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Preface to ”Assessment of Environmental

Radioactivity and Radiation for Human Health Risk”

In 2010, the Institute of Radiation Emergency Medicine (IREM) was established as a strategic

research institute at Hirosaki University, Japan. Subsequently, the Great East Japan Earthquake

occurred on 11 March 2011, and consequently a nuclear accident occurred at Tokyo Electric Power’s

Fukushima Daiichi Nuclear Power Plant. We played an important role in the response to the disaster

and transmitted a wide range of academic information. This achievement has been highly rated, not

only in Japan but also internationally. In parallel, we have started a human resources development

project for the Nuclear Regulation Authority and other projects that aim to create a hub institution

for domestic utilization and collaborative research.

This Special Issue book of the International Journal of Environmental Research and Public Health,

titled “Assessment of Environmental Radioactivity and Radiation for Human Health Risk”, is the one

of IREM’s accomplishments and is published to commemorate the 10th anniversary of the Institute

of Radiation Emergency Medicine. This book provides a collection of high-quality research papers in

radiation-related fields, such as environmental radioactivity, environmental radiation, measurement

data, methodology, monitoring, and risk assessment. Finally, we thank all the reviewers, editors and

authors for their important anonymous contributions under a very strict time constraint, and we

would like to acknowledge all of the authors for their excellent research.

Shinji Tokonami, Ikuo Kashiwakura

Editors

ix





International  Journal  of

Environmental Research

and Public Health

Review

Characteristics of Thoron (220Rn) and Its Progeny in
the Indoor Environment

Shinji Tokonami

Institute of Radiation Emergency Medicine, Hirosaki University, Hirosaki 036-8564, Aomori, Japan;
tokonami@hirosaki-u.ac.jp; Tel.: +81-172-39-5404

Received: 19 October 2020; Accepted: 23 November 2020; Published: 25 November 2020

Abstract: The present paper outlines characteristics of thoron and its progeny in the indoor
environment. Since the half-life of thoron (220Rn) is very short (55.6 s), its behavior is quite
different from the isotope radon (222Rn, half-life 3.8 days) in the environment. Analyses of radon and
lung cancer risk have revealed a clearly positive relationship in epidemiological studies among miners
and residents. However, there is no epidemiological evidence for thoron exposure causing lung cancer
risk. In contrast to this, a dosimetric approach has been approved in the International Commission
on Radiological Protection (ICRP) Publication 137, from which new dose conversion factors for radon
and thoron progenies can be obtained. They are given as 16.8 and 107 nSv (Bq m−3 h)−1, respectively.
It implies that even a small quantity of thoron progeny will induce higher radiation exposure
compared to radon. Thus, an interest in thoron exposure is increasing among the relevant scientific
communities. As measurement technologies for thoron and its progeny have been developed, they are
now readily available. This paper reviews measurement technologies, activity levels, dosimetry and
resulting doses. Although thoron has been underestimated in the past, recent findings have revealed
that reassessment of risks due to radon exposure may need to take the presence of thoron and its
progeny into account.

Keywords: thoron; thoron progeny; indoor environment; measurement technique; radioactivity;
dose assessment

1. Introduction

Radon (222Rn), thoron (220Rn) and their progeny can be regarded as the largest contributor
annually to an effective dose for the public globally [1,2]. According to the United Nations Scientific
Committee on the Effects of Atomic Radiation (UNSCEAR) 2008 report, an annual effective dose from
natural radiation sources is calculated to be 2.4 mSv as the worldwide average, whereas radon and
thoron contribute 1.2 and 0.1 mSv, respectively. When they are inhaled, although radon and thoron
gases are not significant, their progeny particularly affect the lung tissue due to alpha particles emitted
in their decay chains deposited in the airways. In the past, lung cancer incidence had been found only
among miners as shown in many epidemiological studies, whereas recent investigations have revealed
that even indoor radon resulted in lung cancer among residents [3]. These surveys were carried
out in Europe, North America and China. Therefore, the World Health Organization (WHO) issued
a handbook where special attention was paid to indoor radon [3]. Subsequently, the International
Commission on Radiological Protection (ICRP) has recently published two publications and one
statement related to radon. In these documents, the upper value of the reference level for radon gas
in homes was revised downward from the value in the 2007 Recommendations of 600 Bq m−3 to
300 Bq m−3 [4,5]. The International Atomic Energy Agency (IAEA) revised the previous Basic Safety
Standard (BSS) in the same manner as the ICRP and a related guide was issued [6,7]. The WHO further
advised a reference level of 100 Bq m−3 though it may be impossible to achieve such a low radon gas
concentration in many countries. Such recommendations depend on results of an indoor radon survey.

IJERPH 2020, 17, 8769; doi:10.3390/ijerph17238769 www.mdpi.com/journal/ijerph1
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In most cases, these surveys were carried out using passive radon monitors so as to obtain an annual
indoor radon concentration. Even in epidemiological surveys, the same type of radon monitor was
used, because lung cancer incidence was closely related to long-term exposure to radon. Previous
recommendations were given based on not the dosimetric, but on the epidemiological approach. It had
been previously believed that the epidemiological approach was more reliable than the dosimetric.
In ICRP Publication 65, the risk estimate was given based on the epidemiological approach [8]. As was
concluded according to studies of miners, however, the conversion convention, though scientifically
vague, needed to be used when applied to indoor radon studies. There was a large difference between
the two approaches by a factor of more than three and many technical issues to be solved. After the
data analyses on the indoor radon and lung cancer study were vigorously carried out, the risk estimates
in residential radon studies were eventually concluded without using the conversion convention and
came close to those given by the dosimetric approach. This is why many authoritative publications
were issued and revised. However, they still state that the effect of thoron is negligible compared to
that of radon, though the amount of related data is limited. It should be noted that measurement
techniques for thoron are not so easy as those for radon. As the half-life of thoron atoms is much
shorter than that of radon, they immediately decay, followed by 216Po with a half-life much shorter
than thoron. A question arises here. Many passive radon monitors have been used in both national
and epidemiological surveys. If thoron is present together with radon, are these well designed so as to
effectively detect radon only? If high diffusion barriers are used, they depress the detection of thoron.
Otherwise they may mislead and lead to wrong calculation of radon concentrations. In epidemiological
surveys, this will result in incorrect lung cancer risk estimates. Most passive radon monitors have
never been examined from the viewpoint of thoron interference on radon measurements. Limited data
on thoron is given in UNSCEAR reports and indoor thoron surveys have never been systematically
conducted. It is well known that there is no epidemiological evidence for thoron risk related to lung
cancer. The risk can be estimated based only on the dosimetric approach. Under the current situation
in which the dosimetric approach has become more reliable, it is important to know how large the
total lung cancer risk is when influenced by thoron and its progeny. This paper comprehensively
describes characteristics of thoron and its progeny in the indoor environment from the viewpoint of
measurements, dose assessment and health risk.

2. Physical Property and Behavior

Figure 1 illustrates the radioactive decay series for thorium-232 [9] where the half-life and emitted
energies are given. After Ra-224 decays, Rn-220 is formed. It is commonly called thoron, an inert gas.
In the uranium-238 decay series, on the other hand, radon-222 is formed as an inert gas. There is a great
deal of difference in the half-life between radon-220 and radon-222. Although Po-216 is formed with
alpha decay of Rn-220, it can almost be regarded as a gas because its half-life is very short. Subsequently
Pb-212 and Bi-212 are formed, which need mainly to be considered for dose assessment when they are
inhaled. These concentrations are collectively expressed in the equilibrium equivalent concentration
(EEC). The EEC for thoron progeny (Equilibrium Equivalent Thoron Concentration: EETC [Bq m−3])
can be approximately calculated by the Equation (1) after considering the contribution of Po-216:

EETC = 0.913×CB + 0.087×CC (1)

where CB: Pb-212 is activity concentration [Bq m−3]; CC: Bi-212 is activity concentration [Bq m−3].
If the equilibrium factor for thoron (FTn) is defined in the same manner for radon, it can be expressed
as the Equation (2):

wFTn =
EETC
CTn

(2)

where CTn is thoron concentration [Bq m−3]. The significance of the equilibrium factor for thoron is
discussed in this paper from the viewpoint of dose assessment.

2
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Figure 1. Radioactive decay series for thorium-232.

Figure 2 exemplifies the exhalation process of thoron from macro surfaces such as walls containing
its parent nuclide 224Ra. The exhalation and diffusion of thoron is approximately described as a
one-dimensional phenomenon. When the exhalation rate of thoron from the wall is considered,
for instance, the indoor thoron concentration (CTn(x) [Bq m−3]) at distance x from the wall can be
expressed by the Equation (3) [10,11]:

CTn(x) =
ETn√
λTnD

e(−
√
λTn/Dx) (3)

where ETn is surface exhalation rate of thoron from the wall [Bq m−2 s−1]; λTn is decay constant of
thoron [s−1]; and D is diffusion coefficient of thoron [m2 s−1]. If the thoron concentrations are measured
at two different locations, respectively, the exhalation rate of thoron can be estimated. As the half-life
of Po-216 is much shorter than that of the parent nuclide thoron, there is a radioactive equilibrium
between the two isotopes.

 

Figure 2. Exhalation process of thoron from macro surface.

Figure 3 illustrates the behavior of radon/thoron and their progeny in indoor air. After radon
and thoron decay, their progenies are formed. Most of these are positively charged and they rapidly
capture water molecules, thus forming clusters. They move so quickly in air that some of them attach
to ambient aerosols and the others deposit on the wall, ceiling, floor and macro-surfaces. Therefore

3
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radon/thoron progeny are generally classified into two fractions: unattached and attached fractions.
As unattached progenies have a high diffusive velocity, they deposit on available surfaces very quickly.
Even progeny attached to ambient aerosols may eventually deposit on the surface. Before Po-216
atoms are captured by ambient aerosols, they decay to Pb-212 atoms. After considering the half-life of
Pb-212, the negligible outdoor Pb-212 activity concentration, and the attachment process to aerosols,
Pb-212 activity concentration (CB [Bq m−3]) in a room can be obtained by the Equation (4):

CB =
λaλBETn

λTn

(
λB + λv + λa

d

){
λB + λa +

√
λTn(λB + λa)

} · S
V

(4)

where λB is decay constant of Pb-212 [s−1]; λa is attachment rate of unattached thoron progeny onto
ambient aerosols [s−1]; λv is ventilation rate of the room [s−1]; λa

d is deposition rate of attached thoron
progeny [s−1]; S is surface area where thoron atoms are emitted [m2]; and V is inner volume of the
room [m3]. Based on the same manner, Bi-212 activity concentration (CC) is subsequently given by the
Equation (5):

CC =
λCCB

λC + λv + λa
d

(5)

where λC is decay constant of Bi-212 [s−1]. When the typical parameters are given in Table 1 [10,12,13],
EETC can be estimated with the exhalation rate of thoron as shown in Figure 4. De With et al. [14]
reported the thoron exhalation rate from the wall against the EETC value in the room. As the physical
parameters except Surface-to-Volume (S-V) ratio are not expected to be much different in any indoor
environment, EETC can be simply expressed along with the exhalation rate of thoron and S-V ratio as
the Equation (6):

EETC = 3.36ETn
S
V

(6)

Note that the EETC may change if another value of each parameter is adopted from the range.

 
Figure 3. Behavior of radon/thoron and their progeny in indoor air.
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Table 1. Physical parameters for indoor model [10,12,13].

Parameter 1 Range Typical

Decay constant of thoron [h−1] - 44.74
Decay constant of Pb-212 [h−1] - 0.065

Attachment rate of unattached thoron progeny
onto ambient aerosols [h−1]

3–110 50

Ventilation rate of the room [h−1] 0.1–1 0.5
Deposition rate of attached thoron progeny [h−1] 0.015–0.35 0.2

Surface-to-Volume ratio [m−1] - 0.36
1 Unit is expressed in h−1 so as to easily compare with previous studies.

 

Figure 4. The relationship between Equilibrium Equivalent Thoron Concentration (EETC) and exhalation
rate of thoron.

3. Measurement Techniques

3.1. Spot Measurement

3.1.1. Thoron

As the half-life of thoron is shorter than 1 min, thoron gas measurement needs to start immediately
after sampling. In this section, the measurement method using one scintillation cell is briefly
introduced. Tokonami et al. [15] developed a discriminative measurement technique for radon and
thoron concentrations with time-sequential counting. Prior to the measurement, alpha counting
efficiencies for radon, 218Po, 214Po, thoron and 216Po were estimated by a Monte Carlo Calculation
after taking their range into account based on their emitted energies as well as the size of the cell.
In their study, Pylon scintillation cells of 300A and 110A were used. Their inner volumes are 270 [mL]
and 151 [mL], respectively. As this technique can be completed within 15 min, contribution from
any other alpha emitters of the remaining thoron progeny, such as 212Bi and 212Po, can be ignored
for the determination of thoron concentration. In order to validate justification of the alpha counting
efficiencies by the Monte Carlo simulation, the conversion factor theoretically drawn was compared
with that experimentally given by the manufacturer. The large cell conversion factor (300A) provided
by the manufacturer is the value at radioactive equilibrium, which is given as 27.9 [Bq m−3 cpm−1].
After radon gas is drawn into the cell, it takes 3.5 h to reach the equilibrium between radon and its
progeny. With the latest nuclear data, the theoretical conversion factor is eventually estimated to be
28.3 [Bq m−3 cpm−1], where there is only a small difference between the two approaches. Zhang et al.

5
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made a similar approach in the conversion factor of the same scintillation cell [16]. The alpha counting
efficiencies for thoron and its progeny are close to those given by Tokonami et al. [17]. As the theoretical
approach has been justified, it can be also applicable to the determination of thoron concentration with
the alpha counting efficiencies of thoron and 216Po. Furthermore, it can be regarded that 216Po atoms
behave like a gas in the cell and that thoron and 216Po are at equilibrium because its half-life is very
short. The thoron concentration (CTn [Bq m−3]) is given by the Equation (7):

CTn =
NTn

Vc × (ηTn + ηThA)
∫ t0+tm

t0
e−λTntdt

(7)

where NTn is counts during the period; Vc is inner volume of the cell [m−3]; ηTn is counting efficiency
of thoron; ηThA is counting efficiency of 216Po; t0 is beginning of the measurement [s]; and tm is
measurement period [s]. If radon is present together with thoron, however, counts derived from radon
and its progeny need to be subtracted from NTn. In order to obtain net counts derived from thoron and
its progeny, another measurement is therefore necessary after thoron and 216Po completely decay. NTn

can be expressed as the Equation (8):
NTn = N1 − kN2 (8)

where N1 is counts during the first period; N2 is counts during the second period. The constant k
depends on the existing ratio of radon and its progeny in the cell and the measurement timetable.
In the previous study, an optimal timetable with a 15 min time interval was discussed. The following
timetable was proposed: twenty seconds after sampling, the first measurement is made over 100 s.
Ten minutes after sampling, a 5 min counting, as the second measurement, is made.

3.1.2. Thoron Progeny

The measurement technique for thoron progeny is similar to that for radon progeny. In general,
an alpha counting method is preferable. As 212Pb and 212Bi concentrations are assigned to the subject
of dose assessment in thoron progeny measurement, the counting method is simpler than that for
radon progeny. Two time-sequential counts are necessary to measure two kinds of thoron progeny
concentration in both gross alpha counting and alpha spectroscopic methods. As the half-life of 212Pb is
as long as 10 h, however, it takes a significant amount of time to measure thoron progeny concentrations
precisely. In the gross counting method, a ZnS(Ag) (siliver-activated zinc sulfide) scintillation counting
system is commonly used. As this technique has no alpha energy discrimination, however, it will be
impossible to complete the determination of thoron progeny concentration in a natural environment
because radon will also be present together with thoron. Therefore, the measurement timetable needs to
be optimized so as to determine thoron progeny concentrations. Unless radon progeny concentrations
are the subject of measurement, the measurement can begin after radon progeny completely decay
(practically after 6 h). Note that accuracy of 212Bi activity concentration will be diminished when
considering the half-life of 212Bi (60 min). In order to overcome such practical problems, the least-square
method will be suitable. This can give any activity concentrations regardless of the number of unknown
concentrations. In contrast, the alpha spectroscopic method can quickly terminate the measurement for
both radon and thoron progeny, because the alpha particles emitted from them can be identified due to
the high resolution of the alpha spectrum. Information on the highest alpha particle energy emitted from
212Po is available via this technique without any interference from any other alpha emitters. When the
dose assessment is referred, determination of 212Pb will be emphasized because the contribution from
212Bi is much smaller than that from 212Pb as shown in the Equation (1). Tokonami et al. [17] developed
a simple measurement technique for the equilibrium equivalent thoron concentration with a solid-state
nuclear track detector. A poly allyl diglycol carbonate (PADC), commercially named CR-39, is used as
the detecting material [17]. This passive technique is applicable to determine the radioactivity level
anywhere without electricity supply. The following procedure, before chemical etching and track
reading, can be introduced for the determination of thoron progeny:

6
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1. Air samples are taken over several hours with a membrane filter (Millipore AA) or glass microfiber
filter (Whatman GF/F) installed in an open-faced filter holder and a DC powered air pump;

2. The filter is left until radon progeny completely decay (more than 6 h);
3. An aluminum foil (4.0 mg cm−2) as the energy absorber is directly placed on the filter so as to

detect alpha energy emitted from thoron progeny, and then a CR-39 plate is attached for alpha
track registration;

4. The time is recorded when the CR-39 plate is removed. This is the end of the measurement process.

3.2. Continuous Measurement

3.2.1. Thoron

There are two main ways to continuously identify thoron even though radon is present as well.
Falk et al. [18] developed a delayed coincidence method. The method separates the fraction of alpha
counts emitted from 216Po from all the other alpha counts. This method is based on the short half-life of
150 ms of 216Po. Bigu and Elliot [19] developed a continuous monitor based on their concept. Although
similar monitors were also developed, a flow-through scintillation cell is used in any measurement
system. Alternatively, alpha spectrometry is used. A RAD7 monitor, commercially available, is based
on an electrostatic collection method (for instance, Takeuchi et al., 1999) [20]. In this monitor, air is
drawn into the decay chamber through the drying column. As radon and thoron progeny are positively
charged, they will be neutralized by vapor and subsequently will not be collected on the surface of the
silicon semiconductor detector as the electrode unless air is dried. In addition, the half-life of 216Po is
so short that a large mobility will be required by high voltage to obtain a sufficient sensitivity to thoron.
The voltage cannot be changed in the above monitor. Therefore, a sampling flow rate is one of the
important parameters for thoron sensitivity due to its short half-life. Special attention must be paid to
the flow rate when determining thoron concentrations with this monitor.

3.2.2. Thoron Progeny

There are several commercial products for continuous working level monitoring. Note that any
signals derived from thoron progeny cannot be separated from those of radon progeny unless alpha
spectroscopy is used. In principle, the alpha spectroscopic method can specify information regarding
thoron progeny though it cannot determine the concentration. In a specific continuous monitor,
the EETC can be simply determined using the count rate (CPM) and an experimentally obtained
conversion factor (CF) as in the Equation (9):

EETC =
CPM
CF

(9)

As the conversion factor is obtained under the condition where the EETC is constant, however, the EETC
does not always correspond to an actual variation. On the contrary, a special algorithm for potential
alpha energy concentrations (PAEC) developed by Tokonami et al. [21] would be applicable in this case.

3.3. Time-Integrated Measurement

3.3.1. Thoron

Passive monitors are available for long-term measurement for both radon and thoron.
This technique is commonly used in nation-wide or regional surveys. Solid state nuclear track
detectors and electrets are installed in such a passive system. As they cannot separate radon and
thoron signals, however, a dual measurement system needs to be chosen. This dual system is derived
from the large difference of the half-life between two radioisotopes. For this purpose, the system
accommodates two different diffusion chambers where detectors are installed and in each the entry
rate of gas is well controlled by a gap or filter. In this section, two types of monitor are introduced.
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Eappen and Mayya developed a twin cup radon-thoron dosimeter [22] (Figure 5). Three pieces of
LR-115 Type II detector are fixed in the twin chamber radon dosimeter having three different mode
holders. The exposure of the detector is termed as the cup mode whereas the one exposed as open is
termed the bare mode. The right chamber is covered with a glass fiber filter and therefore both radon
and thoron gases can easily enter the chamber. The left chamber is covered with a membrane filter so
as to reduce the entry of thoron. Thus, there is less sensitivity for thoron in the left chamber than the
right chamber. The third detector film exposed in the bare mode registers alpha tracks contributed
by concentrations of radon, thoron and their progeny. Thereafter another type of passive monitor
(Figure 6) was developed by Sahoo et al. [23]. A pin-hole based 222Rn/220Rn discriminator was installed
in the monitor. For discriminative measurement of two radon isotopes, a pin-hole diffusion barrier
was used [24,25]. This is because different entry rates of 222Rn were pointed out through two entrances
of the dosimeter which might arise from turbulence or air flow in one direction. The new device was
designed to overcome the limitation of the conventional twin cup dosimeter. Currently this pin-hope
monitor has been widely used in India.

Figure 5. A twin cup radon-thoron discriminative monitor [22].

 

Figure 6. A pin-hole based radon-thoron measurement device [23].

Tokonami et al. [26] also developed a passive 222Rn and 220Rn discriminative monitor for a
large-scale survey (Figure 7). The measurement principle is almost the same as the Indian monitor
except for their bare mode. PADC, commercially CR-39, is used as the detecting material. This monitor
and its prototype have been widely used in various countries [27–30]. The above two monitors can be
calibrated in the calibration chamber at Hirosaki University Institute of Radiation Emergency Medicine,
Japan [31]. For determination of radon and thoron activity concentrations with passive solid-state
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nuclear track detectors, ISO 16,641 [32] is currently available. The detection threshold, detection limit and
confidence lower/upper limits in this technique are calculated based on ISO 11,929 [33]. A comparative
performance test of Indian and Japanese-Hungarian monitors was carried out in the environment [34].

Figure 7. A passive type radon (222Rn) and thoron (220Rn) discriminative monitor [26].

3.3.2. Thoron Progeny

A prototype of the passive type thoron progeny monitor was developed by Zhuo and Iida based
on diffusive deposition on the surface [35]. Among thoron progeny, 212Po atoms emit alpha energy of
8.8 MeV, which is the highest alpha energy of all the natural radionuclides. It is, hence, obvious that it
will be easy to detect this high energy by separating different energies emitted from other radionuclides
if an alpha energy absorber with a proper thickness is prepared. Figure 8 shows an overview of a
thoron progeny monitor. For radiation detection, CR-39, one of the solid-state nuclear track detectors,
is mounted in the monitor. The body is made of stainless steel. As shown in Figure 8, four pieces are
installed in the monitor and they are covered with an aluminized Mylar film and a polypropylene film
in this order (thickness: 7.1 mg cm−2; air-equivalent thickness: 71 mm). By adjusting the thickness
properly, only alpha energy of 8.8 MeV can be detected. Figure 9 exemplifies the detecting principle of
alpha energy emitted from 212Po [36].

The monitor is hung on the wall for a certain period. In a usual survey, it is exposed for a
few months. Radon and thoron progeny in indoor air deposit on the wall over the time period.
After they are deposited, tracks of alpha particles are recorded in the CR-39. After retrieving the
monitors, they are chemically etched to identify alpha tracks with a track reading system. The etching
condition for CR-39 (Baryotrak; Nagase Landauer Ltd., Japan) is as follows: solution: 6.0 M NaOH;
temperature: 60 ◦C; time: 24 h. Using a track reading system such as a microscope, track density
is determined. The relationship between track density (D) and thoron progeny concentration,
i.e., equilibrium equivalent thoron concentration, is expressed as the Equation (10):

EETC =
D

C× T
(10)

where D is track density (tracks mm−2); C is conversion factor experimentally obtained (0.017 tracks mm−2

(Bq m−3 day)−1 in our monitor); T is exposure period (day); and EETC: equilibrium equivalent thoron
concentration (Bq m−3).

9
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Figure 8. An overview of a thoron progeny monitor [11].

Figure 9. A detecting principle of alpha energy emitted from 212Po [36].

The conversion factor was experimentally obtained by the comparison between the monitor
and intermittent thoron progeny measurement. The experiment was carried out in actual dwellings.
Using the proposed technique, the lowest detection limit of the EETC is estimated to be 0.005 Bq m−3

with 90-day exposure.
Similar techniques were found in Indian studies [37–43]. Instead of CR-39, LR-115 nuclear track

detectors are used in their monitors. Not only thoron progeny sensors but also radon progeny sensors
are installed by differentiating the thickness of energy absorbers. Furthermore, metal wire screens are
introduced to detect fine and coarse progeny aerosols separately [44].

4. Dosimetry

When assessing the annual effective dose due to radon/thoron progeny inhalation, dose conversion
factors are used. International bodies such as UNSCEAR and ICRP have their own values.
The dose conversion factors (DCF) for radon are derived from both epidemiological evidence and
dosimetric models, whereas the DCF for thoron is given only by the dosimetric model because
there is no epidemiological evidence of lung cancer incidence due to thoron progeny inhalation.
Table 2 summarizes effective dose conversion factors (mSv WLM−1) (WLM: Working Level Month)
for thoron. The DCF for thoron is about two–three times smaller than that for radon [1,45–51].
When rewriting the DCF, expressed in dose per unit equilibrium equivalent activity concentration
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of thoron/radon exposures, however, the DCF for thoron is more than two times larger than that for
radon. According to the latest DCF for thoron and radon in ICRP Publ. 137 [51], they can be given as
107 nSv (Bq h m−3)−1 and 16.8 nSv (Bq h m−3)−1, respectively. On the contrary, UNSCEAR has recently
decided to use the conventional values of 40 nSv (Bq h m−3)−1 and 9 nSv (Bq h m−3)−1, respectively,
despite the inconsistency. This needs more consideration in order for them to correspond each other.

