourier transforms of Cs K-edge EXAFS oscillations of 
weathered biotite after adsorbing different amounts of 
cesium ions.
The weathered biotite (WB) clay was provided by 
Fukushima Vermi Co., Ltd. (Fukushima, Japan). The WB 
clay was classified as mechanical milling and levigation 
treated. Fine WB clay powder with <2 μm average particle 
diameter was obtained by the treatment.



37Investigation of Cesium Sorption Mechanisms into Clay Minerals

ions react quickly with vermiculite clays during a 
timescale of 20 seconds (Matsumura et al., 2014). The 
sudden appearance of Cs-Si interactions with strong 
intensity implies that many layers of vermiculite clay 
have collapsed after incorporation of the Cs aqua 
complex followed by dehydration of the Cs and 
discharge of water from the interlayer. The slight 
increase in the intensity of the Cs-Si peak relates to 
settling of the incorporated Cs ions into a more stable 
position. We have managed to observe the incorporation 
reaction of Cs into the interlayers of clay minerals at a 
one second timescale. 

4. Concentration Mechanism of Cs on Clay Minerals

Cesium is sorbed strongly and selectively in the 
interlayers of phyllosilicate soil fractions, such as 
vermiculite and smectite, as mentioned previously 
(Sawhney, 1972; Comans & Hockley, 1992; Cornel, 1993; 
etc.). The frayed-edge planar site conceptual model is often 
used to explain the high affinity of Cs for clay (Okumura  
et al., 2013;  Sawhney, 1964;  Kim et al., 1996;  etc.), 
although there is no direct experimental evidence for such 
structures. The relationship between Cs sorptivity into clay 
and its sorption structure remain unexplained in many 
respects and have yet to be studied more closely based on 
empirical data. 

Recently, Motokawa and his coworkers have 
investigated the microscopic structure of vermiculite 
clay suspensions with Cs using a small-angle X-ray 
scattering (SAXS) technique as a function of the sorbed 
Cs concentration, and elucidated the relationship 

between the structure of vermiculite and the sorption of 
Cs into vermiculite (Motokawa et al., 2014a; Motokawa 
et al., 2014b). Namely, they have proposed a mechanism 
for successional sorption of Cs into vermiculite clay in 
conjunction with the layer structure and its spatial 
arrangement in the clay crystal domain, as schematically 
shown in Fig. 6. Once one Cs ion is sorbed at a specific 
site in the interlayer of vermiculite clay, other Cs ions 
tend to occupy the neighboring sites in the same 
interlayer space (Figs. 6(a)–(c)) in accordance with the 
following explanation. The sorption of one dehydrated 
Cs contributes to the collapse of the swollen clay 
interlayer while hydrated Mg/Ca contributes to 
formation of swollen clay interlayers. The difference 
between the sorbed cations at the neighboring sites 
becomes a driving force. This is to say, it causes a local 
strain on the clay sheets, and thus, hydrated Mg/Ca tend 
to exchange with dehydrated Cs/ K (Fig. 6(b)). This 
phenomenon propagates successively from one Cs 
sorption site to the next within the same interlayer space. 
Since Ikeda et al. indicated that self-diffusion of Cs is 
not inhibited in the swollen clay interlayer space (Ikeda 
et al., 2015), exchange reactions from hydrated to 
dehydrated cations can occur sequentially (Fig. 6(c)). 
This collective sorption should reduce the distance 
between neighboring clay sheets in the selective 
interlayer (Fig. 6(d)), and it agrees with the sudden 
appearance and gradual shift of the Cs-Si peak in the 
TR-DXAFS results, as mentioned previously. This 
would be because the direct coordination of a dehydrated 
Cs ion with the oxygen atoms in the SiO4 tetrahedral 
sheet, which has a negative charge, locally neutralizes Figure 6 
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the layer charge of the SiO4 tetrahedral sheet. (Qin et al., 
2012)  This reduces the local electron charge density on 
the opposite surface of the SiO4 tetrahedral sheet if 
sufficient Cs is introduced into the layer undergoing the 
reaction. The attractive interaction between the SiO4 
tetrahedral sheet and hydrated Mg/Ca is weakened, 
further swelling occurs in the layer space, and partial 
abruption may take place in the hydrated Mg/Ca layer 
spaces (Fig. 6(e)). Consequently, the crystal domain 
undergoes segmentation, i.e., separation of layers, and 
the grain size of the crystal domain should decrease if a 
sufficient amount of Cs is intercalated in the local layer 
space. The segmented smaller-crystal domain generates 
new planar regions, which are covered by hydrated  
Mg/Ca. These planar regions are expected to serve as 
specific sorption sites for Cs, in addition to the interlayer 
spaces. Two Cs ions can coordinate directly with an 
oxygen atom in the SiO4 tetrahedral sheets through the 
exchange with one hydrated Mg/Ca, implying that the 
Cs intercalation in the swollen layer spaces of 
vermiculite clay promotes further Cs sorption at the 
freshly generated crystal domain interface. 

On the basis of the above, the literature has presented 
an original insight into Cs sorption into vermiculite clay 
(Motokawa et al., 2014a; Motokawa et al., 2014b). That 
is, the sorption behavior of Cs in suspension can be well 
characterized by two competitive phenomena:  (i) 
localization of dehydrated Cs in the selective interlayer 
spaces caused by collective sorption and (ii) 
segmentation of the crystal domain, providing fresh 
planar sorption sites for Cs. Therefore, substantial 
numbers of Cs ions are sorbed into vermiculite layers 
one after another like dominos toppling.

5. Stabilization Mechanism of Cs in Clay Minerals

In the past, sorption reactions of radioactive Cs into 
micaceous clay minerals have been regarded as ion 
exchange between hydrated Cs in the environment and 
K inside natural micaceous clay minerals. Therefore, 
this process should be governed mainly by differences 
between the ionic characters of Cs and K ions. Actually, 
we revealed that the reaction energies of the exchange 
process between Cs and K ions at special sorption sites 
called “frayed edge sites” in weathered micaceous clay 
minerals are determined by competition between the 
sizes of sorption sites and the radii of these ions 
(Okumura et al., 2013). This result implies that bonding 
characteristics between sorbed Cs and clay minerals are 
mostly ionic. It is not so simple, however. This is 
because there is another critical process, i.e., the 
“fixation” process of the sorbed Cs in the clay minerals 
as observed in the TR-DXAFS results. It is known that 
Cs can be easily removed from clay minerals if the 
elapsed time after the exchange is relatively short  
while it cannot be entirely desorbed if it has stayed  
there for a long time (Koning & Comans, 2004). Recent 
experimental results using advanced techniques support 
this irreversible sorption (Matsumura et al., 2014; 

Motokawa et al., 2014; Mukai et al., 2016). These latest 
results reported repeatedly in several references clearly 
suggest that one should examine the sorption and 
fixation processes separately. Thus, we need to study the 
chemical bonding characteristics between the fixed Cs 
and the clay minerals in addition to the sorption process.

To investigate the bonding characteristics of fixed Cs 
in clay minerals, we performed numerical calculations on 
two models of clay minerals containing K partly replaced 
by Cs using density functional theory, and evaluated the 
density of states (DoS) of these clay minerals. For that 
purpose, we used the Vienna Ab initio Simulation Package 
(VASP; Kresse & Hafner, 1994; Kresse & Hafner, 1993; 
Kresse & Furthmüller, 1996), which is widely used as a 
density functional theoretical code on the plane wave basis 
supporting the projector argument wave method (Blöchl, 
1994;  Kresse &  Joubert, 1999). Among the exchange-
correlation functionals available in VASP, we used the 
Perdew-Burke-Emzerhof functional (Perdew et al., 1996) 
with Grimme’s van der Waals correction (Grimme et al., 
2010) (PBE-D3). The cut-off energy of the plane wave is 
600 eV, and 3×3×2 k-points are set in the calculations. In 
this study, our calculation-target is muscovite as a model 
of illite, which is a weathered clay mineral showing strong 
Cs sorption. The lattice constants of this compound are 
shown in Table 1. We confirmed that our calculation set 
well reproduced the observed lattice constants of the 
original muscovite as shown in Table 1 (Liang & 
Hawthorne, 1996). From this calculation, we found that 
the lattice parameter c of the Cs-sorbed muscovite 
increased because the ion radius of Cs is larger than that of 
potassium (K).

The density of states of the natural and Cs-filled 
muscovites are shown in Figs. 7(a) and 7(b), respectively. 
The total DoS is represented by the gray area. The partial 
DoS of the 3p orbital of K in the natural muscovite and 
that of the 5p orbital of Cs in the Cs filled muscovite are 
represented by the black area. One can find that the 
partial DoS of the 3p orbital of K in Fig. 7(a) has a sharp 
peak. This narrow partial DoS indicates that K exists as 
an ion in natural muscovite, because it means the 
electrons in the atom localize. On the other hand, one can 
find that the partial DoS of Cs in the Cs-filled muscovite 
has a shallower shape than that of K. This broad partial 
DoS indicates that the Cs orbital is not in a pure ion state. 
It shows that electrons around the Cs nucleus are not 
completely localized but partially itinerant, i.e., the 
electrons are shared by the Cs and the oxygen around it. 
Therefore, the chemical bonds between the Cs atoms and 
the oxygen atoms around them are mostly ionic but 
partially covalent.

As discussed above, it is known that Cs is sorbed by 
micaceous clay minerals irreversibly. The origin of this 
irreversibility, however, is still an open question. Our 
results indicate that the partial covalent bonding between 
Cs ions and oxygen atoms is responsible for it to some 
degree. For further understanding of the origin of the 
irreversibility, it will be necessary to detect the broad 
partial DoS of Cs experimentally. Experimental setups 
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for detection will be discussed elsewhere.

6. Concentrated Minerals in Fukushima

As time passes after the accident at the FDNPS in 
March 2011, radioactive Cs is becoming a major source 
of radiation in the Fukushima area due to its abundance 
and long-half lives. Radioactive Cs has been mainly 
trapped at the soil surface, and decontamination and 
volume reduction of the soil have been huge problems. 
Therefore, it is necessary to investigate the sorption state 
of Cs in the soil. Previous studies have suggested that 
micaceous minerals are important for sorption and 
retention of Cs in the ground or soil (e.g., Francis & 
Brinkley, 1976). However, since the concentration of the 
radioactive Cs in the contaminated soil is extremely low 
(~10-10g/g), it is quite difficult to identify the actual Cs-
sorbing material, even by using advanced microanalytical 
techniques such as X-ray microanalysis with synchrotron 
radiation.

Mukai et al. (2014) attempted to identify radioactive 
particles in contaminated soil using imaging plate (IP) 
autoradiography. The contaminated soil was collected 
and dispersed onto special IPs with microgrid patterns 
for locating radioactive particles. The IPs were kept in 
the dark for about a month of exposure to the radiation 
and subsequently read with an IP reader. The read-out 
IPs showed bright spots formed by the radiation from 
radioactive particles. The radioactive particles were 

located by stereomicroscope observation of the 
corresponding areas. It was also found that the 
radioactive particles were very sparse in the dispersed 
soil. Using a micromanipulator and vacuum tweezers, 
the identified radioactive particles were picked up and 
transferred to different substrates for scanning electron 
microscopy (SEM) analysis. From their appearances and 
chemical compositions, the radioactive particles were 
classified into three types: (1) weathered biotite (WB), 
(2) organic matter containing clay mineral particles, (3) 
aggregates of clay minerals, (Fig. 8). The results of 
classifying fifty radioactive particles showed no large 
variations in their abundance. Measurements using a 
γ-ray spectrometer confirmed that the three types of 
radioactive particles in fact contained Cs-134 and  
Cs-137. The three types of particles were also analyzed 
by transmission electron microscopy (TEM). TEM 
analysis of WB from cross sections of the plates showed 
well-developed cleavages inside the grains, with 
kaolinite group minerals (KGMs) and goethite filling the 
cleavage spaces. With respect to the second type, 
dissolution of the organic matter did not reduce the 
radiation, suggesting that the radioactive Cs was sorbed 
into the clay minerals. TEM analysis of the second type 
revealed that clay fragments or particulates of biotite, 
KGM and quartz were embedded in the organic matter. 
TEM analysis of the third type showed that the 
aggregates had porous structures and contained various 
clay minerals such as biotite, chlorite and KGMs.  

Figure 7 
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Fig. 7   Total density of states (DoS) and partial DoS of (a) potassium and (b) cesium. The gray areas represent 
total DoS, and the black areas represent the partial DoS of both (a) potassium and (b) cesium. The width 
of the partial DoS peak of cesium is greater than that of potassium and the height of the partial DoS peak 
of cesium is lower than that of potassium.

a [Å] b [Å] c [Å] α[deg] β[deg] γ[deg]
Exp. 10.35 8.99 10.04 90.00 95.76 90.00
DFT 10.43 9.03 10.18 90.00 95.74 90.00
DFT(Cs) 10.51 9.10 10.91 90.00 95.51 90.00

Table 1   Lattice constants of natural muscovite found by the measurements of Kresse, 
(1993) (represented by “Exp.” in the table) and by density functional 
calculation (this work, represented by “DFT” in the table). Those of cesium-
occupied muscovite are also shown (represented by “DFT(Cs)” in the table)



40 T. YAITA et al.

The three types of the radioactive particles were 
further analyzed by using a micro-manipulator and 
focused ion beam (FIB) splitting combined with IP 
autoradiography to explore the distribution of Cs in the 
particles and identify the actual Cs-sorbing materials 
(Mukai et al., 2016a). A radioactive WB particle was 
divided into fragments by FIB, and the fragments were 
relocated at some interval to overcome the limited spatial 
resolution of the IP. The IP autoradiography results 
indicated that all the divided fragments were radioactive, 
which meant that the radioactive Cs was distributed 
almost homogeneously throughout the particle. A high-
resolution transmission electron microscopic observation 
of cross sections and synchrotron X-ray diffraction 
commonly indicated that the WB contained many 
vermiculite layers. Komarneni & Roy (1988) reported on 
the superior Cs-sorption properties of weathered mica. In 
weathered mica, low-concentrated Cs has been suggested 
to be strongly and selectively sorbed at frayed edge sites, 
which form around the edges of the plate-like crystal 
during weathering (Mckinley et al., 2004). Although the 

actual sorption sites of radioactive Cs in WB are still 
controversial, the porous structure of WB may be 
responsible for the uniform distribution of Cs. 

Next, a radioactive particle of the second type was 
divided in the same manner as for the WB. The IP 
autoradiography results for the divided sections 
indicated that the radioactivity was localized in only one 
section. Further analysis with SEM and TEM revealed 
that the radioactive section contained WB fragments. 
Thus, it can be speculated that the radioactive Cs was 
concentrated in the WB fragments scattered in the 
organic matter. Lastly, a radioactive aggregate of the 
third type was placed on the IP with microgrids, and 
crushed into several fragments by micro-knife and 
micro-manipulator. The fragments were spread with 
ethanol and their radioactivity was examined using the 
IP. The read-out IP showed many bright spots, and all 
the fragments, except for the very small ones, were 
confirmed to include radioactivity by stereomicroscopic 
observation, which meant that the Cs was widely 
distributed in the aggregate. SEM and TEM analyses of 
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Fig. 8 SEM images (upper) and EDS spectra (lower) of three representative types of 
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Fig. 8   SEM images (upper) and EDS spectra (lower) of three representative types of radioactive particles: (a) 
weathered biotite, (b) organic matter containing clay mineral particulates and (c) aggregates of clay minerals. 
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the radioactive fragments indicated that the aggregate 
was composed of ferruginous smectite. Smectite is also 
thought to sorb Cs with high selectively, although its 
retention ability is strongly influenced by its layer 
charge, grain size, etc. (e.g., Staunton &  Roubaudo, 
1997).

The above results suggest that WB and ferruginous 
smectite sorb radioactive Cs in Fukushima’s 
contaminated soil. A previous study, however, that 
surveyed the Cs-sorption ability of various clay minerals, 
indicated that vermiculite and smectite are not 
particularly superior to other clay minerals (NIMS 
Database). Therefore, Cs sorption experiments with 
various clay minerals, considering actual contamination 
conditions in Fukushima, were conducted using Cs-137 
solutions with concentrations as low as sub-ppm (Mukai 
et al., 2016b). Four or five particles each of eight mineral 
species (fresh biotite, WB, kaolinite, halloysite, illite, 
montmorillonite, allophane, imogolite) with sizes of  
~ 50 μm, were arranged on an acrylic substrate with 
kapton double stick tape. Then, 50 μl of solutions 
containing 0.185– 18.5 Bq of Cs-137 were dropped to 
cover the particles on the substrates. The sorbed amounts 
of Cs-137 in the minerals were estimated by IP 
autoradiography. The read-out IPs indicated that the 
amount of Cs-137 sorbed by the WB collected from 
Fukushima was much higher than that of the other clay 
minerals (Fig. 9). This result is consistent with the results 
of analyzing actual contaminated soil, that found that 
WB sorbed radioactive Cs, but the montmorillonite used 
to represent the smectite group did not appear to sorb 
Cs-137 at all. Since the smectite group has various kinds 
of mineral species with different compositions, several 
smectite species (montmorillonite, nontronite, saponite, 
ferruginous smectite (Swa-1)) were compared. Cs-137 
sorption experiments with these smectite minerals 
indicated that Swa-1 sorbed the highest amount of Cs-
137. In sorption experiments using Swa-1 instead of 
montmorillonite, it was also found that Swa-1 sorbed 
more Cs-137 than the other clay minerals except for WB. 

Using Cs-137-sorbed particles of WB and Swa-1, 
desorption experiments were also conducted with four 
kinds of electrolyte solutions: CH3COONH4 (1 M), CsCl  
(1 M), Mg(NO3)2 (1 M) and HCl (0.1 M). As conducted in 
the sorption experiments, the particles were immersed in 
50 μl of solution for one day. Changes in the radioactivity 
of the particles before and after the desorption treatments 
were estimated using IP autoradiography. The Cs-137 in 
the WB particles hardly decreased with immersion in 
CH3COONH4 and CsCl solutions, but decreased to about 
half with Mg(NO3)2 and HCl solutions. By contrast, from 
Swa-1, half of the Cs-137 was eluted with CH3COONH4 
and CsCl solutions, and almost completely eluted with 
Mg(NO3)2 and HCl solutions.

In conclusion, these results suggest that WB and 
ferruginous smectite are major sorbents of radioactive 
Cs in Fukushima’s contaminated soil. The results of the 
desorption experiments indicate that radioactive Cs is 
more rigidly fixed to WB than to ferruginous smectite. 

Thus, it can be assumed that the presence or absence of 
WB is a key factor affecting the dynamics and fate of 
radioactive Cs in Fukushima.

7. Summary

This paper discusses the latest information on the 
interaction of Cs with clay minerals, regarding 
identification of sorption sites, incorporation mechanisms 
and stabilization mechanisms, discovered through model 
sorption experiments using synchrotron radiation X-ray 
analysis and molecular orbital calculation method 
analysis. The results suggest the possibility of Cs being 
sorbed into specific clays and concentrated. Furthermore, 
Cs appears to be stabilized by partial bond formation, 
including covalency. From an analysis of actual soil from 
Fukushima using electron microscopy, we observed that 
limited clay minerals such as WB and ferruginous 
smectite, concentrated radioactive Cs. This agrees well 
with results of the model experiment in this study. These 
results provide useful information for developing volume 
reduction methods such as classification and chemical or 
thermal treatments.

This basic knowledge about Cs sorption behavior on 
clay minerals could be utilized in choices of 
decontamination and volume reduction methods for waste 
soil, reducing the amount energy needed for removing Cs 
from wastes. We are also beginning to develop new 
physical, chemical and heat treatment methods based on 
this basic knowledge. Possible reuse after treatment is also 
being discussed. Moreover, the whole series of efforts for 
Fukushima’s environmental recovery is considered useful 
in providing recovery technology for other kinds of 
widespread environmental contamination, and we hope for 
great technical progress, both basic and applied, toward 
Fukushima’s environmental recovery in the near future.
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1. Introduction

A severe accident familiarly known as “the 
Fukushima accident” occurred in March 2011 at the 
Fukushima Daiichi Nuclear Power Plant (FDNPP) 
operated by the Tokyo Electric Power Company 
(TEPCO), releasing a large amount of radioactive Cs 
into the atmosphere (Chino et al., 2011; Thakur et al., 
2013). About 20 percent of the fallout from this 
atmospheric release was deposited over the area of 
Japan, and about 70 percent of this deposition severely 
contaminated the vast area of Fukushima Prefecture, in 
which the FDNPP operated (Morino et al., 2011). 

Forest covers about 62 percent of the area fully 
evacuated by local residents by order of the Japanese 
government on April 23, 2011, due to this severe 
radioactive contamination. Since most of the forested 
area is in the upstream mountainous part of Fukushima 
Prefecture, the runoff of the deposited radioactive Cs is 
causing concern about increased risk of external 
exposure due to recontamination of water bodies and 
floodplains in the downstream region. The northern part 
of the downstream coastal region of Fukushima, in 

particular, is less contaminated than the heavily 
contaminated upstream mountainous region, so 
radioactive Cs runoff from the upstream region is 
causing strong concern among local residents in the 
populated downstream area with regard to maintaining a 
safe living environment.

On the other hand, from the viewpoint of water use, 
there are over 90 water supply dams and about 3,700 
agricultural irrigation ponds in Fukushima Prefecture, 
where agriculture is well developed as a main industry 
but has less sufficient precipitation (1,366 mm/ year) 
compared to the national average (1,757 mm/ year). 
Generally, the sediment produced in the catchment area 
during a rain runoff event or snow melt period flows into 
and accumulates at the bottom of reservoirs and ponds. 
Water storage operations at dams for irrigation and flood 
protection in particular strongly promote the deposition 
of inflow sediment at the bottom of the reservoir. Some 
studies after the Chernobyl Nuclear Power Plant accident 
(the Chernobyl accident) reported that a large part of the 
radioactive Cs associated with inflow of soil particles 
was captured in the sedimentation process at the bottom 
of a dam reservoir (Sansone &  Voitsekhovitch, 1996; 
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Brittain et al. 1997). Since radioactive Cs, specifically, 
Cs-137 with a long half-life (30.2 years) that is associated 
with inflow sediment will continue to accumulate at the 
bottom of reservoirs and agricultural ponds in the area 
contaminated by the Fukushima accident over the long 
term, various properties like accumulation states and 
processes, resuspension, and remobilization in bottom 
sediment should be clarified to facilitate risk evaluation 
and management of aquatic ecosystem contamination of 
as well as water use.

The objective of this paper is, given the situation five 
years after the Fukushima accident, to organize scientific 
knowledge about the migration and accumulation of 
deposited radioactive Cs in the contaminated upstream 
region, runoff properties from forested areas and the 
behavior of Cs in water bodies, reservoirs and ponds by 
reviewing published reviewed papers. In particular, this 
review attempts to summarize scientific knowledge 
about bioavailable Cs, which consists of dissolved Cs 
and Cs associated with organic compounds, as well as 
about radioactive Cs associated with inorganic soil 
particles, which is considered the dominant type for the 
dynamics in terrestrial water environments. Moreover, 
in addition to highlighting future issues based on this 
review, research activities by the National Institute for 
Environmental Studies (NIES) related to these issues are 
introduced.

2. Radioactive Cs Runoff from Forested Areas

2.1 Migration Properties of Radioactive Cs on Hill Slopes
The vertical profile of deposited radioactive Cs 

dynamically changed in forested land during the first 
year after the Fukushima accident. A significant 
proportion of the deposited radioactive Cs captured in 
the canopy and on stems soon after the accident 
migrated to forest floor through washout or leaching by 
precipitation (throughfall) and litterfall in forests of 
evergreen conifers like Japanese cypress and cedars that 

had been foliating at the time of the accident (Kato et al. 
2012; Teramage et al., 2014a; Kato & Onda, 2014). On 
the other hand, most of the radioactive Cs deposited on 
the forest floor, including the secondary migrated Cs 
described above, remained stored in the organic (litter) 
layer and the surface portion of the inorganic layer even 
several years after the accident due to the very strong 
action of adsorption or fixation (Teramage et al., 2014b;  
Takahashi et al., 2015). This situation eventually implies 
that forest floors may act as a potential runoff source of 
radioactive Cs associated with soil erosion during storm 
events and snow melt periods.

Several field surveys have been conducted by 
creating experimental plots to evaluate wash-off of 
radioactive Cs from a hillslope in contaminated forest 
land (Yamamoto et al. 2014;  Yosimura et al., 2015a; 
Nishikiori et al., 2015;  Niizato et al., 2016). Table 1 
gives a summary of those experiments and the measured 
runoff ratio of Cs-137 to deposition amount on the forest 
floor at each experimental site. Although Nishikiori  
et al. (2015) reported a relatively higher migration ratio 
in the experimental plots on steep slopes in Japanese 
cypress and deciduous forests in Marumori Town, 
Miyagi Prefecture, the migration of radioactive Cs was 
found generally to be limited in the installed plots in 
each survey. For a comparison with other land-use types, 
an experiment using USLE standard plots in Kawamata 
Town, Fukushima Prefecture found the contribution of 
the fine soil fraction in forest land to be much lower than 
in farmland or grassland (Yoshimura et al., 2015a). 
Moreover, an experiment by Niizato et al. (2016) 
conducting a quantitative evaluation of radioactive Cs 
input and output associated with surface wash-off, 
througfall, stemflow and litterfall processes in Japanese 
cedars and deciduous Konara oaks, reported that 
radioactive Cs input was 4 to 50 times higher than the 
output during the summer monsoon in Fukushima. This 
shows that the radioactive Cs stored in the forest floor 
tends to be preserved within the forest ecosystem. 

Table 1  Migration rate of Cs-137 associated with soil erosion  from experimental plots on forested hill slope.

Site Forest type Period Migration 
rate (%)

Average 
deposition 
(kBq/m2)

Plot size
W. × S.L 

(m)

Slope

 (degree)
Source

Yamakiya, 
Fukushima Deciduous broad-leaved Jul. 2 – Dec. 1, 2013 0.08 490 9 × 35 31 Yamamoto 

et al. (2014)
Kawamata, 
Fukushima Japanese cedar Jul.17, 2011 – Nov. 18, 2012 0.07 442 5× 22.1 27.5 Yoshimura 

et al. (2015a)

Hippo, Miyagi

Deciduous broad-leaved
Japanese Red Pine

Japanese cedar
Japanese cypress

May 24 – Oct. 16, 2013

1
0.16
0.08
0.87

110
170
200
160

1.5× 2

37
39
39
39

Nishikiori 
et al. (2015)

Sakashita, 
Fukusima

Ogi, 
Fukushima

Deciduous broad-leaved
Deciduous broad-leaved

Japanese cedar

Apr. 7 – Oct. 20, 2014
Apr. 7 – Oct. 20, 2014
Apr. 11 – Oct. 8, 2014

0.06
0.12
0.04

487
487
497

6 × 11
6 × 10
4 × 11

11 – 15
27 – 30
28 – 31

Niizato 
et al. (2016)
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2.2 Runoff Flux of Radioactive Cs Associated with 
SS from Forested Catchments

While significant contamination from the Fukushima 
accident in a forested area was confirmed, not many 
field surveys have considered quantitative evaluation of 
radioactive Cs runoff from a forest catchment 
(Shinomiya et al., 2014, Iwagami et al., 2016;  Tsuji  
et al., 2016). The reported runoff ratios of Cs-137 to 
catchment-averaged deposition are summarized in 
Table 2, including the results measured in river 
watersheds mainly covered by forest (Ueda et al., 
2013). Although the spatially averaged depositions of 
Cs-137 have ranged from (113 – 1,900 kBq/m2) among 
the observed catchments, the annual runoff ratios of 
Cs-137 have been very small, at 0.05 – 0.5%, in every 
observation. This is consistent with the results for 
migration on hillslopes described in the previous section. 
As for temporal changes in the concentration of Cs-137 
associated with suspended solids (SS) (Bq/kg), no 
significant decrease has been confirmed yet among these 
observed catchments, except in one case in which the 
rate of decrease was far faster than the natural decay rate 
in one of the small catchments of the Kuchibuto River 
(Iwagami et al., 2016;  Hayashi et al., 2016). The 
observed limited runoff of radioactive Cs with no 
apparent decrease in its concentration reflects the control 
of sediment runoff during storm events by the formation 
of understory vegetation and a litter layer on the soil 
surface, causing most of the deposited radioactive Cs to 
be retained in the forest floor. The runoff of radioactive 
Cs was also reported to be very limited from the 
contaminated forest catchment after the Chernobyl 
accident (Bonnett &  Appelby, 1994;  Nylén &  Grip, 
1997;  Burrough et al. 1999). Although it brought 
concerns that more runoff of Cs associated with SS 
would occur in the forest area contaminated by the 
Fukushima accident with steeper terrain and a larger 
amount of precipitation than in the area contaminated by 
the Chernobyl accident, these observed results suggest 
that contaminated forest areas contribute little to the 
recontamination of the downstream region as a source of 

radioactive Cs at this time. On the other hand, concerns 
about the effect of forest management on radioactive Cs 
still remain. Planted forest accounts for 35 percent of the 
forest area in Fukushima Prefecture (Forest Agency, 
2012). Forest management represented by thinning and 
clear-cutting which are needed for plantation cultivation 
is well known to be accompanied by sediment runoff 
(e.g., Grant and Wolff, 1991;  Lewis et al., 2001). 
However, since research based on field surveys has not 
reported the effects of forest management on radioactive 
Cs runoff, organization of scientific knowledge is 
needed based on many case studies available to develop 
adequate management methods for controlling 
radioactive Cs runoff.   