Table 2. Summary of effective dose conversion factors for thoron.

References
Effective Dose Conversion Factors

(mSv WLM−1) 1

Marsh and Birchall [45,46] 3.8
UNSCEAR [1] 1.9

Porstendoerfer [47] 2.4
Ishikawa et al. [48] 5.4

Kendall and Phipps [49] 5.7
Hofmann et al. [50] 4.6

International Commission on Radiological
Protection (ICRP) Publ. 137 [51]

5.6 (Indoor workplace)
4.8 (Mine)

1 Working Level Month (WLM) is a historical unit of alpha potential energy exposure. 1 WLM = 3.45 mJ h m−3.

5. Radioactivity and Resulting Dose

As mentioned above, thoron activity concentration is not uniformly distributed in the environment,
which is far from the case for radon. It is considered that thoron concentration in air exponentially
decreases with distance from the source. This behavior is derived from the very short half-life of
thoron (55.6 s). The exponential change of thoron concentration is defined via the diffusion coefficient,
strongly affected by the air turbulence condition.

Table 3 summarizes thoron and thoron progeny concentrations (EETC) in various countries. As can
be seen from the presented data, their number is more restricted than that of radon [27,39,41,42,52–67].

In Cameroon, radon, thoron and its progeny concentrations were measured in residential areas in
uranium and thorium bearing regions [52]. UNSCEAR presents the typical value of the equilibrium
factor of thoron as 0.02 and this equilibrium factor of thoron is often used to estimate the annual effective
dose due to thoron, in the same manner as in the case of radon. In the present study, the authors
estimated a total annual effective dose derived from radon and thoron using actual measurement
data on thoron progeny and compared it with that given by the UNSCEAR method. Consequently,
the result based on the direct measurement was 1.5 times larger than the indirect one. They concluded
that the direct measurement of thoron progeny is important for dose assessment.

The results of two surveys in Canada were tabulated. In one survey, long-term thoron and progeny
measurements were simultaneously carried out for three months in two cities [53]. The simultaneous
measurement of thoron and thoron progeny concentrations yielded a thoron equilibrium factor of
0.002 and therefore the authors concluded that the typical value given by UNSCEAR is reasonable for
dose assessment. In contrast to a Cameroonian study, the Canadian study justified the consistency of
the thoron equilibrium factor via the UNSCEAR method. In the other survey, results of simultaneous
radon and thoron measurements were shown in 33 metropolitan areas [54]. The study demonstrates
that thoron contributes around 3% of the effective dose due to indoor radon and thoron exposure
in Canada.
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Table 3. Thoron and thoron progeny concentration (EETC) in various countries.

Country
Thoron

(Bq m−3)
EETC

(Bq m−3)
Remarks Reference

Cameroon
AM 1 173 (13) 10.7 (0.9)

[52]GM 2 118 (6) 7.4 (4.8)
Range 23–724 0.4–37.6

Canada
AM 1 114 (303) 1.23 (1.51)

Halifax and
Fredericton

[53]GM 2 51 (2.93) 0.75 (2.64)
Range 6–1977 0.11–7.45

Canada (33
metropolitans)

AM 1 9 (11) - [54]
Range ND–164 -

China
(Yangjiang)

AM 1 1247 (1189) 7.8 (9.1)
[55]Median 859 4.2

Range 65–3957 0.6–36.2

China
(Gansu)

AM 1 433 (210) -
[56]GM 2 347 (2.29) -

Range 19–820 -

China
(Shanxi)

AM 1 160 1.4 [57]
GM 2 130 (2.0) 1.2 (1.8)

China
(Shaanxi)

AM 1 202 2.3 [57]
GM 2 181 (1.6) 2.1 (1.6)

Hungary GM 2 341 (2.59) -
Bauxite mine [58]

Range 40–2514 -

India (Kerala) GM 2 41 1.81 (1.9) [59]
Range 11–212 0.36–8.00

India
(Odisha)

AM 1 123 (105) 3.19 (2.75)
[27]GM 2 95 (1.95) 2.37 (2.15)

Range 15–585 0.44–15.40

Ireland
AM 1 22 0.47 [60]
Range <1–174 <0.05–3.8

Kenya AM 1 195 (36) 11.5 (2.1) [61]
Range BDL–973 0.8–29.1

Korea
AM 1 40 (56) 0.89 (0.70)

[62]GM 2 11 (2.9) 0.6 (0.41–0.78)
Max 731 -

Macedonia
AM 1 37 (36) -

[63]GM 2 28 (2.12) -
Range 3–272 -

Mexico
AM 1 82 (75)

[64]GM 2 55
Range 8–234

Netherlands
AM 1 - 0.64

[65]95-Percentile - 1.37
Max - 13.3

Slovenia
AM 1 87 - Elementary

School
[66]

Range 21–368 -

Srpska
AM 1 63 (40) 0.52–0.34

[41]GM 2 51 (2.07) 0.40 (2.20)
Range 7–198 0.09–1.16

Kosovo
AM 1 136 2.06 [39]
GM 2

Range
90

18–1313
1.90

0.87–4.38

Serbia
AM 1 116 1.1

[42]GM 2 89 0.86
Range 10–412 0.1–3.4

Indonesia

AM 1 152 (indoor) 13 (indoor) West Sulawesi
(HNBR)

[67]

139 (outdoor) 15 (outdoor)

GM 2 141 (indoor) 13 (indoor) Number of
dwellings121 (outdoor) 15 (outdoor)

Range 20–618 (indoor) 4–40 (indoor) Indoor: 45
23–457 (outdoor) 4–37 (outdoor) Outdoor: 18

1 AM: Arithmetic mean, 2 GM: Geometric mean.
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The US National Cancer Institute and the China Ministry of Health conducted an epidemiological
survey for residential radon and lung cancer in Gansu Province, China [68]. This study can be
recognized as one of the main studies of residential radon by pooling the analyses of European [69,70],
North American [71,72] and Chinese [73] residential case-control studies. They used alpha track
detectors, but the monitors were proved to be influenced by thoron and overestimated radon
concentrations [74]. Thereafter radon measurements were made with the above mentioned improved
detectors, discriminating two radon isotopes [56]. Remarkably high thoron levels were observed in
these areas. This finding suggests two key points, as follows: (1) their previous radon data and the
lung cancer risk were incorrect; (2) the thoron contribution to radiation exposure will be important
in those areas. Another Gansu survey was conducted with simultaneous measurements of radon,
thoron and thoron progeny [75]. Correlation analyses were made among three activity concentrations.
There was no correlation whenever any two concentrations were chosen. This means that these
three concentrations are so independent that it is difficult to estimate one concentration from the
other. If the thoron dose needs to be considered, direct measurement of thoron progeny is required.
This further implies that thoron progeny concentration cannot be accurately obtained with a fixed
thoron equilibrium factor.

Simultaneous measurements of radon, thoron and thoron progeny were made in other provinces
close to Gansu province, namely Shanxi and Shaanxi provinces [57]. From the topographical and
geological points of view, the same radiological features were obtained. Compared to thoron
concentrations, thoron progeny concentrations were so low that it resulted in small thoron equilibrium
factors (arithmetic mean = 0.01). Tokonami [36] evaluated the influence on the risk estimate of
misleading radon data. Annual effective doses due to radon and thoron were estimated in the UNSCEAR
manner. Comparison of the annual effective dose was made between misleading radon concentrations
and modified, i.e., to achieve correct radon concentrations. Misleading radon concentrations resulted
in an arithmetic mean of 6.4 mSv, whereas correct ones gave 1.7 mSv. When the contribution of thoron
was included, the total dose was calculated to be 2.4 mSv. A series of these findings revealed that the
Gansu study gave incorrect or misleading lung cancer risk estimates.

Yangjiang, Guangdong province, is famous for being one of the areas with the highest background
radiation in the world. Kudo et al. [55] demonstrated how residents there are being exposed to natural
radiation. As monazite sands are widely distributed in this area, high gamma dose rates are often
observed. However, there is less information on internal exposure, particularly due to radon and
thoron. Based on collected data on these activity concentrations using the UNSCEAR method, annual
effective doses due to radon and thoron progenies were estimated to be 3.1 (SD = 2.0) mSv and
2.2 (SD = 2.5) mSv, respectively. This revealed that indoor thoron and its progeny levels were fairly
high and even thoron exposures are not negligible compared to radon exposures.

Kovacs [58] summarized radon and thoron surveys in Hungary. Dwellings and workplaces were
surveyed with passive radon-thoron discriminative monitors. The monitors were placed 15–30 cm
from the wall. Table 2 gives examples of thoron concentrations observed in underground bauxite
mines. It was concluded that the dose contribution from thoron progeny was not negligible considering
all the data and consequently further surveys of thoron progeny would be required for accurate
dose assessment.

Omori et al. [59] presented radon, thoron and progeny concentrations for dwellings in Kerala,
India. Their study area was classified into high (3–5 mGy y−1) and low (1 mGy y−1) background
radiation areas, respectively. In a six-month measurement, it was found that there was no major
difference between the two areas. The geometric mean of the annual effective dose due to radon and
thoron was estimated to be 0.10 and 0.44 mSv, respectively. The internal dose derived from thoron
progeny is more significant than that from radon. However, the doses were quite small and the external
dose can be regarded as the major contributor in Kerala.

Omori et al. [27] also conducted long-term measurements of indoor radon, thoron and thoron
progeny concentrations in Odisha, India. They revealed that radon and thoron concentrations differ by
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one order of magnitude whereas thoron progeny concentrations were nearly constant throughout the
whole year. Thoron and its progeny concentrations were higher than those in Kerala. Exposure to
thoron is equal to or exceeds exposure to radon in internal doses. The internal dose from radon and
thoron was comparable to the external dose.

In Ireland, indoor concentrations of radon, thoron and its progeny were measured in 205 dwellings
during the period 2007–2009 [60]. Radon activity concentration ranged from 4 to 767 Bq m−3 with
an arithmetic mean of 75 Bq m−3. Based on these concentrations and the UNSCEAR approach,
the corresponding estimated annual effective doses are 0.1 (min), 19.2 (max) and 1.9 (mean) mSv. On the
other hand, the estimated annual effective doses corresponding to thoron progeny concentrations
are 2.9 (max) and 0.35 (mean) mSv with the dose conversion factor based on the two dosimetric
models [39,40]. Although the dose from thoron tends to be negligible in most cases worldwide,
it should be noted that in some dwellings in this study the annual dose from thoron progeny exceeded
that from radon. This result is the first case where two annual effective doses from radon and thoron
were measured on a nationwide scale in Europe.

Nyambura et al. [61] carried out indoor radon, thoron and thoron progeny surveys in several
different types of houses in Kilimambogo, Kenya, and thereafter assessed the annual effective dose
attributed to inhalation of their progeny. Housing structure was classified into three categories,
i.e., mud, metal and stone-walled houses. The highest mean thoron and its progeny concentrations
were observed in mud-walled houses with 195 and 11.5 Bq m−3, respectively, whereas the highest radon
concentration was found in stone-walled ones with 75 Bq m−3. Assessing the annual effective dose,
the highest was given by mud-walled houses with 0.9 (min), 8.5 (max) and 3.7 (mean) mSv, respectively.

Activity concentrations of thoron and its progeny were measured in 450 houses from 2002 to
2004 in Korea [62]. The annual arithmetic and geometric means of thoron concentration were 40.4
and 10.7 Bq m−3, respectively. The annual arithmetic and geometric mean were 0.89 and 0.60 Bq m−3,
respectively. High thoron concentrations were observed in Korean-style houses built with mud block.
The average annual effective dose due to inhalation exposure to thoron and its progeny was estimated
to be 0.25 mSv.

Indoor thoron concentrations were measured in 300 houses for one year, from December 2008 to
December 2009 in Macedonia. using passive radon-thoron discriminative monitors [63]. They were
deployed at a distance of more than 50 cm from walls. The geometric means of indoor thoron
concentration in winter, spring, summer and autumn were obtained as 39 (3.4), 32 (2.8), 18 (2.8) and
31 Bq m−3 (2.9), respectively. Seasonal variations of thoron appear to be smaller than those of radon.

Indoor thoron concentrations in 50 houses were measured in the Metropolitan Zone of Mexico
City using a passive electret system [64]. The annual arithmetic and geometric means of indoor thoron
concentration were estimated to be 82 and 55 Bq m−3, respectively, ranging from 8 to 234 Bq m−3. As to
the seasonal variation, the lowest value was found in summer.

Thoron progeny concentrations, namely equilibrium equivalent thoron concentrations (EETCs),
were measured in 2900 houses, Netherlands [65]. The arithmetic mean of EETC was 0.64 Bq m−3.
Thoron progeny concentrations show correlations with year of construction and smoking behavior.
A pilot study was also conducted to determine the relationship between the exhalation of thoron and
the concentration of thoron progeny in the room. The authors pointed out that thoron might be a more
important contributor to the population dose in other regions with low radon levels.

A limited number of measurements were carried out about 1 m away from any wall and 1.5 m
above the floor in various environments in Slovenia using passive radon-thoron discriminative
monitors [66]. Thoron and radon concentrations in 35 elementary schools ranged from 21 to 368 and
40 to 4609 Bq m−3, respectively. The authors pointed out that there was a weak correlation between the
two activity concentrations though both of them followed a lognormal distribution.

Results of the first investigation on indoor radon, thoron and their progeny concentrations were
given in 25 primary schools of Republic Srpska [41]. For their measurements, Japanese and Indian
techniques were introduced in the survey. The monitors were deployed at 10 cm distance from the
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wall. A weak correlation was found between radon and thoron concentrations as well as thoron and
thoron progeny concentrations.

Gulan et al. [39] carried out indoor radon, thoron and their progeny survey in scattered locations
around Kosovo. Estimated arithmetic mean values of concentrations in 48 houses are 122 Bq m−3 for
radon and 136 Bq m−3 for thoron. This might be attributed to building materials involving bricks,
sand and stones from the local area where 232Th concentration in soil is higher than that of 226Ra.

Simultaneous long-term measurements of radon, thoron and their progeny were conducted in 40
rural houses in Serbia [42]. The EETC was found to be relatively higher than the worldwide average
value. Significant positive correlation between thoron and EETC was found, whereas there was no
significant correlation between radon and EERC.

Recently, a high natural background radiation area (HNBR) due to terrestrial radiation has been
reported in West Sulawesi, Indonesia [76]. EETC was measured using the thoron progeny monitor
shown in Figure 4 in a total of 45 dwellings [67]. The EETC ranged from 4 to 40 Bq m−3 and the annual
effective dose due to thoron inhalation was reported to be 5.1–17.7 mSv.

Future authors should discuss these results and how they can be interpreted from the perspective
of previous studies and working hypotheses. The findings and their implications should be discussed
in the broadest context possible. Future research directions may also be highlighted.

6. Conclusions

As thoron is a very short half-lived radionuclide, though it is an isotope of radon, it is not easy to
measure its activity in air and consequently to assess the resulting dose in the same manner as for radon.
Nationwide indoor radon surveys have been conducted in many countries. The annual effective dose
for the public is calculated using the indoor radon concentration and an equilibrium factor for radon.
The equilibrium factor of radon is typically 0.4 but such an approach is not applicable or meaningful
in the case of thoron. The spatial distribution of thoron is so unique that a single value of thoron
concentration cannot be given even in a room, due to the short half-life of less than 1 min. Thus, thoron
concentrations should not be used for radiation protection purposes because the thoron concentration
varies widely with space. Therefore, a direct measurement of thoron progeny concentration will be
more effective and useful whereas several assumptions are required in the measurement techniques
presented in this paper. As another approach, the surface exhalation rate of thoron may be an index
for thoron dose assessment. Although thoron was underestimated in the past, recent findings have
revealed that reassessment of risks due to radon exposure may need to take the presence of thoron
into account.
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Abstract: We investigated the internal contamination by radioactive cesium associated with the
FDNPP accident, in the testes or uterus and ovaries of free-roaming cats (Felis silvestris catus),
which were protected by volunteers in the Namie Town, Fukushima. A total of 253 samples (145 testes
and 108 uterus and ovaries) obtained from adult cats and 15 fetuses from 3 pregnant female cats
were measured. Free-roaming cats in Namie Town had a higher level of radioactive contamination
in comparison to the control group in Tokyo, as the 134Cs + 137Cs activity concentration ranged
from not detectable to 37,882 Bq kg−1 in adult cats. Furthermore, the radioactivity in the fetuses
was almost comparable to those in their mother’s uterus and ovaries. The radioactivity was also
different between several cats protected in the same location, and there was no significant correlation
with ambient dose-rates and activity concentrations in soil. Moreover, radioactive cesium levels in
cats decreased with each year. Therefore, it is likely that decontamination work in Namie Town
and its surroundings could affect radioactive cesium accumulation, and thus possibly reduce the
internal radiation exposure of wildlife living in contaminated areas. It is hence necessary to continue
radioactivity monitoring efforts for the residents living in Namie Town.

Keywords: Fukushima; free-roaming cat; radioactive cesium; reproductive organ; internal
contamination
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1. Introduction

After the accident in the TEPCO Fukushima Daiichi Nuclear Power Plant (FDNPP),
the surrounding areas were contaminated by large amounts of released radionuclides [1,2].
A 20-km radius around the FDNPP was initially established as a restricted zone to avoid
unnecessary radiation exposure to residents. As the evacuation order was issued with no
advanced warning, all residents living within the 20-km radius had to evacuate imme-
diately without packing and were not allowed to bring along their companion animals
during evacuation. Emergency animal shelters were launched in Iino Town, Fukushima
Prefecture in April 2011 and in Miharu Town, Fukushima Prefecture in October 2011, to res-
cue companion animals left behind at the time of evacuation. Large-scale trap and rescue
operations for cats were also performed several times by the Ministry of Environment, lo-
cal government, and local veterinary medical association. Despite multiple efforts to rescue
abandoned companion animals, cats (Felis silvestris catus) in particular have been reproduc-
ing in the restricted zones and Namie Town [3]. Since September 2013, volunteers in Namie
Town are managing abandoned (now free-roaming) cats from uncontrolled reproduction
and possible disruption to the area’s ecosystem, using the “Trap-Neuter-Vaccinate-Return
(TNVR) [4]” program.

With regards to radiation, although the ambient dose-rates are gradually decreasing,
prolonged effects of chronic low-dose exposure on animals are expected to be seen in
the coming years. Therefore, by assessing biological effects from radioactive substances,
we are able to understand any possible health effects caused by radiation. To date, several
species of animals were evaluated (livestock bulls [5], wild boars [6–8], wild Japanese
monkeys [9–11], wild rodents [12–14] and freshwater fish [15–17]) around the evacuation
zone of the FDNPP. Furthermore, some studies [18] suggested that some negative biological
effects seen in wild animals were likely caused by the release of radionuclides from the
FDNPP accident.

Decontamination efforts gradually started from October 2013 to remove radioactive
substances released by the FDNPP accident, such that the impact of environmental pol-
lution and radiation exposure on human health and the surrounding environment could
be reduced. For example, decontamination work in urban areas involves the removal
of contaminated topsoil (0–5 cm) and replacing the surface with non-contaminated soil.
As a result, evacuation orders in some parts of Namie Town were able to be lifted on
31 March 2017, due to low ambient dose-rates after decontamination. However, there are
fewer reports focusing on the biological effects before and after decontamination work.
Moreover, in existing research, the deposition of the radioactive substances in wild animals
was not studied in urban areas. Although radioactive substances were heterogeneously
distributed, detailed surveys of privately owned land would be difficult in urban areas
when evacuated residents return in the future.

Radioactive substances released by the FDNPP accident includes radioisotopes of
iodine (131I, 132I and 133I), cesium (134Cs, 136Cs and 137Cs), tellurium (132Te), and inert
gases (such as 133Xe) [19,20]. These radionuclides can contribute to ambient dose-rates
and be potential health risks immediately after the accident. Among these radionuclides,
radioactive cesium has longer half-lives (134Cs, t1/2 = 2.06 years; 137Cs, t1/2 = 30.1 years),
and are most likely the major contributors to radioactive contamination from 2013 to 2016.
Hence, in this study, we monitored radioactive cesium (134Cs and 137Cs) derived from
the FDNPP accident, in free-roaming cats caught in urban areas. We also measured the
ambient dose-rates and soil cesium levels to verify the effectiveness of decontamination
work and to evaluate how decontamination work changes the deposition of radioactive
cesium in animals. In addition, we also evaluated feline leukemia virus (FeLV) and feline
immunodeficiency virus (FIV) infections in free-roaming cats, as they are among the most
common infectious diseases in domestic cats and are known to cause immunosuppression.
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2. Materials and Methods

2.1. Animal Collection

Free-roaming cats in Namie Town were caught in humane live traps from September
2013 for TNVR [4]. Through surgical castration or ovariohysterectomy, reproductive organs,
such as testes or uterus and ovaries, were extracted. In this study, we analyzed 253 samples
(145 testes and 108 uterus and ovaries) from free-roaming cats rescued in October 2013
to December 2016 from 18 areas in Namie Town (Figure 1, Table 1). As a control, 10 sam-
ples (5 testes and 5 uterus and ovaries) from spayed and neutered free-roaming cats in
Tama-area, Tokyo were also analyzed (Figure 1, Table 1). Samples were stored at –20 ◦C,
until radioactivity measurements were performed.

 

Figure 1. Sampling areas of free-roaming cats protected in Namie Town, Fukushima, and Tama area, Tokyo. The magnified
map shows Namie Town and the sampling areas [(A) Tsushima, (B) Murohara, (C) Suenomori, (D) Tatsuno, (E) Karino,
(F) Tajiri, (G) Obori, (H) Kakura, (I) Midorigaoka, (J) Uenohara, (K) Sakata, (L) Kawazoe, (M) Ushiwata, (N) Nishidai,
(O) Gongendo, (P) Hiwatashi, (Q) Takase and (R) Kiyohashi], as well as the TEPCO Fukushima Daiichi Nuclear Power Plant
(FDNPP). The maps were modified shapefiles from the National Land Numerical Information download service (data was
retrieved from http://nlftp.mlit.go.jp/ksj/index.html on 5 February 2016). The heat map shows the ambient dose-rates on
7 November 2014 provided by the Nuclear Regulation Authority 9th airborne monitoring survey (data were retrieved from
http://radioactivity.nsr.go.jp/ja/list/362/list-1.html on 5 February 2016).
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Table 1. Locations and decontamination status of sampling areas.

Sampling Areas
GPS Location Distance from Decontamination

Longitude (◦) Latitude (◦) F1-NPP (km) Status †

Namie,
Fukushima

(A) Tsushima 37◦33′30.8′′ N 140◦45′04.4′′ E 29.1 Non-decontaminated
(B) Murohara 37◦30′24.4′′ N 140◦56′11.0′′ E 12.6 Decontaminated
(C) Suenomori 37◦28′56.9′′ N 140◦56′37.0′′ E 10.3 Non-decontaminated

(D) Tatsuno 37◦30′40.3′′ N 140◦56′40.6′′ E 12.5 Non-decontaminated
(E) Karino 37◦30′18.1′′ N 140◦57′32.9′′ E 11.2 Decontaminated
(F) Tajiri 37◦29′10.0′′ N 140◦57′18.0′′ E 9.8 Decontaminated

(G) Obori 37◦28′38.0′′ N 140◦57′25.3′′ E 9.0 Non-decontaminated
(H) Kakura 37◦29′59.4′′ N 140◦57′47.7′′ E 10.5 Decontaminated

(I) Midorigaoka 37◦29′26.7′′ N 140◦57′41.5′′ E 9.8 Decontaminated
(J) Uenohara 37◦29′29.0′′ N 140◦58′00.8′′ E 9.6 Decontaminated

(K) Sakata 37◦30′10.5′′ N 140◦58′39.1′′ E 10.1 Decontaminated
(L) Kawazoe 37◦29′44.1′′ N 140◦58′53.7′′ E 9.3 Decontaminated
(M) Ushiwata 37◦29′11.3′′ N 140◦58′37.4′′ E 8.6 Non-decontaminated
(N) Nishidai 37◦30′08.1′′ N 140◦59′31.3′′ E 9.5 Decontaminated

(O) Gongendo 37◦29′48.2′′ N 140◦59′32.4′′ E 8.9 Decontaminated
(P) Hiwatashi 37◦29′20.5′′ N 140◦59′34.0′′ E 8.1 Decontaminated

(Q) Takase 37◦28′57.3′′ N 141◦00′01.8′′ E 7.2 Decontaminated
(R) Kiyohashi 37◦29′54.9′′ N 141◦00′59.5′′ E 8.5 Decontaminated

Tama area,
Tokyo Chofu Airport * 35◦39′58.0′′ N 139◦31′54.0′′ E 236.8 –

* The nearest monitoring post from the sampling point (data was retrieved from https://radioactivity.nsr.go.jp/map/ja/download.html on
15 March 2017). † This column represents the decontamination status of each sampling point as of 10–11 September 2016.

2.2. Tests for FeLV and FIV

To evaluate FeLV and FIV, blood from the cephalic antebrachial vein was used. Vi-
ral infections were detected with commercial immunochromatography kits of Checkman
FeLV (Kyoritsu Seiyaku Corporation/Adtec, Tokyo, Japan) and Checkman FIV (Kyoritsu
Seiyaku Corporation/Adtec, Tokyo, Japan).

2.3. Ambient Dose-Rate Measurements

Ambient dose-rates were measured at 4–5 points in a 20 m2 area centered around
the location, where the feline trap was installed on 30–31 July 2014, 22–23 July 2015,
and 10–11 September 2016, using a NaI(Tl) scintillation survey meter (TCS-171B, Hitachi
Aloka Medical, Ltd., Tokyo, Japan). The measurements were expressed as micro-grays
per hour at 1 m above the ground with the time constant of the survey meter set to
10 s. Measurements were recorded after a minimum wait of 30 s for the readings to be
stabilized. The ambient dose-rate in Tama area was referenced from the nearest monitoring
post data provided by Nuclear Regulation Authority, Japan (data was retrieved from
https://radioactivity.nsr.go.jp/map/ja/download.html on 15 March 2017).

2.4. Measurements of Activity Concentrations in Reproductive Organ and Soil Samples

For reproductive organs, samples were homogenized in separate plastic containers
(U-8 container, SANPLATEC Co., Ltd., Osaka, Japan) after thawing. As for the soil samples,
five surface soil samples of 5 cm depth were collected at each sampling point. The soil
samples were completely dried at 120 ◦C, for 20 h before measurement. Each sample was
transferred into separate U-8 plastic containers. The weight and height of the samples in
the U-8 container was measured in order to calculate the sample density.
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2.5. Gamma-Spectrometry

The activity concentration for the collected samples was determined by gamma-ray
spectrometry, using a hyperpure germanium (HPGe) detector (ORTEC GEM-40190, SEIKO-
EG&G Co., Ltd., Tokyo, Japan), as previously shown by Fukuda et al. [21]. 134Cs and
137Cs were detected using 604.6 and 795.8 keV gamma-ray energies, respectively, to sat-
isfy measurement uncertainty from counting statistics to below 5% of the corresponding
activity concentration. Activity was decay-corrected to the sampling date, and activity
concentration was calculated as per kilogram of dry weight of the soil samples.

2.6. Statistics

Correlation analysis was carried out by calculating the Pearson’s product-moment
correlation coefficient or Spearman’s rank correlation coefficient, based on Shapiro-Wilk
normality tests. Wilcoxon rank sum test was applied to assess differences between two
groups. The results were considered statistically significant if p-values below 0.05 were
obtained. All statistical analyses were performed using the R version 4.0.3 (R Development
Core Team, Austria) [22].

3. Results

3.1. Ambient Dose-Rates and Radioactive Cesium Activity Concentrations in Soil at Namie Town

Ambient dose-rates and radioactive cesium (134Cs + 137Cs) activity concentrations in
soil of specimen collection sites were represented in Figure 2A (2014 vs. 2015), Figure 2B
(2015 vs. 2016), Figure 2C (2014 vs. 2015), Figure 2D (2015 vs. 2016), respectively. In partic-
ular, decontamination work was performed only in 2015 and 2016. The ambient dose-rates
in Namie Town in July 2015 decreased by approximately 39%, as compared to July 2014
(Figure 2A). Comparing July 2015 and September 2016, the ambient dose-rates decreased
sharply in the decontaminated areas, with an average decrease of 62%. On the other hand,
even in the areas where decontamination was not performed, the ambient dose-rates de-
creased moderately to an average of 38% (Figure 2B). A similar tendency was observed
for 134Cs + 137Cs activity concentration in soil, but its distribution was extremely heteroge-
neous. 134Cs + 137Cs activity concentration in soil at July 2015 decreased by approximately
40%, as compared to July 2014 (Figure 2C). In the decontaminated areas, 134Cs + 137Cs
activity concentration in soil significantly reduced by 90% in September 2016 as compared
to July 2015. However, in areas where decontamination was not carried out, the average
decrease was 44%, and if the points where low 134Cs + 137Cs activity concentration was
omitted, the average rate of decrease was only 5% (Figure 2D). In addition, a strong corre-
lation was observed between ambient dose-rate and 134Cs + 137Cs activity concentration in
soil (2014: r = 0.67, p < 0.01; 2015: r = 0.68, p < 0.01; 2016: r = 0.60, p < 0.01).

3.2. Infection of FIV/FeLV

Immunochromatography tests for FIV and FeLV were performed on 211 cats. Fifteen
cats (7.1%) were positive for FIV antigen and 16 cats (7.6%) were positive for FeLV antibody.
Only 2 cats were positive for both FIV and FeLV antigens.

3.3. Radioactive Cesium Activity Concentration in Testes/Uterus and Ovaries

There was no macroscopic abnormality in the testes/uterus and ovaries. Gamma
spectrometry was performed in uterus and ovaries (108 samples) and testes (145 samples)
of free-roaming cats captured in both non-decontaminated and decontaminated areas
in Namie Town. 134Cs + 137Cs activity concentration accumulated in each organ ranged
from not detectable to the maximum of 37,882 Bq kg−1 (Figure 3A). Cats from Hiwatashi,
Kiyohashi, Nishidai, Sakata, and Ushiwata areas showed low 134Cs + 137Cs activity concen-
trations of 1500 Bq kg−1 or less, while cats with high 134Cs + 137Cs activity concentrations
were seen in Gongendo, Uehara, Kawazoe, Midorigaoka, and especially, in Tsushima areas
(Figure 3B). Moreover, 134Cs + 137Cs activity concentrations differed greatly even in cats
caught in the same collection area. As 134Cs + 137Cs activity concentrations were monitored
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in cats from October 2013 to December 2016, the half-life was approximated to 310 days
(Figure 3). On the other hand, all 10 cats from Tama area of Tokyo, which served as the
control area, showed radioactive cesium activity concentrations below the detection limit
(16.6 Bq kg−1, maximum 35.7 Bq kg−1, minimum 10.6 Bq kg−1), and were significantly
lower than cats in Namie Town, Fukushima (p < 0.01).

Figure 2. Ambient dose-rates and 134Cs + 137Cs activity concentrations in soil. Comparison of
ambient dose-rates measured in (A) 2014 vs. 2015, (B) 2015 vs. 2016, and of 134Cs + 137Cs activity
concentrations in soil measured in (C) 2014 vs. 2015, (D) 2015 vs. 2016. Red and blue circles represent
areas that are non-decontaminated and decontaminated, respectively. Decontamination work in our
research location in Namie Town started from September 2015.

There was also no clear correlation between the areas of where the cat was captured
(ambient dose-rates and 134Cs + 137Cs activity concentration in soil) and 134Cs + 137Cs
activity concentration in the reproductive organs of cats (Figure 4).
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Figure 3. Change in 134Cs + 137Cs activity concentrations in reproductive organs of cats, with respect to (A) date caught and
(B) area caught. In panel (B), each boxplot represents its distribution and black dots shows individual 134Cs + 137Cs activity
concentrations in reproductive organs. N.D.; not detected.
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Figure 4. 134Cs + 137Cs activity concentrations in reproductive organs of cats compared with (A) ambient dose-rates and
(B) 134Cs + 137Cs activity concentrations in soil. Grey dots represent individual 134Cs + 137Cs activity concentrations in
reproductive organs.

When 134Cs + 137Cs activity concentration in testes and uterus and ovaries were
compared, 134Cs + 137Cs activity concentration was higher in male than female cats (p < 0.01,
Figure 5A). In addition, some age-dependency was observed as younger male cats tended
to have a higher accumulation of radioactive cesium in their testes (Figure 5B).
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Figure 5. (A) An overall comparison and (B) a comparison with available estimated age of 134Cs + 137Cs activity concen-
trations in reproductive organs between male and female cats. Boxplot represents its distribution and black dots shows
individual 134Cs + 137Cs activity concentrations in reproductive organs.

3.4. Radioactive Cesium Activity Concentrations Compared between Mother and Fetuses

In this study, we were also able to compare 134Cs + 137Cs activity concentrations in
mother’s uterus and fetus, as three female cats (caught in February 2014) were discovered to
be pregnant while spaying. Only Case 3 (caught in Gongendo area) showed a significantly
higher 134Cs + 137Cs activity concentration in the fetus than the maternal uterus. In the other
two cases (caught in Kawazoe and Midorigaoka areas), there was no difference in 134Cs +
137Cs activity concentration between the fetus and maternal uterus (Figure 6). There was
also no association seen between the areas of where the cats were caught (ambient dose-rate
and 134Cs + 137Cs activity concentrations in the soil) and accumulated 134Cs + 137Cs activity
concentrations in the fetus and maternal uterus.
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Figure 6. Comparison of 134Cs + 137Cs activity concentrations in the cat maternal uterus and fetuses. Dashed line in Case 2
and 3 represents mean activity concentrations of fetuses.

4. Discussion

Due to the sudden evacuation orders issued to Namie Town residents after the FDNPP
accident, the evacuees had to leave their companion animals behind. Companion animals
including cats left behind at the time of the evacuation were rescued and neutered by
various organizations [3]. However, many free-roaming cats are still found in Namie
Town and its surroundings. As evacuation orders are slowly lifting and more residents are
returning, population control of free-roaming cats is thus necessary. As proper management
of cat population control is required, a volunteer group in Namie Town is now continuing
the initial efforts previously carried out by the local government, as recommended by the
Ministry of the Environment’s Guidelines [23].

No notable deformities such as malformations or growth retardations in reproductive
organs of cats were seen with macroscopic observations. In addition, FeLV and FIV infec-
tions, which are common infectious diseases in domestic cats, were 7.1% and 7.6% respec-
tively. In comparison to previous reports (FeLV: 0–8.1%; FIV: 0–12.8% [24–29]), FeLV and
FIV infection rates in Namie Town were very similar to other non-contaminated areas.
In Minamisoma City, dogs were reported to be aggressive and to bite humans. Their ag-
gressiveness could be attributed to intermittent aftershocks and mental stress caused by
owner abandonment as a result of immediate evacuation [30]. In contrast, cats rescued
in Namie Town were not wary of us based on personal observations. Moreover, as the
infection rates of FeLV and FIV were comparable to other general populations of domestic
cats, the health of free-roaming cats was well controlled in Namie Town.

From our results, we showed that radioactive cesium activity concentrations in re-
productive organs of cats was higher than that of the control area. With regards to the
dynamics of radioactive cesium in the body, a model was proposed where radioactive
cesium absorbed in the body through the digestive tract was transferred to visceral tissues
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via blood and finally excreted as urine [31]. Even though reproductive organs were only
analyzed in this study, we could also expect radioactive cesium accumulation in other
unanalyzed organs. According to a report in radioactive cesium distribution in cattle
after the FDPP accident [5], activity concentrations were higher in skeletal muscle, kidney,
and liver, as compared to blood, despite individual variations. In addition, as the testis
showed the same activity concentration as the kidney and liver [5], it was thus highly
likely that high radioactive cesium would be present in the skeletal muscle of free-roaming
cats. Furthermore, the activity concentration of the feline testes was higher than that of
the uterus and ovaries. Some studies also showed the same tendency in pigs and wild
boars [32,33], but the underlying reason why 134Cs + 137Cs activity concentrations between
males and females differed so markedly remains unclear. Furthermore, age effect was
not observed on the cesium concentration in cats, although some young cats showed
high radioactive cesium concentrations in both testes and uterus and ovaries. Wada et al.
reported that the biological half-life of the 137Cs in cats was 30.8 days [34]. In this study,
the youngest cat analyzed was 3-months old (3 biological half-lives elapsed). Therefore,
we speculated that a high amount of radioactive cesium in young cats was likely not
dependent on mother–fetus transition.

A slight correlation was seen when ambient dose-rates was compared with 134Cs +
137Cs activity concentrations in reproductive organs, but no correlation was seen with
134Cs + 137Cs activity concentrations in the soil. The weak correlation could be due to (1)
heterogeneous contamination by radioactive substances in different habitats, (2) wide home
range and movement between habitats (including movement between decontaminated and
non-decontaminated areas), and (3) uncontaminated cat food fed to rescued cats. According
to previous reports, the home range of cats could range from several hundred meters to
several kilometers [35–38], suggesting that extreme outliers of highly contaminated cats
caught in some areas (e.g., Uenohara and Gogendo areas in 2014) could be due to cat
movement. Furthermore, as decontamination work was carried out in each administrative
district, radioactive cesium accumulation in the body could also be affected when a cat
moves between non-decontaminated and decontaminated areas.

Moreover, the transfer of radionuclides from mother to fetus was one of the major
concerns of exposure to internal radiation. As radioactive cesium was also detected in the
fetus, this finding suggests that cesium was able to transfer freely from mother to fetus.

5. Conclusions

Since October 2013, we have been continuously monitoring radioactive cesium activity
concentrations in reproductive organs of free-roaming cats in Namie Town. We showed
that radioactive cesium levels decreased with each year. Therefore, it is likely that decon-
tamination work in Namie Town and its surroundings could affect radioactive cesium
accumulation, and thus possibly reduce the internal radiation exposure of wildlife living
in contaminated areas. These findings suggest that analyzing radioactive substance deposi-
tion in animals and soil is useful to evaluate the effectiveness of decontamination work
and to monitor the environment of urban areas.
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Abstract: A long-term measurement technique of radon exhalation rate was previously developed
using a passive type radon and thoron discriminative monitor and a ventilated type accumulation
chamber. In the present study, this technique was applied to evaluate the thoron exhalation rate
as well, and long-term measurements of radon and thoron exhalation rates were conducted for
four years in Gifu Prefecture. The ventilated type accumulation chamber (0.8 × 0.8 × 1.0 m3)
with an open bottom was embedded 15 cm into the ground. The vertical distributions of radon
and thoron activity concentrations from the ground were obtained using passive type radon-thoron
discriminative monitors (RADUETs). The RADUETs were placed at 1, 3, 10, 30, and 80 cm above
the ground inside the accumulation chamber. The measurements were conducted from autumn
2014 to autumn 2018. These long-term results were found to be in good agreement with the values
obtained by another methodology. The radon exhalation rates from the ground showed a clearly
seasonal variation. Similar to findings of previous studies, radon exhalation rates from summer to
autumn were relatively higher than those from winter to spring. In contrast, thoron exhalation rates
were not found to show seasonal variation.

Keywords: exhalation rate; radon; thoron; long-term measurement; seasonal variation

1. Introduction

Radon (222Rn) and thoron (220Rn) are naturally occurring radioactive gases generated
from the 238U- and 232Th-series. It is well known that radon and thoron are the biggest
contributors to human radiation exposure from natural sources [1]. The World Health
Organization (WHO) has recognized them as the second largest cause of lung cancer after
smoking [2]. Indoor and outdoor radon and thoron concentrations vary widely from place
to place depending on geological features and meteorological condition of an area (see,
e.g., [3]). In general, indoor radon concentration is continuously supplied by a portion
of outdoor radon, an infiltration rate of 10 Bq m−3 h−1 was reported [1]. In addition to
the health effect assessment due to its inhalation, outdoor radon monitoring is useful
in several scientific disciplines as a radioactive tracer. Its half-life of T1/2 = 3.82 days is
comparable to the air masses’ transit time across the major continents. Outdoor radon
monitoring serves also on earthquake forecasting, geological faults identifications or ore
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exploration, and environmental reprocessing in mining [4–7]. Some researchers have
reported a positive correlation between outdoor radon concentration and radon exhalation
rate from the ground [8–10]. Therefore, the exhalation rates of radon and thoron, which are
often called flux or flux density, are useful parameters to understand human health risk
due to radon and thoron inhalation, and many researchers have reported data obtained
by field and experimental studies [11–14]. Generally, a common technique for exhalation
rate measurement is based on placing an accumulation chamber on the ground surface
to accumulate radon gas exhaling from the ground and using radon monitor to measure
radon concentration and deduce radon exhalation rate, the technique has been applied
for short- and long-term radon exhalation rate measurements [15]. However, it is difficult
to evaluate both radon and thoron exhalation rates simultaneously using this method
due to short half-life of thoron (T1/2 = 55.6 s). Alternatively, Zhuo et al. [10] reported on
the long-term measurement technique of radon exhalation rate using a passive type radon
and thoron discriminative monitor and a ventilated type accumulation chamber. However,
their report did not evaluate thoron exhalation rate. It was reported that thoron activity
concentrations from a source such as the materials of building walls and the ground have
a unique distribution [16–19]. In the present study, long-term radon and thoron exhalation
rates from the ground were simultaneously measured for a period of four years by applying
the previously reported technique of ventilated type accumulation chamber [9]. From
the results obtained, the seasonal variations of radon and thoron exhalation rates from
the ground were discussed.

2. Materials and Methods

2.1. Ventilated-Type Accumulation Chamber System for Measuring Radon-Thoron Exhalation
Rates from the Ground

A naturally ventilated accumulation chamber (0.8 × 0.8 × 1.0 m3) which is a stainless-
steel box with an open bottom was embedded 15 cm into the ground on the campus of
the National Institute of Fusion Science (NIFS) located in Gifu Prefecture, Japan (N35.325◦,
E137.168◦), as shown in Figure 1. Two rectangle openings (20 × 10 cm2) were perforated
at the upper right and lower left walls of the stainless-steel box to get air ventilation,
and each opening was covered on the inside side by a fiber filter (Whatman® No. 41)
and the outside side by a rain/wind shelter. Thus, the change of particles (dust) outside
cannot interfere with the inside environment of the stainless-steel box as the two openings
are covered with filters. According to the report by Zhuo et al. [10], wind speed inside
and outside of the ventilated accumulation chamber was monitored, and it was found that
the inside wind speed could hardly be affected by the change of outside winds. Addi-
tionally, the air and soil conditions (pressure, temperature, relative humidity, and water
potential) monitored simultaneously inside and outside of the stainless-steel box showed
that except for the air humidity both the soil and air conditions inside and outside were
nearly the same throughout the year, and it showed that the passive radon-thoron mon-
itor used here is not affected by air humidity [10]. The vertical distributions of radon
and thoron concentrations inside the accumulation chamber were obtained using a pas-
sive type radon-thoron discriminative monitor (RADUET, Radosys Ltd., Budapest, Hun-
gary) [20]. The Raduets are composed of two different diffusion chambers of the same
inner volume of about 30 cm3. The chambers are made of electroconductive plastic with
a cylindrical form. The radon–thoron discrimination principle is based on the diffusion
characteristics of each chamber. Radon in the air with its longer diffusion length is able
to diffuse through an invisible air gap of one of the chambers located between its lid
and bottom. Thoron can scarcely diffuse into that chamber with such a small pathway due
to its very short half-life and lower diffusion length compared to that of radon. The second
chamber has 6 holes of 6 mm of diameter opened at the side of the chamber which allow
the diffusion of thoron as well as radon, the 6 holes are recovered by an electroconductive
sponge to block the passage of charges particulate in the diffusion chamber [20]. The detec-
tion limits for the typical measurement period (3 months) were estimated to be 3 and 14 Bq
m−3 for radon and thoron, respectively [21]. The RADUETs were placed at heights of 1, 3,
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10, 30, and 80 cm from the ground surface inside the accumulation chamber. For laboratory
analysis, the RADUETs were exchanged every three months: spring, March–May; summer,
June–August; autumn, September–November; winter, December–February. The solid-state
track detectors (CR-39; BARYOTRAK, Nagase Landauer, Ltd., Tsukuba, Japan), which
were installed in the RADUETs, were taken out and chemically etched for 24 h in a 6M
NaOH solution at 60 ◦C [21]. The number of alpha tracks was counted using an optical
microscope and image analysis software (ImageJ, National Institutes of Health, Bethesda,
Maryland, USA). Radon and thoron concentrations were calculated according to the Inter-
national Organization for Standardization (ISO) 16641 [22]. The conversion factors from
track densities of CR-39s to radon and thoron concentrations had been already evaluated
using the radon-thoron calibration chamber in Hirosaki University [23]. Environmental
parameters of temperature, relative humidity and atmospheric pressure inside the accumu-
lation chamber were measured continuously using a portable type meteorological monitor
(TR-73U, T&D Corp., Matsumoto, Japan).

Figure 1. Photo and schematic drawing of the ventilation-type accumulation chamber system for measuring radon
and thoron exhalation rates from the ground.

2.2. Evaluation of Radon and Thoron Exhalation Rates Using the Ventilated Type
Accumulation Chamber

According to Zhuo et al. [10], the radon exhalation rate ERn (mBq m−2 s−1) obtained
using the ventilated type accumulation chamber can be calculated by Equation (1).

ERn = 1000 × CRn × Zmax × Q + λRn

3600
(1)

Here, CRn is the average radon concentration at each height (Bq m−3), Zmax is
the height of the chamber from the ground surface (=0.85 m), Q is air exchange rate
in the accumulation chamber, and λRn is the decay constant of radon (7.6 × 10−3 h−1). Air
exchange rate in the chamber was evaluated using carbon dioxide (CO2) gas and a CO2
monitor (TR-76Ui, T&D Corporation). Generally, the air exchange rate is much larger than
the decay constant of radon. Therefore, the decay constant of radon can be neglected (Q >>
λRn, Q + λRn ≈ Q).

According to the one-dimensional diffusion equation reported by Katase et al. [24],
the thoron concentration CTn(z) at a height z (m) above the ground is given by Equation (2).

CTn(Z) =
ETn√

(Q + λTn)De
· exp

(
−
√

Q + λTn

De
Z

)
(2)
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Here, ETn is the thoron exhalation rate from the ground (Bq m−2 s−1), λTn is the decay
constant of thoron (44.9 h−1), and De is the effective diffusion coefficient in free air (1.2
× 10−5 m2 s−1) [25]. In this study, the following exponential regression formula was
applied to the vertical distribution of thoron concentration in each season for the simplified
estimation of thoron concentration at 0 m.

CTn(Z) = a · exp(−bz) (3)

Thoron concentration at the ground surface (z = 0 m) was estimated by Equation (3).
Then, thoron exhalation rate ETn (mBq m−2 s−1) was evaluated by Equation (4) obtained
by substituting z = 0 into Equation (2).

ETn = 1000 × CTn,0 ×
√

D · (Q + λTn)

3600
(4)

Here, CTn,0 is the thoron activity concentration at 0 m (Bq m−3).

2.3. Soil Parameters and Its Activity Concentrations of 226Ra and 228Ra

Five soil core samples from the ground surface to 5 cm depth were collected using
a stainless-steel soil sampler, which had a volume of 100 mL [26]. Dry bulk density, soil
particle density, porosity, and soil textures were evaluated after drying samples for 24 h
at 110 ◦C. The dry bulk density ρb was calculated as the mass of the dried soil divided by
the soil volume. The soil particle density ρs was evaluated using a specific gravity bottle
according to the test procedure of Japan Industrial Standards (JIS) A1202 [27]. The poros-
ity ε was calculated by ε = 1−ρb/ρs. Soil particle size distribution was evaluated using
a standard stainless-steel sieve for 0.075–2.0 mm particle size range and the sedimenta-
tion analysis for particles below 0.075 mm was made according to the test procedure of
JIS A1204 [28] to determine the soil textures of the samples. The percentages of sand,
silt, and clay for each soil sample were evaluated using the sample particle size distribu-
tion curves.

The activity concentrations of 226Ra and 228Ra were evaluated using a high-purity
germanium semiconductor detector (GEM-100210, ORTEC, USA) with a relative efficiency
of 30%, 1.85 keV energy resolution (FWHM) at 1.33 MeV of 60Co. The efficiency calibration
of the detector was made using the standard volumetric sources which are contained
109Cd, 57Co, 139Ce, 51Cr, 85Sr, 137Cs, 54Mn, 88Y, and 60Co supplied by Japan Radioisotope
Association. The detector was enclosed in a shielding made out of compacted lead of 10 cm
of thickness. Each soil sample was enclosed in a cylindrical polypropylene container (U8
type container, 100 cm3) after drying for 24 h at 110 ◦C. The prepared soil sample was then
enclosed in an air-tight container for 40 days to allow radioactive equilibrium between
226Ra and 222Rn to be reached. The measurement time was set as 80,000 s. In this study,
the weighted average concentration of 214Pb and 214Bi were used as the 226Ra concentration
in the soil samples by counting photons in the photoelectric peak channels of 352 keV for
214Pb and 609 keV for 214Bi. 228Ra was measured by counting photons in the photoelectric
peak channel of 911 keV for 228Ac. The uncertainty for the activity concentration was
evaluated taking into account the uncertainties of the counts for the sample and background.
Coincidence summing, self-attenuation and decay corrections were applied using software
(Gamma Studio, SEIKO EG&G, Tokyo, Japan).

2.4. Comparison of the Exhalation Rates with the Other Methods
2.4.1. Accumulation Chamber with Scintillation Cell

The stainless-steel accumulation chamber was set on the ground surface. Radon
gas exhaled from the ground was accumulated for 1.5 to 3 h. Then, the radon gas inside
the accumulation chamber was collected into a scintillation cell (Pylon 300A, Pylon Electrics,
Inc., Toronto, Ontario Canada) at a sampling flow rate of 0.5 L min−1 and a sampling
time of 5 min. After 3.5 h, the alpha counts from radon gas in the scintillation cell were
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measured using a portable radiation monitor (AB-5, Pylon Electrics, Inc., Toronto, Ontario
Canada) [29]. The radon exhalation rate by grab sampling can be calculated by applying
Equation (5).

ERn =
(N − Nb) · CF · V · λRn

S · [1 − exp(−λRn · t)]
(5)

Here, N and Nb are the count rates of the sample and background (cpm), CF is
the conversion factor from count rate to radon concentration (27.0 Bq m−3 cpm−1) [30],
V is the volume of the accumulation chamber (1.4 × 10−2 m3), λRn is the decay constant
of radon (2.1 × 10−6 s−1), S is the area under the accumulation chamber (9.9 × 10−2 m2),
and T is the accumulation time (s).

2.4.2. In Situ Radon and Thoron Exhalation Rate Monitor

Radon and thoron exhalation rates from the ground was also measured with an in-situ
radon and thoron exhalation rate monitor (MSZ). The details of the method have been
described by Saegusa et al. [31]. The monitor was composed of an accumulation chamber
(volume, 13 L), a ZnS(Ag) scintillation detector with an aluminized mylar sheet, a light
guide, a photomultiplier tube, a pulse counting part and scaler, and a timer. The area of
an acrylic board coated with ZnS(Ag) scintillator was 0.12 m2. Count rates were recorded
over consecutive 30-s intervals during a total recording period of 30 min after the monitor
was set up on the ground. The conversion factors from count rates of 10 min and 30 min to
exhalation rates of radon and thoron were 0.521 ± 0.040 mBq m−2 s−1 cpm−1 and 18.1 ±
3.2 mBq m−2 s−1 cpm−1, respectively. The measurement uncertainties for radon and thoron
exhalation rates using the MSZ have been reported as ~20% and ~6%, respectively [11].