2.3 Runoff Behavior of Bioavailable Cs
Although the amount of runoff from contaminated 

forest catchments has been found to be limited, the 
runoff behavior of radioactive Cs, especially, 
bioavailable Cs consisting of dissolved and soluble 
fractions and an organic-matter-bound fraction, should 
be precisely understood due to concerns about water use 
in the downstream region and transfers to aquatic 
ecosystems. The dissolved fraction is generally defined 
as compounds that can pass through a 0.45 μm 
membrane filter. The soluble fraction and organic-
matter-bound fraction are indicated as compounds able 
to generate a dissolved fraction by ion exchange and 
biological decomposition. As for the properties of 
dissolved radioactive Cs runoff from forest catchments 
contaminated by the Fukushima accident, an increase in 
concentration in stream water has been reported during 
the summer period (Tsuji et al., 2016 and higher 
concentrations were noted during a runoff event than 
during the low-flow conditions before the event 
(Shinomiya et al., 2014; Iwagami et al., 2015; Tsuji et 
al., 2016). On the other hand, the quantitative 
contribution of dissolved forms to the total amount of 
radioactive Cs runoff is generally small, since the 
proportions of radioactive Cs associated with SS 
dominate during flooding with high turbidity conditions, 

Site Catchment area 
(km2) Period Runoff rate (%)

Average 
deposition 
(kBq/m2)

Source

Hiso and Wariki 
Rivers, 

Fukushima 

4.5
3.2

Mar. 2011 – 
Dec. 2011

0.5
0.3

100
300 Ueda et al. (2013)

Tadano, 
Fukushima 0.012 During typhoon 

Guchol 0.07 113 Shinomiya et al. 
(2014)

Yamakiya, 
Fukushima 

0.54
0.017
0.075

Aug.  2012 –  
Sep. 2013

0.019
0.3

0.098

916
544
298

Iwagami et al. (2016)

Upper region of 
Ohta River, 
Fukushima

21 May  2014 – 
May  2015 0.052 1900 Tsuji et al. (2016)

Table 2  Runoff rate of Cs-137 associated with suspended soils (SS) from forested catchments.
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as presented by the reported high solid– liquid 
distribution coefficient (Kd) of radioactive Cs associated 
with SS (Yoshimura et al., 2015b). Iwagami et al. (2016) 
reported that the annual proportion of Cs-137 discharged 
by the dissolved form was 0.73 – 3.7%  in the three 
headwater catchments in Yamakiya District, Fukushima 
Prefecture. However, in the heavily contaminated forest 
catchment in the upper regions of the Ohta River 
flowing through Namie Town and Minamisoma City, 
Tsuji et al. (2016) reported that dissolved Cs-137 was 
found in about 30 percent of the total annual runoff 
based on calculations using an equation defining the 
regression between dissolved Cs-137 and 
hydrometeorological items (flowrate and air 
temperature), determined from observed data throughout 
the year, including flooding periods. Additionally, 
dissolved Cs-137 concentrations increased 
logarithmically with specific runoff or SS concentration 
in this catchment. Conversely, Cs-137 concentrations 
associated with SS showed almost no change with runoff 
intensity. These results suggest that the process of 
generating dissolved radioactive Cs depends little on 
solid-liquid distribution (adsorption-desorption) 
processes with SS and is governed by another process. 
While the results from some field experiments suggest 
the contribution of highly contaminated organic matter 
(leaf litter) to the generation of dissolved radioactive Cs 
(Sakai et al., 2015;  Nakanishi et al., 2014), more 
detailed investigations are needed in terms of the 
seasonal fluctuation in concentrations and the generation 
mechanisms at runoff events to understand future trends.

 There is little field research on radioactive Cs runoff 
with organic-matter-bound fractions from forest 
catchments. Iwagami et al. (2016) only reports that the 
annual proportion of Cs-137 discharge through coarse 
particulate organic matter (CPOM), defined as 
particulate organic matter over 1 mm in size, was 0.0092 
– 0.069%  in the case of quantitative evaluation. But 
then, as for fine particulate organic matter (FPOM), 
defined as under 1 mm in size, which is an important 
feed source for aquatic organisms, although Eyrolle-
Boyer et al. (2016) suggest that there could be a 
significant transfer of highly contaminated detrital 
biomass from forest litter to downstream areas based on 
results with relatively high radioactive Cs concentrations 
recorded in sandy samples possibly including 
contaminated micrometric litter debris collected from 
river beds in the coastal region of the Fukushima 
Prefecture, the direct involvement of FPOM in 
radioactive Cs discharge has yet to be specified. Though 
a large amount of SS would be needed as a test material, 
one way to clarify the contribution of FPOM would be 
to measure the organic-matter-bound fraction directly by 
fractionating the SS with different bond strengths, using 
a sequential extraction procedure (Tessier et al. 1979; 
Tsukada et al., 2008), as has been the case with its 
application to irrigation water for paddy fields 
(Yoshikawa et al., 2014).  

3. Radioactive Cs Behavior in Dam Reservoirs 
and Ponds

3.1 Accumulation of Radioactive Cs in Bottom Sediment
It is known that the ratio of radioactive Cs runoff to 

that deposited by the Fukushima accident is very low 
(less than one percent per annually at most) in the 
catchments of the Abukuma River and other rivers in the 
coastal region of Fukushima Prefecture as well as in 
forested catchments, as described above (Nagao et al., 
2013; Yamashiki et al., 2014; Hayashi et al., 2016). On 
the other hand, in water bodies such as reservoirs and 
irrigation ponds with from several times to tens of times 
larger catchment areas than their own water surface area, 
even if the runoff ratio of the deposited radioactive Cs 
from the catchment is limited, the accumulation rate 
might be not negligible in the long-term radioactive 
contamination of their bottom sediments. Also, direct 
deposition and initial inflow from washable areas such 
as urban areas are suggested to be the main cause of 
radioactive Cs contamination of lake beds from field 
surveys after the Chernobyl accident (Smith et al., 
2005). As for the effort to comprehend the state of 
radioactive contamination of the reservoirs and irrigation 
ponds in the area influenced by the Fukushima accident, 
the Ministry of the Environment has been using grab 
samplers to conduct periodical monitoring of the 
concentrations of radioactive Cs in the surface part of 
bed sediment in natural lakes, dam reservoirs and 
irrigation ponds at a total of 164 points in Fukushima 
and its surrounding prefectures from October 2011. The 
measured data are released as needed on its website 
(Ministry of the Environment, 2016). Currently, there 
are a few studies, limited to irrigation ponds (Aoi et al., 
2014;  Yoshimura et al., 2014), that have reported on 
investigations to get a detailed grasp of the state of 
radioactive Cs accumulation by measuring vertical 
profiles of radioactive Cs concentration and sediment 
properties in undisturbed core samples. In lakes, 
however, only studies on the radioactive Cs 
concentration have been performed in the surface part of 
the bed sediment collected by a grab sampler to 
investigate the relationship to the contamination of fish 
(Fukushima & Arai, 2014; Matsuda et al., 2015).  

The results of measurement by both Aoi et al. (2014) 
and Yoshimura et al. (2014) with undisturbed sediment 
core samples in irrigation ponds in Fukushima Prefecture 
indicate radioactive Cs concentrations peak in the 
surface layer and are particle-size dependent:  finer 
particles exhibit higher concentrations. They also found 
that the radioactive accumulation process tended to 
depend on hydraulic conditions in the pond. Their results 
showed that the Cs-137 inventory in the bottom 
sediment was almost identical to that in the pond 
catchment area immediately after accident, but was 
significantly higher than that in the core sampling period 
19 months after the Fukushima accident, and this 
suggests that the pond serves as a sink for radioactive Cs 
(Aoi et al., 2014), whereas fine sediments containing 
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high concentrations of Cs-137 were reported to be 
removed from the system by hydraulic flushing from 
some ponds (Yoshimura et al., 2014). It is predicted that 
the effect of direct deposition on radioactive Cs 
concentration in bottom sediment will be more obvious 
in a dam reservoir with a generally much longer 
retention time than an irrigation pond. Progress is 
needed in studies on the behavior of sediment with high 
concentrations of radioactive Cs by direct deposition 
and initial inflow to clarify the actual state of bottom 
sediment contamination in dam reservoirs.

3.2 Effects of Dams on Migration of Radioactive Cs in a 
River Watershed

Dams are constructed for various purposes such as 
water use, electric power generation, flood protection, 
and so on. Therefore, water storage management and 
discharge operations are conducted according to their 
purposes in general. Water use for irrigation, industry 
and drinking is the main purpose of most dams in the 
area radioactively contaminated by the Fukushima 
accident. These dams are managed to take water with 
less turbidity from the surface or upper layer with a 
sediment storage capacity sufficient for causing inflow 
sediment to accumulate. This capacity for accumulating 
not only inflow sediments but also radioactive Cs 
associated with the sediment in a lake, is thought to play 
an important role in protecting against the spread of 
radioactive Cs from the heavily contaminated upstream 
region to the relatively lightly contaminated downstream 
farmland and urban areas in the coastal region of 
Fukushima Prefecture.

Several studies after the Chernobyl accident have 
qualitatively evaluated this storage effect by comparing 
the concentrations of SS and radioactive Cs associated 
with SS between the inflow and outflow of dams in the 
contaminated area (Sansone &  Voitsekhovitch 1996; 
Brittain et al. 1997). As for evaluating this role of dams 
in Fukushima Prefecture after the Fukushima accident, a 
study using a numerical simulation model has been 
conducted mainly by the Japan Atomic Energy Agency 
(JAEA) to examine the quantitative effect of dams on the 
Cs inflow storage function through water storage control. 
For the Ogaki Dam Reservoir, one of the main irrigation 
reservoirs of Fukushima Prefecture, Kurikami et al. 
(2014) found the predicted values of sediment and 
Cs-137 associated with SS discharged from the dam 
satisfactorily reproduced the observed data. Moreover, 
by raising the height of the dam exit, Yamada et al. 
(2015) simulated the amount of clay exiting the reservoir, 
finding it could be reduced by a factor of three. This 
indicates that the dam could be operated to buffer 
radioactive Cs discharge and limit the contamination 
spreading into lowland areas of the Ukedo River basin. 
the A balance calculation of SS and Cs-137 associated 
with SS based on observed data in the Uda River Basin 
in the coastal region of the Fukushima Prefecture, the 
Matsugabo Dam on the Uda River estimated that over 
90 percent of Cs inflow associated with SS accumulated 

in the lake through water storage control, even during the 
extremely heavy rainfall event of Tropical Storm Etau in 
September 2015 (Hayashi et al., 2016). In addition to 
utilizing this function to protect against radioactive 
contamination of the environment, it is also suggested 
that predicting the impacts of future climate change on 
sediment and Cs-137 fluxes from dams will be crucial to 
environmental planning and management (Mouri et al., 
2014). 

3.3 Radioactive Cs Remobilization Properties in 
Bottom Sediment

Remobilization of accumulated radioactive Cs might 
not actively occur in the bottom sediments of lakes  
and ponds, considering the reported Kd values (mainly 
105 –  106, unit:  kg/L) for SS in rivers in Fukushima 
Prefecture (Yoshimura et al., 2015b). Some studies on 
the sorption of radioactive Cs into sediments, however, 
have shown that NH4

+ in anaerobic sediment and bottom 
waters can make radioactive Cs leach from contaminated 
sediment (Evans et al., 1983). Also, Kd is inversely 
proportional to the content of competing ions 
(specifically K+  and NH4

+ ) in sediment pore water 
(Comans et al. 1989), and sediment containing much 
organic matter and sand is suggested to boost radioactive 
Cs mobility because it lacks strong radioactive Cs 
fixation ability (Smith et al., 2005). On the other hand, 
no studies have yet reported on leaching of radioactive 
Cs from bottom sediment in a lake or a pond after the 
Fukushima accident. Dam reservoirs and irrigation 
ponds are essential for agricultural use. Since the 
duration of radioactive contamination conditions in a 
freshwater ecosystem depends on the level of dissolved 
Cs-137 concentration in the water system, an 
investigation is needed into whether or not these 
reservoirs in the contaminated area act as a source of 
dissolved radioactive Cs, and this should be done as 
rapidly as possible. 

4. NIES’ Approach to Understanding Radioactive 
Cs Behavior in a River Watershed

In order to quantitatively evaluate the migration and 
accumulation of radioactive Cs not only associated with 
SS but in bioavailable forms in a river watershed, the 
National Institute for Environmental Studies (NIES), 
Japan has been conducting field measurements in 
watersheds of the main rivers (Uda, Mano and Ohta 
rivers) of the northern coastal region of Fukushima 
Prefecture since 2012. 

As for the evaluation of radioactive Cs flows and 
stocks, migration of radioactive Cs associated with SS 
was examined in the Uda River watershed during the 
super heavy rain event of Tropical Storm Etau (Hayashi 
et al., 2016). The estimated total runoff volumes of 
Cs-137 from the small forest catchment, Matsugabo 
Dam (Udagawa Lake;  an upstream reservoir) and the 
entire river watershed during the event were 1.4 to 5.3 
times greater than the annual total runoff volumes in 
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2014, respectively. The sizes of Cs-137 runoff, however, 
fell much below those of the SS runoff from the 
Matsugabo Dam reservoir and the entire Uda River 
basin due to decreasing concentrations of Cs-137 
associated with SS, possibly due to the effects of 
decontamination operations in the watershed.

Also to elucidate radioactive Cs accumulation in the 
bottom sediment of reservoirs, sediment core samples 
were collected in 2012 and 2013 from the Matsugabo 
Dam reservoir. Analysis of these samples showed that 
the sedimentation of SS containing relatively low 
Cs-137 concentrations that currently flow into the dam 
during storm events shields the sediment layer that was 
highly contaminated with Cs-137 near the dam wall 
(Fig.1). The contaminated layer was formed because of 
direct deposition onto the lake surface at the time of the 
Fukushima accident and inflow of radioactive Cs from 

areas with impervious ground cover soon after the 
radioactive Cs had been deposited into those areas. As a 
future effort to understand radioactive Cs migration and 
accumulation in a river watershed, field measurements 
are underway to evaluate the positive and negative 
effects of the decontamination operations conducted 
over wide areas of the contaminated upstream region. 

As part of the effort to understand the behavior of 
bioavailable radioactive Cs in a river watershed, 
concentrations and fluxes of dissolved radioactive Cs 
are being investigated in the upstream part of the Ohta 
River watershed, which is covered with a high-dose-rate 
forested area, under base flow conditions and during 
storm events (Tsuji et al., 2016). Under base flow 
conditions, an increase in dissolved Cs-137 
concentrations in the water [Bq/ L] was confirmed in 
summer as compared to in winter, and these levels in 
both seasons were higher than those of particulate 
Cs-137 concentrations in the same seasons [Bq/L]. On 
the other hand, during storm events, the particulate 
Cs-137 concentration became dominant as the SS 
concentration increased. Throughout the monitoring 
period, dissolved Cs-137 concentrations in the water 
[Bq/L] were higher during storm events than base flow 
conditions and were positively correlated with runoff 
intensity (Fig. 2). The factors influencing changes in 
dissolved Cs-137 concentrations are also being 
investigated by measuring the Cs-137 concentrations 
associated with SS [Bq/ kg] and dissolved Cs-137 
concentrations in unsaturated soil water, throughfall and 
rainfall, together with other main solute concentrations. 
The Cs-137 concentration per unit weight of SS in river 
water was not strongly correlated with runoff intensity. 
Additionally, dissolved Cs-137 concentrations were not 
detected in soil water, groundwater or rainfall, whereas 
higher dissolved Cs-137 concentrations were detected in 

Nov. 2013 Oct. 2014

Figure 1 Annual change in the accumulation of Cs‐137 on the bottom sediment 
at near the dam wall of Matsugabou Dam in the Uda River
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Fig. 1   Annual change in the accumulation of Cs-137 in the bottom 
sediment near the dam wall of Matsugabo Dam on the Uda 
River.

Fig. 2   Relationships between specific runoff rate (mm/h) and dissolved Cs-137 (Bq/L) 
or Cs-137 in suspended solids (Bq/kg) in the upstream part of the Ohta River.
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Figure 2 Relationships between specific runoff rate (mm/h) and dissolved Cs-137 
(Bq/L) or Cs-137 in suspended solids (Bq/kg) in the upstream of the Ohta River
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throughfall than in river water. K+ concentrations were 
higher during storm events than base flow conditions, 
and dissolved organic carbon concentrations increased 
toward the peak flow rate. These findings suggest that 
one major factor influencing the generation of dissolved 
Cs-137 in river water is leaching from organic material 
in flooded areas. In addition to finding the detailed 
mechanisms of dissolved radioactive Cs generation in 
water, some targets are currently being addressed such 
as quantitative evaluation of the migration and 
accumulation of radioactive Cs associated with organic 
compounds and remobilization from the bottom 
sediment in dam reservoirs for a sound understanding of 
bioavailable radioactive Cs behavior leading to correct 
assessment of the risk to local residents’ living 
environments.

5. Summary

Huge amounts of radioactive Cs released by the 
Fukushima nuclear accident have seriously contaminated 
the mountainous part of Fukushima Prefecture. From 
several research activities for understanding the behavior 
of radioactive Cs, it was confirmed that the migration of 
radioactive Cs from the mountainous region to the 
downstream lowlands and the coastal area was fully 
controlled by the inhibition of runoff from forested areas 
and the storage function of dams. On the other hand, it is 
still unknown how the retained or accumulated 
radioactive Cs acts in the generation and dynamics of 
bioavailable Cs in forest soil or lake bed sediments. 
Scientific knowledge about the behavior of bioavailable 
Cs in terrestrial water environments needs to be 
organized to enable evaluation of future effects on water 
use and freshwater ecosystems.
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1. Introduction

The Fukushima Daiichi Nuclear Power Station (FDNPS) 
accident caused the release of various radionuclides into the 
environment. These radionuclides were transported by wind 
and deposited directly or by rainfall, contaminating a wide 
area mainly in Fukushima Prefecture (Katata et al., 2012). 
Among these radionuclides, radioactive cesium isotopes 
(Cs-134, Cs-137) dominate external exposure and are 
important nuclides to address for radiation dose reduction. 
Decontamination work to reduce external exposure doses is 
ongoing in areas with larger amounts of radioactive cesium 
deposition and higher air dose rates, mainly in the living 
sphere. Over 70 percent of the radioactive cesium deposited 
in Fukushima Prefecture fell onto forested areas (Kitamura 
et al., 2014). Since most of the forests are located far from 
the living sphere, they are not planned specifically for 
decontamination, meaning radioactive cesium will remain 
there in the future.

Radioactive cesium remaining in forests is thought to 
move through the environment with natural forces such 
as rain and wind, eventually reaching the living sphere 
and the ocean. The Japan Atomic Energy Agency 
(JAEA) has investigated the transport behavior of 
radioactive cesium in the river systems of Fukushima 
Prefecture through continuous observation and 
laboratory experiments. In order to analyze their 
behavior to date and evaluate their future behavior and 

changes in radiation doses, various computer simulation 
tools have been developed based on different concepts 
and approaches. The present paper outlines 
circumstances regarding development of models to 
evaluate radioactive cesium behavior in river systems 
and discusses issues to be considered.

2. Modeling Approach

The behavior of radioactive cesium in the 
environment results from a varied combination of 
physical and chemical phenomena such as dispersion 
and advection in the ground, transport of particles by 
water flow and adsorption/desorption of mineral 
particles and nuclides. For modeling these processes, 
two approaches can be considered. One is an empirical 
approach in which the averaged migration velocity is 
evaluated based on various observed data, and the other 
is a phenomenological approach in which mathematical 
models expressing physical/ chemical phenomena are 
combined to predict behavior.

Calculating soil loss from terrestrial areas followed 
by calculating river transport is a typical empirical 
approach. Soil transport fluxes in each mesh point of the 
terrestrial area are calculated using a soil loss model and 
fluxes from the connecting mesh to the river are treated 
as inputs to the river at this point. This modeling 
approach is relatively simple and adequate for annually 
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averaged behavior. It should be noted, however, that this 
approach assumes strong attachment of contaminants to 
soil particles in the terrestrial area. In the case of 
evaluating total Cs in the environment of Fukushima 
Prefecture, this assumption seems acceptable. 

The phenomenological approach is based on the 
physical processes of water transport itself in the 
terrestrial area considering processes caused by surface 
water, for example, impact by rain drops, erosion by 
surface water, transport of soil particles by river water, 
and so on. This type of model can treat solid and liquid 
phases separately so that the behavior of adsorbed and 
dissolved cesium can be treated separately. It also 
considers not only simple instantaneous equilibrium but 
also kinetically controlled interaction between these 
phases. Such a physical model is consequently 
complicated and needs more calculation resources, but it 
has the benefit that the impact of single high water 
events like typhoons can be estimated, taking magnitude 
into account.

3. Models and Their Application

3.1 Soil Loss Analysis
The Universal Soil Loss Equation (USLE) is one of 

the basic models used in soil loss prediction. It is an 
empirical statistical model that considers planar erosion 
and rill erosion processes. Yamaguchi et al. (2014) 
developed the Soil and Cesium Transport (SACT) 
model, which can evaluate annually averaged transport 
of radioactive cesium together with soil loss based on 
the USLE. The model calculates 1) the possible amount 
of soil loss, 2) empirically predicted soil loss due to 
water flow, 3) soil loss among cells depending on slope, 
and 4) cesium transportation together with soil loss, in 
that order. In particular, the cesium concentration’s 
dependence on soil particle size and cesium depth 
profile in the soil can be taken into account.

A sensitivity analysis was also carried out for some 
parameters, such as rainfall and runoff factors, critical 
shear stress of erosion, grain size distribution and flow 
velocity in lakes. As a result, the critical shear stress of 
erosion showed the highest sensitivity to the amount of 
soil erosion, while other parameters showed less 
sensitivity (Yamaguchi et al., 2014). The annual flux of 
Cs-137 from the Abukuma River to the ocean during the 
first year after the accident was estimated at 3.0 TBq/y 
with 0.23 – 3.7 variation in the sensitivity analysis. This 
value agrees well with 5.34 TBq/y which was reported as 
the Cs-137 flux from Aug. 2011 to May 2012 (Yamashiki 
et al., 2014). The calculated fluxes of other rivers running 
through the coastal area also showed relatively good 
agreement with observations (Kitamura et al., 2014). 

In these calculations, it was pointed out that some of 
the assumptions might cause discrepancies between 
calculations and observations. The first criticism was 
that the initial deposition of radioactive cesium on water 
surfaces like rivers, lakes and ponds was ignored, since 
they only occupied less than 2 percent of the targeted 

area. The second criticism was that the river flow rate 
averaged over the past 10 years was used. The USLE 
itself is an empirical approach and it is essential that it 
use statistically evaluated parameters, so fluxes for years 
with larger high water events seem to be underestimated. 
The third criticism was that the depth profile of radioactive 
cesium in the topsoil was considered stable. Matsuda et al. 
(2015) reported that the relaxation depth β (g cm-2) was 
found to increase by an average of 30 percent over 
approximately one year, based on depth profiles annually 
obtained using the scraper plate method at more than 80 
locations. This indicates that radioactive cesium has 
downwardly migrated in the soil with time. If the depth 
profile is assumed constant, the amount of cesium 
discharged together with soil loss is overestimated and 
residual cesium in the soil is conversely underestimated. 
To be precise, the depth profile of radioactive cesium 
showed relatively high sensitivity regarding the discharge 
of radioactive cesium in the sensitivity analysis, in which a 
58 percent smaller relaxation depth α (m-1) gave a 53.6 
percent smaller annual flux of radioactive cesium from the 
Abukuma River Basin (Yamaguchi et al., 2014). This can 
be easily explained by decreased soil surface 
concentrations, which are related to the total deposition by 
the following equation:

C0 ＝ RAα  (1)

where C0 is the activity concentration of radioactive 
cesium (Bq m-3) and RA is the radioactive cesium 
inventory (Bq m-2). 

3.2 Multi-Compartment Model
Pratama et al. (2015) developed a multi-compartment 

model, which incorporated the process of radioactive 
cesium transport from the ground surface into the rivers 
of the Abukuma River Basin. In this model, 
compartments in the environment, such as trees, litter, 
topsoil, deep soil, etc., were designated as storage points 
of radioactive cesium, and transfer rates among each 
compartment were defined empirically or based on 
mechanistic models. Calculated monthly radioactive 
cesium flux values at the mouth of the Abukuma River 
showed good agreement with those observed by 
Yamashiki et al. (2014). In addition, the upper reaches 
of Abukuma River were divided into 29 small 
catchments, and the relationship between radioactive 
cesium flux and land use was determined in each 
catchment. As a result, the ratio of forested area showed 
a negative relationship to the flux and that of urban area, 
a positive one, indicating that less radioactive cesium 
was discharged from forests but more from urban areas. 
Consequently, the lower Abukuma reaches, which are 
occupied less by forests and more by urban areas, 
showed larger discharges of cesium than the upper 
reaches.

On the other hand, two sources of uncertainty were 
pointed out. One was failure to consider the effect of the 
size of suspended particles on transportation behavior, 
and the other was applicability of the wash-off coefficient 
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obtained from post-accident Chernobyl studies. The flux 
from the Abukuma River evaluated with the multi-
compartment model was larger than that with the SACT 
model. As mentioned above, however, the flux of the first 
year was close to the observed flux. This can be 
explained by the fact not only was soil wash-off 
considered, but also liquid wash-off, which was not taken 
into account in the SACT model but small enough to be 
disregarded, particularly in the first year. It has also 
been suggested that the coefficients used in the 
multi-compartment model were mostly acceptable, at least 
in the evaluation during the first year after the accident.

3.3 One-Dimensional River Transport Model
Phenomenological models were used for transport 

analysis of radioactive cesium in river systems. 
Kitamura et al. (2015) applied the Time-Dependent One-
Dimensional Degradation and Migration (TODAM) 
code to the Ukedo River System in combination with the 
SACT model, the calculation results of which were used 
as input data. In this code, five fractions of cesium are 
considered;  dissolved, adsorbed in sediments, and 
adsorbed in suspended particles, which are divided into 
three size fractions. The basic equations involved 
advection-dispersion, sedimentation and re-floating, 
inflow/outflow of each fraction, and kinetically 
controlled sorption and desorption equilibrium of cesium 
into sediments and suspended particles. The results 
showed that bed contamination is mostly dominated by 
sediment erosion and deposition rather than sorption and 
desorption of cesium in the bed. Most of the cesium 
migrated in a dissolved form under low flow rate 
conditions, while particulate cesium dominated 
migration under high flow rate conditions. 

Kurikami et al. (2014) analyzed the inflow and 
outflow behavior of radioactive cesium in the Ogaki 
Dam reservoir located in the middle reaches of the 
Ukedo River using TODAM. Focusing on a typhoon 
rainfall event in September 2013, the observed flow rate 
and inflow concentrations of dissolved and particulate 
cesium were used as input data, and outflow behaviors 
were evaluated. The calculation results showed good 
agreement with observations.

3.4 One-Dimensional Water Transport Model
Kinouchi et al. (2015) proposed a phenomenological 

model. They based it on the Water and Energy Transfer 
Process (WEP) model, which could take into account 
physical water movements such as evaporation, 
evapotranspiration, infiltration, surface runoff, sub-surface 
runoff, groundwater flow, overland flow and river water 
flow. A model that could deal with erosion induced by 
raindrop impacts and hydraulic erosion was additionally 
coupled. It should be noted that this model did not take the 
size effect of soil particles into account. Adsorption 
equilibrium between soil particles and radioactive cesium 
was also ignored and it was assumed that radioactive 
cesium was strongly adsorbed in soil particles. 

This model was applied to evaluate the river flow 

rate and concentration of suspended matter during high 
water events in the Kuchibuto River System. The 
calculation results showed good agreement with the 
observed values. On the other hand, in spite of 
conservatively ignoring the adsorption equilibrium of 
radioactive cesium, the concentration of radioactive 
cesium in suspended matter tended to be underestimated 
compared to observed values, especially in July 2011 
and December 2012. These discrepancies could be 
explained by the lacking factor of higher mobility of 
radioactive cesium deposited on the forest canopy and in 
thawing water, in July 2011 and December 2012, 
respectively. 

3.5 Two-Dimensional River Transport and Sedimentation 
Model

Determining the distribution of cesium accumulating 
on flood plains is essential to evaluating the effect on air 
dose rates in the living sphere near rivers. For this 
purpose, what is needed is a two-dimensional transport 
model which can consider cross-sectional variation of 
river transport characteristics. Iwasaki et al. (2015) 
analyzed the deposition behavior of radioactive cesium 
near the Abukuma River estuary using a two-
dimensional river water transport model. This model 
considered two-dimensional advection and dispersion, 
sedimentation and resuspension. The concentration of 
cesium in sediment particles was fixed. Analysis of a 
high water event from a typhoon in September 2011 
showed that most of the radioactive cesium transported 
as wash load directly reached the sea, and only a small 
amount accumulated on the flood plain or river bed in 
the decreasing stage of the hydrograph. 

Analysis of the sedimentation behavior of the Ogaki 
Dam reservoir using a similar model was also reported 
(Yamada et al., 2015). The calculation results showed 
the behavior of each fraction of cesium as follows: the 
whole sand fraction accumulated near the inflow to the 
reservoir, while the silt fraction reached the outlet with 
part of it flowing out downstream. Almost all of the clay 
fraction flowed out downstream. 

3.6 Two-Dimensional Water Transport Model
A two-dimensional water transport model involving 

both surface and subsurface water flows was developed 
(Mori et al., 2015). This model could consider transport 
of sediment induced by raindrops and water flow, and 
transport of radionuclides in both dissolved and 
particulate fractions. Solid and liquid phase radionuclide 
distributions were considered in kinetically controlled 
equilibrium interactions. The model was applied to the 
Hokkawa Dam reservoir basin in Fukushima Prefecture, 
and the water and sediment discharge into the reservoir 
was reasonably reproduced. A sensitivity analysis of the 
distribution coefficient was also carried out. The 
simulated cesium concentrations in the reservoir bottom 
sediment with distribution coefficients of 4x105 and 
5x106 L/kg were similar to measured values, while the 
results of a simulation with 1.2x103 L/kg were lower. 
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The same model, GETFLOWS, was applied to 
simulate the discharge of cesium from six river systems 
in the coastal area (Sakuma et al., 2017). The ratio of 
discharge at each heavy rain fall event in 2013 to the 
total amount of cesium deposited in the basin was 
calculated and the total discharge ratio of all events in 
2013 varied from 0.07 to 0.33 percent. 

4. Model Summary and Discussion

The results of calculating cesium discharge from 
some of the river basins are compared in Table 1. Among 
these models, the multi-compartment model tends to 
overestimate, and water transport models such as WEP 
and GETFLOWS tend to underestimate the discharge. As 
mentioned above, one of the uncertainties of the multi-
compartment model was its use of the wash-off 
coefficient obtained from post-accident Chernobyl 
studies. Therefore, optimization of parameters using data 
obtained in Fukushima’s environment is expected to give 
more reasonable results. In the cases of WEP and 

GETFLOWS, the results for rivers without dams, such as 
the Kuchibuto and Kuma rivers, seem reasonable; while 
for those with dams, such as the Ukedo and Tomioka 
rivers, they seem to underestimate it. Their estimation of 
the amount of radioactive cesium discharged from the 
upper mountainous area was reasonable, but those from 
lower areas were underestimated. 

The fine fraction of discharged soil was considered to 
dominate the transport of radioactive cesium in the lower 
reaches of rivers with dams due to the sedimentation 
effect of the dams, while the coarse fraction dominated in 
rivers without dams. Kinouchi et al. (2015) introduced 
no classification of soil particle size in the calculations 
by the WEP model, so the larger reference particle size 
given as mean particle size resulted in underestimation of 
the discharge. The result of GETFLOWS was the total 
amount discharged during nine high water events in 2013 
(Sakuma et al., 2017). Radioactive cesium was 
transported as a fine or dissolved fraction at low flow 
rates. In river systems without dams, radioactive cesium 
discharge was characterized by a relatively higher 

(a)Abukuma River
Model / Observed Depth Size Discharge Duration

distribution effects flux
SACT*1 Exponential 3 sizes 3.0 TBq/y 1st year
Multi-compartment*2 3 layers No 6.5 TBq/y 1st year
Observed*3 4.8 TBq/y 2011.3–2012.3

b)Kuchibuto River
Model / Observed Depth Size Discharge Duration

distribution effects flux
Multi-compartment*2 3 layers No 2.1 GBq/d 1st year
WEP*4 Exponential No 0.75 GBq/d 2011.9–2012.12
Observed*3 0.69 GBq/d 2011.3–2012.3

(c)Rivers in the coastal area
Model Depth Size Discharge Duration

distribution effects flux
SACT*5 Exponential 3 sizes 2.0 TBq/y (Ukedo) 1st year

0.28 TBq/y (Kuma) 1st year
0.11 TBq/y (Tomioka) 1st year

GETFLOWS*6 All grids All fractions 0.6 TBq (Ukedo) 20131)

0.20 TBq (Kuma) 20131)

0.060 TBq (Tomioka) 20131)

Observed*7 1.0 TBq/y (Ukedo) 20132)

References: *1 Yamaguchi et al. (2014), *2 Pratama et al. (2015), *3 Yamashiki et al. (2014), *4 Kinouochi et al. (2015), *5 Kitamura et al. 
(2014), *6 Sakuma et al. (2017), *7 JAEA (2014).
1) Total discharge of nine high water events in 2013.
2) The amounts discharged observed for the Ukedo and Takase rivers from Oct. 2012 to Oct. 2014 were added and normalized to annual flux.

Table 1 Comparison of characterization and calculation results of transport models.
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proportion of discharge at low flow rates. Therefore, it 
was possible to obtain more realistic values with 
GETFLOWS if the discharge at low flow rates was taken 
into account. Thus, the uncertainty of the fine fraction’s 
behavior may have caused the discrepancy in radioactive 
cesium discharge in the river systems with dams.

Several computer simulation codes were compared 
from the viewpoint of dimensionality and consideration 
of water flows, sediments and radionuclide transport 
(Mori et al., 2015). It should be noted that similar results 
could be obtained by these models, especially in the 
upper reaches of the river basin, in spite of differences 
in their treatment of features. This means that most of 
the amount of radioactive cesium transported could be 
expressed by relatively simple processes such as soil 
loss. 

Since dissolved cesium is highly mobile and easily 
taken into ecosystems, predicting its behavior is highly 
desirable. For this purpose, the generation processes and 
their formulation and parameterization should be defined 
based on observed results. Liquid wash-off and/ or 
desorption are considered to play an important role in the 
processes, which occur not only in surface water but also 
groundwater, especially at points where groundwater 
flows out. Models that can take these processes and 
groundwater flow into account are desired to confirm 
their contribution. 

5. Concluding Remarks

Various types of models were developed to calculate 
the transport behavior of deposited cesium in the 
environment. It became possible to predict the behavior 
of radioactive cesium throughout whole river basins 
during various rainfall events. To verify the applicability 
of models, it is essential to compare their calculation 
results with observed values and optimize their 
parameters based on measured values. Model calculations 
of the fate of radioactive cesium in the environment in 
the future are expected to be used as basic information in 
managing forestry, agricultural and fishery activities.
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1. Introduction

More than five years ago, a massive amount of 
radionuclides was released into the atmosphere from the 
Fukushima Daiichi Nuclear Power Plant (FDNPP), 
transported over eastern Japan through advection and 
diffusion, and deposited onto terrestrial and marine 
areas. Among the released radionuclides, Cs-137 is one 
of the most important radionuclides in terms of exposure 
to humans and the environment, because of the large 
amounts released and long half-life of 30.1 years 
(Yasunari et al., 2011). While decontamination work has 
been carried out to reduce air dose rates, understanding 
the long-term fate of Cs-137 is important for predicting 
future contamination levels in living environments. This 
must be done on a large spatial scale, because the region 
affected by the radioactive cesium from the FDNPP 
extends beyond Fukushima Prefecture, affecting a large 
surrounding region in eastern Japan. While a few studies 
suggest the utility of modeling approaches (e.g., 
Kitamura et al., 2014;  Evrard et al., 2015), analyzing 

measurement data obtained since the accident is the first 
step toward evaluating the large-scale, long-term 
behavior of Cs-137 in the environment.

Since the Fukushima accident, the Japanese 
government and several institutes have made huge 
efforts to monitor contamination levels and study the 
behavior of radioactive Cs in the environment through 
various surveys, such as airborne monitoring (Ministry 
of Education, Culture, Sports, Science and Technology 
(MEXT), 2011), car-borne monitoring (e.g., Andoh  
et al., 2015), in situ measurement (MEXT and the 
Secretariat of the Nuclear Regulation Authority (NRA), 
2014), and public water monitoring (Ministry of the 
Environment (MOE), 2011). The results of each of those 
surveys have been useful in elucidating the 
contamination status since the accident. There have been 
very few studies, however, that comprehensively utilize 
such vast amounts of data to understand the spatial and 
temporal patterns of the environmental behavior of Cs. 
Gonze et al. (2016) compared these survey results and 
revealed that the temporal change in mean (spatial 
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Abstract
Since the Fukushima Daiichi Nuclear Power Plant accident, vast amounts of radionuclide monitoring 

data obtained from various governmental and institutional surveys have been released to the public. In this 
study, we analyzed these large amounts of data to evaluate the long-term, large-scale fate of Cesium-137 in 
eastern Japan. Analysis of in situ measurements showed that temporal changes in the virtual amount of 
Cs-137 deposited, which were estimated from measured air dose rate data, varied greatly among 
measurement points, depending on air dose level and land use. The decrease in virtual amounts deposited 
was comparable to the decay rate of radioactive cesium, but was large in areas where the air dose rate had 
been relatively high and human activities had occurred. An analysis of Cs-137 concentrations in river and 
lake sediments showed Cs-137 levels to decrease at a fast rate, one order of magnitude faster than the 
radioactive decay rate. The present study highlights the importance of the effects of vertical and/or horizontal 
migrations of Cs-137 within the terrestrial area (including decontamination activities), direct deposition of 
Cs-137 into surface water, behavior of Cs-137 in built-up areas, and Cs-137 behavior in stagnant water 
bodies (e.g., ponds and lakes). The present study has demonstrated the utility analyzing large amounts of 
publicly available data for evaluating the environmental behavior of Cs-137.  
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average) air dose rates revealed by in situ measurement 
was slower than that revealed by other survey methods. 
They also compared car-borne monitoring data, 
classified by Kinase et al. (2014), according to land-use 
categories of urban areas, agricultural environments, 
deciduous forests and evergreen forests. The rate of 
decrease of air dose rates in urban areas was the fastest 
among these in the four land use categories. Andoh et al. 
(2015) showed through car-borne surveys that the rate of 
decrease of air dose rates at built-up sites was faster than 
in forested areas and farmland, probably due to the 
effect of weathering. These results indicate that in situ 
measurement, which is measured at 1 m above the 
ground surface, is most suitable for analyzing the 
characteristics of Cs-137 behavior based on air dose 
rates for each land use type. There have been no studies, 
however, analyzing the behavior of Cs-137 with respect 
to air dose rates and land use types, on the basis of  
large-scale air dose rate data obtained by in situ 
measurements. Only in one study in 2015 were air dose 
rates obtained by in situ measurements analyzed for 
temporal changes, which did not differ by land use 
(Mikami & Saito, 2013). In this study, however, the air 
dose rate data were analyzed as a sum of all survey 
locations. Therefore, the temporal changes at locations 
with high air dose rates would naturally dominate 
temporal changes overall, which may have masked 
temporal changes at locations with lesser air dose rates. 

Most of the Cs-137 deposited in the surface soil layer 
is observed to be present in a particulate phase 
(International Atomic Energy Agency (IAEA), 2010). 
Some of the Cs-137 deposited on the ground surface is 
discharged by various processes such as weathering and 
human activities, and most of the discharged Cs-137 
finds its way into rivers and lakes. In those surface 
waters, a fraction of the Cs-137 is present in a dissolved 
phase (Matsunaga et al., 1991; Eyrolle & Charmasson, 
2001), which includes a pseudo-dissolved one (i.e., 
present on microscopic particles that could pass through 
a filter used to remove particles). Field studies have 
shown that the contribution of each phase to Cs-137 flux 
from surface soil to rivers varies, but in general, more 
Cs is discharged in particulate phases. Yamashiki et al. 
(2014) estimated that the contribution of particulate 
Cs-137 to the total flux into the Pacific Ocean was 
higher than that of dissolved Cs-137. They estimated 
that particulate fractions of radioactive Cs accounted for 
84 – 92%  of total radioactive Cs transported in the 
Abukuma River from August 10, 2011 to May 11, 2012. 
Nagao et al. (2013) estimated that particulate fractions 
of radioactive Cs accounted for 21 – 56%  of total 
radioactive Cs, but approached 100%  after Typhoon 
Roke during September 21 – 22, 2011 in the Natsui and 
Same rivers during July to December 2011. They also 
estimated the flux of radioactive Cs attributable to the 
typhoon to have accounted for 30 – 50% of the annual 
flux to the Pacific Ocean. As particles eventually settle 
in surface waters, the sediments of lakes and ponds 
naturally accumulate radioactive Cs (Hayashi, 2017). 

Detailed evaluations of the behavior of radioactive Cs in 
the sediments of lakes and ponds, however, are very 
rare, except for a few studies on the radioactive Cs 
profile with regard to particle size in the sediments of 
surface waters (e.g., Aoi et al., 2014; Yoshimura et al., 
2015). No evaluations of temporal changes in 
sedimentary Cs-137 have been conducted on a large 
spatial scale. 

In this paper, we have attempted to provide insight 
into the environmental behavior of Cs-137 through 
analysis of large amounts of publicly available 
monitoring data obtained from various governmental 
and institutional surveys. Our objectives were to 
evaluate the temporal changes in i) terrestrial Cs-137 
amounts with respect to air dose rate levels and land use, 
and ii) Cs-137 concentration in river and lake sediments 
on a large scale in eastern Japan. Our novel approach 
was to evaluate the temporal changes at each of the 
monitoring locations, so that differences according to air 
dose levels and land use types could be evaluated in 
detail.

2. Materials and Methods

2.1 Analysis of Terrestrial Cs-137 Behavior from Air 
Dose Rate Data

In order to investigate terrestrial Cs-137 behavior on 
a large scale, we used air dose rate data obtained by in 
situ measurement, which is the air dose rate measured at 
1 m above the ground surface (MEXT & NRA, 2014). 
The measurements were generally conducted in open, 
flat areas with little disturbance from human activities. 
Because the measured air dose rate reflects radiation 
from both Cs-137 and Cs-134 existing in various 
topographies and at various depths, and because the data 
had different measurement dates, we used the following 
equation and assumptions to correct for the radioactive 
decay and estimate the virtual Cs-137 deposition amount 
at the soil surface, as explained below. 

D ̂R = CF137Dpv137exp(− ln2
τ137

 t) 
+ CF134Dpv134exp(− ln2

τ134
 t) + DRbase (Eq. 1)

where D ̂R is the measured air dose rate at time t, t is 
the time elapsed from March 11, 2011 until the date of 
measurement, CF is the conversion factor from the 
amount of radioactive cesium deposited to the air dose 
rate, Dpv is the virtual amount of radioactive cesium 
deposited onto the soil surface at time zero, assuming 
that all of the radioactive cesium exists on the soil 
surface, τ is the half-life, and DRbase is the background 
radiation air dose rate. The subscript numbers in the 
variables indicate the radioactive cesium mass number. 
For data analysis, we assumed that Dp137 was equal to 
Dp134 (Saito et al., 2015), DRbase was equal to zero, and 
CF137 and CF137 were set at 2.1× 10− 6 and 5.4× 10− 6  
(Sv h−1 Bq−1 m2), respectively, which are the values 
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assuming that all of the radioactive cesium exists on an 
infinitely flat surface (IAEA, 2000). We also assumed 
that the radioactive cesium had been deposited all at 
once at time zero, which meant that the time difference 
between time zero and the actual deposited dates (the 
actual depositions occurred on multiple dates) could be 
ignored. Hence, if the virtual Cs-137 deposition amount 
changed with different measurement campaigns at the 
same locations, it would be because there were processes 
which altered the conversion factor between the amount 
deposited and the air dose rate, such as vertical 
migration of Cs-137, or it would be because the actual 
amount of Cs-137 deposited changed between the 
measurement campaigns (e.g., by horizontal migration 
of Cs-137).

For the analysis, we used the 3rd, 4th, 5th and 6th in 
situ measurements, which were performed in August 
2012, November 2012, June 2013 and November 2013, 
respectively (MEXT &  NRA, 2014). Although the 
multiple measurements were repeatedly conducted at the 
same locations, the data available lacked a location 
identifier, having geocordinates only. Therefore, the data 
seemingly conducted at the same monitoring points were 
judged by latitude and longitude data with 
ArcGIS® 10.2. First, the monitoring points in the 6th 
survey were set as the standard, and any monitoring 

points in the other surveys that were within 10 m of one 
of the points in the 6th survey were judged as the same 
location. Second, we divided these surveys into a first 
group (the 3rd and 4th surveys) and a second group (the 
5th and 6th surveys), and the monitoring points that had 
survey data in both the first and second group were 
selected for further analysis, in order to choose 
monitoring points that had a long enough time interval 
between the measurements. Third, we calculated the 
“change rate (year−1)” in the virtual Cs-137 depositions 
at each selected monitoring point, which is a first-order 
rate coefficient obtained from the regression line of 
decay-corrected, log 10-normalized concentrations; 
these data were then categorized according to land use 
type as of 2009 (Ministry of Land, Infrastructure, 
Transport and Tourism of Japan, 2009). Note that inside 
the evacuation zone near the FDNPP, the land use type 
may have changed since the FDNPP accident. We 
focused on four major land use types for comparison of 
Cs-137 change rates:  built-up areas, forests, paddy 
fields, and agricultural fields excluding paddy fields. 
Finally, we obtained 4,043 monitoring points that met 
our conditions. Their locations are shown in Fig. 1. The 
Steel-Dwass method was used to evaluate the 
differences in the average change rates among land uses.
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Fig. 1  The locations of in situ measurement and surface water sediment surveys. The altitude map was 
adapted from the Geospatial Information Authority of Japan (2017).
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2.2 Analysis of Changes in Radioactive Cs Concentration 
in Surface Water Sediments

The MOE has conducted monitoring surveys of 
radioactive Cs in environmental waters since 2011 
(MOE, 2011). We collected monitoring data on Cs-137 
concentrations in river and lake sediments obtained from 
August 2011 to June 2014 in Miyagi, Fukushima, 
Ibaraki, Tochigi, Gunma, Saitama and Chiba prefectures 
and the Tokyo Metropolis. The numbers of sampling 
points were 512 for rivers and 167 for lakes;  the 
respective total numbers of sampling data were 5,373 
and 1,888. 

He and Walling (1996) reported effects of soil 
particle size on the amount of Cs-137 adsorbed. 
Therefore, we corrected the size effect of Cs-137 for 
each sediment sample following He and Walling’s 
method, which suggests that the concentration of Cs-137 
is proportional to a power function of the mean specific 
surface areas, and that the exponent of the power 
function is 0.65. The concentration of Cs-137 was 
standardized to that of a standard specific surface area of 
90 (cm2 g−1) using the mass ratios of soil size fractions 
(clay, silt, fine sand, medium sand, coarse sand, 
granules, pebbles and coarse gravel) and the soil particle 
density of each sample.

We selected sampling points where there were more 
than three measurements on different dates in which the 
Cs-137 concentration was detected and the particle-size 
effect correction was implemented as above. The 
numbers of sampling points that met the above-
mentioned conditions were 374 and 165 for rivers and 

lakes, respectively (the locations are shown in Fig. 1). 
Then, similarly to the previous section, we calculated 
the first-order rate coefficient as the change rate (year−1) 
of the sedimentary Cs-137 concentrations at each 
sampling point, based on the regression line of decay-
corrected log 10-normalized concentrations.

3. Results and Discussion

3.1 Variance in Temporal Changes in Cs-137 Depending 
on Air Dose Levels and Land Use

Temporal changes in the virtual amount of Cs-137 
deposited had a distinct pattern depending on the air 
dose levels and land use (Fig. 2). In Fig. 2, the 
measurement points were divided into eight groups of 
equal size, according to the magnitude of air dose rates 
averaged arithmetically for each point. Each resulting 
group was further categorized into four land use types. 
For the three groups with low air dose rates (Lv0–2: 
0 – 0.30 µSvh−1), no decrease in virtual amounts 
deposited could be clearly observed (median change rate 
~ 0 year− 1). The distribution of the change rate was 
almost the same among all land use types (change rate: 
−0.1 – 0.1 year−1). In the remaining groups with higher 
air dose rates, the virtual amount deposited showed 
decreases at more than half of the measured locations 
for Lv3–4 (0.30–0.53 µSv h−1) and in more than three 
quarters for Lv5–7 (>0.53 µSv h−1). Interestingly, the 
virtual amount deposited decreased faster with 
increasing air dose levels toward Lv5, but then decreased 
more slowly toward Lv7 in all four land-use categories. 
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The median value of the change rate for all the 
measurement points was approximately −0.015 year−1, 
which was comparable to the radioactive decay rate of 
Cs-137 ( – 0.023 year− 1). In comparison, the median 
values for Lv5 and Lv6 were −0.047 year−1, which was 
twice the radioactive decay rate. The rate of decrease at 
those high air dose rate locations tended to be largest in 
the built-up areas. The built-up areas had the largest 
number of locations with extremely fast decreases (e.g., 
change rates of − 0.1 year− 1 or smaller). The built-up 
areas in Lv5 showed the fastest decrease, with a median 
change rate of −0.065 year−1. Moreover, in Lv3 and Lv4, 
the built-up areas showed significantly larger rates of 
decrease than the forested areas (Fig.2). Notably, 
however, in areas with high air dose rates (i.e., Lv 6 and 
Lv7:  > 0.79 µSv h− 1), the difference in change rates 
between built-up areas and the other land uses seemed 
much smaller or nonexistent.

The reasons for these tendencies were probably one 
or a combination of the following effects. First, 
background radiation, which was assumed to be 
nonexistent in the analysis, could have masked temporal 
changes in measured air dose rates in areas with low air 
dose rates (i.e., Lv0–2). Second, human activities could 
accelerate vertical and/ or horizontal migration and 
weathering of Cs-137. Such human activities would 
include decontamination activities and the movement of 
vehicles on roads. This mechanism would explain the 
highest decrease rates in the virtual amount deposited in 
the built-up areas among all the land uses. It is not 
possible at this point, however, to distinguish each effect 
of human activities. For this, a more detailed evaluation 
would be needed with detailed information on 
decontamination activities. In comparison, the highest 
air dose rate areas (i.e., Lv6 and Lv7) showed somewhat 
similar rates of decrease among land uses, probably 
because a part of those monitoring points were located 
in the evacuation zones, where such human activities 

would have been limited. Seventy-one percent of the 
locations surveyed for Lv7 and 7 percent of the locations 
surveyed for Lv6 were within the “special 
decontamination area” designated by the MOE, where 
decontamination activities would have been limited as 
of the time of the in situ measurements (MOE, 2017). 
Therefore, when human activity is excluded, the 
horizontal and/ or vertical migration and weathering 
effects of radioactive cesium are considered to occur 
similarly among all land uses, with a rate of decrease 
(e.g., Lv7: −0.035 year−1) comparable to the radioactive 
decay rate. These results are consistent with those of 
Mikami and Saito (2013). The fast decrease in the 
virtual amount deposited in the built-up areas is 
consistent with the decrease in air dose rates observed in 
several other studies (Kinase et al., 2014; Andoh et al., 
2015). For the first time, however, we showed that the 
rates of decrease in built-up areas vary considerably 
depending on the air dose rate levels. 

3.2 Change Rates in Cs-137 Concentration More 
Variable in Lake Sediments than River Sediments

Figure 3 shows a scattering plot between the change 
rates of Cs-137 concentrations and residual errors in the 
regression for each sampling point. The median change 
rates were one order of magnitude larger than the 
radioactive decay rate (−0.023 year−1), at −0.29 year−1 
(5th percentile −0.59, 95th percentile −0.06) for river 
sediments and − 0.15 year− 1 (− 0.73, 0.35) for lake 
sediments. The river sediments had larger rates of 
decrease, but had smaller variation in change rates and 
residual errors than lake sediments. This lower variation 
in river sediments indicates that Cs-137 in river 
sediments could behave more similarly regardless of 
location. On the other hand, the behavior of Cs-137 in 
lake sediments could vary more among the locations, 
probably depending on the characteristics of the 
catchments and lakes, such as land use, radioactive Cs 

 19 / 19 
 

Fig. 3. 342 

 343 

 344 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

‐1.5 ‐1 ‐0.5 0 0.5 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

‐1.5 ‐1 ‐0.5 0 0.5 1

a) River sediments b) Lake sediments

Change rate [year-1] Change rate [year-1]

Av
er

ag
e 

of
 re

gr
es

si
on

 re
si

du
al

s Median: -0.29 Median: -0.15

Fig. 3   Distribution of the change rates of Cs-137 concentrations, for which radioactive decay and particle-size effects were corrected, in 
log10 scale (negative values indicate decreases) and residual errors in the regression for each sampling point. The median values of 
the change rates are also indicated. a) River sediments, b) Lake sediments.



64 Y. IMAIZUMI et al.

inventory, sediment properties, flow rates and amount of 
sediment transported. Sediments of lakes and ponds are 
known to accumulate radioactive Cs (Hayashi, 2016), 
but there are very few detailed evaluations of the 
behavior of radioactive Cs in the sediments of lakes and 
ponds (e.g., Aoi et al., 2014; Yoshimura et al., 2015). 
Future studies should therefore explore the behavior of 
radioactive Cs further in such stagnant water bodies and 
the factors influencing it. 

3.3 Comparison between Temporal Change Rates of 
Virtual Amounts Deposited and Those of Sedimentary 
Cs-137 Concentrations

The change rates of virtual amounts deposited and 
sedimentary Cs-137 concentrations could be roughly 
categorized into three groups: fast (about twice or more 
faster than the radioactive decay of Cs-137), medium 
(the same as radioactive decay), and slow (about one or 
more orders slower than radioactive decay). The change 
rate of virtual Cs-137 depositions on the ground surface 
was medium, although some areas with fairly high air 
dose rates (0.53–1.4 µSv h−1) showed fast decreases in 
air dose rates. The decreases in Cs-137 concentrations in 
sediments were fast at many sampling points, especially 
in river sediments. 

The observed decrease in Cs-137 levels in surface 
water sediments was far faster than the decrease of 
virtual amounts of Cs-137 deposited on the ground 
surface. This would be partly due to the effect of direct 
deposition of Cs-137 into surface water bodies and 
mixing of the sediment. Because of the fast decrease of 
Cs-137 levels in surface water sediments, the 
concentrations of Cs-137 in surface water sediments just 
after the Fukushima accident would have been much 
higher than the measured concentrations of Cs-137 in 
the sediments. The high Cs-137 concentrations could 
have been due to the direct deposition of Cs-137 into the 
surface water bodies. While part of the surface water 
sediments flow out into downstream catchments, soil 
and sediments from upstream catchments would flow 
into the surface water bodies. The soil and sediments 
from upstream catchments, however, would originate 
largely from terrestrial soils, whose Cs-137 
concentration would be much lower than surface water 
sediments affected by direct deposition. Thus, the 
Cs-137 concentration in surface water sediments would 
decrease fast, by mixing with upstream soil and 
sediments. Another factor in the fast decrease in Cs-137 
in surface water sediments could be the effect of fast 
flushing, which was inferred by Smith et al. (2004) just 
after fallout following global atmospheric nuclear 
weapons testing during 1954–1963 and the 1986 nuclear 
accident at Chernobyl. Therefore, for accurate evaluation 
of the long-term, large-scale fate of Cs-137 in terrestrial 
environments, it is thought essential to consider vertical 
and/or horizontal migration of Cs-137 within the 
terrestrial area, especially just after the Fukushima 
accident, and direct deposition of Cs-137 into surface 
water bodies. 

4. Conclusions and Suggestions

We analyzed temporal changes in virtual Cs-137 
depositions and Cs-137 concentrations measured in river 
and lake sediments. Decreases in the virtual Cs-137 
depositions were in general comparable to the decay rate 
of radioactive cesium, but larger where the air dose rate 
was relatively high and human activities occurred. 
Cs-137 concentrations in surface water sediments 
showed a fast decrease, especially in river sediments. 
The decrease rate coefficient was one order of magnitude 
larger than the radioactive decay rate. 