3. Results and Discussion

3.1. Physical Parameters of Soil and 226Ra and 228Ra Activity Concentrations at the Study Site

The percentages of sand, silt and clay for each soil sample collected at the study site
were evaluated as 63 ± 4%, 16 ± 2%, and 21 ± 3%, respectively. As a result, the textural
class of all soil samples was decided as sandy clay loam (SCL) based on a soil texture
triangle. In general, the characteristics of SCL are reported to be high water retention
and low air permeability [32]. Dry bulk density, soil particle density and porosity were
evaluated as 1340 ± 19 kg m−3, 2657 ± 27 kg m−3, and 0.50 ± 0.07, respectively. These
obtained values were not significantly different from the typical values of 1300−1350 kg
m−3 for dry bulk density, 2600−2700 kg m−3 for soil particle density, and 0.3−0.6 for
porosity [33]. Activity concentrations of 226Ra and 228Ra were evaluated to be 24.1 ± 0.4 Bq
kg−1and 34.0 ± 0.9 Bq kg−1, respectively. According to the UNSCEAR [1], the Japanese
mean activity concentrations of 226Ra and 228Ra (assuming radioactive equilibrium with
232Th) are reported as 33 Bq kg−1 and 28 Bq kg−1, respectively. Thus, radium activity
concentrations in soil at the study site were found to be slightly lower than those of
the national mean.

3.2. Radon and Thoron Concentration in the Ventilated-Type Accumulation Chamber

An example of the vertical distribution of thoron concentration inside the ventilated
type accumulation chamber is shown in Figure 2. Thoron concentration decreased exponen-
tially with the height above the ground surface. On the other hand, radon concentrations
inside the accumulation chamber did not depend on the height above the ground. These ob-
servations were similar to the previously reported findings [16,17,19]. The results obtained
at the 10 cm and above height from the ground were not considered in the calculation
of thoron exhalation rate because the thoron concentrations at these heights were below
the lower limit of detection. Additionally, the air exchange rate of the accumulation
chamber was evaluated as 0.30 h−1 which was similar to the literature [9].
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Figure 2. Example of the vertical distribution of thoron concentration inside the ventilated type
accumulation chamber. The thoron concentration at ground level (z = 0 cm) was determined to be
416 ± 42 Bq m−3.

3.3. Comparison of Radon and Thoron Exhalation Rates Obtained by the Present System to Those
Obtained by the Other Methods

Comparison of radon and thoron exhalation rates obtained by the ventilated-type
accumulation chamber, accumulation chamber with scintillation cell and in situ monitor are
shown in Table 1. Radon exhalation rates obtained by the passive method were in relatively
good agreement with the results measured by the accumulation chamber with scintillation
cell and in situ monitor (MSZ) taking into account the measurement uncertainty. Statistical
analyses were conducted using the “EZR software” (Easy R) [34]. The difference was con-
sidered significant for p < 0.05. A one-way ANOVA test was performed for the comparison
of radon exhalation rates obtained by each technique. Consequently, the radon exhalation
rate measured by the present system and those obtained by the other methods are not
significantly different (p = 0.128). Furthermore, the thoron exhalation rate obtained by
the ventilated-type accumulation chamber in the first measurements was also in agreement
with the result obtained by the in situ monitor (p = 0.156). However, in the second mea-
surements, thoron exhalation rate obtained by the ventilated-type accumulation chamber
was approximately half that of the value obtained by the in situ monitor. Theoretically,
the diffusion length of thoron is reported as a few centimeters which is much shorter
than that of radon due to the short half-life of thoron. Therefore, thoron exhalation rate
is considered to be more strongly affected by the soil surface condition compared with
the radon exhalation rate. Thus, it is necessary to make intercomparison experiments
repeatedly to ensure the quality of the data obtained by the present ventilated-type accu-
mulation chamber. However, the present method can offer an easy and low-cost system for
the measurements of both radon and thoron exhalation rates, as no electric power supply
is needed and operation and maintenance are easy.
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Table 1. Comparison of radon and thoron exhalation rates obtained by the ventilated-type accumula-
tion chamber, accumulation chamber with scintillation cell, and in situ monitor (MSZ) method.

Intercomparison Methods
Radon Exhalation

Rate (mBq m−2 s−1)
Thoron Exhalation

Rate (mBq m−2 s−1)

1st measurement

Ventilated-type
accumulation chamber 3.6 ± 0.5 797 ± 336

Accumulation chamber
with scintillation cell 4.6 ± 2.9 –

In situ monitor (MSZ)
method 1.1 ± 0.1 584 ± 103

2nd measurement

Ventilated type
accumulation chamber 4.3 ± 0.5 1120 ± 321

Accumulation chamber
with scintillation cell 8.8 ± 5.3 –

In situ monitor (MSZ)
method 5.1 ± 1.8 474 ± 177

3.4. Seasonal Variations of the Radon and Thoron Exhalation Rates

Seasonal variations of radon and thoron exhalation rates are shown in Figure 3.
The median values (range) of radon exhalation rate in spring, summer, autumn and winter
were estimated to be 3.5 ± 0.5 (2.4−5.8), 5.4 ± 1.1 (4.0−6.4), 5.6 ± 0.3 (4.0−7.1), and 3.5 ±
0.3 (2.1−4.8) mBq m−2 s−1, respectively. The median values (range) of thoron exhalation
rates were evaluated as 614 ± 126 (159−848), 555 ± 110 (295−1110), 563 ± 395 (61−1524),
and 593 ± 138 (318−797) mBq m−2 s−1 for spring, summer, autumn and winter, respec-
tively. Annual means of the radon and thoron exhalation rates were evaluated to be 4.5
± 0.3 mBq m−2 s−1 and 581 ± 113 mBq m−2 s−1, respectively. According to the results
of a large-scale survey in Japan [12,35], average radon and thoron exhalation rates from
the ground were 8.6 mBq m−2 s−1 (N = 111) and 790 mBq m−2 s−1 (N = 405), respectively.
Therefore, radon and thoron exhalation rates at the present measurement site were 52%
and 74% of the Japanese averages. Furthermore, average radon exhalation rates in summer
and autumn were higher than the annual mean. The ratio of the radon exhalation rate in
summer to the radon exhalation rate in winter (or spring) is 1.5 and the ratio of the radon
exhalation rate in autumn to the radon exhalation rate in winter (or spring) is 1.6. A one-
way ANOVA was performed to determine whether there are any statistically significant
differences between the means of each season. Consequently, it showed no statistically
significant difference in the average radon exhalation rate between the seasons in this
study (p = 0.103). However, the median values of radon exhalation rate tend to be higher
from summer to autumn and lower from winter to spring (Figure 3a). Zhuo et al. [36]
reported a similar seasonal variation of radon exhalation rate from the ground in China.
Zhuo et al. [9] have also reported a negative correlation between radon exhalation rate
and precipitation. On the other hand, Hosoda et al. [12] reported that when the variation of
moisture saturation was small, the soil temperature appeared to induce a strong effect on
the exhalation rate. However, when the variation of moisture saturation was large, the in-
fluence of moisture saturation appears to be larger than the soil surface temperature [12].
Furthermore, it has been also reported that an increase in the soil temperature markedly de-
creased the amount of adsorption of gases which contributed to the increase of emanation
and diffusion coefficients [37,38]. Precipitation data from a location near the monitoring
site were reported by the Japan Meteorological Agency [39], and cumulative precipitations
in spring, summer, autumn, and winter during the measurement period were 424, 586, 441,
and 177 mm, respectively. Additionally, their respective mean temperatures were 14.1, 25.2,
17.9, and 4.2 ◦C. Therefore, the radon exhalation rate in winter at the measurement site
might be affected by low precipitation and temperature. On the other hand, in summer
the high temperature might affect the radon exhalation rate.
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Figure 3. Seasonal variations of radon (a) and thoron (b) exhalation rates. The lines from top to
bottom of the box-plot from top to bottom are defined as maximum, third quartile (75th percentile),
median (50th percentile), first quartile (25th percentile), and minimum values.

The statistical analysis using the one-way ANOVA test showed that there was no
significant difference between the averages of thoron exhalation rate for the different
seasons (p = 0.982) (Figure 3b). According to the report by Prasad et al. [40], radon
and thoron exhalation rates in summer and autumn were higher than those in spring
and winter. However, the reported diffusion length of radon and thoron were a few
meters and a few centimeters, respectively [11,26]. That is, thoron exhalation rate from
the ground would be affected by such environmental parameters as moisture saturation
and temperature around the surface soil. Therefore, the soil temperature and moisture
saturation were measured continuously for three months in summer at 10 cm depth from
the surface inside and outside of the accumulation chamber. The average surface soil
temperature inside and outside the accumulation chamber were 22.3 ± 3.5 (RSD: 18%)
and 22.2 ± 3.9 ◦C (RSD: 16%), respectively. The results suggested that the accumulation
chamber setup was not affected by the surface soil temperature as same with the previous
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report [10]. On the other hand, the average moisture saturation (convert from volumetric
water content using porosity) inside and outside the accumulation chamber were evaluated
to be 0.364 ± 0.172 (RSD: 47%) and 0.114 ± 0.028 (RSD: 24%), respectively. As we mentioned
above, Zhuo et al. reported that the water potential inside and outside of the stainless-steel
box shown nearly the same throughout the year [10]. It is well known that the water
potential is related parameter to volumetric water content which is influential parameter of
exhalation rate. However, both the average moisture saturation and its variation inside
the accumulation chamber were smaller than those outside the chamber. Additionally,
the accumulation chamber was embedded 15 cm into the soil. That is, it is considered that
this measurement condition was not easy for water due to rainfall to move from outside
the chamber to under the chamber by passing through pore spaces in the surface soil.
However, the thoron exhalation rates obtained in this study may be considered as baseline
level at the measurement site. Thus, we will develop the correction method of thoron
exhalation rates with the variation of the environmental factors. Additionally, it might
be possible to evaluate the seasonal variations of thoron exhalation rate if a passive type
radon and thoron discriminative monitor was set in a small size accumulation chamber.

4. Conclusions

In this study, radon and thoron exhalation rates from the ground were simultaneously
evaluated for four years by applying the naturally ventilated accumulation chamber of
a previous report. The results were compared to the data obtained by the accumulation
chamber with scintillation cell and in situ radon and thoron exhalation rate monitor.
The results of the present method had relatively good agreement with results of the other
methods. Relationships between radon exhalation rates with environmental parameters
were also observed and their variations with seasons were determined. The baseline level of
thoron exhalation rate at the measurement site was evaluated. However, thoron exhalation
rates did not show clear seasonal variations, most likely due to limitations of the present
methodology. Therefore, the methodology will be modified based on the present results to
allow the season variation of thoron exhalation rate from the ground to be obtained.
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Abstract: One of the requirements of EU-BSS (European Basic Safety Standards) is the design and
implementation of a National Radon Action Plan in the member states. This should define, as
accurately as possible, areas of risk for the presence of radon gas (222Rn) in homes and workplaces.
The concept used by the Spanish Nuclear Safety Council (CSN), the body responsible for nuclear
safety and radiation protection in Spain, to identify “radon priority areas” is that of radon potential.
This paper establishes a different methodology from that used by the CSN, using the same study
variables (indoor radon measurements, gamma radiation exposure data, and geological information)
to prepare a radon potential map that improves the definition of the areas potentially exposed to
radon in Spain. The main advantage of this methodology is that by using simple data processing the
definition of these areas is improved. In addition, the application of this methodology can improve
the delimitation of radon priority areas and can be applied within the cartographic system used
by the European Commission-Joint Research Center (EC-JRC) in the representation of different
environmental parameters.

Keywords: radon potential map; geography information systems; geology; risk

1. Introduction

Numerous studies have shown that there is a clear correlation between indoor radon
exposure and the risk of developing lung cancer [1,2]. Radon gas is considered to be the
second leading cause of lung cancer after tobacco, and is responsible for between 3 and
14% of deaths caused by this disease in the first world [3,4] and the main source of ionizing
radiation for the population [5–8].

The World Health Organization (WHO) recommended a reference level of 100 Bq/m3

annual average radon concentration to initiate action plans to minimize health hazards
due to indoor radon exposure. However, if this level cannot be reached under the country-
specific conditions, the chosen reference level should not exceed 300 Bq/m3, which repre-
sents approximately 10 mSv per year [4].

The interest in radon exposure maps is because the concentration of radon in buildings
varies according to their geographical location. This variability is due to a large number of
factors that affect the presence of radon indoors. These maps will be a useful instrument
for applying the requirements of European legislation [5], which must be implemented
in member states at all administrative levels: national, regional and local, to the radon
problem. An overview of indoor radon mapping in Europe [9,10] showed the heterogeneity
of the data: each country used different sampling strategies, measurement techniques, and
representations of the data obtained.

In 2013, the EU-BSS (European Basic Safety Standards) required the design and
implementation of National Radon Action Plans in the member states to identify areas of
risk for the presence of radon gas in homes and workplaces. It establishes that the indoor
radon concentration level in homes and workplaces be set at 300 Bq/m3, and requires the
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radon priority areas (RPA) to be delimited. The BSS defines the RPA as an area where it is
expected that in a significant number of houses the average annual radon concentration
exceeds the national reference level [5].

The problem was that different interpretations of RPA were introduced in each
country [11–17]. In Europe, both mapping methodologies and the definitions of RPAs
are diverse [18–26].

The concept of radon potential, soil radon potential, or geogenic radon potential is
used by the different member states to define and delineate the Radon Priority Areas.
Projects currently under development, such as the EURAMET MetroRADON [27–29], or
the European Atlas of Natural Radiation [30–35], try to homogenize concepts, mapping
methodologies that permit a clear definition of these areas.

The Spanish Nuclear Safety Council (CSN) published a radon potential map in
2017 [36,37]. The concept used in Spain, and defined by the CSN to identify “radon priority
areas”, is that of radon potential. The CSN defines these areas using the 90th percentile to
generate a cartography of the radon potential map of Spain. The variables used by CSN are
the national 222Rn concentration database measurements in homes, geological information
(lithostratigraphies), and exposure rates to terrestrial gamma radiation.

The CSN generated the radon potential map by combining these three variables:
Radon measurements in homes were grouped by lithostratigraphic unit and level of
exposure to gamma radiation, and units with homogeneous radon levels were obtained
from these data groups. For these units, the 90th percentile (P90) of the radon concentration
distribution was considered to be a limit with higher than 90% confidence, and the units
were represented by rank in 5 categories based on radon levels from the use of the 90th
percentile: P90 > 400 Bq/m3; P90 301–400 Bq/m3; P90 201–300 Bq/m3; P90 101–200 Bq/m3

and P90 < 100 Bq/m3. A radon concentration value is calculated using the 90th percentile,
meaning that 90% of the values in an area are below that value, and 10% are above it. The
CSN identified the areas of Spain where there are a significant percentage of homes with
radon concentrations with a given probability of exceeding 300 Bq/m3 [36,37].

This paper sets out a mapping methodology that improves the definition of radon
priority areas in Spain using the same variables used by the CSN (222Rn concentration
measurements in homes, lithostratigraphies, and gamma radiation exposure data), but with
a different approach. In addition, following the steps taken by the European Commission-
Joint Research Centre (EC-JRC) in the production of the European Atlas of Natural Ra-
diation and the European Radon Map [30–35], their reference coordinate system (the
GISCO-LAEA projection) will be used and the 10 km × 10 km cell system to represent the
data obtained. This cell system ensures the confidentiality of the radon samples taken in
private homes and harmonizes the maps from the different countries.

2. Materials and Methods

2.1. Input Data

In order to produce a Spanish radon potential map with this new methodology, we
used the following data sources:

2.1.1. Concentration of 222Rn in Homes

There were 11,500 data points on radon concentration measurements throughout Spain
used in the preparation of this study. These measurements are taken from the national
222Rn concentration database in homes carried out in sampling campaigns between 1991
and 2016 grouped by municipalities [38]. The samples were taken inside houses, on the
ground floor, and the measurements were made with track detectors (CR39) exposed for a
period of three to six months.

The bulk of these 9500 measurements were collected by the University of Cantabria
through different projects sponsored by CSN according to the internal location protocol
of the Environmental Radioactivity Laboratory of the University of Cantabria (LaRUC),
created using the indications of the CSN Safety Guide 11.01 [39]. The LaRUC Laboratory has
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been validated by Public Health England (PHE) since 2002 [40] and accredited since 2016
through UNE-EN ISO/IEC 17025, ENAC [41], to carry out this type of radon measurement
on air. This will be the dependent variable (variable 0) in this study.

2.1.2. Gamma Radiation Exposure Data

The gamma radiation exposure data were obtained from the Natural Gamma Radi-
ation Map (MARNA) [42]. This map assesses the rate of exposure to terrestrial gamma
radiation at a height of 1 meter above the ground. It was produced by taking aerial and ter-
restrial measurements with a variety of analysis techniques, and these were later correlated
through the MARNA project [43].

Terrestrial gamma radiation rates in Spain range from 44 to 287 nGy/h. This infor-
mation is identified in 22 individualized rates. The information about the 22 terrestrial
gamma radiation rates (rates of 44 at 287 nGy/h) in Spain was extracted after downloading
the map image in high quality (.tiff) offered by the CSN website [42]. This will be the first
independent variable (variable 1) analyzed.

2.1.3. Lithostratigraphies

The Lithostratigraphic, Permeability and Hydrogeological Map of Spain at a scale
of 1:200,000 [44] produced by the Geological and Mining Institute of Spain (IGME) was
used, and 329 lithostratigraphic units were analyzed. This map includes the permeability
of the lithological units, homogeneously representing the lithostratigraphies and grouping
them by similar permeability values. This cartography is used because numerous stud-
ies show the importance of soil permeability in determining the radon potential inside
buildings [45,46]. The digital cartography was downloaded in a compatible format (.shp)
with the use of Geographic Information System (GIS) programs. This will be the second
independent variable (variable 2) analyzed.

2.1.4. Radon Potential

Information about radon potential in Spain was obtained after downloading the map
image from the CSN website [11,36]. The 5 units shown were analyzed with homogeneous
radon levels based on radon levels from the use of the 90th percentile: Unit 1 (>400 Bq/m3),
Unit 2 (301–400 Bq/m3), Unit 3 (201–300 Bq/m3), Unit 4 (101–200 Bq/m3), and Unit 5
(<100 Bq/m3). This will be the variable (variable 3) used to perform the comparison of the
data obtained in this work.

2.2. General Procedure
2.2.1. Framework

A Geographical Information System program (ESRI ArcGis v. 10.0, Environmental
Systems Research Institute: Redlands, CA, USA) [47] was used to produce the cartography
for this paper. The KaleidaGraph v. 4.1 (Synergy Software: PA, USA) [48] program was
used to analyze the data obtained and to make graphs.

To follow a similar scheme to other EU member countries, we began working with a
continental level projection system (GISCO-LAEA), and defined the European working
area with a 10 km × 10 km grid with established limits (coordinates) as suggested by the
Joint Research Centre of the European Commission EC-JRC [30,33]. To define the Spanish
working area, we used the administrative boundaries provided by the National Geographic
Institute [49], generating a total of 5478 cells of 10 km × 10 km. For each cell, an identifying
code was created and its centroid in meters (“x” and “y” coordinates) was calculated.
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2.2.2. Harmonization of Input Data

The formats in which the source information for these variables appears are different,
and so it was necessary to harmonize this information to later process the data:

Concentration of 222Rn in Homes

The radon concentration variable was analyzed using the 11,500 data points obtained
in the various measurement campaigns mentioned above. This information was stored in
the GIS database and transferred to the 10 km × 10 km cell system: the transposition of the
values into the cell system was performed by calculating the arithmetic mean of the radon
concentration points data (in Bq/m3) contained in each 10 km × 10 km cell. This variable
therefore contains information on 5478 fields in its attribute table, corresponding to the
average radon concentration (in Bq/m3) for each of the 5478 Spanish cells. The decision to
use the arithmetic mean was taken because the EC-JRC suggested it in the European Radon
Atlas [30–35] as the most appropriate parameter in the representation of this variable, due
to the great variability of the concentrations obtained per 10 km × 10 km cell and because
it is used in most epidemiological studies.

Exposure Rate to Terrestrial Gamma Radiation, Lithostratigraphy and Radon Potential

The information about the Spanish lithostratigraphic units was downloaded in a shape
format, and so we worked with geological data of the 329 polygons and the attribute table of
lithostratigraphic units provided by IGME. The data for the rates of exposure to terrestrial
gamma radiation and radon potential in Spain were downloaded in a high-quality image
format. These images were georeferenced to the Spanish administrative boundaries, and
its polygons were later digitized in as much detail as possible (at an approximate scale of
between 1:3000 and 1:5000): the 5 units with homogeneous radon level were digitized as
5 polygons, assigning them their value in Bq/m3. There were 22 terrestrial gamma radiation
rates digitized as 22 polygons, assigning them their value in nGy/h. A noteworthy fact is
that there are no data on exposure to terrestrial gamma radiation for the Balearic Islands or
the Canary Islands, so this variable could not be taken into account when conducting the
study in these areas.

As mentioned above, each of these variables in shape format contains the graphical
unit/polygon (field) information stored in its attribute table, with each field being a record
with information about the typology of the element or surface coverage to be analyzed (it is
a homogeneous category of information). For the subsequent data analysis, it was necessary
to calculate, for each variable, which was the unit or field (polygon) with the largest surface
area contained in each 10 km × 10 km cell. To do this, the cell system was intersected with
the variables gamma radiation, lithostratigraphies and radon potential, and the surface
of the majority field was calculated in each one. In this way, each 10 km × 10 km cell was
assigned the value of the field with the highest probability of occurrence in those 100 km2.

2.2.3. Data Processing

The data processing was different for the input data depending on the origin of the
source information: for the dependent variable (concentration of 222Rn in homes) the
arithmetic mean data of the radon concentration points (in Bq/m3) contained in each
10 km × 10 km cell was transferred to the cell system. The data for the independent
variables (exposure rate to terrestrial gamma radiation and lithostratigraphy), and the data
for performing the comparison of the data and validating the study results (CSN radon
potential) were transferred to the cell system by the generation of density maps.

The methodology of the density map creation process is shown in Figure 1 and
is as follows:
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Figure 1. Diagram of the methodology for creating the density maps.

The first step was to create a 2500 m × 2500 m dot mesh on each side, fitted to the limits
of the 10 km × 10 km cells in Spain. This meant that each cell was covered homogeneously
by a total of 16 points. This dot mesh allowed the extraction, for each 10 km × 10 km cell,
of the points contained in each field of the study variables. The process was carried out by
intersecting the dot mesh with each of the previously selected fields; in this way a series
of layers were created that indicated the density of points per 10 km × 10 km cell: the
minimum value (0) corresponded to the absence of that field in that cell, and the maximum
value (16) was related to the total presence of that field in that cell. Thus, 22-point layers
related to variable 1 (exposure rate to terrestrial gamma radiation), 329-point layers were
associated with variable 2 (lithostratigraphies), and 5-point layers were created for variable
3 (CSN radon potential). Density maps were generated with each of these point layers, and
fitted the limits of the 10 km × 10 km cells from the point density tool [50].

Once the density maps of each variable were generated, the relationship between
the dependent variable (concentration of 222Rn in homes) and the independent variables
(exposure rate to terrestrial gamma radiation and lithostratigraphy) was analyzed. In
previous steps, the centroid (“x” and “y” coordinates) of the 5478 cells 10 km × 10 km
had been calculated, and an identification code added to each of them. Using the extract-
by-points tool, the radon concentration value transferred to the cell system (dependent
variable) was extracted. In the same way, with this tool, the value of the gamma rate
information was extracted for each of the cells of the 22 density maps related to the fields of
variable 1. The same procedure was carried out with the 329 fields of variable 2, extracting
the information from the lithostratigraphic typology.

Using the data extracted, a simple linear correlation analysis was performed to check
the positive or negative relationship between the two parameters for each cell. For example,
in a cell with code 1 the Pearson correlation coefficient (R) of the average radon concentra-
tion is calculated, and so is the exposure rate to terrestrial gamma radiation with the field 44
nGy/h, for that same cell, the field 88 nGy/h and so on for each field of each variable. The
degree of adjustment was quantified through the Pearson correlation coefficient (R), giving
for each of the correlations, a value between −1 and +1. The data of these correlations were
normalized into 9 categories: value 1 R > +0.75, value 2 (R +0.74 to +0.5), value 3 (R +0.49 to
+0.25), value 4 (R +0.24 to +0.1), value 5 (R = 0), value 6 (R −0.1 to −0.24), value 7 (R −0.25
to −0.49), value 8 (R −0.50 to −0.74), and value 9 (R < −0.75). This grouping into ranges of
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values facilitated the process of representing the correlations obtained between the radon
concentration with respect to exposure to gamma radiation and lithostratigraphy.

2.3. Development of the Relationship Maps between Independent Variables and the 222Rn
Concentration in Homes and the New Radon Potential Map

For the variable terrestrial gamma radiation exposure rate, the data were represented
graphically using the cell system, which gathers the 22 fields into 5 categories, defined
by their radon concentrations: 44 nGy/h correspond to 100 Bq/m3 and 89 nGy/h with
300 Bq/m3 [51]. The correlations obtained between the radon concentrations with respect to
exposure to gamma radiation were represented graphically in 9 categories according to the
ranges mentioned above. Similarly, the lithostratigraphy variable was represented graph-
ically in the cell system, bringing together the 329 lithostratigraphic fields of the Iberian
Peninsula, the Balearic Islands, and the Canary Islands. The correlations obtained between
the radon concentrations with respect to the lithostratigraphies were also represented
graphically in 9 categories.