In comparison, in a model simulation of the fate of 
terrestrial Cs-137 in rivers, the overall outflow rate from 
river catchments was estimated to be much slower 
(change rate:  ~−0.005 year−1;  Kitamura et al., 2014). 
The discrepancy between the observed decrease rates of 
virtual amounts deposited based on air dose rates and 
the modeled Cs-137 fate could be explained by the 
contribution of vertical and/or horizontal migrations of 
Cs-137 within the terrestrial area, including 
decontamination activities, which would weaken the 
observed air dose rates at 1 m above the ground surface. 
Therefore, for an accurate evaluation of air dose rates 
and Cs-137 behavior over the long term on a large 
spatial scale, future studies should consider details of the 
effects of vertical and/or horizontal migrations of Cs-137 
within the terrestrial area and direct deposition of 
Cs-137 into surface water. The behavior of Cs-137 in the 
built-up areas and stagnant water bodies and the factors 
influencing it are also identified as important for future 
consideration. The present study also demonstrated the 
utility of analyzing the large amounts of publicly 
available data for evaluating the environmental behavior 
of Cs-137. 
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1. Introduction

One significant concern after the Fukushima Nuclear 
Power Plant (NPP) accident has been exposure doses 
from radionuclides deposited on ground and from the 
radioactive plumes in the early stages of the accident. 
Many studies have been conducted since the accident on 
the effects of the accident in terms of exposure doses to 
the public, evaluating exposure doses by different 
methods. These studies have explored the features of 
exposure doses originating from the accident. Evaluation 
of exposure doses, however, must continue till the 
environmental effects of the accident become negligible. 
Further, exposures in the early stages of the accident 
from radionuclides with short half-lives such as  
iodine (I)-131 have not been thoroughly clarified. Studies 
and evaluations of these aspects of exposure doses must 
be performed for a long time. In this report, some of the 
main dose evaluation activities carried out so far will be 
introduced to give an overview of exposure doses to the 
public. While not intended to cover all related activities, 
the selected results can sketch a good view of the present 
status of evaluated exposure doses to the public.  

In this report, exposure doses are basically expressed 
in terms of the effective dose, which is a whole-body 

exposure dose taking radiation sensitivity of important 
organs and tissues into account (ICRP, 2007). Only in 
Section 4.1 will exposure doses be discussed regarding 
thyroid doses according to the cited documents. The 
duration of exposure dose evaluations vary from case to 
case: four months, one year, and the committed effective 
dose is defined as an effective dose integrated over 50 
years for adults and up to the age of 70 for children after 
their intake of radionuclides. Further, throughout this 
report, the additional exposure dose, defined as the 
exposure dose due to radionuclides released from the 
Fukushima accident, will be considered. In other words, 
the dose contribution from natural radiation will be 
excluded from the evaluated dose in any case.  

2. Exposure Pathways in the Environment

Radionuclides released into the atmosphere during an 
accident are first transported by air and are a source of 
external exposures to the public from the sky. People 
who breathe these radionuclides suffer internal 
exposures designated as “inhalation.” In the early stages 
of the Fukushima accident, diverse radionuclides existed 
in the atmosphere including noble gases, such as  
xenon (Xe)-133 and krypton (kr)-85, which are not 

©2016 AIRIESGlobal Environmental Research
20/2016: 067–072
printed in Japan

Features of Exposure Doses to the Public due to  
the Fukushima Accident

Kimiaki SAITO

Japan Atomic Energy Agency
2-2-2, Uchisaiwai-cho, Chiyoda-Ku, Tokyo 100-8577, Japan

email: saito.kimiaki@jaea.go.jp

Abstract
Many attempts to evaluate exposure doses to the public have been made since the Fukushima accident. 

Doses to the public from external exposures have been found to be more significant than those from internal 
exposures. Initiating restrictions on consumption of contaminated foods and drinks fairly promptly after the 
accident is thought to have helped. Fukushima Prefecture estimated the maximum external effective dose for 
the first four months after the accident at 25 mSv. Additional external effective doses of Fukushima residents 
in recent years have all been evaluated at within several mSv per year. Residents are not expected to receive 
large additional external doses after returning to the evacuated areas after the evacuation orders are lifted. 
NIRS has estimated the maximum thyroid dose due to inhalation of I-131 in the early phase of the accident 
at around 30 mSv, which corresponds to an effective dose of 1.2 mSv. Committed effective doses due to 
internal exposure from radiocesium intake have been estimated to be notably smaller than 1 mSv as a whole. 
Estimated exposure doses during the early stages of the accident have certain inevitable uncertainties for 
both internal and external exposures, and further investigation to reduce these uncertainties is urgent.     
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deposited on ground, and also short-lived radionuclides 
which are difficult to detect later (IAEA, 2015). Nuclear 
reactor analyses estimate a lot of radionuclides to have 
been released during the Fukushima accident. For 
technical reasons, however, there were few cases of 
these short-lived radionuclides being directly measured 
in the environment. Thus, knowledge on radionuclides 
soon after the accident and the related exposure doses 
still has some uncertainties which need further 
investigation.

Some radionuclides released into the atmosphere are 
deposited on the ground or other environmental 
materials through dry and/or wet deposition according to 
precipitation amounts. The deposited radionuclides 
become a source of external exposures. According to 
past experience with large nuclear accidents such as the 
Chernobyl accident, the radionuclides deposited on 
various environmental media are anticipated to exist in 
the environment and continue to be a source of 
exposures to the public for a long time. Taking into 
account the length of exposure time, exposures from 
deposited radionuclides are generally more important 
than exposures from radioactive plumes, which 
disappear in a short time.

If the deposited radionuclides wind up in foods, and 
inhabitants eat the contaminated foods, it results in 
internal exposures defined as “ingestion.” Contamination 
of foods can occur by various pathways. For example, 
edible plants such as leafy vegetables may be 
contaminated by direct deposition and also by uptake of 
radionuclides through their roots;  drinking water is 
contaminated by direct deposition into water reservoirs 
and by dissolution of radionuclides deposited upstream 
of them. Animals and fish can ingest radioniclides 
through the complex food chains existing in biotas.

In case of the Fukushima accident, restriction of 
contaminated foods started fairly early and has been 
continued on the basis of reliable and extensive 
screening for a wide range of foodstuffs. Therefore, it is 
thought that internal exposure doses to the public have 
been smaller than external exposure doses. In this 
context, the situation differs considerably from that of 
the Chernobyl accident, where the effective doses to the 
public due to internal exposures were comparable to 
those due to external exposures (UNSCEAR, 2008).

3. External Dose Evaluations

Three trials are introduced here which evaluate 
external exposure doses covering a wide time range 
from the accident till the near future when relocated 
inhabitants will return. In most cases where dose 
evaluations have been carried out, no significant external 
exposure doses due to the accident have been reported. 

3.1 Evaluation for the First Four Months
Since air dose rates in the early stages of the accident 

were much higher than in later periods, external 
exposure doses to the public have been a significant 
concern together with inhalation. Fukushima Prefecture 
has evaluated external exposure doses during the first 
four months after the accident in the Fukushima Health 
Management Survey, aiming for comprehensive health 
examinations for all inhabitants of Fukushima Prefecture 
(Ishikawa et al., 2015). Dose evaluations were carried 
out using a dose evaluation system developed by the 
National Institute for Radiological Sciences (NIRS) 
(Akahane et al., 2013) based on the results of 
questionnaire surveys of the inhabitants. 

Questionnaires were delivered to the inhabitants of 
Fukushima Prefecture to investigate the detailed 
behaviors of each inhabitant during the four months. 
Responses to the questionnaire were used to reconstruct 
personal trails for the four months on a map. At the same 
time, daily air dose rate maps were created using 
monitoring data if any reliable ones existed; otherwise, 
evaluated dose data based on atmospheric transport 
simulation were utilized. By superimposing the personal 
trail and the time-dependent air-dose-rate maps, the 
accumulated external exposure dose for each inhabitant 
could be evaluated. 

Evaluated external exposure doses for 421,394 
residents are tabulated in Table 1. The evaluated dose 
data were classified by district in Fukushima Prefecture. 
The maximum dose and the average dose for all the 
residents were estimated at 25 mSv and 0.8 mSv, 
respectively. The doses for 99.4 percent of all responders 
were estimated at less than 3 mSv. 

Kempoku Kenchu Kennan Aizu Minami-Aizu Soso Iwaki Number Ratio (%)

11,73298,12745,35966,321< 4 3,775 54,509 66,634 261,140 62
23848,431595662,2192452628,2316,14562,772–1
4.5006,2252126,106121511,7118,313–2
3.0283,136750109633344–3
1.049419440005935–4
2.003918980002925>

037,42156,201642,511latoT 37,385 3,804 70,319 67,259 421,394 100
Maximum dose (mSv) 11 5.9 2.6 3.6 1.9 25 5.9           –                –
Average dose (mSv) 1.4 1 0.6 0.2 0.1 0.8 0.3           –                –

TotalNumber of respondents (excluding radiation workers) by areas
Effective dose (mSv)

Table 1   Maximum and average external exposure doses for the first four months estimated from the Fukushima Health Management 
Survey (Ishikawa et al., 2015).
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3.2 Measurements Using Personal Dosimeters 
After the Fukushima accident, many local 

municipalities started measuring individual doses using 
personal dosimeters. Soon after the accident, the 
measurements focused on children and pregnant women 
thought to be sensitive to radiation. With passing time, 
the targets of the measurements were expanded to whole 
generations. Each municipality has carried out a large 
number of measurements from several thousand to 
several tens of thousands each year.  

Personal dosimeters were originally designed to 
evaluate exposure doses of workers in facilities but not 
exposure doses of inhabitants in living environments. 
Therefore, personal dosimeters are designed for 
conservative evaluation of effective doses in working 
environments, and the response of personal dosimeters 
in environments contaminated by radiocesium has not 
been well investigated. The NIRS and the Japan Atomic 
Energy Agency (JAEA) examined the response of 
personal dosimeters in contaminated fields in the 
Fukushima region, and also at a calibration facility using 
standard gamma-ray sources (NIRS &  JAEA, 2014, 
2015). Different commonly used models of personal 
dosimeters all turned out to give readings close to the 
effective dose for all ages.  

Figure 1 shows the distribution of external exposure 

doses evaluated on the basis of personal dosimeter 
measurements in Fukushima City in 2014. Most of the 
evaluated doses in Fukushima City in 2014 were less 
than 1 mSv. Temporal changes in the frequency 
distribution of external exposure doses in Sukagawa are 
shown in Fig. 2. The doses have obviously decreased 
with time. Similar tendencies have been observed for 
other municipalities.  

JAEA has conducted measurements with personal 
dosimeters independently from the measurements by 
municipalities, and the results have been analyzed taking 
behavior patterns of the subjects into account (Takahara 
et al., 2015). According to an analysis of about 500 cases 
in Fukushima City till August 2015, it turned out that  
1) the external exposure dose distribution is subject to a 
log-normal distribution;  2) inhabitants that spend 
relatively longer times outside tend to receive higher doses; 
3) the distribution of doses evaluated based on behavior 
patterns and local air dose rate data can reasonably 
reconstruct the observed distribution.

3.3 Evaluation of Returning Inhabitants
The evacuation orders are being lifted one after 

another, and the relocated inhabitants are gradually 
returning to their homes. Expected exposure doses after 
their return are essential information in deciding on their 
return. Measurements using personal dosimeters cannot 
be applied to inhabitants who will return to home in the 
future. Meanwhile, exposure doses estimated using 
currently used simple evaluation methods based on air 
dose rates tend to include large uncertainties. To solve 
these problems, JAEA devised a method of evaluating 
external exposure doses using interviews and detailed 
air dose rate measurements.  

First, the returning inhabitant is interviewed about his 
or her life patterns expected after the return. In this 
interview, a concrete personal trail that the inhabitant will 
follow each day is examined, including length of time 
spent in each place. Then, air dose rate measurements are 
carried out along the expected personal trail using a 
KURAMA-II system able to obtain air dose rates and 
GPS positional data every three seconds (Tsuda et al., 
2015). The measured air dose rates are integrated over 
one day along the personal trail, weighted by the time 
length, then converted to effective doses by multiplying 
with dose conversion factors (Saito & Petoussi-Henss, 
2014;  Satoh et al., 2016), considering the age of the 
targeted inhabitant. Thus, the total external exposure dose 
per day is obtained along with details. Postulating several 
different patterns for each person, the doses are summed 
over a year resulting in the annual external exposure 
dose. The dose contribution from natural background 
gamma rays can be directly estimated using spectral 
information from KURAMA-II (Andoh et al., 2016). 

Hitachi Solutions East Japan Ltd. (HSE) technically 
supported by JAEA have conducted dose evaluations 
using this method. The results obtained for the 
municipalities of Katsurao, Kawamata and Tomioka in 
FY2015 are shown in Fig. 3 (NRA & HSE, 2016). In 
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Fig. 1   Estimated distribution of annual external exposure doses 
in Fukushima City in 2014 based on measurements using 
personal dosimeters. (Fukushima City, 2015).
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Fig. 2   Estimates of temporal changes in frequency of annual external 
exposure doses in Sukagawa based on measurements using 
personal dosimeters. (Sukagawa City, 2015)



70 K. SAITO

about 70 percent of all cases, the evaluated annual 
external exposure doses were less than 1 mSv, and in all 
cases the annual doses were smaller than 3 mSv. It was 
found that the external exposure dose can differ by 
several times according to the individual, even if living 
in the same area. This suggests that local distributions of 
air dose rates and life patterns drastically affect external 
exposure doses.

4. Internal Dose Evaluations

Three important cases of internal exposure dose 
evaluations in terms of thyroid doses and effective doses 
are presented. The first case concerns thyroid dose 
reconstruction for I-131 by integrating different 

information;  the others are committed effective dose 
evaluations for radiocesium based on results of whole 
body measurements and on radiocesium concentrations 
in foodstuffs. It was confirmed that as a whole, the 
internal exposure doses in terms of effective doses were 
smaller than external doses.

4.1 Thyroid Doses from I-131 
Though inhalation exposures from I-131 in the early 

phases of the accident are considered important, there is 
a lack of basic information on I-131 concentrations and 
intake from the environment because of its short half-life, 
leading to large uncertainties in dose evaluations. Kim  
et al. (2016) evaluated thyroid doses, integrating various 
available information for all of Fukushima Prefecture. 
There exist about 1,000 cases where I-131 activity in the 
thyroid was directly measured in children by one means 
or another. In such cases, the measured data were used 
directly in dose evaluation. Additionally, in cases where 
direct iodine measurement data did not exist, whole body 
measurement data on radiocesium intake were utilized 
for about 3,000 adults. Iodine-131 intake for these 
inhabitants was estimated by assuming the concentration 
ratio of I-131 to Cs-137 differed with region. Further, in 
cases where no measurement data were available, results 
of atmospheric transport simulation were used for dose 
estimation.

Table 2 provides rounded 90th percentile values of 
evaluated internal thyroid doses in different 
municipalities. The estimated highest thyroid dose was 
30 mSv for one-year-old infants in the municipalities of 
Futaba, Iitate and Iwaki. It must be noted that a thyroid 
dose of 30 mSv corresponds to a 1.2 mSv effective dose. 
These results are consistent with preceding studies 
(Tokonami et al., 2012;  Matsuda et al., 2013). Large 
uncertainties, however, may be included in estimated 
thyroid doses since information directly related to I-131 
is limited. Some follow-up projects are underway, given 
the situation and importance of I-131 doses. 
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Table 2   Rounded 90th percentile values of evaluated internal 
thyroid doses due to the Fukushima accident by Kim et 
al. (2016).

Fig. 3    Estimated external exposure doses for residents returning 
to areas where evacuation orders will be lifted. (NRA & 
HSE, 2016)
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4.2 Committed Effective Doses Based on Whole 
Body Measurements

A large number of inhabitants have undergone whole 
body measurements since the accident to determine their 
body burdens of radiocesium. Whole-body measurement 
of radiocesium is a well-established method, and 
radiocesium body burdens have been estimated with 
small uncertainties. Momose et al. (2012) evaluated 
committed effective doses (CED) for about 10,000 
inhabitants based on whole body measurements carried 
out by January 2012. The inhabitants were mostly from 
eleven towns in Fukushima Prefecture. The observed 
maximum body burden of radiocesium (Cs-134 and Cs-
137) was 2.7 kBq for children less than eight years old 
and 14 kBq for adults. The actual intake scenarios, that 
is, when and how the radiocesium was taken into the 
body, were not known, but acute intake via inhalation 
was assumed, leading to a conservative evaluation.

Table 3 provides a summary of estimated CEDs. The 
CEDs for 99.8 percent of inhabitants were estimated to 
be smaller than 1 mSv. The 50 percentile value of CED 
was 0.025 mSv for inhabitants over 17 years in age, and 
the maximum CED was less than 3 mSv. Whole body 
measurements have been carried out continuously even 
after the report, and no significant intake of radiocesium 
has been reported.

4.3 Committed Effective Doses Due to Dietary Intake 
Radiocesium concentrations in various foodstuffs 

have been extensively screened to check if they exceed 
the restriction limits. The screenings have shown the 
number of foodstuffs exceeding the limits to decrease 
with time. Committed effective doses from foods 
circulating in the market have been evaluated using a 
market basket method in which various foodstuffs are 
purchased and cooked according to dietary statistics in 
the targeted area (Uekusa et al., 2014; Tsutsumi et al., 
2013). Also CEDs have been evaluated by a duplicate 
diet method where samples identical to the diets actually 
consumed by inhabitants are measured (Uekusa et al., 
2014; Hirokawa et al., 2016). According to these studies, 
CEDs from dietary intake have been confirmed to be 
much smaller than 1 mSv. This proves that extensively 
performed screening has been working effectively.

5. Summary

The large-amount of radionuclides released from the 
Fukushima accident have resulted in exposures to the 
public. External exposures are thought to have been 
more significant than internal doses from the Fukushima 
accident, since restriction of foodstuffs started soon after 
the accident and has been conducted effectively. Various 
activities have been carried out since the accident to 
evaluate exposure doses to the public. In this article, 
some important examples of dose evaluation after the 
accident have been introduced, and it was not intended 
as a review of all important activities concerning dose 
evaluation. This article’s contents are considered 
sufficient to grasp an outline of dose evaluations carried 
out and the range of evaluated exposure doses both for 
external and internal exposures. In conclusion, no 
significant exposures leading to obvious radiation effects 
have been observed so far. The evaluated maximum 
effective dose is around several tens of mSv for external 
exposures and around several mSv for internal 
exposures. For both external and internal exposures, the 
maximum dose was thought to be due to exposures in 
the early phases of the accident. Because detailed 
information on exposures in the early phases is still 
lacking, certain uncertainties in the evaluated doses 
undoubtedly exist. Thus further efforts to clarify 
exposure doses in the early phases are needed. Also, it 
will be essential to keep up efforts to protect inhabitants 
from excess exposure from deposited radionuclides, and 
keep monitoring the health of the inhabitants till the 
effects of the accident become truly negligible. 
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1. Introduction

Massive amounts of radioactive materials were 
released into the environment as a consequence of the 
so-called “Fukushima accident” that occurred at the 
Fukushima Daiichi Nuclear Power Plant (FDNPP) 
following the Great East Japan Earthquake and tsunami 
(TEPCO, 2012). Most of these materials fell into the 
Pacific Ocean owing to the wind direction at the time, 
but some of them showered down on costal land areas. 
As a result, radionuclide soil contamination occurred, 
mainly in Fukushima Prefecture (hereafter, Fukushima). 
Among the radioactive materials deposited on the 
ground, cesium (Cs)-137 is the major radionuclide of 
concern since its half-life is relatively long in 
comparison to other radionuclides released from the 
FDNPP (T1/ 2 =  30.1 years, Chino et al., 2011). In 
addition, Cs-137-contaminated soil binds strongly to 
clay, and the migration rate of clay-bound Cs-137 shows 
low mobility, less than 1 cm per year (Matsuda et al., 
2015; Takahashi et al., 2015), suggesting that the major 
portion of Cs-137 is distributed in the upper layer of the 

soil column, within 10 centimeters of the surface. 
Cs-137 can emit gamma (γ) rays, hence unusually high 
air dose rates continue over land areas. Furthermore, 
although the total amount radionuclides released into the 
coastal area has decreased, they have continued to 
spread from the FDNPP following the accident through 
underground water. As a result, all the wild animals and 
plants there have been left behind in a high-
radiation-dose area, and are still exposed to Fukushima 
radiation. It is, therefore, of high concern whether any 
adverse effects are being found in wild organisms in the 
Fukushima area resulting from long-term, low-dose 
exposure to radiation. Many investigations have tried to 
determine levels of contamination with radioactive 
materials or estimate radiation exposure doses in 
terrestrial organisms living in Fukushima (Garnier-
Laplace et al., 2011; Strand et al., 2014). Yet there are 
few studies on the impacts of environmental radiation on 
wild organisms. Moreover, it is well-known that 
populations of wild organisms are highly affected by 
human activities. The Japanese government designated 
“Areas in which residents are not permitted to live” and 
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Abstract
Many past genetic and ecological studies on wild organisms around Chernobyl have demonstrated 

significant genetic, physiological, developmental, fitness and population effects resulting from exposure to 
radioactive contaminants. Similarly, several studies on biological impacts of radiation have also been 
conducted since the Fukushima accident, including on genetic damage, abnormality rates and population 
abundance. In Fukushima Prefecture, increased morphological abnormalities have been observed in some 
wild organisms (e.g., butterflies, gall-forming aphids, firs and red pines). Radionuclide-contaminated soil or 
marine water has also had physiological impacts on mortality in butterflies and goshawks as well as on blood 
components in marine birds and Japanese monkeys. Moreover, population censuses of birds, butterflies and 
cicadas have indicated that the abundance of these species declined significantly with increased levels of 
radiation. Overall, these impacts on wild organisms from radiation were detected within two to three years 
after the accident. Apart from the direct impact of radiation, biota monitoring inside and outside the 
evacuation zone in Fukushima Prefecture has shown that populations of some wild animals and insects have 
also been affected by decontamination activities and/or the large-scale evacuation. Hereafter, it will be 
increasingly significant to continue monitoring biota in land and coastal areas of Fukushima Prefecture, and 
more detailed studies of the impact on wild organisms from radiation are also needed. 
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“Areas where it is expected that residents will face 
difficulties in returning for a long time” near the FDNPP 
that have annual integrated radiation dosages exceeding 
20 mSv. The result has been massive, long-term 
evacuation from these areas. Although radiation levels 
in most of the evacuation zone are not considered 
acutely lethal to wildlife (Garnier-Laplace et al., 2011), 
it is thought that changed land use due to 
decontamination activities and the cessation of daily 

activities such as agricultural and horticultural work 
significantly affect wild organisms and ecosystems in 
these areas. This paper reports on recent advances in 
research on radiation effects on wild organisms and 
ecosystems in Fukushima (Table 1). Much space is 
devoted here in particular to discussing the effects of 
radiation on morphogenesis and populations of insect 
and bird species because these issues were studied 
intensively soon after the Fukushima accident. Studies 

Taxon Species Effects Reference
Insects Pale grass blue butterfly Reduced male forewing size and more severe abnormalities 

found in F1 offspring from female first-voltine than their parents.
Hiyama et al., 2012

More severe abnormalities found in adult butterflies collected in 
the fall of 2011 than in the spring of 2011.

Hiyama et al., 2013

Recovery of abnormality rate to normal levels after the fall of 
2012.

Hiyama et al., 2015

Increased mortality and abnormality rates in larva when fed 
Oxalis corniculata collected from the Fukushima area.

Nohara et al., 2014a

Some abnormal phenotypes considered due to internal exposure 
inherited by the next generation

Nohara et al., 2014b

Gall-forming aphid Higher morphological abnormality rate in Fukushima in the 
spring of 2012.

Akimoto, 2014

Earthworms Increased DNA damage found in the species collected from a 
highly contaminated area (2.85 μSv/h) in the summer of 2012.

Fujita et al., 2014

Butterflies and cicadas Decreased population abundance with increased radiation dose 
rate levels.

Møller et al., 2013

Carpenter bees Abundance of the species lower within the evacuation zone than 
outside. The difference in abundance may be due to reduced 
human activity rather than increased radiation doses.

Yoshioka et al., 2015

Small bees, wasps and 
beetles

These species more common inside the evacuation zone. This 
may be due to increased wild plants providing food and nesting 
materials.

Yoshioka et al., 2015

Birds Barn swallow Reduced population and juvenile fraction, but no DNA damage 
detected in peripheral erythrocytes.

Bonisoli-Alquati et al., 2015

Streaked seawater No effect on fledging mass but reduced blood levels of vitamin A 
observed in the species captured at Mikura Island (approximately 
220 km south of Tokyo).

Uematsu et al., 2014

Common birds Abundance of 14 common bird species decreased with increased 
radiation dose.

Møller et al., 2012b

Goshawk Decreased reproduction performance in the North Kanto area 
(approximately 100 km from FDNPP).

Murase et al., 2015

Mammals Japanese monkey Lower blood components found in Fukushima population 
compared to Shimokita population.

Ochiai et al., 2014

Bull No histological change in sperm cells and testes of bulls 
abandoned with 20 km of the FDNPP.

Yamashiro et al., 2013

Japanese field mouse No significant increase in frequencies of apoptotic cells  
and morphologically abnormal sperm even though the mice  
were captured in highly contaminated parts of Fukushima  
(4.1 to 13.9 μSv/h).

Okano et al., 2016

Amphibians Frogs No abnormalities found in gonadal tissues of frogs captured in 
contaminated areas.

Matsushima et al., 2015

Mollusks Rock shells No rock shells found in intertidal zone within 20 km of the 
FDNPP.

Horiguchi et al., 2015

Plants Japanese fir Irregular branching at the main axis, resulting termination of the 
main shoot or forking of lateral shoots.

Watanabe et al., 2015

Japanese red pine Increased cancellation of apical dominance with increased 
absorbed dose rate.

Yoschenko et al., 2016

Table 1 Overview of radiation or evacuation impacts from the Fukushima accident on wild organisms.
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of radiation impacts on mammal and plant species are 
also taken up in this paper. Those studies include a 
hematological study of wild Japanese monkeys 
inhabiting forested areas of Fukushima City, a 
histological study of reproductive organs and cells of 
bulls within 20 kilometers of the FDNPP and a study of 
morphological changes in conifer trees (fir and red pine 
trees). Finally, this paper also presents a summary of 
ongoing research projects on radiation impacts in wild 
organisms and terrestrial biodiversity monitoring 
performed by the National Institute for Environmental 
Studies (NIES).

2. Estimation of Exposure Doses to Terrestrial 
and Marine Organisms in Fukushima

Garnier-Laplace et al. (2011) reconstructed the 
radiological doses received by forested land (based on 
soil samples collected from the area of greatest 
atmospheric deposition, Iitate Village, measured on 
March 31, 2011) and marine biota (based on seawater 
concentrations of iodine (I)-131 and Cs-137 on March 
30, 2011, measured 330 m offshore). They estimated that 

wild organisms inhabiting areas near the FDNPP were 
exposed to maximum radiation dose rates ranging from 1 
to 3.9 mGy/day in terrestrial organisms (lowest among 
plants and highest among forest rodents) and from 2,600 
(benthic biota) to 4,600 (macroalgae) mGy/day among 
marine organisms during first 30 days after the accident 
(Fig. 1). Moreover, almost all of the radiation was 
derived from short-lived radioisotopes such as I-131 
(8-day half life). From three months after the accident, 
the exposure dose rate of radiation in wild organisms 
decreased to 0.24 to 1.68 mGy/day due to the radioactive 
decay of short-half-life contaminants (Strand et al., 
2014). Thereafter, Cs-134 and Cs-137, that have long 
half lives, became the main sources of radiation for wild 
organisms in Fukushima. The International Commission 
on Radiological Protection (ICRP) defined an agreed 
upon set of reference organisms and presented 
information on dose consideration levels for assessing 
and managing radiation exposures in wild organisms 
(ICRP, 2008). With reference to the derived consideration 
reference levels from the ICRP report, radiation exposure 
doses in the first month after the accident seem to have 
some influence on terrestrial organisms such as conifers 

Fig. 1
Maximum exposure doses in wildlife during the first month after the Fukushima accident, and ICRP effect levels

(mGy/day)

Brown seaweeds
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background
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: Very small effects
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Fig 1:  Maximum exposure doses in wildlife during the first month after the Fukushima accident, and ICRP effect levels.
Maximum exposure dose rates in soil and seawater during the first month after the Fukushima accident were 
estimated from radionuclide concentrations in soil and seawater, respectively, and these values were plotted on a 
scale of potential effects in terrestrial (upper) and marine (lower) biota based on data from the ICRP (2008). 
Potential effects of radiation on organisms as proposed by the ICRP are represented as follows: no effects noticed 
(blue bars), very small effects (green bars), reduced reproduction (yellow bars), and reduced life span (red bars). 
Maximum exposure dose rate values estimated from radionuclide concentrations in soils are represented by closed 
circles, and those in seawater, by open circles. This figure was redrawn from Garnier-Laplace, et al. (2011).
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and rodents (Fig. 1). In marine organisms, radiation 
exposure doses in the first month after the accident 
reached a level that threatened their life span (Fig. 1). 
The presumed radiation exposure dose indicates a 
possibility of severe effects on marine organisms. No 
such adverse effects on marine biota, however, have been 
reported, except among the intertidal biota (Horiguchi et 
al., 2015). Detailed results of the field observations of 
intertidal biota around the FDNPP are described later in 
this review (see Section 4.2).

3. Impact of Radiation from the Fukushima 
Accident on Wild Organisms

3.1 Radiation Effects on Insect Species
The pale grass blue butterfly is the wild species most 

well-researched for radiation impacts on terrestrial 
organisms in Fukushima. Hiyama et al. (2012) showed 
that the first-voltine adults of the butterflies collected in 
the Fukushima area in the spring of 2011 exhibited a 
relatively higher rate of mild abnormalities than those 
collected in other places, and the male forewing size 
showed a negative correlation with the radiation dose at 
the collection site. The first filial generation of first-
voltine females showed more severe abnormalities than 
their parents, suggesting that the abnormalities were 
inherited by the next generation. Furthermore, adult 
butterflies collected in the fall of 2011 showed more 
severe abnormalities than butterflies collected in the 
spring of 2011 (Hiyama et al., 2013). These abnormal 
phenotypes observed in the field were experimentally 
reproduced by simulating the breeding conditions under 
which they occurred, with external γ-ray exposure from 
Cs-137 and internal exposure through feeding of highly 
contaminated Oxalis corniculata leaves collected from 
the Fukushima area. From the two studies, Hiyama et al. 
(2013) concluded that artificial radionuclides from the 
FDNPP caused physiological and genetic damage to this 
species. It is noteworthy that the abnormality rate in 
field-collected adult butterflies recovered to its normal 
state in Fukushima after the fall of 2012 although it 
peaked in the fall of 2011 (Hiyama et al., 2015). This 
suggests that abnormal phenotypes observed in the 
butterfly are considered a transitory event just after the 
accident and may not result in the population of the 
species deteriorating. As described in the previous 
section, high levels of exposure to radiation occurred 
during the first 30 days after the accident. Thus, the high 
rate of abnormalities in the butterflies found in 2011 is 
considered to be the result of early exposure to high 
levels of radiation. 

The research group also performed vigorous studies 
for understanding the biological impacts of ingested 
radioactive materials (replicating internal exposure). The 
mortality and abnormality rate in larva of the pale grass 
blue butterfly fed O. corniculata leaves collected from 
areas in Fukushima increased sharply at the lower dose 
range of the ingested radioactive Cs (Nohara et al., 
2014a), and some of the abnormalities found in first 

generation of the butterfly succeeded in the next 
generation (Nohara et al., 2014b). From these 
experiments, it is concluded that the ingestion of a 
radioactive-Cs-contaminated diet has cumulative effects 
on this species and has the possibility of resulting in 
deterioration of the population. 

In other insect species, morphological abnormalities 
in two independent gall-forming aphids, Tetraneura 
sorini and T. nigriabdominalis, were found in the spring 
of 2012 (Akimoto, 2014). The abnormality rate of T. 
sorini collected in Fukushima was higher than in those 
captured in a control area (average abnormality rate of 
13.2 percent in Fukushima and 3.8 percent in the control 
area). The second-generation of larvae produced in T. 
sorini galls from Fukushima, however, showed few 
abnormalities (0.37%), suggesting that the abnormalities 
found in the first generation were not inherited by the 
next generation. Furthermore, the morphological 
abnormalities in the aphid species collected in the spring 
of 2013 had significantly improved in comparison to 
those in the spring 2012 samples. Akimoto (2014) 
concluded that the improvement in abnormalities found 
in the spring of 2012 in Fukushima might be caused by 
the reduction of radiation levels and/ or selection for 
radiation tolerance. Acquisition of radiation tolerance in 
gall-forming aphids may be attributable to the high 
reproductive rate of the species. The other study also 
demonstrated that earthworms (Megascolecidae) 
collected from an area with a high air dose rate (2.85 
μSv/h) in the summer of 2012 exhibited a significantly 
greater extent of DNA damage than those from a low 
dose rate (0.28 μSv/h) area in Fukushima (Fujita et al., 
2014). The extent of DNA damage in wild boars (Sus 
scrofa leucomystax) showed no significant difference 
between individuals captured in the same regions, 
suggesting that the risk of DNA damage from radiation 
varies among species because of differences in foraging 
habits.

As for the effects of radiation on the abundance of 
insect populations, censuses of spiders, grasshoppers, 
dragonflies, butterflies, bumblebees and cicadas were 
performed at 300 sites in forested areas west of the 
evacuation zone in Fukushima (Møller et al., 2013). The 
abundance of butterflies and cicadas declined significantly 
with increased air dose radiation in Fukushima, while 
there were no effects on the numbers of grasshopper, 
dragonflies and bumblebees. Interestingly, the abundance 
of spiders showed a positive correlation with the air dose 
rate at sites where they were collected. These tendencies 
toward abundance due to radiation in Fukushima were not 
particularly seen in Chernobyl, because all of the insects 
investigated in this study showed a negative correlation in 
Chernobyl between their abundance and the air dose rate 
in the area. So far, the cause of these differences in 
radiation-dose-dependent changes in abundance of insects 
between Fukushima and Chernobyl remains unclear. It 
would be especially interesting to study the positive 
correlation between the number of spiders and the air 
dose rate found in Fukushima.
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3.2 Impacts of Radiation on the Fitness and 
Abundance of Bird Species

After the Chernobyl accident, the barn swallow 
(Hirundo rustica) was the wild bird species most well-
researched for effects of radiation. Radiation-dose-
dependent abnormalities were observed in birds in the 
Chernobyl exclusion zone, including DNA damage in 
adult birds, partial albinism, tumor formation and 
reduced brain size (for a review, see Møller & 
Mousseau, 2014). The population size (Galván et al., 
2011) and sex ratios within a group of barn swallows 
(Møller et al., 2012a) were also affected by radiation 
from Chernobyl. Therefore, the barn swallow is one of 
the best indicators for investigating radiation effects on 
bird species. Radiation-dose-dependent changes in 
genetic damage and abundance of barn swallows were 
also investigated in Fukushima. In contrast to results 
obtained in Chernobyl, no radiation-dose-dependent 
increase in DNA damage of peripheral erythrocytes 
could be detected among birds captured in Fukushima 
using the neutral comet assay (Bonisoli-Alquati et al., 
2015). A decreased number of barn swallows, however, 
and a decline in the juvenile fraction of the birds were 
observed in Fukushima among individuals with higher 
levels of radioactive contamination, indicating resulting 
lower survival and reproduction rates in Fukushima. 
Bonisoli-Alquati et al. (2015) therefore speculated that 
DNA damage among the birds does not account for the 
decline in barn swallows in contaminated areas, and 
further studies, such as for finding a proximate 
mechanism for the demographic effects on the birds, are 
needed to grasp the cause of the contradictions. 

Because most of the radionuclides that leaked from 
the FDNPP disseminated into the western North Pacific 
Ocean, high levels of radioactive contamination of fish 
occurred. Indeed, 53 percent of the fish captured 
between April and June 2011 in Fukushima Prefecture 
exceeded the safety standard value for food (100 Bq/kg; 
Fisheries Agency of Japan, 2015). These indicate that 
marine birds may have consumed highly radionuclide-
contaminated fish during the spring of 2011, with 
potentially adverse effects on the viability of marine 
birds. Therefore, the physiological responses of the 
streaked shearwater (Calonectris leucomelas) collected 
from Mikura Island, located approximately 220 km 
south of Tokyo and affected by the Fukushima nuclear 
plumes, were investigated. Seabirds collected from 
Birou Island, located far from the extent of the 
Fukushima nuclear plumes’ impact, were used as a 
control (Uematsu et al., 2014). Although fledging mass 
did not differ between Mikura Island and Birou Island, 
levels of vitamin A in the blood of the fledglings of the 
birds sampled in Mikura Island colonies were 
significantly lower than in birds from Birou Island 
colonies. The reduction rate of vitamin A in the blood 
from Mikura Island was only 13 percent compared to 
that in the control area and there was no significant 
relationship between vitamin A content in the blood and 
fledgling mass in the streaked shearwaters, suggesting 

that the effects of vitamin A reduction at Mikura Island 
on the viability of the marine bird are still unclear.

The effects of radiation on the abundance of common 
birds in Fukushima were performed in 2011 and the 
results obtained were compared to those in Chernobyl 
that were investigated during four years (2006 to 2009) 
(Møller et al., 2012b). An analysis of 14 bird species 
common to Fukushima and Chernobyl showed that the 
abundance of the birds was negatively correlated to 
radiation dose at the two sites, but the tendency toward 
negative effects differed between Fukushima and 
Chernobyl. The negative relationship between 
abundance of the 14 common bird species and radiation 
dose was more pronounced in Fukushima than in 
Chernobyl. These investigations were carried out at the 
same level of background radiation, thus it would be 
noteworthy to discuss the difference in radiation effects 
between Fukushima and Chernobyl. Møller et al. 
(2012b) interpreted it as being because selection from 
high levels of radiation had already run its course in 
Chernobyl, because the investigations started in 2006, 
20 years after the Chernobyl accident, but such 
adaptation to radiation had not occurred in Fukushima 
because the investigation was performed in the early 
period after the Fukushima accident (from March to 
July, 2011). Indeed, s previous study showed that 16 bird 
species exposed to low levels of radiation for 24 years in 
the Chernobyl exclusion zone exhibited high levels of 
antioxidant (e.g., GSH—a reduced form of glutathione) 
production and a high redox state (GSH/ oxidized 
glutathione), resulting in the reduction of reactive 
oxygen species and DNA damage (Galván et al., 2014). 
From the perspective of adaptation to radiation, 
long-term field investigations are needed for evaluating 
the effects of radiation on the abundance of bird species 
in Fukushima because the study by Møller et al. (2012b) 
was performed shortly after the Fukushima accident.

Field observations on the reproductive performance 
of the goshawk (Accipiter gentilis fujiyamae) were 
carried out for 22 years, including before and after the 
Fukushima accident, in the northern Kanto area 
(approximately 100 km from the FDNPP). The results 
obtained indicate that the bird’s breeding potential 
attenuated markedly after the accident compared with 
the pre-accident years, and it progressively declined 
during the three post-accident years (Murase et al., 
2015). The decline in reproduction performance seems 
to be caused primarily by increased air dose rates rather 
than by other factors. The decreasing trend in 
reproduction performance continued at least until three 
years after the Fukushima accident although external 
radiation exposure rates were decreasing yearly, 
indicating that internal radiation exposure from prey 
species may have also contributed to the reduction in 
goshawk reproduction activity. Thus Murase et al. (2015) 
concluded that internal exposure, as well as external 
exposure, may have an important role in the 
reproductive performance of the goshawk. On the other 
hand, nutrient deficiencies, which result from decreased 
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abundance of goshawk prey species, could also affect 
the reproduction activity of the species. Indeed, some 
studies have reported a reduction in the abundance of 
prey species near Fukushima (Møller et al., 2012b; 
Møller et al., 2013), so further field research and DNA 
analysis are needed to clarify the factors that have led to 
reduced goshawk reproduction.

3.3 Impacts of Radiation on Mammals
Currently, few studies have been performed on 

mammals to estimate the potential biological 
consequences of exposure to low doses of radiation in 
Fukushima. A one-year hematological study of wild 
Japanese monkeys (Macaca fuscata) inhabiting forested 
areas of Fukushima City (70 km northwest from the 
FDNPP) and the Shimokita Peninsula in Aomori 
Prefecture (approximately 400 km north from the 
FDNPP) was performed in April 2012 (Ochiai et al., 
2014). The study showed that individuals from 
Fukushima had lower white and red blood cell counts, 
lower hemoglobin concentrations and lower hematocrit 
values than those sampled in Shimokita. Because no 
radioactive Cs was detected in the muscles of the 
Shimokita monkeys but was detected in those of 
Fukushima (78 to 1,778 Bq/ kg), Ochiai et al. (2014) 
concluded that the deterioration of blood components 
found in Fukushima monkeys could have been due to 
the effect of low-dose radiation. No significant 
difference in hematological values, however, was 
observed between two groups of Fukushima monkeys 
captured in areas with different radiation dose levels. 
This contradiction may be attributable to large variations 
in Cs concentration in the muscles. Indeed, Hayama  
et al. (2013) showed that although the muscle radio-Cs 
concentration in wild Japanese monkeys exhibited 
significant correlation with the level of radioactive-Cs 
soil contamination at the capture locations, Cs levels 
varied with the season (increasing two-to-three-fold in 
winter compared to summer in 2011) and such variations 
in radioactive-Cs levels were also observed in 
experiments, as described above (78 to 1,778 Bq/kg). 

The effects of chronic radiation exposure on the 
testes of bulls abandoned within 20 kilometers of the 
FDNPP, were investigated, because testes are a relatively 
radiosensitive organ and involved in reproduction (Otala 
et al., 2004). The calculated maximum internal exposure 
doses of two bulls were 1.1 to 1.8 mGy (bull 1, during 
196 days) and 5.0 to 9.5 mGy (bull 2, during 315 days), 
and the external exposures of bull 1 and bull 2 were  
2.8 mGy and 1.8 mGy, respectively (Yamashiro et al., 
2013). In the face of high levels of chronic exposure to 
radiation, the bulls’ sperm and testes exhibited no 
evidence of significant histological changes in testis or 
sperm morphology. Thus Yamashiro et al. (2013) 
concluded that no adverse radiation-induced effects were 
observed in bull testes following chronic exposure to 
radiation for up to 10 months. This study, however, was 
very preliminary because only two bulls from a 
relatively uncontaminated part of Fukushima were 

investigated. Further investigations on the effects of 
radiation on spermatogenesis are needed, using more 
bulls abandoned in highly contaminated areas and 
extended to other animal species.

3.4 Impacts of Radiation on Plant Species
The uptake and accumulation of radioactive-Cs in 

higher plants from contaminated soil were studied 
vigorously in the early phases after the Fukushima 
accident, because phytoremediation, the use of higher 
plants to clean up soil contaminants, was one of the 
main issues at that time (Kobayashi et al., 2014; Sugiura 
et al., 2016; Tamaoki et al., 2016). Unfortunately, these 
attempts ended in failure because the absorption of 
radioactive-Cs from soil by higher plants was less than 
expected, which means that the transfer factor of 
radioactive-Cs (Cs concentration in plants/ Cs 
concentration in the soil) in higher plants was less than 
1. Subsequently, two cases of biological effects of 
radiation on plant species were reported. Watanabe et al. 
(2015) showed that young Japanese fir (Abis firma) trees 
growing naturally near the FDNPP exhibited a 
significant increase in morphological abnormalities than 
at other sites. These trees showed irregular branching at 
the whorls of the main axis, with a distinct deletion of 
the leader shoot, resulting in termination of the main 
shoot and forking of the lateral shoots. The frequency of 
these abnormalities corresponded to the ambient dose 
rate of radiation at the sites observed (four sites with 
radiation doses from 0.13 to 33.9 μSv/hr), suggesting a 
possibility that contamination by radionuclides 
contributed to the morphological changes in Japanese fir 
trees in the area near the FDNPP. It is interesting to note 
that the frequency of leader shoot deletions became 
apparent significantly after the spring of 2012, reaching 
a maximum in all of 2013. It remains unexplained why 
the highest frequency of abnormalities was observed in 
2013, already two years after the Fukushima accident. 
Thus, Watanabe et al. (2015) concluded that further 
studies were needed to elucidate the processes of leader 
shoot deletion arising from radiation at the cellular and/
or tissue level in the plants.

Morphological abnormalities in plants considered to 
result from high levels of radiation in Fukushima were 
also found in another conifer species. Field observations 
at different air dose rates in Fukushima showed that 
cancellation of apical dominance was observed in young 
populations of Japanese red pine (Pinus densiflora), 
whereas no morphological effect was detected in mature 
populations of the tree (Yoschenko et al., 2016). The 
observed abnormality is similar to that found in young 
Scots pine trees (Pinus sylvestris L.) in contaminated 
areas in Chernobyl (Yoschenko et al., 2011). The 
probability of apical dominance cancellation in 
populations of Japanese red pine increased as absorbed 
dose rates increased, suggesting that the abnormalities 
found in the red pine may be attributable primarily to 
external radiation. All morphological abnormalities were 
formed with four years from the beginning of exposure, 
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and about half of all abnormalities detected appeared 
two years after the beginning of exposure. Interestingly, 
appearance of the apical dominance cancellation was 
temporary, and no new abnormalities were observed in 
the five-year whorl of the trees. Such temporal patterns 
of morphological change are similar to the cases of 
Scots pine in Chernobyl (Yoschenko et al., 2011) and 
Japanese fir in Fukushima (Watanabe et al., 2015). 
Taken together, these results indicate that morphological 
abnormalities found in conifer tree species might be 
caused by internal exposure rather than external 
exposure, because the external exposure dose to these 
trees reached its maximum during the first year. It would 
be very challenging to attempt through research to 
understand the underlying mechanism of apical 
dominance cancellation as well as to determine the 
temporal pattern of abnormality formation.

4. Ongoing Research Projects in NIES Relevant to 
Biological Impacts after the Fukushima Accident

In the early phases after the Great East Japan 
Earthquake, NIES immediately embarked on some 
research projects to investigate the impacts of the tsunami 
on beach vegetation (Hayasaka et al., 2012) and macro-
benthos populations (Kanaya et al., 2014; Kanaya et al., 
2015). An attempt at phytoremediation of radioactive-Cs 
from contaminated soil using higher plants was also 
performed as described above (Tamaoki et al., 2016). As 
for the impacts of radiation, NIES started investigating 
the effects of radiation on wild organisms from 2012, and 
also started monitoring terrestrial biodiversity a little later, 
from 2014. Although the impacts of radiation on wild 
organisms have been studied intensively in Fukushima as 
described above, there are few or no reports which cover 
indirect effects on ecosystems in the area (e.g., free from 
the impact of human activities due to the massive 
evacuation for a prolonged period). Indeed, the overall 
effect on the biota in the Chernobyl exclusion zone has 
been observed to be in favor of biodiversity and 
abundance of individuals (Sokolov et al., 1993). Thus 
monitoring of biota in the Fukushima evacuation zone by 
NIES is a unique approach to detecting the impact of the 
accident on ecosystems.

4.1 Overview of Terrestrial Monitoring in Fukushima 
by NIES

Terrestrial monitoring was started by NIES to collect 
knowledge on the biodiversity and ecosystem effects of 
the large-scale and long-term evacuation of the 
Fukushima area. The monitoring focused on mammals, 
birds, frogs and insects to maximize monitoring 
effectiveness with limited effort (Yoshioka et al., 2016). 
For mammal monitoring, infrared cameras were placed 
at 46 forest sites in nine municipalities inside and 
outside the evacuation zone. A map of sampling points 
is shown on the Biodiversity Web Mapping System 
(BioWM) website provided by NIES (http://www.nies.
go.jp/ biowm/ index.php? lang= en). Fourteen species of 

large or medium-sized mammals such as black bears 
(Ursus thibetanus), wild boars (Sus scrofa), and 
Japanese serows (Capricornis crispus) were recorded in 
the evacuation zone by camera-trap monitoring from 
May to October, 2014. Although the impacts of the 
evacuation on mammalian fauna populations had 
remained undetermined until then, the half-year data sets 
obtained were published as a data paper to enable their 
use by other researchers (Fukasawa et al., 2016). The 
data were also incorporated into the BioWM website 
(http: / / www.nies.go.jp/ biowm/ index.php? lang= en), 
where viewers can browse for distributions of mammals 
in eastern Fukushima.

Monitoring of birds and frogs was conducted at 52 
sites in schoolyards of nine municipalities, including the 
evacuation zone (Yoshioka et al., 2016). IC recorders 
were used to record bird songs and frog calls for 20 min/
day around dawn and 10 min/day around PM 8:00 each 
day from May to June. Data analysis of the monitoring 
is ongoing, but some of the recorded bird songs were 
used at an event called “Bird Data Challenge,” 
collaborating with branches of the Wild Bird Society of 
Japan in Fukushima. This was a new and important 
approach to accumulating data on bird abundance and 
habitats while sharing the work with citizens. As for the 
frog analysis, an automatic song detection system based 
on machine learning methods is being constructed to 
extract frog calls from recorded data sets. Moreover, 
other researchers at NIES have shown that there were no 
clear abnormalities in the gonadal tissues of frogs 
captured from contaminated sites in Fukushima even 
though there was a positive correlation between 
radioactive-Cs concentrations in soils and those in frogs 
(Matsushima et al., 2015).

Preliminary results on abundance of insects were 
obtained by sampling using Malaise traps at the same 52 
sites as bird and frog monitoring in 2014 (Yoshioka  
et al., 2015). A total of 48,081 insects were sampled, 
mostly Hymenoptera and Diptera. It is interesting to 
note that only the abundance of carpenter bees 
(Xylocopa appendiculata) was lower within the 
evacuation zone than outside. A potential cause of the 
reduced abundance of carpenter bees in the evacuation 
zone might be reduced numbers of garden plant flowers 
following the decrease in human activities due to the 
evacuation, because these bees favor large flowers such 
as wisteria, orchids and passion fruit. On the other hand, 
some small bees, wasps and beetles were more common 
inside the evacuation zone. This may be due to increased 
abundance of wild plants that provide food and nesting 
materials for these species. Abundance of most of the 
other collected taxa, including pollinators, did not differ 
between inside and outside of the evacuation zone. 
These results suggest that flying insects were not 
critically affected, so it will be important to monitor the 
long-term effects of the evacuation at the same sites.

4.2 Radiation-impact Studies on Wild Organisms by NIES
An analysis of calculated dose rates in Fukushima 
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indicated that more severe impacts on wild organisms 
were expected in the coastal areas adjacent to the 
FDNPP than in the forested areas (Fig. 1;  Garnier-
Laplace et al., 2011). Thus, NIES launched a 
multiple-year survey to clarify the ecological impacts of 
the Fukushima accident in the intertidal zone. Field 
surveys at 43 coastal sites from Chiba to Iwate 
prefectures including Fukushima in 2012 showed that 
abundance and diversity of intertidal species decreased 
significantly with decreasing distance from the FDNPP, 
and no rock shells (Thais clavigera) were observed 
within 20 km of the FDNPP (Horiguchi et al., 2015). 
Quantitative investigations in 2013 also showed that 
biodiversity and habitat density in the intertidal zones 
were much lower at sites close to the FDNPP than at 
other sites. Almost all of the investigation spots had 
been hit by the tsunami, suggesting that the loss of rock 
shells from around the FDNPP may have resulted from 
the nuclear accident. So far, there is no clear evidence to 
attribute the absence of rock shells to radionuclide 
contamination of the marine ecosystem because many 
harmful chemicals, such as boric acid and hydrazine, 
also leaked into the sea together with the radionuclides. 
Clarification of the main factors contributing to the 
absence of rock shells and continued field research on 
temporal changes in the biodiversity and population of 
intertidal organisms will both be necessary for keeping 
track of their recovery in the future.

In terrestrial areas, NIES initiated research into the 
impacts of radiation on wild large Japanese field mice 
(Apodemus speciosus) because the mice are common in 
Japan and the ICRP had selected rodents as a reference 
animal for environmental protection studies (ICRP, 
2008). NIES investigated the accumulation of 
radioactive-Cs in the mice, and the chronic effects of 
radiation on the male genitals, such as DNA lesions, 
DNA mutations and morphology of sperm cells in testes. 
The average ambient dose rate at the Fukushima capture 
sites was 4.1 to 13.9 μSv/h and the median 
concentrations of Cs-134 and Cs-137 in the Fukushima 
mice exceeded 4,000 Bq/kg (Okano et al., 2016), 
suggesting that radiation exposure doses to the mice 
were within the “very low probability of effects” level in 
the ICRP criteria (ICRP, 2008). There were no 
significant increases, however, in frequencies of 
apoptotic cells or morphologically abnormal sperm in 
Fukushima mice. Thus, it is concluded that radiation 
caused no substantial male subfertility in Fukushima 
during 2013 and 2014, and radionuclide pollution levels 
at the study sites would not be detrimental to 
spermatogenesis in wild mice in Fukushima.

5. Conclusions 

In summary, the Fukushima accident provides a good 
opportunity to investigate chronic impacts of radiation 
on wild organisms, as did the Chernobyl accident. 
Recent advances suggest that adverse effects of radiation 
on wild organisms could be found in terrestrial and 

coastal areas of Fukushima in the early-phase aftermath 
of the accident, but these were rarely detected past two 
or three years after the accident. Hereafter, impacts on 
biodiversity and ecosystem services in the evacuation 
zones due to increased decontamination activities and 
the abandonment of cultivation will be an issue for 
consideration. Indeed, wild boars are considered a pest 
animal in farmland, and preliminary results of mammal 
monitoring showed that the species’ population inside 
the evacuation zone was higher than outside the 
evacuation zone (Fukasawa et al., 2016). Therefore, 
details on and long-term monitoring of changes in 
wildlife populations and land use in the evacuation zone 
is of increasing importance for developing efficient 
plans to return the residents to the area in the near future.
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1. Introduction

In the wake of the Great East Japan earthquake and 
tsunami, which resulted in significant damage to the 
Fukushima Daiichi Nuclear Power Station, considerable 
radioactive contamination occurred, both on- and off-site. 
Populations were evacuated from the most contaminated 
zones and the overarching Special Measures Act named 
the Ministry of the Environment (MOE) as the authority 
responsible for decontamination of the evacuated areas 
(with radio-cesium the main concern after decay of 
shorter-lived isotopes) (Government of Japan, 2011a, 
2011b). Major challenges to implementing full-scale 
decontamination were the absence of real-world examples 
(most previous radiocesium releases to the environment 
have undergone natural self-cleaning processes only) and 
also lack of experience in planning and implementing 
decontamination technology appropriate to Japanese 
boundary conditions.

JAEA was thus charged with conducting a 
“Decontamination Pilot Projects” (DPPs) (Nakayama  
et al., 2014) to examine the applicability of decontamination 
technologies within the evacuated zones (September 
2011–June 2012), with a special focus on reducing dose 
rates and thus allowing evacuees to return and re-establish 
their normal lifestyles as quickly as possible, whilst 
simultaneously maintaining worker safety.

2. Technology Assessment Criteria

The key specified requirements for decontamination 
techniques are that they should be relatively rapid (the 
work is driven by the goal of allowing evacuated residents 
to return home to their normal lifestyle as quickly as 
possible), efficient (producing as little waste as practical 
and minimising any secondary contamination) and 
effective (ensuring dose reductions). They should also be 
safe to implement, minimise environmental degradation 
and not entail unreasonable costs (either financial or in 
terms of use of limited resources). 

Decisions on preferable methods depend completely 
on the geographic/climatic conditions at the decontami-
nation sites.

3. Decontamination Technology

For each target, system understanding was combined 
with a list of available approaches and tools for dose 
reduction as input for site-specific planning, as outlined 
in the previous chapter.

3.1 Forest
Forests have a very high uptake capacity for 

contaminants and initially radiocesium is intercepted by 
way of foliage, therefore the distribution of radioactivity 
depends on the types of trees present.
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Evergreen trees in Japan had leaves when the fallout 
arrived in March 2011 and many of these forest leaves 
remain even now, with significant Cs content (the 
average lifespan of evergreen leaves or needles is 
between three and five years). By comparison, deciduous 
trees had no leaves at the time of deposition and hence 
radiocesium there has been contained almost entirely 
within the litter layer from the start. Although forests 
account for a large fraction of the contaminated land 
area within Fukushima Prefecture, the DPPs prioritised 
dose rate reduction in wooded areas adjacent to 
residential land. For this, the main decontamination 
methodologies involved stripping and removal of 
contaminated vegetation (Table 1). Trees were pruned, 
wild undergrowth was cut down and the forest floor was 
cleared of leaf litter.

Further decontamination was performed by removal 
of the humus layer (degrading organic matter) and 
topsoil (Fig.1).

As expected, for the deciduous forests,  
decontamination could focus entirely on the litter layer  
and undergrowth. For the evergreen forest the results  
of different approaches were assessed (Table 2). It  
was clear that significant dose reduction could be 
obtained by clearing litter, whereas much more effort in 
branch trimming or even clear felling would be required 
to reduce the dose further. The Cs, however, has  
shifted from the litter layer to the soil with the passage 
of time, so sufficient decontamination effects cannot be 
obtained by merely removing the litter layer (Iijima  
et. al., 2013).

A special concern in planning forest decontamination 
was determining the extent to which it was required for 
reducing doses in the forest periphery.

Although this would depend on the distribution of 
radioactivity in the specific type of forest, along with the 
topography and forest density (due to shielding by tree 
trunks), it was observed in the preliminary 

Table 1  Decontamination techniques applied to forests.