From these two correlation maps, a new radon potential map (Radon Potential Map
Calculated) was generated. The sum of the categories of both maps was represented on this
calculated map, and so the numerical range of each cell was between 1 and 18: Values from
13 to 18 indicate a positive linear relationship with radon and therefore a high probability
of finding high concentrations. Values from 8 to 12 indicate the absence of a relationship
and therefore an average probability of finding high concentrations. Values from 1 to 7
indicate a negative linear relationship with radon and therefore a low probability of finding
high concentrations.

To facilitate the interpretation of the results, and to represent the data according to
their possible radon concentration range, the values were reclassified into 5 categories:
Category 1 (>400 Bq/m3), Category 2 (301–400 Bq/m3), Category 3 (201–300 Bq/m3),
Category 4 (101–200 Bq/m3), and Category 5 (<100 Bq/m3). The equivalences applied to
the entire process are shown in Table 1 below:

Table 1. Equivalences and data grouping by ranges of values.

222Rn Concentration
(Bq/m3)

Calculated Potential Radon Map
(Value)

Pearson’s Correlation Coefficient
(R)

Lithostratigraphies and
Terrestrial Gamma Radiation

Rates Intersections Value
(Value)

>400 18 to 14 >+0.75 9
301–400 13 to 10 +0.74 to +0.26 7 to 8
201–300 9 to 7 +0.25 to −0.25 6 to 4
101–200 6 to 4 −0.26 to −0.74 3 to 2

<100 3 to 1 <−0.75 1

The methodology used to evaluate the results was as follows: the success or failure
capacity per 10 km × 10 km cell was compared for each of the variables analyzed (222Rn
concentration measurements in homes, exposure rate to terrestrial gamma radiation and
lithostratigraphies), from both the CSN P90 Radon Potential Map and the Radon Potential
Calculated Map. It was considered a success if a cell was in the same concentration or
range of values (see Table 1 equivalences) and it was considered a failure if the cell was not
a match.

3. Results

3.1. Analysis of Variables

3.1.1. Concentration of 222Rn in Homes

Regarding the concentration of 222Rn in homes, the 11,500 data points on the concentra-
tion of 222Rn in air were analyzed using as a starting point the central trend measures and
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dispersion, and according to the shape of the distribution sample. Table 2 offers the updated
data regarding previous publications [52,53] showing the main parameters obtained:

Table 2. Statistics on radon concentration data for Spain.

Number of
Measurements

Arithmetic Mean
(Bq/m3)

Arithmetic
Standard
Deviation

Geometric Mean
(Bq/m3)

Geometric
Standard
Deviation

1-st Quartile

(Bq/m3)

Median
(Bq/m3)

3-rd Quartile

(Bq/m3)

Range

(Bq/m3)
Skewness Kurtosis

Spain 11,500 101 260.6 58 2.6 30 56 110 10–15,400 31.5 1497

The central trend measures show that the data do not follow a normal distribution,
since the arithmetic mean (101 Bq/m3) is far from the median (56 Bq/m3). Furthermore, the
standard deviation of the arithmetic mean is 260.6 Bq/m3, which shows a high dispersion
of the data.

Analysis of the shape of the sample distribution shows a high coefficient of kutor-
sis (K = 1497), indicating a leptokurtic distribution, whereas the asymmetry coefficient
(CS = 31.5) indicates a positive asymmetry: The distribution of measurements is log-normal.
The distribution of measurements is log-normal, as shown in the histogram (Figure 2). This
distribution is usual for radon concentration measurements since most of the measure-
ments obtained are in low concentrations, whereas only a few measurements appear in the
high concentration range.

Figure 2. Histogram of the radon concentration data.

Analyzing these 11,500 data points, it is seen that 27% of the samples exceed the level
of 100 Bq/m3 to initiate action plans (5% of the measurements exceed 300 Bq/m3 and 22%
are in the range of between 100 and 300 Bq/m3).

On transposing these data to the cell system, it is seen (Table 3) that the majority (76%)
are in the range of low concentrations (<100 Bq/m3), 22% between 100–300 Bq/m3, and
that the percentage of cells in high concentrations (>300 Bq/m3) is reduced to 2%.
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Table 3. Mean concentration of 222Rn and number of measurements per 10 × 10 cell.

222Rn Concentration
Arithmetic Mean (A.M)

(Bq/m3)

No of
10 km × 10 km

Cells
(%)

No of
Measurements

per Cell
(Average)

1 Measurements
(%)

2 to 6
Measurements

(%)

>6
Measurements

(%)

>400 1 3.9 32 52 16
301–400 1 4.2 34 45 21
201–300 4 5.2 37 40 23
101–200 18 4.9 37 42 21

<100 76 2.8 50 41 9

It is also clear that the sampling in Spain is not heterogeneous, since there are areas
where the measurement density is much higher than others; this is because the sampling
in Spain was defined based on a series of criteria that concentrated the number of mea-
surements in areas with potentially high radon concentrations. The decision of how many
measurements to be carried out in each 10 km × 10 km cell was made by the CSN, taking
into account the general objectives established by the EC-JRC in the creation of the Euro-
pean Radon Map, considering superficial, population and lithostratigraphic criteria, and
according to the rate of exposure to terrestrial gamma radiation [51,52].

Despite efforts to try to cover the entire country with at least one measurement per
10 km × 10 km cell, it can be seen that a large part of its surface does not have any
measurements (40%). Of the cells for which measurements are available, it is representative
that a large percentage of Spain is covered with only one measurement (47%) or with
two measurements (19%), whereas cells with more than 6 measurements represent 15%
of the total.

Analyzing cell percentage according to concentration category and measurements,
it is seen that 68% of cells with concentrations greater than 400 Bq/m3 have more than
two measurements (in 52% of cases from 2 to 6 measurements, and in 16% more than
6 measurements), and that in the concentration range between 301 and 400 Bq/m3 this
percentage of cells is also high (66%). The percentage is slightly lower for the intermediate
concentrations (101–300 Bq/m3) where 63% of cells have more than 2 measurements. Low
concentrations (<100 Bq/m3), despite being the most numerous category, is the one with
the fewest measurements. Half of its cells have a single measurement, reducing the number
of cells with more than 6 measurements to 9%.

It is clear that as the number of measurements per cell increases, the concentration
ranges are better defined.

3.1.2. Exposure Rate to Terrestrial Gamma Radiation

From the analysis of the rates of exposure to terrestrial gamma radiation (Figure 3a),
95% of the peninsula is found to have medium and low rates: 2% of the country is below
44 nGy/h, and 93% between 45 and 122 nGy/h. The areas with rates higher than 122 nGy/h
are few (5%), and are mainly in the northwest area of the peninsula and in the Central
System. In these areas, there is a clear correspondence between the presence of high radon
concentrations and high rates of gamma exposure [43,54].

Analyzing the data of this variable with respect to radon concentrations (Figure 3b), a
positive linear relationship is observed between the two parameters starting at 78 nGy/h,
the relationship becoming clearer in the case of the identified areas of high rates. These
areas correspond once again to those previously mentioned, along with areas of the Catalan
Coastal Cordillera and the Pyrenees, corroborating the correspondence of high radon
concentrations and high rates of gamma exposure.
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(a) (b) 

Figure 3. (a) Figure Terrestrial gamma radiation rates (nGy/h) and (b) Relationship between terrestrial gamma radiation
rates and radon concentration.

3.1.3. Lithostratigraphies

Regarding the lithostratigraphy variable, it is known that the main indicator in de-
termining a higher or lower probability of high concentrations of radon in an area is the
presence of uranium in soils and rocks, for which reason the lithological formations with
a high proportion of uranium will generate a high proportion of radium and therefore a
higher proportion of radon. In general, the highest uranium values (>2.88 ppm) [55], are
associated with acidic intrusive plutonic rocks such as granites.

The analysis of lithostratigraphies (Figure 4a) in Spain suggests that the geologies most
commonly found in Spain are acidic plutonic rocks such as granites, granodiorites, and
quartz diorites (8% of the territory). Due to the large number of lithostratigraphies present
in Spain, the legend of this figure only shows the most numerous (more than 2% of the
territory), the complete legend is available in the IGME [56]. It is also noteworthy that 4% of
the territory is made up of slates and greywacke. Both shales (metamorphic rocks produced
by silt-clay sedimentary rocks) and greywacke (detrital sedimentary rocks derived from
the dismantling of acidic plutonic rocks) generally also have high uranium content [43].

In the areas where these two formations are present, there may be a high probability of
finding high radon concentrations, which was confirmed after performing the correlation
analyses of the two variables.

The results of the relation between lithostratigraphies and radon concentrations
(Figure 4b) show that 100 lithostratigraphies show a positive relationship. The clearest re-
lation (>+0.75) appears in a single case, in the geologies corresponding to acidic, Hercynian
plutonic rocks (granites, granodiorites, quartz diorites). It has been confirmed that this
geology is associated with a high presence of radon.
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In addition, six other lithostratigraphies show a marked relationship with the presence
of high radon concentrations (between +0.51 and +0.75), representing another 8% of the
peninsular surface. They mainly correspond to metamorphic rocks such as shales, gneiss,
schists, or quartzites (these are rocks with high concentrations of uranium) [43] and detrital
sedimentary rocks such as greywacke derived from acidic plutonic rocks.

On analyzing the geographical distribution of these areas, it is seen that they corre-
spond to the northwest area of the peninsula and the area of the Central System. A close
relationship is also observed with the geological formations in the west of the peninsula
and their extension towards Sierra Morena, specific areas of the Pyrenean Range, and in
the area of the Catalan Coastal Cordilleras.

 
(a) (b) 

Figure 4. (a) Figure Lithostratigraphies 1:200,000 and (b) Figure Relationship lithostratigraphies and radon concentration.

3.2. Comparison of Radon Potential Maps Generated

As shown in Figure 5, where the P90 Radon Potential Map generated by the CSN
(hereafter P90 Potential Map) and the Radon Potential Map Calculated in the present
study are compared, both maps show a similar percentage of cells in the range of radon
concentrations greater than 400 Bq/m3 (17% in the case of the Calculated Map and 16%
in the P90 Potential Map). In both maps, the areas defined in this range correspond once
again to the northwest of the peninsula, the Central System area, the west of the peninsula
extending towards Sierra Morena, south of the Pyrenees, and in the area of the Catalan
Coastal Cordilleras.

The increase in the weight of the cells with concentrations between 301 Bq/m3 and
400 Bq/m3 is significant: it goes from 2% in the P90 Potential Map to 19% in the case of the
Calculated Map. As will be seen later, the calculation of this new zoning fits possible radon
concentrations more reliably. It is mainly seen in the west of the peninsula surrounding the
highest concentrations. The area of Sierra Morena up to the border with Portugal is also
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clearly defined in this range, and in some areas to the north of the peninsula, areas of the
Penibaetic System or areas to the west of the Ebro valley.

Both maps have a similar percentage of cells in the concentration range between
201–300 Bq/m3 (20% in the case of the Calculated Map and 21% in the P90 Potential Map).
However, analyzing Figure 4 shows changes in zoning: in the CSN P90 Potential Map these
areas were defined as mainly bordering the areas of greater concentrations in the west of
the peninsula and certain areas in the south of the Ebro valley, while with the Calculated
Map these areas are mainly found in the south of the Iberian System and the south of the
Ebro valley.

 
(a) (b) 

Figure 5. Potential Radon Map. (a) Calculated Map and (b) Map based on Spanish Nuclear Safety Council (CSN) data.

The most significant change occurs in the cells between 101 and 200 Bq/m3, where it
drops from 59% in the case of the P90 Potential Map to 35% in the Calculated Map. The
reduction is this percentage is accompanied by a large group of the cells located in this
category switching, on the Calculated Map, to the range between 301–400 Bq/m3 and cells
of less than 100 Bq/m3.

Regarding the range of cells with concentrations below 100 Bq/m3, an increase in
the number of cells is observed, going from 2% on the P90 Potential Map to 7% on the
Calculated Map. This increase in cells is due to a large number of the cells identified
in the CSN map as in the range between 101–200 Bq/m3 having moved to this range of
lower concentrations. The area in this category lies mainly in the south of Spain in the
Guadalquivir Valley and the Levante.

3.3. Assessment of the Degree of Identification of the Maps

To quantify the degree of identification of the Radon Potential Calculated Map with
respect to radon concentrations, the cells are analyzed, identifying for each variable the
percentage of failures or successes in each of the ranges. Table 4 reflects the degree of
identification of each of the study variables.
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Table 4. Degree of identification between the variables of the maps Potential Radon Map Calculated and P90 CSN.

Radon Potential Calculated Map

222Rn
Concentration

A.M
(Bq/m3)

Success
(%)

Failure
(%)

Gamma Radiation
Rate

(nGy/h)

Success
(%)

Failure
(%)

Lithostratigraphies
1:200,000
(Class)

Success
(%)

Failure
(%)

>400 68 32 >167 90 10 9 96 4
301–400 20 80 123–167 8 92 8, 7 36 64
201–300 15 85 89–122 3 97 6, 5, 4 27 73
101–200 15 85 45–88 41 59 3, 2 65 35

<100 11 89 <48 0 100 1 80 20
12 86 32 68 47 53

Radon Potential Map P90 CSN

222Rn
Concentration

A.M
(Bq/m3)

Success
(%)

Failure
(%)

Gamma Radiation
Rate

(nGy/h)

Success
(%)

Failure
(%)

Lithostratigraphies
1:200,000
(Class)

Success
(%)

Failure
(%)

>400 64 36 >167 53 47 9 89 11
301–400 3 97 123–167 2 98 8, 7 0 100
201–300 30 70 89–122 31 69 6, 5, 4 31 69
101–200 37 63 45–88 72 28 3, 2 91 9

<100 2 98 <48 0 100 1 0 100
10 90 57 38 47 53

3.3.1. Degree of Identification Regarding Radon Concentrations

Regarding radon concentrations, both maps show a high capacity to identify cells with
concentrations greater than 400 Bq/m3, but the Calculated Potential Map improves the
data obtained with respect to the P90 Potential Map: it returns 68% correct identification of
these areas compared to 64%.

The increase in the identification capacity of the Calculated Potential Map in areas
with concentrations between 301–400 Bq/m3 is of special interest, from 20% to 3% reported
by potential radon map CSN, Directive 2013/59/Euratom sets the first value as a reference
level to be considered when devising National Action Plans against radon gas in order to
define Radon Priority Areas that, with the proposed method, becomes easier to define.

In the intermediate concentration ranges, the identification capacity of the P90 Poten-
tial Map is superior to that of the Calculated Potential Map: In the range 201–300 Bq/m3

and 101–200 Bq/m3 it identifies appropriately 30% and 37% of the cells. The Calculated
Potential Map correctly identifies 15% of cases.

The greater capacity of identification of the P90 Potential Map in these ranges of mean
concentrations is mainly due to the scarcity of measurements made in these areas. As previ-
ously shown, a higher sampling density per cell more precisely defines the concentrations,
and many of the cells identified as having average concentrations would move to another
range of concentrations as the number of measurements in them increases. This greater
identification capacity is also due to the fact that the CSN map assigned a high weight
to the gamma radiation variable, while when creating the Calculated Potential Map, the
weight of the variables was homogenized.

In the lower concentration ranges, the identification capacity of the Calculated Poten-
tial Map improves to 12% as against 3% of the P90 Potential Map.

3.3.2. Degree of Identification Regarding the Rates of Exposure to Terrestrial
Gamma Radiation

Regarding the rates of exposure to terrestrial gamma radiation, the P90 Potential Map
has a greater capacity of identification (57%) as compared to the Calculated Potential Map
(32%). However, when analyzing the different ranges in detail, it is found that this reduction
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in global accuracy is mainly due to low identification in the cells corresponding to the
average rates (between 45 nGy/h and 122 nGy/h), because the data on radon concentration
in this grid is limited. On the other hand, the increase in the identification of cells with
higher rates is notable: in cells with more than 167 nGy/h the level of identification
increases to 90%, and in cells between 123 nGy/h and 167 nGy/h it rises to 8%.

3.3.3. Degree of Identification Regarding the Lithostratigraphies

With respect to lithostratigraphies, both maps correctly identify 47% of the cells. The
differences emerge when analyzing the different classes associated with concentrations.

In the cells corresponding to lithostratigraphies associated with concentrations of
more than 400 Bq/m3 (Class 9), the Calculated Potential Map increases identification to
96% as against 89% of the P90 Potential Map.

It is of particular interest that the Calculated Potential Map correctly identifies 36% of
the cells associated with Classes 7 and 8 (lithostratigraphies linked to radon concentrations
between 301 Bq/m3 and 400 Bq/m3), since the CSN map does not have the capacity to
identify these areas. Again, Directive 2013/59/Euratom sets the value 300 Bq/m3 as the
reference level for producing National Action Plans against radon gas.

The identification of cells associated with concentrations between 201 Bq/m3 and
300 Bq/m3 (Classes 4, 5 and 6) is similar in both maps: 27% in the case of the Calculated
Potential Map and 31% of the P90 Potential Map.

The identification capacity of the Calculated Potential Map drops to 65% compared
to 91% of the P90 Potential Map in Class 2 and 3 cells (lithostratigraphies associated with
concentrations between 101 Bq/m3 and 200 Bq/m3). This is due to the existence of lithos-
tratigraphies that were previously identified with intermediate concentrations, but now
have come to be placed in the category of low concentrations: in Class 1 (lithostratigraphies
associated with radon concentrations of less than 100 Bq/m3) the Calculated Potential Map
has an accuracy of 80% as opposed to the null capacity of the P90 Potential Map.

4. Conclusions

In conclusion, it has been shown that:

• The Calculated Potential Map correctly identifies 12% of the cells in terms of the
probability of finding a radon concentration in a given area, improving the percentage
of the P90 Potential Map (which correctly identifies 10% of the cells).

• Regarding the probability of finding an exposure rate to terrestrial gamma radiation as-
sociated with a radon concentration, the P90 Potential Map properly identifies 57% of
the cells, while the Calculated Potential Map identifies 32% of the cells. This is because
when making the map, the CSN gave great weight to this variable, whereas when mak-
ing the Calculated Potential Map, the weight of the study variables was homogenized.

• Regarding the probability of finding lithostratigraphies related to the greater or lesser
presence of radon, both maps correctly identify 47% of the cells. In general, it is
seen that the Calculated Radon Potential Map improves the identification of cells
in terms of the probability of finding a radon concentration associated with a type
of lithostratigraphy, since it homogenizes the ability to place a type correctly in all
concentration ranges. Its identification capacity is markedly better in the ranges of
higher concentrations (>300 Bq/m3) and lower concentrations (<100 Bq/m3).

• The Calculated Radon Potential Map in this study prepared from joining together the
correlation maps shows that in 36% of the country there is a probability of finding
radon concentrations higher than 300 Bq/m3 (17% above 400 Bq/m3 and 19% between
301 Bq/m3 and 400 Bq/m3). With this map, the areas of Spain with probable high
radon concentrations (more than 300 Bq/m3) are precisely defined.

The map also identifies the areas with a probability of finding radon concentrations
of between 100 Bq/m3 and 300 Bq/m3 more reliably, by homogenizing the weights of the
variables. This range of concentrations is also of particular interest, as the WHO designates
100 Bq/m3 as the recommended reference level to start action plans against radon gas.
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Abstract: As part of a nationwide survey of thoron (220Rn) in Japan, the indoor 220Rn gas concen-
trations in 940 dwellings were measured throughout one year, from 1993 to 1996, using a passive
type 222Rn-220Rn discriminative monitor. The monitor was placed in a bedroom or a living room in
each house for four successive three-month periods. The mean annual indoor 220Rn concentration
was estimated from the four measurements in each house. The arithmetic mean, the median and the
geometric mean for indoor 220Rn concentrations in 899 dwellings were 20.1, 9.6 and 10.0 Bq m−3,
respectively. The 220Rn concentrations exhibited a log-normal distribution. It was found that the
220Rn concentrations were dependent on the nature of the materials used for wall construction and
also on the distance of measurement from the wall. Significant seasonal variations in the 220Rn
concentration were not observed. It would seem that the nature of the wall material contributed to
the increased indoor 220Rn concentrations.

Keywords: thoron; radon; indoor; radioactivity; environment; nationwide survey; SSNTD

1. Introduction

Radon (222Rn), thoron (220Rn) and their progeny species are large contributors to the
annual exposure of an effective dose to the general population. 222Rn and its progeny
species contribute about half of the annual effective dose due to natural radiation based
on the world mean dose. According to the United Nations Scientific Committee on the
Effects of Atomic Radiation [1], the annual effective dose from natural radiation sources
has been calculated to be 2.4 mSv as the worldwide average, whereas 222Rn and 220Rn
contribute 1.2 and 0.1 mSv, respectively. 222Rn and 220Rn are products of the decay chains
of natural radionuclides, such as the 238U and 232Th series, and have half-lives of 3.825 days
and 55 s, respectively. The 220Rn half-life is very short compared with 222Rn. Thus, only
a very small amount of 220Rn can enter a room from the outside. It is considered that a
220Rn concentration gradient exists near the mud-based walls and floors in low ventilated
houses [2]. Therefore, if a mud mortar wall is present in housing materials which have
high concentrations of thorium, 220Rn and its decay products may enter houses and cause
potential health problems. In particular, traditional wooden houses with mud mortar walls
are a common house type in Japan.

The International Commission on Radiological Protection (ICRP) [3] have issued
new dose conversion factors for 222Rn and 220Rn progeny species based on a dosimetric
approach in Publication 137. The values specified are 16.8 and 107 nSv (Bq m−3 h)−1,
respectively. This means that even small amounts of 220Rn progeny species will cause
higher radiation exposure compared to 222Rn [4]. Therefore, interest in 220Rn exposure is
growing among the health sciences communities. Recently, a number of 220Rn surveys
have been carried out in local regions and nationwide, and the results have been published
enabling an evaluation of exposures from 220Rn [5–21]. Also, the need to adopt reliable
220Rn measurement techniques has been argued in several papers [22].
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An indoor 222Rn survey was conducted on 940 houses nationwide in Japan from 1993
to 1996 using 222Rn–220Rn discriminative passive type monitors [23]. The passive monitor,
developed by Doi and Kobayashi [2], was placed in either a bedroom or a living room
where residents spent most of their time. Indoor 222Rn concentrations were determined at
20 dwellings in each prefecture for four successive three-month periods to cover an entire
year. In the survey, to eliminate the influence of 220Rn on 222Rn measurement, the 220Rn
concentration was performed at the same time for referencing purposes. The 222Rn and
220Rn calibration experiments were performed in a standard radon chamber at the National
Radiological Protection Board (Didcot, UK) and using the 222Rn–220Rn mixed chamber of
Waseda University (Tokyo, Japan), respectively. This study is concerned with the results
for the indoor 220Rn concentrations using the reference data from the nationwide survey
which was conducted to determine the 222Rn concentrations in Japan [23]. Furthermore,
the seasonal and regional variations were investigated, and the influence of the type of
house structure was examined as mentioned previously. However, this study does not
include a dose assessment of 220Rn because the 220Rn concentration varies widely in rooms
and it is not easy to measure the activity concentration given the short half-life of the
radioisotope [22].

2. Materials and Methods

2.1. 220Rn Monitor and Measurement Periods

The solid-state nuclear track detector (SSNTD) was developed at the National Institute
of Radiological Sciences (Chiba, Japan) as a 222Rn and 220Rn discriminative monitor [2]. The
monitor consists of two electroconductive hemispheres and there are two polycarbonate
films installed in the center of the two hemispheres. To isolate and separate the progeny
species of 222Rn and 220Rn, a glass fiber filter is located in the first hemisphere. Therefore,
only gaseous 222Rn and 220Rn can pass through the filter and enter the first hemisphere.
This monitor has two different diffusion chambers which have relatively large and small
ventilation rates. This system has been developed based on the large difference in half-lives
of 222Rn and 220Rn. After being exposed, the film was first subjected to chemical etching
with a mixed solution of 8 mol L−1 KOH and 20% C2H5OH at 30 ◦C for 30 min [23]. Then
the films were electrochemically etched at 800 V and 2000 Hz for 2 h. A control film, which
was exposed to particles from an 241Am source and which had been etched simultaneously
with the sample films, was also prepared to assure the stability of the etching condition.
The track density was converted to the average 220Rn concentration by the calibration
factor after subtraction of the background track density, i.e., 3.5 ± 1.8 tracks cm−2. In the
case of the three month long exposure period, the detection limit (DL) for the concentration
of 220Rn was estimated to be 7.4 Bq m−3 (k = 1.65), the definition of DL being based on the
definition of Currie [24]. Four monitors were used in the survey to determine the mean
annual 220Rn concentration. Consequently, the DL for the mean annual 220Rn concentration
was estimated to be about 1/2 of DL value specified above. The measurements were carried
out for four successive three-month periods to cover a whole year (i.e., January–March,
April–June, July–September and October–December) for estimation of the mean annual
indoor 220Rn concentration. The survey was carried out for four years (January 1993–June
1996) and conducted in the same manner as reported previously [23].

2.2. 220Rn Calibration Experiments

The 222Rn and 220Rn calibration experiments were performed in a standard radon
chamber at the National Radiological Protection Board in the UK and at the 222Rn–220Rn
mixed chamber of Waseda University, Tokyo, respectively [25]. 220Rn conversion factor
was evaluated to be 0.0098 ± 0.0016 (tracks cm−2 per Bq m−3 d).