Targets Methodology

Forest floor

Litter Manual removal and transfer, Manual removal and vacuum transfer,
Removal by mechanical digger

Humus layer Manual removal,
Removal by mechanical diggerSurface soil

Trunk Washing with water and brushes, High-pressure washing

Forest cover
Branches and leaves Pruning (evergreen trees only)
Bamboo / shrubs Thinning / trimming

Fig.1  Illustration of forest decontamination techniques.Fig.1⽤写真

Pruning (vehicle mounted platform lift) Removal of litter and humus

Bamboo thinning (chainsaw) Felling (mechanical harvester)
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decontamination tests performed in Minami Soma that 
decontamination of a zone 10 meters wide reduced doses 
by about 40 percent, whilst further decontamination 
resulted in no significant further dose rate reduction.

Basically, the same approaches were also used to 
decontaminate trees and shrubs in residential areas, 
gardens, parks, etc.

3.2 Agricultual land
Agricultural land was classified during site  

characterisation in terms of the crops grown in the 
Fukushima area: predominantly paddy fields, other fields  
(pastures) and various kinds of orchards. The particular 

manual and mechanical decontamination approaches 
used for each of these are summarised in Table 3.

In general surface vegetation was removed first and 
then various options were considered for reducing the 
dose from contaminated soil. In March 2011, less than 
half of the farmland in Fukushima Prefecture had been 
ploughed and, in this case, the radiocesium inventory 
was concentrated predominantly within the upper few 
centimeters of soil (Fig. 2, left). 

Even for ploughed soil, where somewhat greater 
penetration was often observed, a large proportion of the 
total radiocesium activity was contained within the 
upper 5 centimeters or so of the soil column (Fig. 2, 

Fig.２⽤データ

Fig. 2  Depth profiles of radiocesium for undisturbed (left) and ploughed land (right).

Radioactivity parameter Removal of litter, 
humus and topsoil

Trees
Trunk washing Branch trimming Felling

Distribution of radioactivity1 
(September 2011) 50% Trunks: 

1%
Branches & leaves: 

49%
Total in trees: 

50%

Percent reduction in radiation 
dose/radioactivity2 (%)

60 – 80 (at 1 cm)
30 – 45 (at 1 m)
(air dose rate)

~ 30
(surface cpm)

20 (at 1 cm)
5 – 30 (at 1 m)
(air dose rate)

Cs completely 
removed

1 Approximately half of the radioactivity was found to be contained in the trees, mainly on the branches and leaves. Branch trimming was confined to the lower parts of trees.
2 Note that the figures of “percent reduction in radiation dose” for “removal of litter, humus and topsoil” and “branch trimming” do not show the separate effectiveness  

of the individual measures.

Table 2  Effectiveness of different decontamination techniques for evergreen forests.

Technique Paddy Fields Other Fields Orchards
Strimming / mowing Manual strimming or mechanical mowing (e.g., hammer knife)
Topsoil stripping Manual stripping (including paths, slopes)

Mechanical digging

Bulldozing Turf cutting/
thin layer stripping -

Solidification agent Mg based agent/mechanical digging -

- Cement-based agent / 
mechanical digging -

Reverse tillage (generally ~ 25 – 50cm) Ploughing -
Soil mixing (upper 25 cm) Manual/tractor rotovator tilling -
Topsoil / subsoil exchange (~ 45 cm) Mechanical digging - -

Table 3 Decontamination techniques applied to agricultural land.
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right).
Given that Cs is strongly bound to the clay 

component of soils, reduction of the surface gamma 
dose rate can be achieved by mixing the soil or, even 
better, inverting the soil column. Even though Cs uptake 
from clay soils into crops is generally low, this is further 
reduced if the soil column is inverted with the surface 
layer placed below the root zone. Soil removal was 
considered in cases where contamination levels were 
high (Fig. 3).

 Soil removal was achieved either by manual or 
mechanical stripping, in some cases with prior 
application of a solidification agent (inorganic 
magnesium-based or cement-based sprays) to facilitate 
stripping. In the case of frozen soil, there was no need to 
apply solidification agents. The pictures in Fig. 3 give 
an indication of how such techniques were applied and 
equipment tailored to the conditions of the site. In cases 
where soil or surface vegetation was removed, the 
standard heavy-duty plastic bags used can also be seen 
(Fig. 3, upper-left). Some illustrative results from 
comparing different methods are presented in Table 4, 
with reverse tillage techniques and topsoil stripping 

methods compared.
It is notable that, in terms of gamma dose rate 

reduction, the tillage methods can be as effective as soil 
stripping, with the particular benefit that no waste is 
produced.

3.3 Residential land
There is considerable overlap between the targets and 

decontamination approaches used for residential areas 
and for other built-up zones, although the required dose 
reduction and sensitivity with regard to potential damage 
caused by the decontamination technology may differ. 
This section concentrates on houses and gardens, while 
the subsequent section considers all other targets, 
including roads, industrial and other buildings, 
playgrounds, swimming pools, etc.

For houses, the initial characterisation includes an 
assessment of the extent of any earthquake (or tsunami) 
damage, allowing decisions to be made on whether to 
attempt to decontaminate and, if so, the approaches that 
would be appropriate given the stability of the structure. 
A flow chart for decontamination method selection is 
illustrated in Fig. 4. 

Fig.3⽤写真

Topsoil stripping (mechanical digger) Manual topsoil stripping

Thin layer topsoil stripping Reversal tillage with plough 

Fig. 3  Various soil treatment methods applied to agricultural land.

Table 4  Reduction in dose rates with different soil decontamination techniques.

Decontamination method Dose rate reduction
Reversal tillage (tractor and plough) 65 – 80%
Interchanging topsoil with subsoil (mechanical digger) ~ 65%
Thin-layer soil stripping (hammer knife) ~ 70%
Mechanical digging (stripping thickness of approximately 5 cm) ~ 65 – 95%
Application of solidification agent and removal with mechanical digger ~ 80%
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It should be emphasised that this was carried out in 
terms of assuring not only cost-effectiveness of efforts, 
but also worker safety.

Decontamination of houses predominantly involves 
washing external surfaces (especially roofs) and 
focusing on decontamination of areas that are potential 
hot spots – predominantly gutters and drainage systems. 
For such targets, initial contamination depends on the 
characteristics of building materials and also the general 

extent of the local fallout.
Decontamination of houses (Fig. 5) was implemented 

in a top-down manner, in order to prevent recontamination. 
Rainwater gutters were first cleared of vegetation and 
debris, after which a range of techniques were tested for 
removing contamination from roofs, including manual 
scrubbing with brushes and high pressure water washing.

Both the initial level of contamination and the 
effectiveness of different decontamination methods 

Fig.４⽤データ
Fig. 4  Flow chart for selecting decontamination methods for houses.

Fig.５⽤写真Fig.５⽤写真

Wiping gutters Manual brushing of walls 

High-pressure water washing Brushing

Fig. 5  Examples of decontamination techniques for houses.
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depended highly on the construction materials involved. 
This is illustrated in Table 5, which shows the typical 
reduction in the measured count rate for different surfaces 
as a result of different decontamination approaches.

After decontamination of residential buildings was 
complete, specific features of the surrounding 
environment, such as gardens and drainage ditches, were 
then tackled. 

For gardens, much like forests and agricultural land, 
vegetation was cut back, usually by strimming, mowing 
or clipping. The next stage involved either soil turnover 
or complete removal of the soil surface layers. Particular 
attention was paid to removal of hot spots, often found 
underneath the eaves of roofs or within drains that 
collected roof gutter runoff. Garden paths were generally 
decontaminated using high-pressure water and gravel 
(from drains, paths, etc.) was washed, and all wastewater 
together with the fine gravel fractions were collected for 
further treatment.

3.4 Roads and Other Targets in Built-up Areas
3.4.1  Roads

In general, gamma dose rates associated with roads 
and other paved areas (e.g., car parks) were relatively 
low compared to those in surrounding farmland and 
forest due to natural self-cleaning processes. It should be 
noted here that roads were only decontaminated where 
there was the possibility of reducing the dose 
contribution to people living in residential areas (roads 
were not decontaminated to reduce doses to road 
vehicles). Washing of contamination by rainfall does, 
however, often lead to higher concentrations in drains, 
which may need to be decontaminated (e.g., by high 
pressure washing). If roads are to be decontaminated, it 
is important first to determine the depth profile of 
contamination.

In most cases radioactivity is concentrated within 
the upper millimeter or so, with penetration below 
about 3 millimeters only for some porous asphalts. The 
roads were decontaminated using a number of  
different decontamination methodologies (see Fig. 6 for 
examples) which were either manual or vehicle-based.

In cases with less contamination which was close to the 
surface, manual or vehicle-based high-pressure washing 
was used, in some cases followed by mechanical 
decontamination with rotating brushes mounted 
underneath heavy vehicles. The contaminated run-off was 
collected and pumped into vehicle-based storage for 

later treatment. Surface erosion by various shot-blasting 
methods and also complete removal of asphalt from roads 
were also implemented for more highly contaminated 
surfaces with greater depth penetration of Cs.

A comparison of the results of different approaches 
in terms of reduction of surface count rate (Table 6) 
shows that there is high variability in the effectiveness 
of simpler washing/sweeping methods, indicating 
considerable differences among different surfaces in the 
accessibility of contamination.

The large range in decontamination efficiency was 
reported to be due to a number of factors, including:

・ Differences in the initial status, including aging 
deterioration, e.g., uneven surfaces and cracks

・ Differences in material composition, e.g., porous 
asphalt or dense-graded asphalt

・Variations in the blasting angle
・The trial and error nature of the tests
When Cs has penetrated the road surface, ultra-high-

pressure washing and shot blasting can produce 
significant reductions, but assured reduction is obtained 
only by road stripping. Such indications of strong 
binding of contamination to road surfaces suggest that 
resurfacing without stripping would also be effective for 
reducing doses without generating waste.

3.4.2 Playgrounds and Swimming Pools
Because of the special concerns about potential doses 

to children, play areas were a special focus for 
decontamination. Such areas have a wide range of 
different surfaces, which show significant differences in 
the depth distribution of contamination. 

The methods used for decontamination of playing 
fields (soil, grass) are effectively the same as those 
described for agricultural land in Section 3.2, while for 
paved areas they are equivalent to those used for roads. 
Some typical results are shown in Table 7, illustrating 
the relatively high reduction in surface count rates that 
can be achieved.

Playgrounds containing equipment such as swings and 
slides were manually washed or decontaminated using 
vacuum suction. Here the emphasis was on removing any 
loose contamination which could be taken up by children. 
Contaminated water from decontamination activities and 
swimming pools often contained elevated levels of 
radioactivity.

If the radiocesium activity in water exceeded the 
level for release to the environment, treatment was 

Fig.６⽤写真

Table 5  Reduction in count rate (%) with decontamination of different types of roof tiles.

Material High-pressure 
water cleaning Brushing Wiping Chemical 

stripping  agent

Count rate reduction(%)

Iron  (baked finish) - 10 10 10
Iron (spray finish) - 30 5 15

Clay - 50 70 30
Cement 30 5 0 30

Slate 10 0 25 35
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undertaken before eventual discharge.
The water treatment techniques used included 

aggregation and adsorption to facilitate easier and more 
rapid separation of suspended fine particulates from 
water. The resultant sludge that settled after separation 
was first dewatered before being bagged for removal to 
temporary storage facilities. Once drained, the pool 
surfaces were scrubbed with hard nylon brushes, 
followed by high-pressure water cleaning with hoses. 

3.4.3 Large Buildings
Large buildings, such as schools and factories, were 

treated in much the same manner as residential buildings, 
again with a top-down approach to decontamination. 
Manual roof decontamination, using brushes and  
high-pressure hoses, was used to dislodge contaminants 
and, on flat roofs, electric scrubbing brushes were tested 
for contamination removal efficiency. Similarly, support 
structures were scrubbed manually using cloths or 
brushes, followed by high pressure hosing (vehicle 
mounted platforms used to allow access to higher areas). 
A number of techniques typically used for roads (Section 
3.4.1) such as shot blasting were also used, e.g., on flat 
roofs or car parking areas.

Fig.６⽤写真

Decontamination 
method

Pavement 
sweep-washing

High-pressure 
water jet cleaning

(10-20 MPa)

Ultra-high-pressure 
water jet cleaning

(240 MPa)
Shot blasting Road surface 

stripping

Count rate reduction 0 – 60% 2 – 50% 40 – 90% 60 – 95% 95% or higher

Table 6  Reduction in count rate for various road decontamination techniques.

Fig. 6  Decontamination approaches for road surfaces.Fig.６⽤写真

Medium-scale shot blasting Large-scale shot blasting

Road surface stripping Medium size ultra-high-pressure water jet cleaning

Decontamination method Count rate reduction

Thin-layer topsoil stripping

Hammer knife mowing and sweeping ~ 90%

Road surface stripping 80% (low dose areas)
90% (medium to high dose areas)

Motor grading 80% (low dose area)
90% (medium to high dose areas)

Interchanging topsoil with subsoil ~ 85%
Dust collection sanding (concrete planer) 60 – 80%
Ultra-high-pressure water washing (150 MPa or higher) ~ 70%
High-pressure water jet washing (10 to 50 MPa) 30 – 70%
Shot blasting ~ 70%

Table 7  Comparison of playground contamination reduction using different decontamination methods. 
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4. Conclusion

When performing multi-faceted decontamination 
work on a wide range of different objects in an area to 
be decontaminated (forests, residential areas, agricultural 
fields, large structures, roads, etc.), it is important to 
develop decontamination plans for performing the 
decontamination efficiently and effectively, using prior 
surveys in the target area, selecting decontamination 
methods in accordance with the objects to be 
decontaminated in the area, and establishing decontamination 
ranges and procedures. 

In addition, in order to prevent internal exposure of 
workers or recontamination due to scattering of 
radioactive substances, it is important to proceed with 
effective decontamination work while suppressing the 
generation and scattering of dust.

The resulting base of knowledge on DPPs has played 
a key role in supporting the establishment of the MOE’s 
guidelines (Ministry of the Environment, 2013a, 2013b; 
Ministry of Health, Labour and Welfare, 2011), which 
have been used by the national government and local 
municipalities to optimise regional remediation work, 
most of which is expected to be completed by the end of 
March 2017, except in some limited areas of the 
evacuation zone with high levels of contamination 
(“difficult-to-return zone”). 

The decontamination of radioactive material released 
into the environment from the accident at the Fukushima 
Daiichi Nuclear Power Station is the first effort of its 
kind anywhere in the world. Therefore, the cooperation 
of researchers and engineers in various scientific fields 
is essential to the recovery and reconstruction of the 
affected areas.
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1. Introduction

A huge amount of radioisotopes including those of 
iodine (I), cesium (Cs), tellurium (Te)-132 and xenon 
(Xe)-133 were released due to the Fukushima Daiichi 
Nuclear Power Plant (FDNPS) accident on March 11, 
2011 (UNSCEAR, 2013). Two radioactive cesium 
nuclides, Cs-134 and Cs-137, are particularly worthy of 
attention, because their half-life values are much longer 
than the others, indicating that these two isotopes are 
more persistent in the environment. Fallout of the 
radiocesium isotopes (r-Cs) from the FDNPS not only 
resulted in wide contamination of our environment but 
also generated a significant amount of radioactively 
contaminated municipal solid waste (MSW) in 
northeastern Japan. In Japan, thermal treatments such as 
incineration and melting processing have played an 
important role in appropriate treatment of MSW, since 
those treatments reduce the volume of MSW— very 
beneficial for our small country where it is difficult to 
construct new landfills. For example, incineration can 
reduce the mass and volume of waste by 80 percent and 
85–90 percent, respectively (e.g., Sun et al., 2016). In 
addition, around 30 percent of treatment plants can 

generate electric power with steam turbine units 
according to Japan’s Ministry of the Environment 
(MOE, 2015). These have promise as waste-to-energy 
facilities. Currently, 80 percent of MSW is incinerated  
or melted (MOE, 2015). 

After the accident, unfortunately, high concentrations 
of r-Cs were found in the incineration ash from MSW 
due to the volume reduction effect of that treatment. To 
deal with that, the MOE created technical standards for 
contaminated waste incineration and melting processing 
and corresponding technical guidelines under the “Act 
on Special Measures Concerning the Handling of 
Environment Pollution by Radioactive Materials 
Discharged by the NPS Accident Associated with the 
Tohoku District-Off the Pacific Ocean Earthquake that 
Occurred on March 11, 2011” (2011). For waste 
treatment plants dealing with contaminated waste, 
installation of advanced air pollution control (APC) 
devices such as bag houses is required to remove 
contaminated fly ash from flue gas in a highly efficient 
manner. Fortunately, most of the waste treatment plants 
had already installed such advanced APC devices under 
the Law Concerning Special Measures against Dioxins 
(1999) before the accident. Hence, Japan’s waste 
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Abstract
After the accident at the Fukushima Daiichi Nuclear Power Plant, the environment of northeastern 

Japan was contaminated by fallout containing radioactive cesium isotopes (r-Cs) from the plant, leading to 
contamination of municipal solid waste (MSW) as well. The contaminated MSW has been handled by 
various thermal treatment facilities. In order to understand r-Cs behavior during different thermal treatments 
of MSW, we reviewed earlier research reports on r-Cs concentration in solid residual materials discharged 
from the treatment plants, the distribution ratio of r-Cs between residue discharged from the bottom of 
furnaces (bottom ash, incombustibles, or slag) or dust in flue gas (fly ash), and r-Cs leaching rates from these 
residues. Furthermore, we compared the results with those of our recent investigation into incineration of 
waste from decontamination activities. In this paper, we present the results and discuss the effect of different 
types of waste on r-Cs behavior and leaching characteristics, using a thermodynamic equilibrium calculation 
approach. 

Key words: decontamination waste, distribution between treatment residues, equilibrium calculation, 
incineration, leaching rate, melting process, municipal solid waste
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treatment plants have been, and remained, safe from the 
start since the accident. Although the plants’ safety has 
been established, details on the behavior of radioactive 
cesium during thermal treatment are unknown. It is 
difficult to anticipate their behavior. For example, the 
ratio of concentration to incineration ash is considered 
dependent on the type of thermal treatment. Japan has 
two types of furnaces for MSW incineration. As shown 
in Fig. 1, one is a stoker-type and the other is a 
fluidized-bed type. The former discharges dust from flue 
gas captured by APC devices (fly ash: FA) and ash from 
the bottom of the furnace (bottom ash:  BA) as 
incineration ash, while the latter discharges FA and, 
instead of BA, garbage-source incombustibles such as 

metals and rubble from the bottom of furnace. In other 
words, during MSW incineration using the latter, the ash 
components from the waste are basically FA only. 
Meanwhile, the melting process of either MSW or 
incineration ash from MSW results in the discharge of 
dust, called melting fly ash (MFA), along with slag and 
metals from the bottom of the melting furnace, as shown 
in Fig. 1. 

In order to establish safe handling of highly-
contaminated incineration ash and safe disposal of the 
ash in landfills, it is important to understand the behavior 
of r-Cs in MSW thermal treatment plants, that is, the 
concentration of r-Cs in FA and the bottom residue, and 
the distribution of r-Cs between them. In addition, the 
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Fig. 1  Schematic diagram of incineration and melting process facilities. 

a) Stoker-type incineration, b) Fluidized-bed-type incineration, c) Stoker-type 

incineration followed by ash melting process, d) Gasification melting process. 
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Fig. 1  Schematic diagram of incineration and melting process facilities.
a) Stoker-type incineration, b) Fluidized-bed-type incineration,  
c) Stoker-type incineration followed by ash melting process,  
d) Gasification melting process.
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leaching behavior of r-Cs from each residue should be 
understood for the purpose of determining appropriate 
final disposal. Therefore, first we review not only r-Cs 
distribution but also r-Cs leaching characteristics, and 
then discuss the safety of different types of thermal 
treatment and disposal of contaminated ash.

Since last year, decontamination waste (DW) 
generated by operations within the Special 
Decontamination Area in Fukushima Prefecture has been 
incinerated in some temporary incineration facilities 
only. Although there is no information on the 
incineration of DW or characterization of DW, the 
elemental composition of DW, which is expected to 
consist of vegetation and soil, differs from that of MSW. 
Our previous work (Kuramochi et al., 2005) and others’ 
earlier works (Kouvo & Backman, 2003;  Suriyawong  
et al., 2009; Wu et al., 2013; Vainio et al., 2013) indicate 
that differences in elemental composition of waste and 
types of waste affect the behavior of various elements 
during thermal treatment. Therefore, r-Cs behavior 
during DW incineration should be investigated as it was 
in the earlier reports. In this paper, our recent research 
on DW incineration is summarized with respect to the 
distribution of r-Cs between BA and FA, volume 
reduction effects, and leaching rates of r-Cs from both 
residues. These results are compared with those from 
MSW incineration. Some differences in r-Cs behavior 
between DW and MSW incinerations are discussed.

Moreover, the chemical forms of r-Cs in ash residue 
should be elucidated to get a better understanding of 
r-Cs behavior and some of the differences in r-Cs 
distribution among the ashes and in r-Cs leachability 
between MSW and DW. Unfortunately, it is difficult to 
identify the chemical forms directly due to the very tiny 
amounts of r-Cs in incineration residues. For example, 
1,000 Bq of Cs-134 is equal to 2.1× 10-11g. In earlier 
works, some researchers predicted chemical forms of the 
elements of interest during combustion of coal, waste 
and biomass using a thermodynamic equilibrium 
approach (e.g., Frandsen et al., 1994, Kouvo & Backman, 
2003; Lindberg et al., 2013). In this work we also predict 
the chemical forms of compounds containing Cs using 
the same approach.

2. Methods 

2.1 Behavior of r-Cs during Actual Thermal Treatments 
of Contaminated Waste

First, earlier investigations of actual thermal 
treatment plants dealing with contaminated MSW, 
including our research (Abe et al., 2012;  Yamamoto  
et al, 2012;  Kawamoto et al., 2012 and 2013; 
Kuramochi, 2014) were reviewed in terms of r-Cs 
concentration in the discharged solid materials such as 
incineration ash and slag, r-Cs distribution between FA 
and bottom residue, and r-Cs leachability. The facilities 
investigated were three stoker-type incinerators with 
follow-up ash-melting processing, one other stoker-type 
incinerator without ash-melting processing, one 

fluidized-bed-type incinerator, and one gasification ash-
melting process. The four stoker-type and one fluidized-
bed-type incinerators, and the three MSW incineration 
ash-melting processes and one MSW gasification ash-
melting process (direct melting process) were 
investigated as MSW incineration and MSW melting 
processes, respectively. Although the predominant 
contaminants were two kinds of cesium radioisotopes 
(Cs-134 and Cs-137), we focused only on total activity 
of r-Cs. Thus r-Cs activity in this paper is expressed as 
the sum of Cs-134 and Cs-137 activities. In the reports 
reviewed, the r-Cs concentration of the solid residues 
had been measured using a Ge semiconductor detector. 
Using a mass balance equation based on actual plant 
operation data, the r-Cs concentration data had been 
converted into r-Cs distribution ratios between the solid 
residues. In addition, the leaching rate of r-Cs from the 
solid residues had been measured by the following 
method: First, an amount of solid sample was measured 
and added to pure water in a plastic bottle, where the 
weight ratio of water to the sample was fixed at 10. 
Second, the solution was stirred or shaken at 200 rpm 
for six hours, and then solution was separated by 
filtration. The leaching rate was determined by 
measuring the r-Cs concentration in the filtrate. For the 
r-Cs distribution in ash and r-Cs leaching rate from the 
ash in the case of DW incineration, we will briefly 
describe our previous investigation results (Fujiwara  
et al., 2016), and then compare them with those in the 
case of MSW incineration.

2.2 Equilibrium Calculation Method for Prediction 
of Cs Chemical Forms

In order to understand r-Cs behavior during 
incineration of contaminated waste and r-Cs leachability 
of incineration ash in terms of chemical species, Cs 
chemical forms during incineration were predicted using a 
thermodynamic equilibrium calculation approach. In this 
equilibrium calculation, the Gibbs energy minimization 
method was used. This method can determine the 
equilibrium concentrations of the chemical species of 
interest that minimize the total Gibbs energy of the system, 
subject to the constraints of the material balance of the 
elements. Various computer programs for the Gibbs energy 
minimization method are commercially available. In this 
paper, FactSage version 7.0 (GTT Technologies) was used 
as the equilibrium calculation program. Nevertheless, the 
built-in thermodynamic property database was insufficient 
for this prediction due to its limited number of registered 
Cs chemicals. Therefore, thermodynamic property data on 
other Cs chemicals were newly added into the default 
database (NIES, 2016). This software requires the  
mole-based elemental composition of MSW, excess air 
ratio, incineration temperature and pressure as the input 
data. In this study, the air ratio and pressure were fixed at 
1.6 and 0.1 MPa, respectively. The incineration 
temperature ranged from 800°C to 1200°C. The quantity 
of contaminated waste to be fed into the incinerator was 
assumed to be 1 kg. 
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3. Results and Discussion

3.1 Thermal Treatment of Municipal Solid Waste (MSW)
Concentrations of r-Cs in FA and bottom residue and 

also r-Cs distributions between them for thermal 
treatment of contaminated MSW are shown in Tables 1 
and 2, respectively. Basically, the r-Cs activity in the FA 
was much higher than that in the bottom residues. As 
shown in Fig. 2, 60 to 94 percent of the r-Cs in the MSW 
moved to the FA or MFA during MSW thermal 
treatments. Normally, they are composed of solidified 
volatile chemicals, additives for flue gas cleaning such 
as slaked lime for removal of acid gas species such as 
hydrochlorinate and sulfur oxides, and dust blown up 
from the primary combustion chamber to the flue gas. 
The weight ratio of the blown dust to the BA is 
considered to be small (Ginsberg et al., 2012), and r-Cs 
does not react with lime. Hence, we suggest that the 
main source of distribution of r-Cs to FA or MFA is 
solidification of gaseous forms of r-Cs produced during 
combustion of contaminated MSW on the surface of 
dust particles during flue gas cooling (<200°C). In fact, 
Shiota et al. (2015) reported that Cs in MSW-FA was 
similar to CsCl. It should be noted, however, that the 

reason for the higher distribution between the 
fluidized-bed furnace and melting process differs for the 
MSW-BA melting process (Facility A). In the former, 
most of the ash content is discharged as FA instead of 
BA, whereas in the latter, the amount of vaporized r-Cs 
is larger due to a higher treatment temperature (around 
1300°C; see Kawamoto & Miyata, 2015). With respect 
to the r-Cs concentration ratio of FA to bottom residue, 
as shown in Fig. 3, the ratio for the melting furnaces, 
except for the case of the MSW-BA melting process 
(Facility A), exceeded 20 or 126, while that for all of the 
incinerators (Facilities A to E) was 8 or less. Generally, 
alkaline metals such as Cs are considered relatively 
volatile elements (MacKay et al., 2002), and the vapor 
pressures of Cs compounds rise as temperature 
increases, as shown in Fig. 4. Therefore, most of the 
melting furnaces except for Facility A manage to 
vaporize all of the r-Cs, resulting in highly-concentrated 
MFA. However, the r-Cs distribution between MFA and 
slag and the r-Cs concentration ratio of MFA to slag 
during ash-melting processes is affected by feedstock 
composition, since the ash-melting process using BA 
only (Facility A) did not produce a high distribution to 
MFA or a high concentration ratio of MFA to slag. We 

 

 

 

 

Fig. 3  Plots of radiocesium (r-Cs) concentration in fly ash (FA) or melting fly ash 

(MFA) as a function of that in bottom residue including bottom ash (BA), incombustibles 

and slag for each treatment method. The slopes of the dotted lines indicate the r-Cs 

concentration ratio of FA or MFA in the bottom residue from each method. MSW: 

municipal solid waste, DW: decontamination waste. 
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     Table 1  Radiocesium (r-Cs) concentration in fly ash or melting fly ash and bottom residues. 

Facility A B C D E F 

Furnace type 
Stoker 

followed by 
ash-melting+ 

Stoker 
followed by 
ash-melting 

Stoker 
followed by 
ash-melting 

Stoker Fluidized bed Gasification 
ash-melting 

Number of data points 4 1 1 1 12 2 
Feedstock for incineration / Bq·kg-1 146-297 100a, 3000b na 395 26-383§ 65, 180 

Bottom ash (BA) / Bq·kg-1 1000-1850 3890 2049 5130 544* - 

Fly ash (FA) / Bq·kg-1 4760-7930c 21800 10450 15630 1950* - 

Slag / Bq·kg-1 356-478 800 na - - 81, 127 

Melting fly ash (MFA) / Bq·kg-1 1840-8070 100500 na - - 1960, 1990 

Reference Kawamoto et 
al., 2012 

Yamamoto et 
al., 2012 

Abe et al., 
2012 

Kuramochi, 
2014 

Harada et al., 
2014 

Kawamoto et 
al., 2013 

     a: MSW, b: Vegetation waste, c: Average value for Baghouses 1 and 2, *: Average value, +: Ash-melting of BA only, 

     na: not available. 

 

 

 

 

Table 1  Radiocesium (r-Cs) concentration in fly ash or melting fly ash and bottom residues.

 a: MSW, b: Vegetation waste, c: Average value for Baghouses 1 and 2, *: Average value, +: Ash-melting of BA only, na: not available.
 