64



IJERPH 2021, 18, 1299

3. Results and Discussion

3.1. Distribution of 220Rn Concentration

The mean annual 220Rn concentrations were obtained for 899 houses, the number of
houses monitored being reduced from the original 940 houses as was the case for 222Rn [23].
The annual arithmetic mean, and the median were calculated and values less than the DL
(<4 Bq m−3) were included in each quarter value. In addition, if a negative value was
obtained due to statistical variation as a result of background subtraction, this value was
assigned as a zero. The histogram for the mean annual indoor 220Rn concentrations is
presented in Figure 1. The mean annual 220Rn concentration was found to vary from <4
to 383 Bq m−3. The arithmetic mean, the median, the geometric mean and the geometric
standard deviation were 20.1 ± 36.8, 9.6, 10.0 Bq m−3 and 3.2, respectively. The 222Rn
concentrations varied from 3.1 to 208 Bq m−3. The arithmetic mean, the median, the
geometric mean and the geometric standard deviation were 15.5 ± 13.5, 11.7, 12.7 Bq m−3

and 1.78, respectively [23]. As a comparison, Kim et al. reported that the geometric
mean for 220Rn concentrations in Korea was 10.7 Bq m−3. The log-normal cumulative
frequency distribution for the indoor 220Rn concentrations is shown in Figure 2. The 220Rn
concentration distribution would appear to be close to a log-normal distribution. The
distribution of the mean annual indoor 220Rn concentrations was accepted as a log-normal
distribution based on the Kolmogorov–Smirnov test at a significance level of 95%.

Number of houses: 899 
Arithmetic mean: 20.1 Bq m 3 
Median: 9.6 Bq m 3 
Geometric mean: 10.0 Bq m 3 

Maximum: 383 Bq m 3 

220Rn concentration (Bq m 3) 

Figure 1. Histogram for indoor 220Rn concentrations.

3.2. Seasonal Variation

The indoor 220Rn concentration data for each season are presented in Table 1. Negative
values in this dataset were eliminated for calculation of the geometric mean. A significant
seasonal variation in the 220Rn concentrations for the four seasons was not found. Accord-
ing to Kim et al. [15] and Stjanovska et al. [16], a temporal pattern in the 220Rn concentration
data was observed with values in the winter and spring seasons being higher than those
in the summer and autumn. Martinez et al. [17] found that the highest concentrations for
Mexico City were in the autumn season and the lowest concentrations were in summer.

In the present study, slight differences were noted in the 220Rn concentrations depend-
ing on the periods of exposure. The lowest 220Rn concentrations for all types of houses
were observed in the winter season (October–December). However, a different relationship
was noted for the 222Rn concentrations, namely, that the 222Rn concentrations tended to
be higher in winter compared to the other seasons [23]. This was probably because the
residents used domestic heaters to maintain a comfortable room temperature in winter, and
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consequently there would have been increased ventilation rates due to the contribution of
convection and/or stack effect in the rooms.
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Figure 2. Cumulative frequency distribution for indoor 220Rn concentrations. This figure has been
prepared using the mean annual 220Rn concentrations in excess of zero Bq m−3.

Table 1. 220Rn concentrations measured in the different seasons.

Measurement Period
Number of

Houses

220Rn (Bq m−3) GSD

AM SD
GM

(Number of Houses)

January–March

899

18.9 40.0 14.6 (576) 3.5
April–June 22.8 39.2 14.4 (733) 3.5

July–September 21.9 42.3 14.0 (713) 3.3
October–December 16.6 41.0 13.0 (492) 3.9

AM: Arithmetic mean; SD: Standard deviation; GM: Geometric mean; GSD: Geometric standard deviation
(dimensionless).

The variation of the 220Rn concentration in the rooms was slightly different from that
of 222Rn, which may reflect the differences in the half-lives and sources of 220Rn, despite the
fact that there were large fluctuations in the standard deviations for the seasonal variations
of 220Rn concentrations. The reason why the indoor 220Rn concentrations did not display a
variation similar to 222Rn is unclear at this time.

3.3. Nature of Housing

Indoor 220Rn concentrations were categorized in terms of the structural features of the
housing. The annual mean, the standard deviation, and the geometric mean for the indoor
220Rn concentrations together with number of houses monitored are given in Table 2. The
arithmetic and geometric mean concentrations for wooden and concrete-based houses
have higher values than those of other structures, although there were large fluctuations
in the data. The maximum value was found for a wooden house with a mud wall, the
highest 220Rn concentration being 383 Bq m−3. The cause of the high 220Rn concentration
of wooden houses is that they have relatively high ratio of the mud wall in comparison to
other house structure types. Table 3 lists the ratio of the mud wall in each housing type.
Accordingly, the 220Rn concentrations in wooden houses are higher than those for other
housing types.
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Table 2. The mean annual 220Rn concentration for each type of house.

Structure
Number of

Houses

220Rn (Bq m−3)

AM SD GM

Wooden 597 23.1 40.7 10.8
Concrete 182 16.3 32.5 9.6

Steel frame 90 8.6 8.9 6.1
Concrete block 16 21.8 25.6 13.8
Prefabricated 6 3.4 2.6 2.7

AM: Arithmetic mean; SD: Standard deviation; GM: Geometric mean.

Table 3. Ratio of mud wall in each structure type.

Structure Type
Total Number of

Houses
Number of Mud

Wall Houses
Ratio of Mud Wall
in the House (%)

Wooden 597 190 31.8
Concrete 182 3 1.6

Steel frame 90 0 0
Concrete block 16 1 6.3
Prefabricated 6 0 0

With respect to the 220Rn concentrations by region, the overall ratios for wooden
houses with mud walls in the Hokkaido—Tohoku, Kanto and Kyushu—Okinawa areas are
lower than for those in other areas of Japan. Therefore, the 220Rn concentrations in these
former areas also tends to be lower than the values found in the other areas.

3.4. Dependency of 220Rn Concentration on Wall Structure and Distance from Wall

The present survey on 220Rn concentrations considered four categories of material
which were used for wall construction in the houses. The mean annual 220Rn concen-
trations obtained by passive measurement for the different wall materials in the houses
are presented in Figure 3. Inspection of the results (Figure 3) reveals that high 220Rn
concentrations occurred for houses with mud walls, and the values decreased gradually
with distance from the surface of the wall as shown in Figure 4. Yonehara et al. reported
similar behavior for 220Rn concentrations at locations near the wall surfaces in Japanese
dwellings [26].
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Figure 3. 220Rn concentrations for various wall materials.
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Figure 4. 220Rn concentrations at different distances from the wall surface for all wall materials.

3.5. 220Rn and 222Rn Correlation

The correlation between the indoor 220Rn and 222Rn concentrations was investigated.
The relationship between the 220Rn and the 222Rn concentrations is illustrated in Figure 5.
The concentration distributions for both radioisotopes follow approximately a log-normal
distribution. Consequently, both datasets were calculated after taking the logarithms
of the respective data. The linear regression analysis shows a weak positive correlation
(R = 0.25). The ratio for the concentrations of 220Rn/222Rn ranged from 0.007 to 40.3 and
reveal a log-normal plot. The arithmetic mean for 220Rn/222Rn was 1.64 and geometric
mean was 0.78.
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Figure 5. Correlation between the mean annual concentrations of 220Rn and 222Rn.

4. Conclusions

The mean annual indoor 220Rn concentrations were measured in 899 houses using
a passive 222Rn–220Rn discriminative monitor. The arithmetic mean, the median and the
geometric mean were 20.1, 9.6 and 10.0 Bq m−3, respectively. The 220Rn concentration
plot exhibited a log-normal distribution. The maximum 220Rn concentration found in
the present survey was 383 Bq m−3 for a wooden house with mud walls. The survey
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data for the indoor 220Rn concentrations in Japan did not exhibit a significant seasonal
variation. There was a marked difference in the 220Rn concentration depending on the
nature of the house structure. Relatively higher concentrations of 220Rn were found in
wooden and concrete block houses compared to other housing types. In general, the 220Rn
concentrations in traditional wooden houses with mud walls tended to be higher than
those for houses with different wall types. Further, it was demonstrated that the 220Rn
concentrations decreased with distance of measurement from the wall.
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Abstract: In this study, to get a better understanding in characterizing groundwater and ensure its
effective management, the radon concentrations in water samples were measured through Ryukyu
limestone in southern Okinawa Island, Japan. Water samples were collected from a limestone cave
(Gyokusendo cave, dropping water) and two springs (Ukinju and Komesu, spring water), and the
radon concentrations were measured by liquid scintillation counters. The radon concentrations in
the samples from the Gyokusendo cave, and Ukinju and Komesu springs were 10 ± 1.3 Bq L−1,
3.2 ± 1.0 Bq L−1, and 3.1 ± 1.1 Bq L−1, respectively. The radon concentrations showed a gradually
increasing trend from summer to autumn and decreased during winter. The variation of radon
concentrations in the dripping water sample from the Gyokusendo cave showed a lagged response
to precipitation changes by approximately 2–3 months. The estimated radon concentrations in the
dripping water sample were calculated with the measured radon concentrations from the dripping
water obtained during the study period. Based on our results, groundwater in the Gyokusendo cave
system was estimated to percolate through the Ryukyu limestone in 7–10 days, and the residence time
of groundwater in the soil above Gyokusendo cave was estimated to be approximately 50–80 days.
This work makes a valuable contribution to the understanding of groundwater processes in limestone
aquifers, which is essential for ensuring groundwater sustainability.
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1. Introduction

Radon is a radioactive noble gas with an atomic number of 86. Although there are
many isotopes of radon, only three occur in the natural environment: 222Rn, 220Rn (Thoron),
and 219Rn (Actinon), with half-lives of 3.8 d, 55.6 s, and 3.9 s, respectively. 222Rn is the most
frequently used radon isotope due to its relatively long half-life compared to thoron and
actinon. Hereinafter, “radon” refers to 222Rn. Radon is a natural radionuclide belonging to
the uranium (238U) decay series, with radium (226Ra) as a parent nuclide. The 238U decay
series ends with 206Pb, a stable isotope of lead. Inhalation of radon and its decay products is
believed to increase the risk of lung cancer [1]. Most radon in the environment is produced
by the alpha decay of radium in the soil and rocks. Since radon is extremely soluble in
water (e.g., 0.295 cm3 kg−1 at 15 ◦C), there may be an exchange and equilibrium between
pore-water and pore-gas when the soil is unsaturated [2]. In addition, radon is chemically
inert. Therefore, if it is dissipated from soil grains into pore water or voids, it can migrate
relatively far from where it is produced by advection or diffusion [2]. Eventually, some of
the radon dissipated in the pore water migrates to the groundwater and is dissolved in
spring or hot spring water. Radon, which is widely distributed in the natural environment,
is commonly used to study atmospheric transport processes and groundwater flow systems
such as groundwater recharge, flow, and discharge [3,4].

Radon can be used as a hydrological tracer for estimating the residence time of ground-
water under very special boundary conditions (e.g., in limestone areas or for submarine
groundwater discharge in the coastal zone) [5–7]. In karst aquifers, researchers have ana-
lyzed radon concentrations to understand the recharge dynamics of water passing through
the soil layer to the saturated zone [8]. Additionally, groundwater and soil radon concen-
trations are measured during irrigated and non-irrigated periods in paddy fields, and the
difference in the concentration values between groundwater and surface water is used to
evaluate surface water infiltration into the aquifer [9]. Radon can also be used for estimating
the probability of geophysical risk events such as volcanic activity and earthquakes [10–12].
Pre-earthquake radon anomalies have been found in soil gases, groundwater, and spring
water [13,14]. Radon serves as a useful geochemical tracer for studying the short-term
environmental characteristics of cave systems, such as the flow of the atmospheric circula-
tion. Variations in the air density and atmospheric radon concentrations inside and outside
caves have been reported for the seasonal natural ventilation in the cave [15–17].

The storage capacity of a limestone layer alone is low due to it being highly permeable
and porous. However, when a limestone layer overlies an impermeable layer in a non-
conformant way, as is the case on Okinawa Island, the limestone serves as an aquifer.
Limestones can serve as excellent natural aquifers and provide drinking water to 25% of
the world’s population [18]. Moreover, water in limestone aquifers is the only available
drinking water in some regions and serves as a valuable water source for agriculture [18].

Okinawa Island, a Japanese island in the East China Sea, is characterized by short
and steep river channels. Moreover, because its watershed area is small, the rainfall is
discharged directly into the ocean. Okinawa Island experienced a relatively high annual
precipitation of 2040 mm during the 1981–2010 period [19]. However, due to significant
seasonal and interannual changes, the flow of rivers on the island is unstable and the
amount of water available is limited. Therefore, it is difficult to secure stable water resources
in Okinawa Island from river water alone and part of the water for agriculture and domestic
use is provided by groundwater. To establish a stable supply and ensure the sustainable use
of groundwater in the future, it is necessary to determine the groundwater characteristics,
such as availability and residence time, in limestone aquifers. However, because of the
heterogeneous permeability and complex hydrogeological structure of limestone, it is
difficult to understand the behavior of groundwater from existing numerical models. For
example, groundwater infiltration and residence time in limestone aquifers vary with each
precipitation event.

Characteristics of local groundwater processes can be inferred from radon measure-
ments. Shiroma et al. (2016) intermittently measured the radon concentration in dripping
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water exuding from the ceiling of a cave and reported that it is a potential source of radon
in the cave atmosphere [20]. Although other factors may be involved, by comparing radon
concentrations and monthly precipitation, changes in radon concentrations were shown to
correspond to precipitation changes after a delay of 60–90 days. Furthermore, groundwa-
ter was calculated to percolate through the Ryukyu limestone in 9 to 10 days. However,
the radon concentration data were collected intermittently for only one year and only at
one site.

The main objective of this study is as attempt to calculate the residence time of
groundwater in limestone areas. The study area comprised a limestone cave and two
springs in the southern part of Okinawa Island. The residence time of groundwater
from the soil to the cave was calculated based on the relationship between the radon
concentration of the dripping water from the cave ceiling and the monthly precipitation.
Moreover, we sampled two springs in the study area to understand the spatial distribution
of radon concentrations in the groundwater.

2. Materials and Methods

2.1. Overview of the Study Site

Okinawa Prefecture, located in southwestern Japan, is the only prefecture in the coun-
try with a subtropical climate (Figure 1A). Ryukyu limestone, which originates from coral
reef sediments, formed approximately one million to 500,000 years ago [21]. Limestone is
widely distributed, and there are numerous limestone caves in Okinawa. The southern part
of Okinawa Island consists of the Neogene-Quaternary Shimajiri Group and the Ryukyu
Group, with low-lying terrain below 200 m in elevation. The Shimajiri Group of the Neo-
gene Pliocene is predominantly composed of mudstone and is prone to erosion, while
the limestone Quaternary Pleistocene Ryukyu Group, which is predominantly composed
of limestone, is more resistant to erosion and forms a flat-surfaced topography [22]. The
Ryukyu limestone overlies the Shimajiri Group in a non-conformant way. The Ryukyu
limestone is permeable, while the Shimajiri Group is impermeable [23]. Therefore, Ryukyu
limestones serve as aquifers in Okinawa Island (i.e., Ryukyu aquifer).

Figure 1. Locations of the study area (A) and sampling sites (B). The white square shows the Automated Meteorological
Data Acquisition System (AMeDAS) situated at Itokazu.

Okinawa Island has three major soil types: Shimajiri Mahji, Kunigami Mahji, and
Jahgaru. Shimajiri Mahji is a dark red soil, which is widely distributed in the Ryukyu
limestone distribution area [24], with a reddish brown to dark brown color that is neutral
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to slightly alkaline [25]. Dark red soil is derived from the weathering products of limestone
and/or a high-background radiation area, mainly the southeastern part of China [25].

2.2. Sample Collection

Water samples were collected from Gyokusendo cave (26◦08′25′′N, 127◦44′57′′W, 46 m
altitude, dripping water), Ukinju spring (26◦08′15′′ N, 127◦47′35′′ W, 6.5 m altitude, spring),
and Komesu spring (26◦05′18′′N, 127◦42′04′′W, 3.2 m altitude, coastal spring), all located
in the southern portion of Okinawa Island (Figure 1B). Water samples were collected from
October 2016 to October 2020. Sample collection at Ukinju and Komesu started in April
2018 and May 2018, respectively. The collection period in the springs was delayed because
it took time to find a location with a high flow rate in the coastal area. However, data for
April to June 2020 are missing for each location due to the COVID-19 pandemic.

Gyokusendo cave is a limestone cave situated in a 120-m-thick body of Ryukyu
limestone. Shimajiri Mahji soil is distributed on the surrounding ground surface. The
total length of Gyokusendo cave reaches 5000 m, and approximately 800 m are open
for tourism [26]. A concrete staircase with a height of approximately 30 m serves as an
entrance to the main cave. A branch cave in an undisclosed area about 30 m away from the
stalagmite named “Shoryu no Kane” was selected as the water sampling point (Figure 2).
There are soda-straw stalactites (straws) at this site with a significantly high drip rate.
Therefore, it was possible to collect 10 mL of dripping water in approximately 10 min. The
Ryukyu limestone is exposed at Ukinju spring and Komesu spring, and Shimajiri Mahji
is distributed in the surrounding ground surface at both sites. The Ukinju and Komesu
springs are located near the coast, 170 m and 12 m from the coastline, respectively.

Figure 2. Location of the sampling point in Gyokusendo cave (map from, Shiroma et al. 2016 [20]).

For sample collection, 20 mL high-performance glass vials (PerkinElmer, USA) con-
taining 10 mL of high efficiency mineral oil scintillator (PerkinElmer, USA) were prepared.
For each site, 5 samples were collected. The water samples were collected using a syringe
with the needle removed. Water samples (12 mL) were collected directly from the straw
formed in the cave ceiling in Gyokusendo cave. At the Ukinju and Komesu sites, the same
sample amounts were collected near the spring outlets. The syringe was pointed upward,
and the plunger was pressed carefully to remove air from the inside. A needle was then
attached, and the tip of the needle was positioned just over the bottom of the glass vial,
and 10 mL of sample was injected. The time elapsed from water sample injection to the
closing of the lid of the glass vial was set as the water sampling time. After water sampling,
the samples were shaken for 60 s and left in the dark for 4 h until radiative equilibrium
was achieved to extract the radon from the sample water into the mineral oil scintillator.

Temperature and humidity data in the cave were measured using HOBO Pro v2
Loggers (U23–001, ONSET, USA). However, data for December 2016 and February 2017
were missing due equipment failure. Precipitation data outside the cave were obtained from
the Automated Meteorological Data Acquisition System (AMeDAS) situated at Itokazu
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(Figure 1B). The pH and electrical conductivity (EC) of the water samples were measured
using a pH meter (AS-712pH, HORIBA) and an EC meter (B-771COND, HORIBA). To
verify the existence of saltwater inflow, the salinity (PSU; Practical Salinity Unit) was also
measured at Ukinju and Komesu spring located in the coastal area using a digital salinity
meter (HI96822, HANNA instruments).

2.3. Analysis of Radon Concentration in Water

The radon concentrations in water were measured for 60 min per sample using a
liquid scintillation counter. The measurements were performed using a Quantulus 1220
(PerkinElmer, USA), at the National Institute for Fusion Science, from October 2016 to
February 2019 and a Tri-Carb 2019TR (PerkinElmer, USA), at the University of the Ryukyus
Center for Research Advancement and Collaboration, from March 2019 to October 2020.
The radon concentration CR (Bq L−1) was calculated using the following equation:

CR =
(A0 − B0) exp

(
λTp

)
fRnV

(1)

where A0 is the counting rate (cps) of the water sample, B0 is the counting rate (cps) of the
background sample, λ is the radon decay constant (day−1), Tp is the elapsed period (day),
which was corrected for radioactive decay to between the sampling time and the middle
measurement time, fRn is the radon conversion factor of 3.24 cps Bq L−1 for the Quantulus
1220 and 4.5 cps Bq−1 for the Tri-Carb2019TR, and V is the sample volume (0.01 L) [27].

For measurements using the Quantulus 1220, A0 and B0 were calculated using the
counting rate cps for 600–910 ch. Additionally, for measurements using the Tri-Carb2019TR,
A0 and B0 were calculated using the counting rate cps for 0–1024 ch using the integral
counting method [27–29]. The minimum detected radon concentration MDC (Bq L−1) was
calculated using the following equation [30]:

ND = 4.65

√
B0

t
+

2.71
t

(2)

MDC =
ND

fRn V
(3)

where ND is the minimum value of net count rate (cps), t is the counting time of the sample
and the background (sec). The minimum detected radon concentrations by this method
were 1.0 Bq L−1 for the Quantulus1220 and 0.9 Bq L−1 for the Tri-Carb2019TR [30].

Uncertainties were estimated for the following components: the counting rate (cps) of
the water sample and background sample, the measurement time (s) of the water sample
and background sample, the radon decay constant (s−1), the elapsed period (s), the radon
conversion factor (cps Bq L−1), and the sample volume (L). Estimates were also made for
each of these components, which were combined to give the expanded uncertainty [31]. By
applying a coverage factor of k = 2, the expanded uncertainty was evaluated as 10%. In this
study, radon concentrations are expressed as the arithmetic mean ± standard deviation of
5 samples.

3. Results and Discussion

3.1. Physical Parameters and Meteorological Data

The pH and EC of the water samples and the monthly precipitation data are shown in
Figure 3. The pH and EC range of the samples from the Gyokusendo cave were 6.8–7.9,
0.76–1.52 mS cm−1. For the Ukinju spring, the pH and EC ranged from 6.7–8.2 and 0.64
and 0.99 mS cm−1. For the Komesu spring, the pH ranged between 6.5–8.1 and the EC
measured between 0.55 and 0.96 mS cm−1.
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Figure 3. Monthly variations for the October 2016–October 2020 period of pH (A), electrical conductivity (B), and precipita-
tion (C) in the water samples, and temperature (D) in the Gyokusendo cave.

The results reveal no significant seasonal variation in pH and EC. The monthly pre-
cipitation ranged from 11.50–669.50 mm. The monthly precipitation tended to be higher
during the rainy season (May-June) and the typhoon season (August-October) and lower
in winter (December–February). The salinity of Ukinju spring and Komesu spring, located
near the coast, was in the range of 0–1 PSU, and seawater contamination was not observed.
The temperature inside the Gyokusendo cave is shown in Figure 3D. The temperature
outside the cave showed a marked seasonal variation (high in summer, low in winter) of
15–27 ◦C [19], while inside the cave, the temperature varied marginally, ranging from
23–27 ◦C. The humidity in the cave was generally 100% throughout the measurement period.

3.2. Temporal Variation of Radon Concentrations for the Water Samples

Radon concentrations for the dripping water collected at the Gyokusendo cave ranged
from 7.1–13 Bq L−1 (Figure 4), with an average of 10 ± 1.3 Bq L−1. The radon concentration
for the dripping water collected at the same site between May 2013 and March 2014 was
relatively consistent and ranged between 6.4 to 15 Bq L−1 [20]. The radon concentra-
tion for the dripping water increased gradually from summer (June–August) to autumn
(September–November) and then decreased in winter (December–February).

Figure 4. Radon concentration variation for the Gyokusendo cave, Ukinju spring and Komesu spring
water samples collected during the October 2016–October 2020 sampling period.
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The monthly average radon concentrations of the dripping water for the entire sam-
pling period were the highest (11 ± 0.8 Bq L−1) in October and the lowest (8.8 ± 1.2 Bq L−1)
in February (Figure 5). These variations were similar to the seasonal variations in atmo-
spheric radon concentrations in the Gyokusendo cave sample (high in summer and low
in winter) observed between July 1990 and January 1993 [15–17]. The radon concentra-
tions for the water collected at Ukinju spring and Komesu spring were 3.2 ± 1.0 Bq L−1

(1.1–6.1 Bq L−1) and 3.1 ± 1.1 Bq L−1 (1.1–5.8 Bq L−1) (Figure 4). There was a gradual
increase in radon concentrations from summer to autumn. However, no clear seasonal
variation was apparent (Figure 4).

 
Figure 5. Variation of radon concentrations for the dripping water sample from the Gyokusendo cave compared to the
monthly precipitation obtained from AMeDAS (Itokazu) for the study period.

3.3. Relationship between Radon Concentration for Dripping Water and Monthly Precipitation

The temporal variation in the radon concentrations of the dripping water from the
Gyokusendo cave and the precipitation recorded for the study period are shown in Figure 5.
The monthly precipitation was approximately 500 mm during the rainy season, increased
during the typhoon season, and decreased to approximately 100–150 mm during winter.

In May 2017, an anomalously high precipitation amount of 579 mm (equivalent
to approximately 30% of the 2017 annual precipitation) was recorded, and the radon
concentration of the dripping water in July of that year was 12 Bq L−1, the highest recorded
in 2017. The precipitation from May to June 2018 was lower than usual, averaging a monthly
amount of 300 mm. However, in September 2018, the radon concentration in the dripping
water from the cave was exceptionally high, reaching 12 Bq L−1. In 2019, the highest
amount of precipitation for the year (597 mm) was recorded in June, and the maximum
radon concentration for the year was recorded in September (12 Bq L−1). More than
600 mm of precipitation was observed in June 2020, and maximum radon concentrations of
12 Bq L−1 and 13 Bq L−1 were recorded in July and October 2020. Conversely, a decreasing
precipitation trend corresponded to a decrease in the radon concentration. Additionally,
time series analysis (moving average) of the radon concentrations in dripping water and
precipitation showed a correlation between the 2-month moving average (R = 0.50) and
the 3-month moving average (R = 0.50) [32]. Therefore, variations in radon concentrations
of the dripping water samples indicated that the radon concentration increased during
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periods of heavy rainfall, although a delay of around two to three months after a monthly
precipitation change was observed. This suggests that precipitation percolates at a rate of
60 to 90 d from the soil to the Ryukyu limestone situated above the Gyokusendo cave and
reaches the cave as dripping water.