 

    Table 2  Radiocesium (r-Cs) distribution to fly ash or melting fly ash and bottom residues during each thermal treatment. 

Facility A B C D E F 

Furnace type Stoker followed 
by ash-melting+ 

Stoker followed 
by ash-melting 

Stoker followed 
by ash-melting Stoker Fluidized bed Gasification 

ash-melting 

Number of data points 1 1 1 1 12 2 
Bottom ash (BA) / (%) 40.5  24.5  36.0  35.0  13* - 

Fly ash (FA) / (%) 59.5  75.5  64.0  65.0  87* - 

Slag / (%) 34.4  5.9  9.3  - - 11.2, 5.9 

Melting fly ash (MFA) / (%) 65.4  94.1  86.5  - - 82.6, 91.3 

Others / (%) 0.2  na 4.2  - - 6.2, 2.8 

Reference Kawamoto et 
al., 2012 

Yamamoto et 
al., 2012 Abe et al., 2012 Kuramochi, 

2014 
Harada et al., 

2014 
Kawamoto et 

al., 2013 

     *: Average value, na: not available, +: Ash-melting of BA only 
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think one reason is that a low concentration of Cl in the 
BA produces insufficient CsCl gas during ash-melting. 
In fact, in their investigation of an MSW incineration 
ash-melting facility, Kawamoto et al. (2013) reported 
that the r-Cs concentration in MFA was correlated with 
the Cl content in the MFA. In addition, the r-Cs 
concentration ratio in the presence of FA with a Cl 

content of 30 percent was much higher than that in the 
absence of FA. This Cl composition effect should be 
carefully taken into account when predicting the r-Cs 
concentration in slag and MFA.

Although both incineration and melting processes 
can produce large amounts of gaseous r-Cs species, 
conventional air pollution control devices such as bag 

 

 

 

 

 

Fig. 2  Radiocesium (r-Cs) distribution to fly ash (FA) or melting fly ash (MFA) and 

bottom residue including bottom ash (BA), incombustibles and slag at each thermal 

treatment facility. MSW: municipal solid waste, DW: decontamination waste. 
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Fig. 3  Plots of radiocesium (r-Cs) concentration in fly ash (FA) or melting fly ash 

(MFA) as a function of that in bottom residue including bottom ash (BA), incombustibles 

and slag for each treatment method. The slopes of the dotted lines indicate the r-Cs 

concentration ratio of FA or MFA in the bottom residue from each method. MSW: 

municipal solid waste, DW: decontamination waste. 
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houses are capable of removing them almost completely 
because of the solidification of the gaseous species  
on dust in the flue gas as described above. Furthermore, 
the vapor pressure of CsCl at bag house temperatures  
(< 200°C) is extremely low. Values at 150°C and  
200°C are expected to be 2.8 – 3.0× 10-12 Pa and  
9.9×10-10–1.1×10-9 Pa, respectively (Kuramochi, 2015). 
As a result, bag houses can remove r-Cs species 
efficiently, together with the dust. In our research 
(Fujiwara et al, 2016), the removal ratio by bag houses 
at various facilities was usually more than 99.9 percent. 
This was shown by r-Cs activity in the flue gas being 
below the detection limit (<0.010 to <0.36), which is 
below the public regulation limits (MOE, 2013) by three 
orders of magnitude:

134Cs concentration (Bq/m3)
20 (Bq/m3)  + 

137Cs concentration (Bq/m3)
30 (Bq/m3)  ≦1

We think installation of bag houses at thermal MSW 
treatment facilities for contaminated MSW is essential 
for the safety of these facilities. 

Figure 5 shows the results of leaching tests from 
earlier research (Osako et al., 2012; Yamamoto et al., 
2012) and our laboratory work. The leaching rate of r-Cs 
from FA and MFA ranged from 40 to 100 percent, while 
most of the r-Cs from bottom residues did not leach. 
This significant difference demonstrates that r-Cs 
species in FA differ from those in BA. In other words, 
the r-Cs forms in the residue discharged from furnace 
bottoms is considered to be an insoluble form. On the 
other hand, the r-Cs in fly ash exists mainly as a water-
soluble chemical. The high leachability in FA indicates 
the ability of MSW incineration to convert r-Cs species 

in MSW into other chemical forms, since the leaching 
rate from MSW is 7.1 (Kuramochi, 2014). This is 
associated with the distribution of r-Cs between 
MSW-FA and BA. In the section on equilibrium 
calculations below, we try to predict the chemical forms 
of r-Cs during the incineration of MSW using a 
thermodynamic equilibrium calculation. 

From the view of environmental issues, the higher 
leachability of r-Cs-containing FA should be noted for 
storage or landfilling regardless of the thermal treatment 
type it originates from. Indeed, local municipalities 
responsible for MSW incineration ash with r-Cs 
concentrations under 8,000 Bq/kg dispose of it in their 
landfills according to guidelines for protection against 
leaching of r-Cs into the environment (e.g., MOE, 2011). 
In the case of incineration ash with r-Cs concentrations 
higher than 8,000 Bq/kg, the national government must 
take responsibility for disposing of it. Currently, the 
government is planning a strategy for disposing of 
highly contaminated ash.

3.2 Decontamination Waste (DW) Incineration
Our recent investigation of actual DW incineration 

(Fujiwara et al., 2016) reported on r-Cs behavior during 
incineration with a stoker-type furnace. Figures 2 and 3 
show the r-Cs distribution between DW-BA and DW-FA 
as well as the concentration of r-Cs in both ash types, 
compared with those during the MSW incineration 
presented here. The r-Cs concentration ratio of DW-FA 
to DW-BA was 1.3, while the ratio for MSW 
incineration with the same stoker-type furnace ash 
ranged from 3.4 to 7.9. In terms of the distribution of 
r-Cs to ash, DW incineration leaves around 80 percent 
of the r-Cs in the DW remaining in the BA, whereas 

 

 

 

 

 

Fig. 4  Vapor pressures of alkali chlorides at elevated temperatures. 
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MSW incineration results in 25 to 40 percent of r-Cs 
remaining in the BA, as shown in Fig. 2. The low r-Cs 
distribution to DW-FA demonstrates that DW 
incineration produces many fewer volatile r-Cs 
compounds. It also indicates that the behavior of r-Cs 
during DW incineration obviously differs from that 
during MSW incineration. Furthermore, with respect to 
volume reduction amount, the weight of DW was 
reduced to around 25 percent during the incineration 
process, though the amount of MSW was reduced to 
about 13 percent or less in Japanese MSW incineration 
(Matsuto et al., 2013). We think a relatively high amount 
of soil was included in the DW used in our investigation, 
and then discharged as ash. Soil captures r-Cs within 
itself so strongly that it cannot be removed by heating 
even at 1,000° C (JAEA, 2011). Soil inclusion is 
considered to be a reason for the large difference in r-Cs 
concentrations and distributions to incineration ashes 
between DW and MSW.

The leaching rates of r-Cs from DW-BA and DW-FA 
are shown in Fig. 5. These values were less than 0.04 
and 0.75 percent, respectively. Our study was the first to 
reveal this leaching characteristic of DW-FA, differing 
drastically from that of MSW-FA in earlier reports. This 
also supports the assertion that DW incineration is not 
the same as MSW incineration. These data will be 
crucial when designing interim storage facilities (ISF) 
for storing highly contaminated incineration ash 
transported from temporary incineration facilities and 
also thermal treatment of highly contaminated 
combustible waste similar to DW, aiming at volume 
reduction prior to storage in the ISF. 

3.3 Prediction of Chemical Forms of Cesium Compounds 
by Equilibrium Calculations

To deeply understand the behavior of r-Cs in a DW 

incineration facility as well as in MSW incineration 
facilities, that is what kinds of r-Cs compounds are 
produced during the two types of incineration, we tried 
to predict Cs compounds in an incineration furnace 
using FactSage ver7.0, including new thermodynamic 
data developed for representing production of more 
varieties of Cs compounds. The calculation results for 
MSW and DW incinerations are shown in Figs. 6a and 
6b, respectively. At normal incineration temperatures 
from 850°C to 950°C, there was a significant difference 
in generation of CsCl gas between MSW and DW as 
follows: In the MSW incineration, the amount of CsCl 
gas increased with increasing incineration temperature 
up to 1,000°C, whereas CsCl gas was scarcely produced 
in the DW incineration at any temperature. The CsCl  
gas produced solidified on the surface of dust particles 
in the flue gas, thus MSW-FA could contain a high 
amount of CsCl. Since CsCl is highly water soluble 
(186.5 g / 100g-H2O at 20°C (Linke, 1958)), this 
calculation result for MSW incineration supports a high 
leaching rate of r-Cs from MSW-FA. In contrast, DW-FA 
is thought to consist of fine particles of aluminosilicate 
(CsAlSi5O12), which is water-insoluble, blown into the 
flue gas. This is also consistent with a very low r-Cs 
leachability of DW-FA. The results indicate that 
MSW-BA and DW-BA are mixtures of aluminosilicate 
(CsAlSi2O6 or CsAlSi5O12) and slag generated by partial 
superheating over 1,050°C or 1,100°C. The Cs in these 
solids cannot dissolve in water. Hence, the BA in both 
cases shows extremely low r-Cs leachability. The present 
calculation explains r-Cs behavior qualitatively. Now we 
are developing an incineration simulator based on 
multizonal thermodynamic equilibrium calculations 
(Ginsberg et al., 2012) for quantitatively representing Cs 
products of each of the processes in complete 
incineration facilities. 

 

 

 

 

 

Fig. 5  Leaching rate of radiocesium (r-Cs) from each treatment residue. MSW: 

municipal solid waste, DW: decontamination waste, BA: bottom ash, FA: fly ash, MFA: 

melting fly ash, *: some leaching concentrations below the detection limit, +: leaching 

concentrations of all samples below the detection limit. 
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4. Conclusion

We reviewed the r-Cs concentration in fly ash (FA) 
and bottom residue such as bottom ash (BA), 
incombustibles and slag; the concentration ratio of FA to 
bottom residue;  and the distribution of r-Cs between 
them at several thermal treatment facilities handling 
contaminated municipal solid waste (MSW). Basically, 
the r-Cs concentration in the FA was higher than that in 
the bottom residue. The r-Cs concentration ratio and 
distribution depended on the type of treatment. Melting 
processes, in particular, produced the highest 
concentration ratio and distribution ratio to FA. In 
leaching tests of each incineration residue, furthermore, 
the r-Cs leaching rate from any kind of FA ranged from 
40 to 100 percent, whereas that from BA and slag was 
very low. Meanwhile, the r-Cs behavior and leaching 
rate from incineration ash for decontamination waste 
(DW) incineration were compared with those for MSW 

incineration. As a result, DW incineration differed 
significantly from MSW incineration as follows: a low 
r-Cs concentration ratio of DW-FA to DW-BA, a high 
r-Cs distribution to DW-BA, and a very low leaching 
rate from not only the DW-BA but also the DW-FA. The 
present thermodynamic equilibrium calculation for 
MSW and DW incinerations predicted r-CsCl and 
CsAlSi5O12 as the main chemical forms in MSW-FA and 
DW-FA, respectively. For MSW- and DW-BA, 
aluminosilicate and slag of r-Cs were predicted as the 
r-Cs chemical forms. These prediction results can 
account for the differences in leaching rates between 
MSW-FA and MSW-BA and also in leaching rates from 
FA between MSW and DW incineration. 

Finally, we introduce an on-going research project to 
be addressed as future work. In incineration facilities 
dealing with contaminated waste, refractory materials 
within the facilities are also contaminated. The air dose 
rates inside furnaces and gas cooling towers, in 
particular, are higher as r-Cs accumulates in the 
refractory materials (Mizuhara et al., 2015). We should 
elucidate the mechanism of this r-Cs accumulation, and 
then propose useful methods for decontaminating them 
efficiently and safely. This will be highly beneficial for 
protecting workers against radiation when maintaining 
the facilities and also when demolishing them.
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1. Introduction

The Fukushima Daiichi Nuclear Power Plant 
accident, a consequence of the Great East Japan 
Earthquake of March 11, 2011, released radioactive 
substances into the atmosphere. These substances 
advected, diffused and were deposited onto ground 
surfaces in eastern Japan. This fallout contaminated all 
above-ground structures and objects, such as roads, 
residential buildings, parks and trees (Fig. 1;  NIES, 
2012). Waste and sewage treatment plants are facilities 
in the downstream part of material cycles, where 
chemical substances are concentrated through 
incineration and condensation. As a result of the 
accident, radioactivity concentrations in incineration ash 
increased. Radioactive substance concentration in ash, 
however, did not become a major topic of concern for a 
month or two after the accident, since people initially 
focused on only the air dose rate caused by the fallout. 
In May of 2011, the authorities revealed the high 
radioactivity concentration of sewage sludge and its 
incineration ash produced by sewage treatment plants 
located within Fukushima Prefecture. A notification 

entitled “A View on the Provisional Handling of By-
products Generated from the Service Water and Sewage 
Treatment Processes, in Which Radioactive Substances 
Have Been Detected” (Nuclear Emergency Response 
Headquarters, 2011) was issued on June 16. This 
notification indicated aspects to consider in the 
transportation and storage of by-products, and it 
established 8,000 Bq/kg as the threshold radioactivity 
concentration for landfilling, with restrictions on the 
land-use of closed landfill sites. In the statement “Policy 
on the Landfill of Disaster Wastes in Fukushima 
Prefecture” issued on June 23, the Ministry of the 
Environment (MOE) established the landfill standard for 
radioactivity concentration as 8,000 Bq/ kg — which 
became the maximum permitted concentration for 
landfilling at controlled-type industrial waste (IW) and 
municipal solid waste (MSW) landfill sites for all other 
wastes as well as by-products from service water and 
sewage treatment plants (MOE, 2011a). At this point in 
time, it was considered appropriate to store wastes 
temporarily if their radioactivity concentration exceeded 
8,000 Bq/kg. The earliest records on the concentration 
of MSW incineration ash and fly ash — those from July 
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2011 — indicated that the concentration exceeded 8,000 
Bq/kg even in the southern part of the Kanto region, 
such as Tokyo. 

The aim of this paper is to introduce management of 
off-site radioactively contaminated waste derived from 
the accident. We are not concerned here with removed 
soil and on-site radioactively contaminated waste, even 
though the huge amount of removed soil being produced 
at present and treatment of on-site waste are significant 
issues. 

2. Landfill Standards for Radioactively 
Contaminated Wastes

2.1 Establishment of 8,000 Bq/kg Concentration as 
the Standard

Landfill standards for wastes contaminated by 
radioactive substances generated by the accident 
(hereinafter referred to as “radioactively contaminated 
wastes”) were established considering the safety of the 
treatment of landfilled wastes and by-products as 
indicated by the Nuclear Safety Commission on June 3, 
2011. The aforementioned notification (Nuclear 
Emergency Response Headquarters, 2011), and the 
MOE statement (MOE, 2011a) as well as “The Act on 
Special Measures Concerning the Handling of 
Environmental Pollution by Radioactive Materials 
Discharged by the Nuclear Power Station Accident 

Associated with the Tohoku District-Off the Pacific 
Ocean Earthquake that Occurred on March 11, 2011” 
(hereinafter referred to as “the Act on Special 
Measures”;  Law No. 110 of 2011) also followed this 
guideline. Specifically, 
-  The radioactive substances of interest are Cs-134 and 

Cs-137. 
-  The annual radiation dose to local residents as a result 

of waste treatment processes, including landfilling 
work, must not exceed 1 mSv.

-  Every precaution must be taken so that the annual 
radiation dose to workers as a result of waste treatment 
processes does not exceed 1 mSv.

-  Precautions based on scientifically sound scenario 
assumptions must be taken after the completion of 
treatment and landfill works so that the “rough 
standard,” which limits the annual radiation dose to 
local residents to 0.010 mSv or lower (or to 0.300 mSv 
or lower after accounting for fluctuating factors), must 
be adhered to.

-  Verifications must be made to ensure that the 
concentration of materials disposed and drainage from 
treatment facilities remain below the limits indicated 
by the “Notification on Dosage Equivalent Limits on 
the Basis of the Ministerial Notification on 
Commercial Power Reactors” (March 21, 2011; 
Notification No. 187 of the Ministry of Economy, 
Trade and Industry).
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Fig. 1  Conceptual diagram of radioactive substance flow in the general environment.
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These guidelines indicate that the concentration 
standard of 8,000 Bq/kg was determined by considering 
additional exposure doses to workers and local residents. 
According to the MOE, at a landfill radioactivity 
concentration of 8,000 Bq/ kg (8 Bq/ g), the annual 
additional exposure dose to workers should be 0.78 mSv. 
Furthermore, if incineration ash with a radioactivity 
concentration of 3,000 Bq/kg is used as landfill on land 
to be used as a closed landfill site and if people reside 
on such land without covering the ground with soil, the 
additional annual exposure dose to children would be 
0.93 mSv, which exceeds the rough standard of  
0.010 mSv. However, if the ground is covered with soil 
and closed landfill sites are transformed into parks, then 
the annual dose would be much lower (0.00048 mSv).

The Safety Assessment Investigative Commission of 
the MOE evaluated a scenario in which internal exposure 
occurred from the oral ingestion of groundwater 
contaminated by radioactive cesium (Cs-134 and Cs-
137) leaking from a landfill site (MOE, 2011b). The 
additional exposure dose following the oral ingestion of 
well water extracted from such groundwater was found 
to be extremely low. The most dangerous scenario was 
that of an adult orally ingesting farm crops grown using 
such groundwater, wherein the annual exposure dose 
would reach 0.010 mSv when incineration ash at a 
concentration of 46,000 Bq/kg was landfilled — more 
than five times the established landfill standard  
(8,000 Bq/ kg) — and its leachate leaked. Scenario 
assessments involving the use of groundwater generally 
tend to be more on the safe side than those of external 
exposure doses such as landfill work. There are two 
primary reasons for this:  (a) soil has extremely high 
radioactive cesium adsorption capacity and (b) 
groundwater flow dilutes the radioactivity concentration.

2.2 Concentration Standards for Discharge Water
No concentration standards have been specified for 

radioactive substances in discharge water (final effluent) 
from landfills. The monitoring process for discharge 
water is described in the implementing regulations of the 
Act on Special Measures (Ministerial Ordinance of the 
MOE No. 33, dated December 14, 2011) and the MOE 
guidelines (MOE, 2013). The standards themselves, 
however, are specified only for the concentration limits 
of public waters surrounding landfill sites. Therefore, 
monitoring of the discharge water can be interpreted as 
an early-warning safety mechanism to ensure that the 
dose in public waters is below the concentration limits. 
Methods of calculating concentration limits are outlined 
in the guidelines provided in the Public Notification of 
the Ministry of Economy, Trade and Industry No. 187 
(March 21, 2011). The guidelines only describe the 
concentration limit of two radioactive nuclides, Cs-134 
and Cs-137, the accident-generated radioactive 
substances.

　　　　　 Cs-134
60(Bq/L)

 + 
Cs-137

90(Bq/L)
 ≦ 1

The limit of 8,000 Bq/kg as the landfill standard was 
derived through numerous scenario assessments, 
including those on external exposure of workers and 
local residents and internal exposure after leakage. Not 
considered, however, was whether the radioactivity 
concentration in the discharge water from landfill sites 
would be below the limit. The safety assessment 
scenario did not account for the installation of a barrier 
system (i.e., the installation of geomembrane sheets or a 
compacted clay liner) underneath control-type IW and 
MSW landfill sites. For a conservative assessment, all 
the leachate and radioactive cesium were assumed to 
transfer into the groundwater. In practice, however, 
barrier systems and leachate collection pipes are 
installed so that the leachate does not transfer to the 
groundwater, and the collected leachate is treated and 
discharged without any sorption into the soil and dilution 
into the groundwater; this prevents radioactive cesium 
from entering the groundwater at high concentrations. In 
other words, the concentration limit may not be satisfied 
even if the landfill standard is satisfied according to the 
scenario assessments. It is therefore important to 
understand and assess the following factors and 
additional measures for landfilling:  the leaching 
characteristics of radioactive cesium in radioactively 
contaminated wastes, especially incineration fly ash; the 
adsorption capacity and other characteristics of the 
intermediate soil cover; the presence of existing waste 
below the landfill layer of radioactively contaminated 
wastes; the characteristics of the impermeable final soil 
cover (capping system);  the landfilling method;  the 
behavior of radioactive cesium within landfill sites; and 
appropriate landfill management. Moreover, landfill 
work must be a part of land preparation even though 
radioactively contaminated wastes are landfilled.

2.3 Classification of Radioactively Contaminated 
Wastes

Radioactively contaminated wastes are classified in 
terms of MSW or IW status, decontamination actions, 
regions and concentrations (Fig. 2). MSWs, IWs and 
decontamination wastes with radioactive cesium 
concentrations of 8,000 Bq/kg or lower are referred to as 
“specified MSWs” or “specified IWs.” Wastes with 
radioactivity concentrations exceeding 8,000 Bq/kg are 
classified as “designated wastes.” Wastes from inside the 
management area — special decontamination area in 
Fukushima Prefecture — are referred to as “contaminated 
wastes within management area” and are classified as 
“specified wastes.” Wastes within the management area 
with concentrations of 8,000 Bq/kg or lower are termed 
“standards-compliant specified wastes.” Designated 
wastes are classified as a part of specified wastes, for 
which the national government is responsible for 
treating. By contrast, the local government is responsible 
for treating specified MSWs and IWs. The classification 
is complex because the entities responsible for treatment 
must be clarified. Irrespective of the treatment entity, the 
additional measures for landfilling have been set with 
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8,000 Bq/kg as a threshold concentration.

2.4 Landfill Standards for Specified MSWs and IWs
Structural standards are detailed in the Enforcement 

Regulation for the Act on Special Measures as well as 
the waste-related guidelines. Figure 3 represents the 
structural standards for specified MSWs and IWs 
(controlled-type) with concentrations of 8,000 Bq/kg or 
lower. An approximately 50-cm-thick soil layer must be 
installed where specified MSWs or IWs are to be 
landfilled. This soil layer is designed to adsorb the 
radioactive cesium leaching from the wastes and prevent 
its migration to the leachate treatment facility. Sufficient 
compaction of the existing waste layer or the installation 
of a geotextile layer is recommended to inhibit the 
differential settlement of specified MSWs or IWs, but 
the regulation contains no related details. 

To ensure that all leachate from the specified MSWs or 
IWs will pass through the lower soil layer, even when the 
unsaturated flow is lateral due to suction, the lower soil 
layer should be extended in the horizontal direction by 
approximately 3 m outside the area where the specified 
MSWs or IWs are landfilled. Because lateral flow is 
generally assumed to spread at an approximately 45 degree 
angle, if the landfill height for each layer of specified 
MSWs or IWs is 3 m, the lateral extension would be 

approximately 3 m, whereas if the landfill height is 1.5 m, 
then the extension would be approximately 1.5 m. 
Landfills must be located away from any slope face to 
prevent radioactive cesium-containing leachate from 
passing through the light-blocking nonwoven fabric or 
drainage pipes, which are usually present on the slope 
faces of landfill sites. Prolonging the travel time of the 
radioactive cesium within the landfill site is an effective 
method of containment because it decreases radioactive 
concentration through radiation attenuation and adsorption 
(which helps retard the migration). 

For landfilling contaminated fly ash, an impermeable 
soil cover (i.e., capping system) must be installed after 
landfilling as a final or intermediate cover system 
(depending on the height of the landfill) in order to 
prevent rainwater infiltration. Furthermore, using 
recycled crushed stones and crushed concrete debris 
atop the impermeable soil cover as a horizontal drainage 
layer is an effective method to prevent the infiltration, 
but this is not described in the related guidelines. At the 
top of the impermeable soil cover, a gradient of 
approximately 5 percent is required to ensure that a 
drainage gradient of at least 2 percent can be secured 
even when differential settlement occurs to a certain 
extent. For the lateral soil cover in the direction of the 
slope face as well as in the direction of the gas 

Fig. 2  Classification of radioactively contaminated wastes.
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Fig. 3  Landfill standards for specified MSWs and IWs.
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ventilation pipe, it is considered beneficial to use soil 
that can adsorb radioactive cesium, similar to the lower 
soil layer. Similar to the unsaturated flow described 
earlier, the impermeable soil cover must also to be 
extended in the horizontal direction by approximately  
3 m outside the contaminated fly ash landfill area. 
Simple contaminated fly ash landfill would dissolve in 
the presence of water, since fly ash is composed of 
soluble salts. Therefore, the impermeable soil cover for 
preventing rainwater infiltration has a significant role in 
preventing settlement due to dissolution as well as in 
control of radioactive cesium leaching. 

2.5 Landfill Standards for Designated Wastes
As indicated by the MOE in Article 17 of the Act on 

Special Measures, designated wastes are contaminated 
wastes whose radioactive cesium concentration exceeds 
8,000 Bq/kg. These materials are to be treated by the 
national government. Furthermore, designated wastes 
with concentrations exceeding 8,000 Bq/kg but less than 
100,000 Bq/kg can be landfilled at MSW or IW landfill 
sites (controlled-type) in accordance with Section 2 
under Article 26 of the aforementioned regulation. 
Designated wastes whose radioactivity concentration 
exceeds 100,000 Bq/kg are to be landfilled at landfills 
equivalent to isolated-type IW landfill sites, namely 
hazardous waste landfill sites, in accordance with 
Section 1 under Article 26 of the aforementioned 
regulation. The related policy was issued on August 31, 
2011 (MOE, 2011c). This policy made it possible to 
landfill contaminated wastes whose concentration 
exceeded 8,000 Bq/kg, which had been previously stored 
according to the existing guidelines. Figure 4 presents 
the landfill standards for designated wastes. The basic 
principle of these landfill standards is that the landfilled 
designated wastes do not contact water. The following 
methods are all considered to produce the same results, 
and any of these methods can be adopted: the designated 

wastes are solidified with cement and the surroundings 
are covered with an impermeable soil layer;  the 
designated wastes are solidified with cement in a highly 
durable container made of steel-reinforced concrete; the 
designated wastes that have been solidified with cement 
landfill in closed-type landfill sites whose roof and walls 
prevent rainwater infiltration. The soil layer beneath the 
designated wastes for adsorbing radioactive cesium must 
be installed in the same manner as the landfill standards 
of specified MSWs and IWs.

Designated wastes with radioactivity concentrations 
exceeding 100,000 Bq/kg must be landfilled in a site 
equivalent to isolated-type landfills. However, a new 
isolated-type IW landfill site had to be constructed 
because no isolated-type landfills were constructed after 
the revision of the Waste Disposal Law in 1998. The 
time required to select suitable land for a new landfill 
site usually exceeds 10 years, irrespective of the 
involvement of accident-derived radioactive substances. 
When contaminated fly ash is landfilled in an 
isolated-type landfill, the waste is not solidified. Thus, 
measures must be taken to prevent the corrosion 
(rusting) of steel-reinforced concrete wall by salts eluted 
from the fly ash. Furthermore, if the fly ash contains 
large quantities of calcium chloride, it would deliquesce 
by absorbing moisture. Therefore, quality control of the 
fly ash, landfill method, corrosion-prevention method, 
and maintenance are all factors that must be considered. 
In addition to covering wastes with steel-reinforced 
concrete, a final soil covering (capping) using bentonite 
material is planned in order to prevent the infiltration of 
rainwater, protect the underlying layers and reduce 
skyshine. The design and installation of such a capping 
system are issues for future consideration. Inspection 
galleries at the landfill site are to be filled with bentonite 
material after the first inspection period has expired. 
Because we have no experience in filling bentonite 
without compaction by heavy machinery, the quality 
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control of bentonite, the filling method and the 
construction quality inspection system are also expected 
to be major concerns.

3. Characteristics of Radioactively Contaminated 
Wastes

3.1 Leaching Characteristics
Various tests were conducted to characterize the 

leaching of radioactive cesium from radioactively 
contaminated wastes. The radioactively contaminated 
wastes were subjected to an agitated leaching test at a 
liquid-solid ratio of 10 for 6 hours at 200 rpm without 
sample size reduction (i.e., “as is” sample) in accordance 
with JIS K0058-1 as indicated in MOE Notification  
No. 3 (January 13, 2012). This method was adopted 
because the wastes that must be solidified are high in 
radiation and are highly leachable. This method is 
adopted even for powdery wastes in order to maintain 
equity of the leaching test method.