Radon concentrations in groundwater reflect the inherent 226Ra contents of the host
rock or formation [33]. In areas where karst aquifers are distributed, estimated radon
concentrations in the soil are higher than the radon concentrations in the groundwater.
Therefore, the main source of radon in groundwater has been reported to be soil [8].
Furthermore, the concentrations of the 238U series in the Ryukyu limestone (8.6 Bq kg−1)
were reported to be lower than those in Shimajiri red soil (86.0 Bq kg−1) [34], suggesting
that the main source of radon in groundwater is the soil deposited in the upper part of
the Gyokusendo cave. Additionally, the amount of soil water infiltrating into the aquifer
increases with heavy precipitation [7]. In limestone areas, the residence time of soil water
was noted to reflect the residence time in the limestone bodies [8]. The flow velocity is
proportional to the flow rate and inversely proportional to the cross-sectional area of the
channel. The flow velocity is the distance an object moves per unit time, the flow rate is the
volume of fluid per unit time flowing past a point through the cross-sectional area. The
channel is referring to solution openings through the limestone. The following equations
was used to calculate the flow velocity:

ν =
Q
A

(4)

where ν is the flow velocity (m s−1), Q is the flow rate (m3 s−1), and A is the cross-sectional
area of the channel (m2). It is assumed that the main source of radon in groundwater is
the soil deposited in the upper part of the Gyokusendo cave and that the cross-sectional
area of the channel does not change significantly. Therefore, radon in the dripping water
is derived from radon in the soil pore water, which is governed by the soil 226Ra content
and the residence time of groundwater in the Ryukyu limestone. Moreover, the amount
of groundwater in the Ryukyu limestone depends on precipitation. High precipitation
rates shorten the residence time of groundwater in the Ryukyu limestone by increasing
infiltration into the soil, which accelerates the groundwater flow velocity. Low precipitation
rates reduce infiltration into the soil, thus, decreasing the groundwater flow velocity and
increasing the residence time of groundwater. Attenuation is constant (the half-life, 3.8 day)
over time. Therefore, the longer the residence time, the lower the radon concentration and
vice versa. In this study, the radon concentration trends correlated with the precipitation
trends, suggesting that the soil may be the source of radon in the groundwater. Moreover,
the variation in the radon concentration of the dripping water sample may have been due
to the residence time of groundwater in the Ryukyu limestone.

3.4. Estimation of Residence Time Using Radon Decay in the Dripping Water

A schematic of a vertical section of the Gyokusendo cave is shown in Figure 6. In
the figure, A shows the boundary between the soil and the Ryukyu limestone, and B is
a straw stalactite on the cave ceiling where the dripping water is collected. Precipitation
percolates through the soil and limestone bodies above the cave and seeps into the cave
from the ceiling as dripping water. Since radon is rarely present in precipitation, radon
in groundwater is mainly supplied by the soil. The concentration of radon in water
infiltrated into the ground increases with time due to the supply of radon produced by soil
particles. However, as the concentration increases, the number of decaying radon atoms
increases, and eventually, an equilibrium state is reached where supply and decay are
equal. Therefore, radon in the soil water and 226Ra in the solid phase are in permanent
equilibrium. Additionally, if radon remains in the soil long enough, the concentration of
radon in the gas and liquid phases will reach the equilibrium state specific to each soil
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species. The following equations were used to quantify the radon concentration in soil
water and the gas phase at gas-liquid equilibrium:

Ew = KT Ea (5)

where Ew is the radon concentration in soil water (kBq m−3), KT is the radon partition
coefficient, and Ea is the radon concentration in the gas phase (kBq m−3). The radon
partition coefficient was calculated using the following equation [35]:

KT =
9.12

17.0 + T
(6)

where T is the temperature (◦C), and the mean value of the temperature in the cave, 24.9 ◦C,
was used.

 
Figure 6. Schematic of the Gyokusendo cave profile, where A is the boundary between the soil and the limestone, and B is
the target straw stalactite.

According to the UNSCEAR 2000 (United Nation Scientific Committee on the Effects
of Atomic Radiation 2000), the concentration of radon in soil pore gas Ea (Bq m−3) can be
calculated using the following equation [36]:

Ea = CRa f ρs ε−1 (1 − ε) [m(KT − 1) + 1]−1 (7)

where CRa is the concentration of 226Ra in the soil (Bq kg−1), f is the radon emanation
coefficient, ρs is the density of solid particles (kg m−3), ε is the porosity, and m is the water
saturation. In this study, based on a previous report [37], the radon emanation coefficient
for typical soil on Okinawa Island was set to 0.40, the concentration of 226Ra in soil was
set to 106 Bq kg−1 dry, the solid particle density was set to 2697 kg m−3, and the porosity
was set to 0.67. The water saturation was 0.95, which is representative of the UNSCEAR
2000 [36]. The radon partition coefficient KT was calculated using Equation (6) [35]. Since
we could not directly measure the soil temperature, we used the temperature in the cave
(24.9 ◦C) as approximation of the soil temperature. Radon concentrations (Bq m−3) in soil
water were calculated using Equation (5). The above values were defined as the radon
concentration in the groundwater at point A (Figure 6).

Because radon was not supplied from the Ryukyu limestone, we assumed that the
radon concentration in the groundwater was attenuated by the residence time of the
groundwater in the Ryukyu limestone. The estimated radon concentration in the dripping
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water sample Ed, exuding from point B (Figure 6), was calculated using the estimated
radon concentration in soil water from Equation (5) and the following equation.

Ed = Ew exp(−λt) (8)

where t is the residence time (days) of groundwater in the Ryukyu limestone.
The estimated radon concentrations in the dripping water sample calculated from

Equation (8) were compared with the measured radon concentrations in the dripping water
obtained during the study period. The radon concentration in the soil pore gas calculated
from Equation (7) was 215 kBq m−3. The radon concentration in the soil pore water
calculated from Equation (5) was 46.8 kBq m−3. Radon concentrations for the dripping
water sample obtained during the study period ranged from 7.1–13 kBq m−3 as shown in
Figure 4. Based on the decay of radon (half-life: 3.8 d) from point A (estimated values) to
point B (measured values) and the assumption that the residence time of soil and Ryukyu
limestone is 60 to 90 d, the residence time of groundwater in the Ryukyu limestone was
estimated to be 7 to 10 d. These results are generally consistent with previously reported
values (9–10 d) [20]. Moreover, the residence time of groundwater in the soil deposited in
the upper part of the Gyokusendo cave was estimated to be approximately 50 to 80 d.

The residence time of groundwater in the Ryukyu limestone at the Ukinju spring
and Komesu spring sites was also calculated from Equation (8). For this calculation, we
assumed that no radon was supplied from the Ryukyu limestone, the soil was uniformly
deposited, and the radon concentration in the soil was in radiative equilibrium. The radon
concentrations for the water samples from the Ukinju spring and Komesu spring sites
ranged from 3.1–6.1 Bq L−1 and 1.1–5.8 Bq L−1, respectively. Based on the radon attenuation
between the measured radon concentrations in the water samples and the estimated radon
concentrations in the pore water, the residence times in the Ryukyu limestone at Ukinju
spring and Komesu spring were estimated to be 12 to 21 d and 12 to 19 d, respectively.
Nakaya et al. (2018) reported an average residence time in the Ryukyu limestone aquifer
of 14–34 years based on the results of SF6 concentrations in the spring and well water
around the Komesu spring site [38]. The residence time estimated in this study is very
limited because it was calculated based on observations at only one point in the catchment.
Although we were able to calculate the residence time, our results significantly differ from
those of previous studies. In the future, it will be necessary to discuss the residence time
after considering additional factors such as the frequency of collection, and number of sites,
and depth of sampling sites.

4. Conclusions

Radon concentrations for dripping water and spring water samples were collected in
the southern part of Okinawa Island from October 2016 to October 2020. The estimated
radon concentrations in the dripping water sample were calculated with the measured
radon concentrations from the dripping water obtained during the study period. Based on
our results, we determined the following:

(1) The radon concentrations in the water samples from the Gyokusendo cave, Uk-
inju spring, and Komesu spring were 10 ± 1.3 Bq L−1, 3.2 ± 1.0 Bq L−1, and
3.1 ± 1.1 Bq L−1, respectively. Radon concentrations for the water samples showed a
gradually increasing trend from summer to autumn and decreased in the winter. This
was particularly noticeable in the radon concentrations measured in the dripping
water sample from the Gyokusendo cave.

(2) From the variation in the radon concentrations for the dripping water and precip-
itation, we estimated that the radon concentration changes in the dripping water
lags precipitation changes by approximately 2–3 months. These results indicate that
precipitation takes 60 to 90 d to percolate into the soil and accumulate in the Ryukyu
limestone overlying the Gyokusendo cave. The water then enters the cave as dripping
water from the cave ceiling.
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(3) From a simple radon behavior model, groundwater in the Gyokusendo cave system
was estimated to percolate through the Ryukyu limestone in 7 to 10 d, and the
residence time of groundwater in the soil above the Gyokusendo cave was estimated
at approximately 50 to 80 d.

(4) The residence times of groundwater in the Ryukyu limestone at the Ukinju spring
and Komesu spring sites were calculated to be 12 to 21 d and 12 to 19 d, respectively.
However, this estimation was lower than that of previous studies (14–34 years).
Therefore, it will be necessary for future studies to discuss the residence time after
understanding factors such as the frequency of collection, and the number of sites,
and depth of sampling sites. Additionally, to verify the residence time and mixing of
groundwater in the area, radioactive isotopes with longer half-lives, such as tritium
(half-life: 12.3 y) should be analyzed in the future.
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Abstract: Ten years have elapsed since the accident at the Fukushima Daiichi Nuclear Power Plant
in 2011, and the relative contribution of natural radiation is increasing in Fukushima Prefecture
due to the reduced dose of artificial radiation. In order to accurately determine the effective dose
of exposure to artificial radiation, it is necessary to evaluate the effective dose of natural as well as
artificial components. In this study, we measured the gamma-ray pulse-height distribution over
the accessible area of Namie Town, Fukushima Prefecture, and evaluated the annual effective dose
of external exposure by distinguishing between natural and artificial radionuclides. The estimated
median (range) of absorbed dose rates in air from artificial radionuclides as of 1 April 2020, is 133
(67–511) nGy h−1 in the evacuation order cancellation zone, and 1306 (892–2081) nGy h−1 in the
difficult-to-return zone. The median annual effective doses of external exposures from natural and
artificial radionuclides were found to be 0.19 and 0.40 mSv in the evacuation order cancellation zone,
and 0.25 and 3.9 mSv in the difficult-to-return zone. The latest annual effective dose of external
exposure discriminated into natural and artificial radionuclides is expected to be utilized for radiation
risk communication.

Keywords: Fukushima Daiichi Nuclear Power Plant; Namie Town; natural radionuclides; artificial
radionuclides; cesium-134; cesium-137; external exposure dose evaluation

1. Introduction

On 11 March 2011, a magnitude 9.0 earthquake struck the Tohoku region along the
eastern coast of Japan. The earthquake caused a tsunami with a height of more than 15 m,
and affected the Fukushima Daiichi Nuclear Power Plant (FDNPP). The FDNPP lost power
and the cores of Units 1 to 3 became heated and melted. This caused a hydrogen gas
explosion [1]. As a result of the FDNPP accident, 132Te, 131I, 134Cs, 137Cs, and rare gases
such as 133Xe, etc., were released into Fukushima Prefecture and other eastern regions of
Japan [2]. The radioactivity of radionuclides released into the atmosphere is shown in the
UNSCEAR 2013 report (Table 1) [3]. On the day of the accident, the Japanese government
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issued an indoor evacuation order to residents within 10 km of the FDNPP, and issued an
evacuation order to residents within 20 km the next day [4]. Thereafter, the area where
the annual cumulative dose may have exceeded 20 mSv, outside the 20 km area from the
FDNPP was designated as a “planned evacuation zone”. In addition, regardless of the
annual cumulative dose, the area within 20 to 30 km of the FDNPP was designated as
an “emergency evacuation preparation zone” and the area within 20 km was designated
as a “warning zone” [5]. Namie Town, Fukushima Prefecture (The location map that is
shown in Figure 1a was made by original maps from d-maps.com), is also one of the areas
significantly contaminated by radionuclides due to the FDNPP accident, and because it
was a planned evacuation zone, the townspeople living there were forced to evacuate.
In 2012, the area where the annual cumulative dose was confirmed to be 20 mSv or less was
designated as an “evacuation order cancellation preparation zone”. This is the area where
temporary return homes, restricted businesses such as shops, hospitals, and farming are
permitted. Areas where the annual cumulative dose may exceed 20 mSv but are confirmed
to be 50 mSv or less have been designated as a “restricted residence zone” and it has
become possible to temporarily return home or enter for road restoration. Areas where
the annual cumulative dose exceeds 50 mSv and the annual cumulative dose may not fall
below 20 mSv, five years from 2012, has been designated as a “difficult-to-return zone”.
Figure 1b indicates each area division, and taken from the official website of Fukushima
Prefecture [5]. Subsequently, the artificial decontamination of radionuclides was actively
promoted, and in 2017, six years after the earthquake, evacuation orders were lifted in some
areas of Namie Town [6]. Currently, the return of evacuees is progressing, and by the end
of November 2020, more than 1500 people were living in Namie Town [7]. Before the Great
East Japan Earthquake, the registered population of Namie Town was 21,434 [8]. Years after
the FDNPP accident, the returning residents continue to have a significant amount of
radiation anxiety [9]. Experts in radiation science and psychology at each Japanese support
organization, including the university of the current authors, have communicated radiation
risk, and interacted with residents to reduce anxiety about radiation. In consideration of
this, Kudo et al. conducted a questionnaire survey on the basic knowledge of radiation
among those who returned to Namie Town. It was found that many Namie townspeople
recognize that natural and artificial radiation have different effects on the human body,
even if the effective dose is the same [10].

Since the FDNPP accident, national staff and researchers at universities and research
institutions have been evaluating artificial radioactive contamination and investigating the
distribution of ambient dose equivalent rates [11–13]. In addition, internal and external
exposures from artificial radionuclides are being evaluated [14–19], and monitoring posts
are installed in various locations to continuously measure the ambient dose equivalent
rate [20]. In 2017, Shiroma et al. conducted a car-borne su rvey in Namie Town, Fukushima
Prefecture, and reported that the absorbed dose rate in air was 0.041–11 μGy h−1 [21].
More than nine years have passed since the FDNPP accident, and the relative contribution
of natural radiation to ambient dose equivalent rates is increasing because the dose of
artificial radiation is decreasing. This means that it is not possible to estimate the effects on
the human body due to artificial radionuclides, without correctly evaluating the dose from
natural radionuclides. People with a high risk of internal exposure, such as agricultural
workers, need information on internal exposure due to inhalation of dust. However, clari-
fying the actual conditions of external exposure from natural and artificial radionuclides is
useful for radiation risk communication for general population, which has a low risk of
internal exposure. In this study, the gamma-ray pulse-height distribution was measured
and analyzed in Namie Town, which was divided into 1 km × 1 km meshes. An absorbed
dose rate map that discriminated between natural and artificial radionuclides was created
from the absorbed dose rate in the air, and the annual effective dose to external exposure
was calculated.
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Table 1. The estimated value of the quantity of typical radionuclides released into the atmosphere by the Fukushima Daiichi
Nuclear Power Plant (FDNPP) accident.

The Estimated Value of the Quantity of Radionuclides Released into the Atmosphere (Bq)

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

2.9 × 1016 1.2 × 1017 2.9 × 1016 9.6 × 1015 7.3 × 1018 9.0 × 1015 1.8 × 1015 8.8 × 1015

 
(a) (b) 

Figure 1. (a) Location of Namie Town, Fukushima Prefecture, Japan, and (b) officially designed evacuation zones as
of 1 April 2017. (a) is created by d-maps.com (https://d-maps.com/carte.php?num_car=29487, https://d-maps.com/
carte.php?num_car=11273). (b) is taken from the official website with permission from the administrative officer in
Fukushima Prefecture [5].

2. Materials and Methods

2.1. Measurement Location and Method of γ-Ray Pulse-Height Distribution

From 15 September 2016 to 13 December 2019, gamma-ray pulse-height distributions
were obtained at the 130 accessible points that divided the entire area of Namie Town
into a mesh of 1 km × 1 km. A 3 × 3-inch NaI(Tl) scintillation spectrometer (EMF-211,
EMF Japan Co., Himeji, Japan [22]) was used to obtain the measurements. The detector was
installed 1 m above the ground and connected to a control laptop PC. The measurement
time was 900 s. Latitude and longitude coordinate data were obtained using a Global Posi-
tioning System to create an absorbed dose rate map. Gamma-ray pulse-height distributions
at 2–5 points were additionally acquired in six of the 130 meshes, and the fluctuation of the
absorbed dose rate in air in the mesh was evaluated.

2.2. Analysis of Gamma-Ray Pulse-Height Distribution and Correction of Absorbed Dose Rate
in Air

The gamma-ray pulse-height distributions obtained by the NaI(Tl) scintillation spec-
trometer is different from the distributions of the gamma-ray energy spectrum. The pulse-
height distributions of gamma-ray are unfolded into the energy spectrum by a response
matrix of 49 rows × 49 columns, and then the dose contributions for each radionuclide are
calculated according to the previous reports to discriminate between natural and artificial
radionuclides [23–25]. The absorbed dose rate in air obtained by the analysis needs to be
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corrected to consider the number of days elapsed from the measured date. Factors that
reduce radioactivity in the environment include the physical half-life of radionuclides,
diffusion by wind, rain, and infiltration into soil, and the implementation of artificial decon-
tamination of radioactive substances. In order to comprehensively evaluate the factors that
affect the attenuation of radioactivity, the apparent half-life was calculated using the data
of the air dose rate that is regularly observed at the monitoring posts widely installed in
Namie Town. There are 103 monitoring posts in Namie Town, and the measurement data
are published on the website [20]. Some of these datasets have long-term data loss within
the period in which we measured the gamma-ray pulse-height distribution, and significant
dose increases and decreases in a short period of time that are not due to artificial decon-
tamination. It is probable that the data loss could not be measured due to maintenance of
the monitoring posts. The short-term significant fluctuation of the ambient dose equivalent
rate may be due to a device malfunction, but the specific cause is unknown. These data
may affect the appropriate time decay correction of absorbed dose rates in air. Therefore,
the apparent half-life was calculated using the data of 55 monitoring posts, and excluding
the lossy dataset and coefficient of determination R2 of less than 0.7 (not due to artificial
decontamination) in the exponential approximation of the ambient dose equivalent rate.
Equation (1) was used to calculate the apparent half-life (Ta).

Ta = t × 0.693

ln
(

D1
D0

) (1)

where D0 and D1 are the ambient dose equivalent rates (μSv h−1) as of 1 April 2016,
and 1 April 2020, respectively, and t is the elapsed time, which was taken as used four
years. The FDNPP accident released short half-life radionuclides such as 131I and 133Xe
and long half-life radionuclides such as 134Cs and 137Cs. Originally, it was necessary to
calculate the apparent half-life for each of the short-half-life and long-half-life radionuclides,
but now that nine years have elapsed since the accident, the contribution from the short-
half-life radionuclides can be ignored [26,27]. The apparent half-life was calculated using
the simple formula in Equation (1), considering only the contribution from radionuclides
with a long half-life. The calculated apparent half-life was divided into an evacuation
order cancellation zone and a difficult-to-return zone, and the fluctuation was evaluated to
examine the application to the correction of the absorbed dose rate in air.

2.3. Estimating the Effective Dose of External Exposure

The annual effective dose of external exposure in Namie Town was estimated using
Equation (2), and the time-corrected absorbed dose rate in air.

E = D × DCF × T × (Qin × R + Qout) (2)

where D is the time-corrected absorbed dose rate in air (nGy h−1) and DCF is a dose
conversion factor (Sv Gy−1) from the absorbed dose rate in air to the effective dose to
external exposure. The natural radionuclide component DCF uses 0.748, as reported by
Moriuchi et al., and the artificial radionuclide uses 0.73, as reported by Omori et al. [28,29].
T is the number of hours per year, which is 8766 h (24 h × 365.25 d). Qin is the indoor occu-
pancy factor, Qout is the outdoor occupancy factor, and they are 0.83 and 0.17, respectively,
as reported by Ploykrathok et al. [30]. R is a reduction factor, the natural radionuclide is 1,
and the artificial radionuclide is 0.43, as reported by Yoshida et al. [31].

3. Results and Discussion

3.1. Absorbed Dose Rate in Air and Dose Rate Map

The gamma-ray pulse-height distribution was measured over the entire accessible
area of Namie Town and was developed using a response matrix to determine the absorbed
dose rate in air. The absorbed dose rates in air of the natural radionuclides, artificial ra-
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dionuclides, and their totals are 15–68, 14–11,861, and 47–11,900 nGy h−1, respectively.
The total absorbed dose rate in air obtained in this study is almost in agreement with
the 0.041–11 μGy h−1 measured by Shiroma et al. [21]. The absorbed dose rates in air
of natural radionuclides, artificial radionuclides, and their totals in the evacuation order
cancellation zone are 19–51, 14–2010, and 47–2040 nGy h−1, respectively. The natural,
artificial, and their total absorbed dose rates in air in the difficult-to-return zone are 15–
68, 140–11,861, and 186–11,900 nGy h−1, respectively. The radioactivity ratios of cesium
(134Cs/137Cs) released from Units 1, 2, and 3 of the FDNPP were reported to be 0.941,
1.082, and 1.046, respectively [32]. This radioactivity ratio is evaluated as the value as of
11 March 2011. As a result of estimating 134Cs/137Cs as of March 2011 for the measured
data, the median (range) was 1.07 (1.04–1.09), and it was confirmed that 134Cs and 137Cs
were released from FDNPP. The apparent half-life was calculated by analyzing the datasets
of 55 monitoring posts installed in Namie Townin order to time-correct the measured
absorbed dose rate in air. A total of 32 of them were located in areas exceeding 1.0 μGy h−1

as of April 2016. 10 of them were located in areas exceeding 1.0 μGy h−1 as of April 2020.
The mean ± standard deviation, coefficient of variation, and median (range) of apparent
half-lives in the difficult-to-return zone are 4.2 ± 1.4 y, 33%, and 4.7 (4.0–4.8) y, respectively
(Appendix A Table A1). Considering that the half-life of 137Cs is approximately 30 years,
the reason why the apparent half-life is shortened is seemingly strongly influenced by
diffusion due to environmental factors. The mean ± standard deviation, coefficient of
variation, and median (range) of the apparent half-life in the evacuation order cancellation
zone are 4.8 ± 2.7 y, 56%, and 4.7 (2.3–6.7) y, respectively. It was found that there are
variations in the areas where residence is allowed. The apparent half-life was calculated
using the data from 1 April 2016 to 1 April 2020. A detailed review of the data for each
monitoring post revealed that some areas were decontaminated after April 2016, and some
were decontaminated prior to that date [33]. The implementation of artificial decontamina-
tion contributes to rapid dose reduction and significantly shortens the apparent half-life.
Therefore, the evacuation order cancellation zone was further divided into areas where
decontamination was conducted before, and on and after, April 2016, and the apparent
half-life was analyzed. Figure 2 indicates the difficult-to-return zone, evacuation order can-
cellation zone decontaminated before April 2016, and evacuation order cancellation zone
decontaminated on, and after, April 2016 areas. The mean ± standard deviation, coefficient
of variation, and median (range) of the apparent half-life in the evacuation order cancel-
lation zone are 6.4 ± 2.0 y, 31%, and 6.1 (5.0–7.5) y, respectively (Appendix A Table A2).
Conversely, the mean value ± standard deviation, coefficient of variation, and median
(range) of the apparent half-life limited to the zones where decontamination was completed
after 1 April 2016, are 2.0 ± 0.6 y, 30%, 1.8. (1.6–2.3) y, respectively (Appendix A Table A3).
A significant difference test was performed using the Mann–Whitney U test for the ap-
parent half-life of the evacuation order cancellation zone decontaminated before, and on
and after, April 2016. It was confirmed there was a significant difference between the
two groups (p-value < 3.8 × 10–7). This result demonstrates that the implementation of
decontamination significantly contributes to the reduction of the ambient dose equivalent
rates from artificial radionuclides. In addition, it was found that the evacuation order
cancellation zone can be evaluated with a fluctuation of approximately 30%, by dividing
it into two areas for the calculations. This coefficient of variation is significantly lower
than when the evacuation order cancellation zone was not divided into two. In addition,
a significant difference in apparent half-life was determined using the Mann–Whitney U
test for the difficult-to-return zone and evacuation order cancellation zone decontaminated
before April 2016, for the difficult-to-return zone and the evacuation order cancellation
zone decontaminated on and after April 2016. The p-values are 6.9 × 10−4 and 9.5 × 10−4,
respectively, confirming that there is a significant difference in distribution. Hayes et al.
reported that the effective half-life of radiocesium in the environment was 7.8 years as a
theoretical value and 3.2 years as a measured value [34]. Table 2 shows a comparison of

87



IJERPH 2021, 18, 978

the apparent half-life calculated in this study, the previously reported effective half-life,
and the theoretical half-life.

 

Figure 2. Area classification for which the apparent half-life was calculated, and the location of the
monitoring posts. The red circles indicate the location of the monitoring posts used for the analysis,
the blue mesh is the difficult-to-return zone, the pink mesh is the evacuation order cancellation zone
where the radionuclides decontamination work was carried out before April 2016, and the green
mesh is the evacuation order cancellation zone where the radionuclides decontamination work was
carried out after April 2016. This map was drawn using a map created by Generic Mapping Tools [35].

Table 2. Comparison of the half-life of radiocesium in the environment.

Apparent Half-Life of Radiocesium in the Environment (y)

Evacuation Order Cancellation Zone
Difficult-to-Return

Zone
Previously

Reported Value [34]
Theoretical Value [34]Decontaminated

before April 2016
Decontaminated on
and after April 2016

6.4 2.0 4.2 3.2 7.8

The measured data of absorbed dose rates in air from artificial radionuclides were
corrected to the values as of 1 April 2020 using different apparent half-lives for each of the
three areas (Appendix B). The median (range) is shown in Table 3, and the distribution of
the absorbed dose rate in air of the artificial radionuclides collected as of 1 April 2020 is
shown in Figure 3.