Table 1 lists the leaching test results for representative 
contaminated wastes (NIES, 2012). These data indicate 
MSWs and IWs, not including decontamination waste and 
its ash. For bottom ash and sewage sludge incineration 
ash, leaching rates are indicated for stable cesium because 
that of radioactive cesium was less than the detectable 
threshold. One of the objectives of the treatment is to 
insolublize heavy metals within the fly ash. The leaching 
rates for untreated fly ash comprising soluble salts as well 
as that for cement—and/or chelating—treated fly ash were 
within 60 to 90 percent. These results indicate that the 
leaching rate for radioactive cesium does not change after 
treatment for heavy-metal insolubilization. Fly ash 
solidified with cement was compressed during curing and 
was found to have an unconfined compressive strength of 
at least 0.98 MPa. The leaching rate of solidified fly ash 
decreased to 10 to 15 percent, but the powdery fly ash had 
a high leaching rate. Many types of incineration ash, 
including bottom and fly ash, were subject to the leaching 
test, and the leaching rates of all fly ashes were 
comparable. The leaching rate of fly ash was found to be 
very high irrespective of its treatment status, whereas those 
of bottom ash and sewage sludge incineration ash were 
low. When the leaching period was beyond six hours, the 

leaching rate of the fly ash was 100 percent, whereas those 
of bottom ash and sewage sludge incineration ash were 
stable (Ishimori et al., 2013).

The leaching rates are crucial knowledge for the 
operation and management of landfill sites, and external 
exposure of workers and local residents must be managed 
according to the radiation concentration of the wastes. 
Assuming that the leaching rate from fly ash with a 
concentration of 1,000 Bq/kg is 90 percent and that from 
bottom ash with a concentration of 45,000 Bq/ kg is  
2 percent, the leaching load of both ashes to the leachate 
treatment facility would be equivalent (i.e., 90 Bq/L in 
both cases). In addition, the leachate concentrations of 
radioactively contaminated inert-type wastes could not 
be detected (<10–15 Bq/L) in tens of samples. Thus, it 
can be concluded that there are no inert-type wastes 
containing easily water-soluble radioactive cesium.

3.2 Cement Solidification
Cement solidification is the treatment required when 

landfilling designated wastes with a radioactive 
concentration of 100,000 Bq/kg and lower at MSW and 
controlled-type IW landfill sites. Solidification is 
performed according to MOE Notification No. 14 by 
adding at least 150 kg/m3 of cement. In addition, the 
unconfined compressive strength must be at least  
0.98 MPa. This solidification method is the same as that 
specified in an earlier detoxication measure for metals, 
namely the “Standards for Solidification of Waste 
Materials Including Metals” of Environmental Agency 
Notification No. 5 (March 14, 1977). Solidification with 
cement is aimed at restraining the leaching of 
radioactive cesium and is effective at significantly 
delaying the leaching rate even in the presence of water. 
Cement itself cannot immobilize radioactive cesium; 
nevertheless, cement solidification reduces porosity and 
hydraulic conductivity, which strongly reduces the 
migration of radioactive cesium because its diffusion 
coefficient in solids is lower than that in liquids. This 
effect strengthens with decrease in porosity. The 
properties of fly ash, however, are not constant, and its 
strength depends on the composition ratios of ZnO, PbO, 
and SO3 as well as the atmospheric temperature. 
Nishikawa et al. (2012) reported that solidified fly ash 
occasionally does not achieve the prescribed strength 
within 14 curing days at a water-cement ratio of 0.8 and 
500 kg/m3 added cement. Designated wastes are of many 
types, including weeds, sticks mixed with soil and 
disaster-astes; therefore, solidification methods have to 
be demonstratively developed.

Leaching of radioactive cesium from solidified wastes 
is a diffusion phenomenon within solids;  even if the 
leaching rate is only 10 percent during a standard 
six-hour leaching test, the rate would increase sharply 
when leaching continues over several weeks. Moreover, 
the specimen dimensions affect the leaching rates. Actual 
solidified wastes are designed to be large cubes of size  
1 m, with surface area per 1 m3 being approximately  
6 m2. The leaching specimens were approximately 5 cm 

Sample Radioactive Cs leaching 
rate (%)

MSW: incineration bottom ash 1.6*
MSW: untreated fly ash 64.1–89.1
Cement-treated fly ash 62.5–86.3
Solidified fly ash with cement 13.1
Bottom ash–fly ash (4:1) mixture 27.1
Sewage sludge incineration fly ash 0.9*
* Leaching rate of stable cesium is calculated since that of 
radioactive cesium is less than the lower detection threshold.

Table 1   JIS K0058-1 leaching test results of representative 
radioactively contaminated wastes. 
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in size, meaning that the actual leaching cannot be 
evaluated solely using the JIS K0058-1 leaching test. In 
addition, since long-term leaching behaviors vary 
because of surface deterioration or expansion of 
solidified waste, the leaching test results must be 
presented as leaching flux per unit surface area. 
Landfilling is the final disposal of designated wastes, not 
temporary or intermediate storage; thus, it is crucial to 
evaluate the total amount of radioactive cesium that is 
expected to leach over a long period, and subsequently 
the leaching rate. The long-term leaching rate should 
accordingly be appropriately controlled through 
solidification in order to prevent its negative effects on 
the environment in the future.

4. Engineering Performance Standards for 
Each Material

4.1 Required Performance of Lower Soil Layer
Four characteristics, namely adsorptivity of radioactive 

cesium, water permeability, workability and deformability, 
of the lower soil layer, and characteristics such as waste 
scattering, bad odor and pest outbreaks of the intermediate 
soil covering must be evaluated. 
-  Adsorption must be adequately high to prevent the 

leakage of radioactive cesium and to capture 
radioactive cesium within the landfill area. Radioactive 
cesium, like potassium, can be adsorbed by hexagonal 
holes in silica sheets containing clay minerals. The 
adsorption ability of clay-rich soils is expected to be 
high. Adsorption ability is typically evaluated as the 
distribution coefficient (mL/ g), which is derived 
through batch-type adsorption tests. Radioactive 
cesium has high adsorptivity to soils under natural 
groundwater condition, but potassium and stable 
cesium in water are adsorption inhibitors. Because fly-
ash-leached liquid contains several thousands of 
milligrams per liter of potassium and because its 
electrical conductivity generally exceeds several 
thousands of millisiemens per meter, the adsorption 
ability of soil in landfill sites is not as high as is usually 
reported. Ishimori et al. (2012) reported that the 
distribution coefficient of soil in leachate is one 
hundredth that in pure water.

-  The lower soil layer serves as an adsorption layer; 
therefore, its performance cannot be evaluated unless 
water permeates through it. Water permeability is 
therefore a desired characteristic, and a hydraulic 
conductivity of at least approximately two times that  
of the waste layer is desirable. The distribution 
coefficient of decomposed granite produced in Ibaraki 
prefecture is 16 mL/g, and its hydraulic conductivity is 
10−3 cm/s, whereas those of Saitama soil is 31 mL/g 
and 10−5 cm/s, respectively (Ishimori et al., 2012). This 
means that while the soil has sufficient adsorption 
ability, it is unsuitable for use as the lower soil layer 
because of its low permeability.

-  Merely the presence of soil is not adequate; it must be 
workable. This is because all areas in the lower soil 

layer must exhibit high adsorption ability. What must 
be used for compaction control are soil, artificial 
materials and soil mixtures with adequate hydraulic 
conductivity and suitable radioactive cesium 
adsorption capacities (a distribution coefficient of at 
least 10 mL/g in leachate is desired).

-  Soil must be installed with sufficient thickness to 
ensure its performance as the adsorption layer even 
under differential settlement. Swellable materials 
should not be used as they are impermeable. Therefore, 
appropriate management measures must be enacted to 
ensure that the leached liquid would still pass through 
the soil layer and be transported to the water treatment 
facility even if uneven settling has occurred. Installing 
geotextiles such as geogrids and geonets beneath the 
lower soil layer may be efficient in preventing 
deformation of the existing waste layers.

4.2 Required Performance of Water-impermeable 
Soil Cover

The impermeable soil cover (i.e., the capping system) 
is the final soil cover or the intermediate soil cover 
placed atop landfilled wastes with high leachability of 
radioactive cesium. Four performance measures—
rainwater impermeability, radiation shieldability, 
workability and deformability—must be evaluated for 
this soil cover.
-  Impermeability can be ensured by reducing the 

hydraulic conductivity and by placing a drainage layer 
in the upper section of the impermeable capping. A 
gradient of approximately 5 percent is necessary 
considering the differential settlement of landfilled 
waste layers. In addition, a gas-extraction layer must 
be installed beneath the impermeable capping layer 
because landfill gases will be produced even if only 
incineration ash is landfilled. Regarding the long-term 
durability of the capping system, Japanese authorities 
do not have enough experience to construct such a 
capping system as there are no firm regulations on 
such capping systems in Japan.

-  Shieldability depends on the density and thickness of 
the impermeable soil cover layer. An ordinarily-
compacted soil layer with thickness of 50 cm can 
shield 90 percent of the radiation from radioactive 
cesium.

-  Workability of the soil cover differs from that of the 
bottom liner in that the former is installed on the upper 
section of the landfilled waste layers. Thus, the 
reaction force of compaction, deformation of landfilled 
waste, differential settlement, and landslides must all 
be focused on during implementation. 

-  The impermeable soil cover must be deformable 
because differential settlement is inevitable. This is 
because the soil cover must be installed on the upper 
section of radioactively contaminated waste layers, 
atop existing waste layers. Swellable clay, such as 
bentonite or geosynthetic clay liner, is a suitable 
material. Geotextiles may be effective in reducing 
differential settlement.
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Apart from the aforementioned four characteristics, 
additional scenarios require attention, such as when the 
existing waste layers contain sludge or perishable waste 
materials, when a large amount of gas is discharged to 
the treatment plant from the draining pipes (fume 
stacks), and when temperatures of the waste material 
layers are high. In these cases, additional measures, such 
as installing an exhaust layer underneath the water-
impermeable layer in order to remove the gas, must be 
implemented.

5. Future Issues and Outlook

Factors such as the capacity of the intermediate soil 
cover to adsorb radioactive cesium, installation of an 
impermeable soil cover or rainwater drainage layer, 
preventing the accumulation of perched water, slope 
stability, and leaching controls must be accounted for in 
the landfilling of radioactively contaminated wastes. 
Landfill management must take into consideration not 
only the leachate quality but also external exposure and 
land use restrictions.

The lower soil layer must have adequate adsorption 
ability and water permeability; thus, compaction control 
and appropriate material selection are essential. Because 
there are no standard methods for calculating the 
distribution coefficient, a measure of adsorption ability, 
it is difficult to adopt either batch-type or column-type 
adsorption tests. Moreover, properties of the solvent in 
the adsorption test must be accounted for since 
adsorption ability decreases due to such factors as the 
concentration of potassium being higher in fly ash 
leachate than in seawater.

No methods are available to determine the required 
performance standards of an impermeable soil cover; these 
need to be experimentally determined to ensure adequate 
long-term performance. The final soil cover required at 
hazardous waste landfill sites (e.g., subtitle C landfill sites 
in the US) comprises double impermeable layers, a 
protective layer, a drainage layer and a gas-extraction 
layer. Japan has no landfills with such soil covers, making 
it difficult to clarify whether such structures might be 
effective under the meteorological conditions in Japan. 
Thus, experimental and demonstrational tests will be vital 
for obtaining related data.

Sites where radioactively contaminated wastes have 
been landfilled have restrictions on land use as well as 
on land-use change. The annual radiation exposure dose 
can be controlled to sufficiently low levels, even should 
people live at these sites, if a soil cover of an appropriate 
thickness is installed. Land-use changes can be managed 
the same way as for landfill sites where wastes 
containing asbestos are landfilled. Appropriate landfill 
management is essential for all lower soil layers, the soil 
covers and land use. Structural stability to prevent 
differential settlement and landslides as well as 
appropriate containment of heavy metals and radioactive 
cesium must be ensured. Landfill sites have aspects of 
social infrastructure as well as those of land-resource 

creation. After the construction of a landfill site, it may 
be possible that engineering perspectives have not been 
sufficiently implemented during landfilling. Although 
investigating the engineering parameters of waste layers 
that have already been landfilled can be difficult, 
compaction and permeability controls of waste layers 
can nevertheless be performed for land use even if 
radioactively contaminated wastes are landfilled. Thus, 
long-term planning, such as anticipating the use of 
landfill sites after tens of years, and long-term landfill 
management are imperative.
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1. Introduction

Crowdsourcing of radiation data or voluntary data 
collection by lay people is a new approach to data 
collection on radiation in Japan. SAFECAST, an 
international Civil Society Organization (CSO) for 
citizen science and the environment, led such an 
initiative in response to a lack of radiation information 
available to the public soon after the Fukushima Daiichi 
Nuclear Power Plant accident (Fukushima accident; 
SAFECAST, 2011). SAFECAST still continues to 
collect data and develop a methodology for radiation 
data collection. It has gained interest and participation 
from people around the world. To date, SAFECAST’s 
database has risen exponentially to 50 million records 
(data points) per July 2016 (SAFECAST, 2016).  

The data collected by non-experts or non-scientist 
groups has been undermined by other groups skeptical 
of the validity of the data collection methodology 
(Bordogna et al., 2014).  In our view, there is no perfect 
method for anything, including data collection. On the 
other hand, data quality assessment of any source is 

necessary before the data can be used for scientific or 
policy-making purposes.  From this stance, we would 
like to assess how much the non-expert and expert data 
agree with each other by narrowing the geographic focus 
to Fukushima Prefecture area as the place most affected 
by the Fukushima disaster.  

2. Materials and Methods

2.1 Crowdsourced and Expert Data
Crowdsourced data mostly consist of radiation 

measurements on the ground using a unique device 
carried by a moving vehicle such as a car (Brown et al., 
2016). The device, called a “bGeigie,” is a radiation 
detector integrated with electronics designed by 
SAFECAST for collecting necessary information, 
including geographic coordinates, dates and times, and 
storing this information in a flash memory card.  Based 
on its specifications, the bGeigie uses a pancake-type 
Geiger-Muller detector (SAFECAST, 2013), widely 
known as a “GM counter.”

Expert data such as the Nuclear Regulatory Authority 
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(NRA) or Japan Atomic Energy Agency’s (JAEA) 
database include much thematic information. Not only 
do they include air dose rate measurements but also 
radioactive concentrations in many media (such as soil, 
fresh and marine water, the atmosphere and food).  From 
this database, we selected air dose rates measured by the 
NRA through a car-borne survey known as KURAMA. 
We chose these data because the data collection 
methodology was quite similar to that of the citizen 
science group, that is, the use of a car carrying a radiation 
detector for measuring radiation. KURAMA has uses a 
NaI(Tl) scintillator and recently a CsI(Tl) based scintillator 
to detect and measure gamma radiation. Tsuda et al. (2015) 
provided a thorough investigation on the air dose rate and 
energy characteristics of this detector. The technical 
development of the KURAMA system was described by 
Tanigaki et al. (2013) and Tanigaki et al. (2015).  

2.2 Dataset Specification
This study uses all KURAMA data available from 

2011 to 2013, comprising seven datasets from seven 
surveys (JAEA, 2014).  The data collection effort started 
and ended on a particular date and took around a week 
to two months to complete. These datasets as well as 
other thematic data can be freely accessed through http://
emdb.jaea.go.jp/emdb/en/.

Since the non-expert group collected the data on an 
irregular basis, SAFECAST’s database was divided into 
seven datasets which measured close to or within a 
KURAMA survey period. Each SAFECAST dataset 
holds an accumulation of three months (90 days) of 
measurements.  Theoretically, the air dose rates of 
Cs-137 do not significantly decrease within six months. 
Table 1 introduces the selected datasets from both data 
sources used in this study.  

2.3 Unit of Analysis
The non-scientist group and scientist group did not 

necessarily measure radiation exactly in the same 
location. Therefore it is impossible to compare the air 
dose rates from the two groups at any point in the study 
area.  To solve this spatial problem, we assume that 
when both measurements were conducted at a distance 
of less than 100 meters from each other, the ambient 
doses measured did not differ significantly. This 
assumption adopts the opinion of Andoh et al. (2015) 
who argued that 90% of an air dose rate measured at a 
specified location comes from a radius of 60 meters 

from the contaminated area. The idea was implemented 
by representing the study area as a matrix of 100 meter 
square grids. The index of grids follows the National 
Standard Grid Square Framework (Ministry of Internal 
Affairs and Communication, 1996).  Each grid was 
assigned a unique code. In each grid where two or more 
measurements existed, the air dose rate values were 
averaged.

2.4 Data Analysis
The easiest way to know how expert and 

crowdsourced approaches compare in measuring 
radiation would be by relating their data to each other, 
since the datasets are both about air radiation doses in 
the open environment. For our comparison we adopted a 
simple linear regression analysis, which is a widely 
used, very useful, straightforward statistical tool.  

We performed linear regression analyses on two 
dataset combinations:  (1) between datasets from 
different data sources, the acquisition periods of which 
are comparable, and (2) between datasets from the same 
source that had different survey periods.  In the latter 
analysis, a radiation dose reduction rate from one survey 
period to the next could be assumed. The degree of 
decline in air dose rates may be a good way of 
comparing both methods in viewing the dynamics of 
radioactivity in the study area.

Finally, we further examined the number of 
observation from both approaches across different kinds 
of land cover. We used the seventh vegetation survey 
data from the Geospatial Information Authority of Japan 
to provide information about land cover in Fukushima 
Prefecture.

3. Results 

Figure 1 presents the pattern we used for comparing 
air dose rate measurements by the citizen science group 
and by national expert group at the same place. Each 
panel in the figure shows a significant number of 
observations concentrated in the lower range of air dose 
rates and fewer observations in higher range values. 
Similarly, the variation in air doses becomes broader as 
air dose values increase.    

Figure 1 illustrates that in all survey periods, the non-
expert data correlate quite well with the expert data. On 
the other hand, the actual air dose rate values from non-
expert measurements seem to be lower than those of the 

KURAMA survey KURAMA’s Acquisition Dates Analogous SAFECAST dataset
1st 2011/06/06 – 2011/06/13 2011/05/26 – 2011/07/25
2nd 2011/12/05 – 2011/12/28 2011/11/02 – 2012/01/31
3rd 2012/03/13 – 2012/03/30 2012/03/21 – 2012/05/05
4th 2012/08/20 – 2012/10/12 2012/08/01 – 2012/10/30
5th 2012/11/05 – 2012/12/10 2012/10/09 – 2013/01/07
6th 2013/06/12 – 2013/08/08 2013/05/12 – 2013/09/08
7th  2013/11/05 – 2013/12/12 2013/10/09 – 2014/01/07

Table 1  The KURAMA dataset and its analogous SAFECAST dataset used in this study.
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professional group measurements in all observation 
periods. Represented by the slope of the figure, the 
discrepancy level between the crowdsourcing and 
professional approached a factor of 0.65 in the first 
survey period (June 2011), followed by 0.56 in the 
second survey period (December 2011), 0.51 in the third 
period (March 2012) 0.70 in the fourth period (August – 
October 2012), 0.38 in the fifth period (November – 
December 2012), 0.68 in the sixth period (June – August 
2013), and 0.48 in the seventh survey period (November 
– December 2013).    

To discover how similar the non-expert and expert 
methods were in depicting air dose rate trends, the data of 
the same group in the first survey period were paired with 
those of a subsequent survey period.  Figures 2 and 3 
present the estimated slopes, showing that both expert and 
non-expert data demonstrated a continuous decreasing 
trend from the first survey period towards the latest. The 
first panel of Fig. 2 (the first row and first column of the 
figure) of the air dose rate from the second KURAMA 
survey had decreased by about 25% in comparison to the 

first KURAMA survey.  The subsequent panels of the 
same figure show that air dose rate in the third survey 
measurement by the expert group had decreased by about 
36%, the fourth by 46%, the fifth by 56%, the sixth by 
60%, and the seventh by 61%.  During the same period, as 
illustrated by the first panel of Fig. 3, the percentage by 
which the second period of SAFECAST measurements 
had decreased compared to the first measurement period 
was 34% .  Correspondingly, as shown in subsequent 
panels of the figure, the air dose rate in the third 
measurement period by the citizen science group had 
decreased by 50%, the fourth by 47%, the fifth by 64%, 
the sixth by 65%, and the seventh by 72%.  

Based on Fig. 4, in the early measurement period of 
2011, the citizen science group collected more radiation 
data than the national authority. The number of 
observations, however, fell off in the following years. 
Both radiation measurement approaches showed 
relatively significant numbers of observations in urban 
and suburban environments but a lack of observations in 
forested areas throughout the survey periods.

 

Fig. 1  Correlation diagrams of non-scientist group air dose rate data from (SAFECAST) to scientist 
group data (KURAMA), collected during parallel acquisition times.  The figure is organized into seven 
panels according to the survey times of the KURAMA system.   

 

 

 

 

 

 

 

 

 

 

 

   

Fig. 1   Correlation diagrams of non-scientist group air dose rate data from (SAFECAST) to scientist group data (KURAMA), collected 
during parallel acquisition times.  The figure is organized into seven panels according to the survey times of the KURAMA system.  
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Fig. 3  Correlation diagrams of the air dose rates between the first selected measurement period and 
subsequent periods of the citizen science group.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3   Correlation diagrams of the air dose rates between the first selected measurement period and subsequent periods of the citizen 
science group.   

 
 

Fig. 2  Correlation diagram of air dose rates between the first and the subsequent surveys of the expert 
group.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2  Correlation diagram of air dose rates between the first and the subsequent surveys of the expert group.  
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4. Discussion 

4.1 Agreement in Dose Rate Measurements
The large number of observations in the lower range 

of air dose rates shown in Fig. 1 was probably due to the 
large extent of the contaminated area with such a range 
of air dose rates and partly because access to the highly 
contaminated part of Fukushima Prefecture was 
restricted. Meanwhile, the high variation in the high air 
dose rate regions might be due to the detector types used. 
Knoll (2010) stated that application of this kind of 
detector is less useful at high counting rates because of a 
well-known dead time phenomenon that necessitates 
application of a dead time correction. Any bGeigie 
instrument utilizes a dead time compensation formula in 
its counting system (SAFECAST, 2014). Another 
possible cause of high variation in the upper range of air 
dose rate measurements is a seasonal factor, together 
with the detector sensitivity factor mentioned earlier. It is 
quite clear from the figure that the magnitude of variation 
was relatively larger in the survey periods of December 
2011, March 2012,  November – December 2012, and 
November – December 2013. During these periods, there 
could have been some amount of snow cover in parts of 
Fukushima Prefecture when measurements were 
undertaken. Tanigaki et al. (2015) found that air dose 
readings by the KURAMA-II system were greatly 
affected by heavy snow occurrence. The sixth panel of 
the June –  August survey period, when measurements 
were conducted in summer, is an exception, but there is a 
chance of outliers also affecting the variation.

The coefficient correlation in Fig. 1 signifies that the 
non-expert data can be estimated from the expert group 
data. Although both data are well correlated, the non-
expert measurements of air dose rate values of can be 
40% – 70% lower than the values of the expert group 
measurements. We suspect that at least two factors that 
might contribute to the discrepancy. First, it might be 
due to the how the detector is mounted on the car. The 
bGeigie is usually set on either side of a car window 

(supported by a belt strap locked to the hand grip inside 
the car).  It thus faces either to the left or the right side 
of the car. Because of this placement, some number of 
photons coming from behind the detector might be 
blocked by the body of the car. Also, due to the physical 
design of the detector, such that a thick steel case covers 
its back side, the direction the detector is facing would 
affect the number of photons coming into the detector’s 
window. Second, as we recognized previously, seasonal 
conditions might also influence the response of GM 
counters. The slopes of the regression lines shown in the 
panels associated with winter or early spring 
measurements were relatively smaller than the slopes  
in other panels.  The shielding effect of snow that  
had affected the measurements had already been 
compensated for in the expert measurements database 
(JAEA, 2014).  Since similar efforts have not made yet 
with the citizen science group data,  it is likely that the 
snow-shielding effect have shown up as a lower slope 
values in the regression lines.

Both the citizen science group and expert group data 
include natural background radiation. Natural 
background radiation may include radiation from 
terrestrial sources such as uranium, thorium and radium, 
and extraterrestrial phenomena such as cosmic rays.  
The detector used by the expert group was not designed 
to detect cosmic rays, therefore cosmic rays may also 
have influenced the discrepancy between the air dose 
rate values of the two measurement approaches.  The 
intercept values in Fig. 1, ranging from 0.06 to 0.17, 
might reflect the influence of cosmic rays on the citizen 
science group data.  In highly contaminated areas, the 
contribution of total background radiation to air dose 
rate mesurement values would not be substantial and 
neither would that of cosmic rays.  On the other hand, 
they become significant when measurements are 
undertaken in low to very low contaminated areas or 
under normal conditions.  

 
 

Fig. 4  Numbers of observations provided by crowdsourcing and the expert survey across several land 
cover types in Fukushima Prefecture after the Fukushima accident. 

 

 

 

 

 

 

 

 

 

 

Fig. 4   Numbers of observations provided by crowdsourcing and the expert survey across several land cover types in Fukushima Prefecture 
after the Fukushima accident.
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4.2 Reduction of Air Dose Rates
The non-expert data show a decreasing trend in air 

dose rates, and so do the expert group data, as discerned 
from the slopes of the regression lines in Figs. 2 and 3, 
respectively. We took the slopes from Figs. 2 and 3, and 
used them to see their performance in the course of the 
survey periods, as illustrated in Fig. 5. It clearly shows 
that the slopes from both non-professional scientists and 
expert groups are going in the same direction, which has 
started leveling since the last period of the survey. The 
difference in the air dose rate reduction between the two 
methods based on their regression slopes ranges from 
0.5% to 14%. We believe that this difference came about 
as a consequence of detector characteristics and 
measurement outcomes.

4.3 Radiation Measurements in Forested Areas
It is reasonable for any measurement which depends 

primarily on human or so-called human-centric sensor 
types (Srivastava et al., 2012) to have limited movement 
throughout a wide landscape, particularly a landscape 
that has a complex physical form or condition, such as 
various forms of land cover, terrain or road access as in 
Fukushima Prefecture.  What we can learn from the 
citizen science approach is that the response of the 
public toward provision of radiation information in the 
early period of the crisis was very positive given that 
many observations were done in urban and suburban 
environments (Fig. 4).  

Improvement for more extensive monitoring of 
forested land is imperative in the long term, since 
radioactive matter is highly concentrated in the forests 
(Hashimoto et al., 2012). Improvement of the 
crowdsourcing approach may be accomplished by 
segmenting the volunteers (Rossiter et al., 2015) or 
developing a tasking system (Boulos et al., 2011) 
prioritizing areas that have not yet been visited or need to 
be revisited. SAFECAST has been developing a fixed 
sensor network installed in fixed locations and positions as 
an alternative system for monitoring the environment with 
less effort from human operators.  This new instrument 
will continuously update the air dose rate in near real time. 

5. Conclusion

This study extends the discourse about the quality of 
information that could be acquired by citizen 
participation in science. We investigated the radiation 
data of SAFECAST and data managed by the NRA and 
JAEA for agreement on air dose rate values, reduction in 
air dose rates from 2011 to 2013, and the number of 
measurements across several land cover types. We 
presented evidence that the air dose rate values from 
crowdsourced radiation measurements are well correlated 
with scientist group measurements. The real air dose rate 
values from the citizen science groups, however, were 
lower than those of the expert groups, ranging from 40% 
up to 70% lower. We also assessed trends in air dose 

 

Fig. 5  Air dose rate reduction trends throughout the survey period (2011-2013), taken from the slope of 
regression model between the first survey (June 2011) and second survey (December 2011), third survey 
(March 2012), fourth survey (August 2012 – October 2012), fifth survey (November 2012 – December 
2012), sixth survey (June 2013 – August 2013) and seventh survey (November 2013 – December 2013). 
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rates indicated by the slope of the linear regression model 
between two datasets of different survey periods but from 
the same source. The result showed that the trend of air 
dose reduction generated from citizen science group data 
followed the same direction of the trend provided from 
scientist group data. The magnitude of air dose rate 
reduction of the citizen group data toward the expert 
group data is lower than that of the expert group, the 
discrepancy between which can be as high as 14%. We 
discussed some factors that might cause such 
discrepancies in measurement values, which are mainly 
associated with GM counter characteristics and 
sensitivity. We provided evidence that a crowdsourcing 
approach to radiation data is responsive to a crisis. 
Especially for urban and suburban areas, a crowdsourcing 
approach could potentially be relied on to provide 
radiation information after a nuclear accident.  

Given the significant discrepancy in air dose rate 
values, we would like to suggest that the radiation 
information provided by citizen science, especially from 
measurements with GM counters would need 
supplemental and comparative material with a brief 
explanation on the existing discrepancies. Regarding the 
utilization of citizen science data, we would emphasize 
the importance of preprocessing or pre-analysis stages 
including data selection and conversion, before further 
using them for generating information. Since the air 
dose values show discrepancies with a seasonal pattern, 
data selection based on period of measurement is crucial. 
The selection of datasets based on the detector type from 
the SAFECAST database is important as well because 
the database may contain numerous measurements using 
a variety of detectors.  Each detector has unique 
conversion factors to other measurement units.  

We argue that, since both data sources have quite a 
good linear relationship, the use of citizen science 
through the SAFECAST database to provide radiation 
information is worth consideration. It is particularly 
beneficial in areas lacking data due to government 
resource limitations or because national monitoring is no 
longer required there.
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