Table 3. Median (range) estimated absorbed dose rate in air as of 1 April 2020.

Absorbed Dose Rate in air as of 1 April 2020 (nGy h−1)

Evacuation Order
Cancellation Zone

Difficult-to-Return Zone

Natural radionuclides 28 (25–35) 37 (30–45)
Artificial radionuclides 133 (67–511) 1306 (892–2081)

Total 161 (995–81) 1340 (921–2124)
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Figure 3. Histogram of absorbed dose rate in air of artificial radionuclides corrected as of 1 April 2020.

A significant difference test was performed using the Mann–Whitney U test on the ab-
sorbed dose rates in the air from artificial radionuclides in the evacuation order cancellation
zone and the difficult-to-return zone. It was confirmed that the two groups are significantly
different (p-value = 6.0 × 10−14). The evacuation order cancellation zone is an area that
the Japanese government has determined people can live in because it has been confirmed
that the ambient dose equivalent rate has decreased [6]. In contrast, the difficult-to-return
zone is an area where the annual cumulative dose exceeds 50 mSv as of April 2012, and the
annual cumulative dose may not fall below 20 mSv after five years have elapsed [5]. It was
found that the absorbed dose rate in air remained high in the difficult-to-return zone nine
years after the FDNPP accident. The mean ± standard deviation and median (range) of
absorbed dose rates in air by natural radionuclides throughout Namie Town are 35 ± 10
and 34 (28–42) nGy h−1, respectively. The national average in Japan is reported to be
50 nGy h−1 [36]. It was found that the average value of Namie Town was 70% of the
national average value. These data can be used for radiation risk communication. The ab-
sorbed dose rate maps (Figure 4a,b) were developed so that the absorbed dose rate in air
could be visually understood by dividing it into natural and artificial radionuclides.

The activity concentrations of 40K, 232Th, and 238U are shown in Appendix B. When ex-
amining the absorbed dose rate in air from natural radionuclides (Figure 4a), it can be seen
that the eastern coastal area of Namie Town is less than 40 nGy h−1 in most areas. The range
of activity concentrations of 40K, 232Th, and 238U in the evacuation order cancellation zone
were 109–444, 9–32, and 9–34 Bq kg−1, respectively. Conversely, in the mountainous ar-
eas on the west side, there are many areas of 40 nGy h−1 or more. The range of activity
concentrations of 40K, 232Th, and 238U in the difficult-to-return zone were 99–1830, 9–46,
and 10–161 Bq kg−1, respectively. On the west side of Namie Town, where granite is widely
distributed, the activity concentrations of 40K, 232Th, and 238U tended to be high [37].
When examining the absorbed dose rate in air from artificial radionuclides (Figure 4b),
it can be seen that there is a clear difference between the coastal areas on the east side
and the mountainous areas on the west side. This is a clear result of the evacuation order
cancellation zone and the difficult-to-return zone. In the coastal area, decontamination was
actively conducted in order to realize the return of evacuees, and the evacuation order was
lifted in March 2017 [6]. In contrast, the mountainous area on the west side has many areas
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exceeding 1.0 μGy h−1, and is remains designated as a difficult-to-return zone. This result
indicates that artificial decontamination activities contribute significantly to dose reduction.
However, there were two meshes in the evacuation order cancellation area that exceeded
1.0 μGy h−1. Factors that increased the absorbed dose rate in air in this area include the
presence of slopes composed of soil and the presence of localized forest areas in the city,
such as bamboo groves. Slopes composed of soil have not been actively decontaminated
because they may loosen the ground and cause sediment-related disasters. Local forest
areas in the city, such as bamboo groves, are difficult to decontaminate by removing the
upper part of the soil without cutting, which is a factor that increases the absorbed dose rate
in air. However, local forests and slopes composed of soil do not always exist uniformly
within a 1 km × 1 km mesh. In order to examine the variation of the measurement data in
the mesh, the absorbed dose rate in air was additionally measured at 2–5 points in six out
of the 130 meshes (Table 4). Although there are some fluctuations depending on the mesh,
it was found that it is possible to evaluate with a volatility of approximately 50% or less.
It was also determined that the volatility is not dose-dependent.

(a) 

(b) 

Figure 4. (a) Map of absorbed dose rate in air derived from natural radionuclides and (b) map of
absorbed dose rate in air derived from artificial radionuclides. This map was drawn using a map
created by Generic Mapping Tools [35].

90



IJERPH 2021, 18, 978

Table 4. Evaluation of variation of measurements data in a 1 km × 1 km mesh.

Mesh Code
Number of

Measurements

Absorbed Dose Rate in Air

Average ± Standard
Deviation (nGy h−1)

Standard Error
(nGy h−1)

Coefficient of
Variation

F5 4 1118 ± 84 42 8%
L22 3 126 ± 33 19 26%
L23 6 312 ± 147 60 47%
M22 5 227 ± 83 37 37%
M24 4 156 ± 14 7 9%
N23 3 147 ± 44 25 30%

3.2. Estimating External Exposure Dose

Table 5 indicates the median (range) of the annual effective dose of external exposure
calculated from the absorbed dose rate in the air. The annual effective doses of natural
radionuclides in the evacuation order cancellation zone, difficult-to-return zone, and Namie
Town as a whole are 0.12–0.33, 0.10–0.45, and 0.10–0.45 mSv, respectively, and their geo-
metric mean (mean ± standard deviation) is 0.20 (0.20 ± 0.05), 0.24 (0.24 ± 0.06), and 0.22
(0.23 ± 0.06), respectively. The national average effective annual dose of ground gamma-
rays in Japan is 0.33 mSv. It was found that the average value for the town of Namie is
70% of the national average [38,39]. The annual effective doses of external exposure to
artificial radionuclides in the evacuation order cancellation zone, difficult-to-return zone,
and entire Namie Town are 0.03–4.6, 0.23–19.6, and 0.03–19.6 mSv, respectively. The median
annual external exposure effective dose from artificial radionuclides in the evacuation order
cancellation zone (0.40 mSv) is 0.21 mSv, which differs from the median natural radionu-
clides (0.19 mSv). In contrast, the median annual external exposure effective dose from
artificial radionuclides in the difficult-to-return zone (3.9 mSv) is 15.6 times higher than the
median from natural radionuclides (0.25 mSv). A significant difference test was performed
using the Mann–Whitney U test on the annual effective dose of external exposure from
artificial radionuclides in the evacuation order cancellation zone and the difficult-to-return
zone. The two groups have a statistically significant difference (p-value < 6.0 × 10−14).
This difficult-to-return zone is an area where access to people is restricted. Cars are allowed
on some sections, but the general public is still not allowed to stay for a long time [40].
Currently, in difficult-to-return zone, active decontamination is being carried out so that
people can live. In the future, this artificial decontamination is expected to reduce the
absorbed dose rate in air.

Table 5. Estimated annual external exposure effective dose.

Median (Range) Annual External Exposure Effective Dose (mSv)

Evacuation Order Cancellation
Zone

Difficult-to-Return Zone

Natural radionuclides 0.19 (0.16–0.23) 0.25 (0.20–0.29)
Artificial radionuclides 0.40 (0.20–1.5) 3.9 (2.7–6.2)

Total 0.55 (0.39–1.7) 4.1 (2.9–6.5)

4. Conclusions

The absorbed dose rate in air was measured by discriminating between natural and
artificial radionuclides in the entire area of Namie Town, an area affected by the FDNPP
accident. The following results were obtained from this study:

1. From the measurements of 134Cs and 137Cs concentrations, it was confirmed that
Namie Town was radioactively contaminated by artificial radionuclides from the
FDNPP accident.

2. From the data of the monitoring posts installed in Namie Town, the median (range)
of the apparent half-life of artificial radionuclides in the evacuation order cancellation
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zone decontaminated before April 2016, the evacuation order cancellation zone de-
contaminated after April 2016, and the difficult-to-return zone, is 6.4 ± 2.0, 2.0 ± 0.6,
and 4.2 ± 1.4 y, respectively.

3. The median (range) of absorbed dose rates in the air from artificial radionuclides
time-corrected as of 1 April 2020, using the apparent half-life are 133 (67–511) and
1306 (892–2081) nGy h−1 in the evacuation order cancellation zone and the difficult-
to-return zone, respectively.

4. The median annual effective doses of external exposures from natural and artificial
radionuclides are 0.19 and 0.40 mSv in the evacuation order cancellation zone and
0.25 and 3.9 mSv in the difficult-to-return zone.

Examination of the absorbed dose rate in the air from artificial radionuclides revealed
a clear difference between the eastern coastal area and the western mountainous area.
This result suggests that artificial decontamination activities contribute significantly to
dose reduction. The distribution map of the absorbed dose rate in air measured in this
study, and the information on the annual external exposure effective dose calculated by
discriminating between natural and artificial radionuclides, are expected to be utilized for
radiation risk communication.
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Appendix A

Table A1. Calculation table of apparent half-life in the difficult-to-return zone.

Mesh Code
Ambient Dose Equivalent Rate (μSv h−1)

Apparent Half-Life (y)
As of 1 April 2016 As of 1 April 2020

B5 4.2 2.4 4.7
D8 2.4 1.3 4.5
F4 1.2 0.64 4.7
F5 0.96 0.60 5.8
F5 4.9 0.70 1.4
F5 2.1 0.44 1.8
F8 3.6 2.0 4.6
G6 2.3 1.3 5.1
G8 1.7 0.88 4.2

H13 5.4 3.2 5.2
J14 6.4 3.2 4.0
L16 1.0 0.62 5.6
M18 3.6 2.0 4.8
Q19 2.2 1.2 4.7
Q19 11.8 5.7 3.9
Q20 4.7 0.69 1.4
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Table A2. Calculation table of apparent half-life in the evacuation order cancellation zone where
decontamination was conducted before 1 April 2016.

Mesh Code
Ambient Dose Equivalent Rate (μSv h−1)

Apparent Half-Life (y)
As of 1 April 2016 As of 1 April 2020

L18 1.5 0.76 3.9
L19 3.2 1.9 5.0
L22 0.40 0.28 8.2
M19 2.2 1.2 4.7
M20 0.59 0.41 7.5
M21 1.1 0.60 4.4
M21 0.38 0.24 6.1
M22 0.41 0.32 10.5
M23 0.25 0.18 8.8
M23 0.16 0.11 8.1
N22 0.88 0.38 3.3
N24 0.22 0.14 5.9
N24 0.19 0.14 10.1
N24 0.12 0.07 5.9
N25 0.25 0.15 5.5
N25 0.08 0.06 7.4
N25 0.10 0.07 6.2
N26 0.21 0.13 6.1
N26 0.13 0.09 6.4
N26 0.09 0.06 7.0
O23 0.46 0.24 4.2
O24 0.23 0.17 9.2
P21 0.64 0.30 3.6
P23 1.6 0.97 5.7
P25 0.16 0.11 7.1

Table A3. Calculation table of apparent half-life in the evacuation order cancellation zone where
decontamination was conducted on, and after, 1 April 2016.

Mesh Code
Ambient Dose Equivalent Rate (μSv h−1)

Apparent Half-Life (y)
As of 1 April 2016 As of 1 April 2020

L19 1.2 0.36 2.3
N21 3.2 0.39 1.3
N22 2.5 0.26 1.2
N23 1.0 0.25 1.9
O20 2.1 0.47 1.8
O20 2.7 0.55 1.7
O21 1.2 0.26 1.8
O21 1.7 0.36 1.8
O21 1.2 0.34 2.3
O22 1.3 0.19 1.4
O22 0.58 0.27 3.6
P24 1.6 0.28 1.6
Q21 1.3 0.38 2.3
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Appendix B

Table A4. Measured absorbed dose rate in air from natural and artificial radionuclides, estimated absorbed dose rate in air
from artificial radionuclide as of 1 April 2020, and activity concentrations of natural radionuclides.

Mesh Code Measuring
Date

Absorbed Dose Rate in Air (nGy h−1)

40K
(Bq kg−1)

232Th
(Bq kg−1)

238U
(Bq kg−1)Artificial Ra-

dionuclides

Artificial Ra-
dionuclides

as of
1 April 2020

Natural Ra-
dionuclides

A3 2017/8/23 1620 1048 50 419 32 28
A4 2018/9/10 1320 1017 54 428 39 29
A5 2018/9/10 1600 1233 28 244 21 13
B3 2017/8/23 2230 1442 51 477 27 28
B4 2017/8/23 1370 886 26 248 15 14
B5 2017/11/1 3578 2390 22 273 18 11
B6 2017/8/23 2990 1934 33 262 22 19
B7 2017/11/1 1760 1175 22 178 12 14
C4 2017/8/23 1850 1196 23 139 16 15
C5 2017/8/23 3280 2121 47 431 22 28
C6 2017/11/1 3020 2017 37 354 22 19
C7 2017/11/3 1960 1310 38 286 22 25
C8 2017/11/1 1360 908 28 244 15 17
D2 2017/8/24 1230 796 49 400 28 30
D3 2017/8/24 1240 802 37 382 17 21
D4 2017/11/1 2840 1897 44 382 23 26
D5 2017/8/23 1520 983 39 363 18 23
D6 2017/11/1 3741 2498 29 317 22 15
D7 2017/11/1 2160 1442 32 311 17 17
D8 2017/11/1 1950 1302 30 288 13 18
E1 2017/8/24 239 155 36 314 18 22
E3 2017/8/24 811 525 41 351 25 23
E4 2017/8/24 954 617 41 367 22 24
E5 2017/8/23 2300 1487 45 391 22 28
E6 2017/11/1 2670 1783 35 300 16 23
E7 2017/11/1 3120 2083 43 407 25 22
E8 2017/11/1 2200 1469 50 502 27 25
F1 2017/8/24 305 197 30 302 16 15
F2 2017/8/25 246 159 29 252 17 17
F4 2017/8/24 1200 776 53 419 29 34
F5 2016/9/15 140 77 46 400 19 31
F6 2016/9/15 1980 1095 44 391 20 28
F7 2017/11/3 3010 2012 48 484 22 27
F8 2017/11/3 1770 1183 23 213 13 13
F9 2017/11/3 1060 709 48 428 22 30

F10 2017/11/3 5335 3566 45 545 42 25
F11 2017/11/3 5412 3618 38 530 37 21
G2 2017/8/24 255 165 17 143 10 10
G3 2017/8/24 376 243 31 216 19 20
G4 2017/8/24 891 576 45 407 22 27
G5 2017/8/25 1230 796 30 263 15 18
G6 2017/8/25 2380 1541 28 242 17 16
G7 2017/11/2 1930 1289 36 326 17 22
G8 2017/11/2 2080 1390 37 323 17 23
G9 2017/11/2 913 610 68 628 26 46
G11 2017/11/3 3100 2072 47 477 27 22
G12 2018/5/16 5890 4303 40 545 42 22
H3 2017/8/24 315 204 45 407 26 24
H4 2017/8/24 151 98 36 388 20 17
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Table A4. Cont.

Mesh Code Measuring
Date

Absorbed Dose Rate in Air (nGy h−1)

40K
(Bq kg−1)

232Th
(Bq kg−1)

238U
(Bq kg−1)Artificial Ra-

dionuclides

Artificial Ra-
dionuclides

as of
1 April 2020

Natural Ra-
dionuclides

H6 2018/9/10 1310 1010 42 339 28 23
H7 2017/8/25 1430 926 15 99 11 9
H8 2017/11/2 1690 1129 45 437 16 30
H9 2017/11/2 2090 1396 43 348 22 28
H10 2017/11/2 2360 1577 32 304 18 16
H12 2018/5/16 6466 4723 44 659 45 25
H13 2016/9/16 5306 2935 54 678 45 31
I4 2017/8/24 207 134 28 251 15 16
I6 2018/9/10 1130 871 45 323 35 24
I7 2017/8/25 1220 790 37 330 18 23
I8 2017/11/2 1560 1042 38 348 15 24
I9 2017/11/2 1640 1096 37 333 15 24
I10 2017/11/2 3190 2131 34 407 15 15
I12 2018/5/16 4278 3125 52 582 36 30
I13 2018/9/11 2470 1904 41 354 31 19
I14 2018/5/16 3788 2767 52 447 35 30
J13 2018/5/16 3799 2775 31 336 24 16
J14 2018/5/16 4369 3192 41 459 28 23
J15 2018/5/16 3898 2847 42 394 22 24
J19 2017/12/22 925 724 23 208 15 12
K13 2018/5/16 5721 4179 39 502 39 22
K16 2018/9/10 1570 1210 40 308 33 19
K19 2017/12/22 595 466 21 199 13 10
K20 2017/12/22 1120 876 30 311 16 15
K22 2019/11/14 179 172 26 205 18 14
L16 2018/5/16 2490 1819 37 367 20 19
L17 2018/5/16 2090 1527 40 373 23 21
L18 2018/9/11 1510 1277 46 382 32 24
L19 2017/12/22 231 104 28 290 14 14
L20 2017/12/22 1100 861 24 189 13 15
L21 2017/12/22 1950 1526 19 109 13 13
L22 2017/12/22 147 115 28 258 16 15
L23 2018/12/26 285 249 30 265 20 15
L25 2018/12/26 89 78 22 169 14 13
M17 2018/5/16 1720 1256 24 220 16 11
M18 2018/5/16 2120 1549 33 281 21 18
M19 2016/9/16 1510 1031 26 181 16 16
M20 2017/12/22 1260 986 27 137 21 18
M21 2017/12/22 343 268 44 311 28 27
M22 2016/9/16 423 289 23 222 12 13
M23 2017/12/23 242 189 35 360 17 18
M24 2018/12/26 105 92 32 258 18 20
M25 2018/12/26 35 31 51 339 34 32
M26 2017/12/23 33 26 39 388 17 23
N20 2017/12/22 854 668 24 197 14 14
N21 2017/12/22 174 136 32 305 19 15
N22 2018/5/16 141 73 47 444 20 29
N23 2017/12/22 1460 654 38 413 15 21
N24 2016/9/16 14 9 39 336 20 24
N25 2016/9/15 67 46 28 298 12 16
N26 2018/12/26 76 67 31 244 16 20
N27 2017/12/23 27 21 39 379 18 22
O20 2017/12/22 135 60 26 260 15 12
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Table A4. Cont.

Mesh Code Measuring
Date

Absorbed Dose Rate in Air (nGy h−1)

40K
(Bq kg−1)

232Th
(Bq kg−1)

238U
(Bq kg−1)Artificial Ra-

dionuclides

Artificial Ra-
dionuclides

as of
1 April 2020

Natural Ra-
dionuclides

O21 2017/12/22 120 94 27 272 15 14
O22 2017/12/22 306 137 23 230 12 13
O23 2017/12/23 398 312 34 298 19 19
O24 2017/12/23 231 181 36 388 18 18
O25 2017/12/23 1690 1323 34 257 20 22
O26 2018/12/26 182 159 44 416 22 25
O27 2018/12/26 19 17 32 285 20 17
P20 2017/8/26 2010 1519 25 184 15 16
P21 2017/12/22 100 78 24 242 14 11
P22 2017/12/22 53 41 34 357 19 16
P23 2018/12/26 149 130 21 224 10 11
P24 2016/9/17 563 162 28 236 20 13
P25 2017/12/23 39 30 46 407 31 23
P26 2018/12/26 76 66 40 360 22 22
P27 2018/12/26 20 18 27 254 14 15
Q19 2016/9/17 9604 5316 26 1260 91 13
Q20 2018/9/10 1480 1141 30 257 18 16
Q21 2017/8/26 1620 648 27 260 15 15
Q22 2018/9/11 206 119 28 257 15 15
Q23 2018/9/11 98 83 20 181 14 9
Q27 2018/12/26 61 53 22 225 9 13
R18 2018/9/10 5560 4285 30 416 44 16
R19 2016/9/17 11861 6565 39 1830 161 22
R20 2017/8/26 1650 1069 30 280 18 15
R21 2017/8/26 2390 1548 21 202 15 9
R27 2018/12/26 101 88 30 266 16 18
S20 2017/8/26 5342 3460 28 360 30 15
T20 2017/8/26 4269 2764 21 342 24 11
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Abstract: The world community has long used natural hot springs for tourist and medicinal purposes.
In Indonesia, the province of West Java, which is naturally surrounded by volcanoes, is the main
destination for hot spring tourism. This paper is the first report on radon measurements in tourism
natural hot spring water in Indonesia as part of radiation protection for public health. The purpose
of this paper is to study the contribution of radon doses from natural hot spring water and thereby
facilitate radiation protection for public health. A total of 18 water samples were measured with
an electrostatic collection type radon monitor (RAD7, Durridge Co., USA). The concentration of
radon in natural hot spring water samples in the West Java region, Indonesia ranges from 0.26 to
31 Bq L−1. An estimate of the annual effective dose in the natural hot spring water area ranges from
0.51 to 0.71 mSv with a mean of 0.60 mSv for workers. Meanwhile, the annual effective dose for the
public ranges from 0.10 to 0.14 mSv with an average of 0.12 mSv. This value is within the range of
the average committed effective dose from inhalation and terrestrial radiation for the general public,
1.7 mSv annually.

Keywords: radon; hot spring; dose assessment; public health

1. Introduction

Odourless and originating from radium-226 (226Ra) decay that naturally occurs in the
earth’s crust, radon is a radioactive noble gas. According to the United Nations Scientific
Committee on the Effects of Atomic Radiation (UNSCEAR), half of the world’s mean value
of annual effective dose by natural radiation sources is attributed to 222Rn, thoron (220Rn)
and their progenies [1]. Radon (222Rn) has been recognised as a carcinogenic gas and is
well-known as the second leading health risk factor for lung cancer [1–3]. Radon from
water contributes to the total inhalation risk associated with radon in indoor air. In addition
to this, drinking water contains dissolved radon and the radiation emitted by radon and
its radioactive decay products exposes sensitive cells in the stomach as well as other
organs once it is absorbed into the bloodstream. Noting this danger, the United States
Environmental Protection Agency (EPA) proposed a maximum contaminant level (MCL)
for radon in the water around 11 Bq L−1 [4].

Radon dissolves in water that passes through soil and rock containing the natural
radioactive substance [5,6]. As a result, water moving deeper through the earth’s crust
gathers increasing concentrations of radon and other natural radioactive materials. When,
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during the geothermal process, temperatures and pressures increase enough, some of this
water is expelled through faults and cracks, reaching the earth’s surface as hot springs.
Hot spring water produced under these circumstances usually contains high concentrations
of 222Rn. This is due to at least one of two natural processes: 226Ra dissolving in the water
after interacting with rock and soil in the earth or 222Rn entering the water from rocks
containing 226Ra [6–8].

The world community has long used natural hot springs for tourist and medicinal
purposes. In Indonesia, the province of West Java, which is naturally surrounded by
volcanoes, is a prime hot spring tourist destination. Approximately 1.8 million tourists
visit natural hot springs in the West Java province each year [9–11].

It is, therefore, necessary to study the contribution of 222Rn doses from natural hot
spring water as part of radiation protection for public health. This paper is the first
report on 222Rn measurements in tourism natural hot spring water in Indonesia. Previous
studies related to radon measurements in Indonesia included measurements of air at
dwellings [12–15], 222Rn in water samples [15], 222Rn in geothermal and geosciences [16]

2. Materials and Methods

2.1. Study Area

This research was conducted in several districts in West Java, including the Ciater
Hot Springs area in Subang; the Ciwidey and Pangalengan Hot Springs areas in Bandung;
and the Cipanas and Darajat Hot Springs areas in Garut. Each of these hot springs is a
major tourist destination, as shown in Figure 1. Visited by approximately 300,000 tourists
each year, the Ciwidey and Pangalengan areas are tourist destinations located on the
Patuha volcano. The Ciater Hot Spring, located on the Tangkuban Perahu volcano, is the
most popular area for hot spring tourism with approximately 1.3 million visitors annually.
Finally, as many as 50,000 tourists visit the Cipanas and Darajat areas every year [9–11].
The Cipanas area is located on the Guntur volcano, and the Darajat area is on the Kamojang
volcano, which also has a geothermal power plant.

Figure 1. The study area, covering three cities: Bandung, Subang, and Garut. The black dots represent cities, and red
asterisks indicate sampling locations.
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2.2. Radon Measurement in Water Samples

A total of 18 water samples of 250 mL each were collected using radon-tight reagent
bottles as part of the water analysis accessory (RAD-H2O, Durridge Co., USA). This study
was conducted in September 2019, which includes the dry season. The samples included
17 natural hot springs water samples and one mineral water sample. The samples were
measured for temperature, pH, and electroconductivity (E.C.) (Laquatwin, Horiba, Japan).
In addition, the ambient dose equivalent rates (PDR-111, Hitachi, Japan) around the
sampling area were measured. An electrostatic collection type 222Rn monitor (RAD7,
Durridge Co., USA) connected to a water analysis accessory was used to measure the
samples and detect alpha activity. The RAD7 detector connected the monitor with a
bubbling kit for degassing of 222Rn in a water sample into the air in a closed circuit, as
shown in Figure 2. Before the 222Rn arrived at the detector, it also needed to be dried with
a desiccant (CaSO4, Drierite, W A Hammond, USA) to absorb the moisture.

Figure 2. Schematic of experimental setup for measuring dissolved 222Rn measurement

We used the WAT250 protocol in five-minute cycles and five recycles to generate
data. In this measurement protocol for grab samples analysis, the pump ran for five
minutes, flushing the measurement chamber, and then stopping. The RAD7 waited for five
additional minutes at the end of the run before printing a summary. Since the analysis was
made more than an hour after the sample was taken, a correction was applied to account
for 222Rn decay [17]. The amount of radon loss was calculated using the decay formula, or
Equation (1):

C′
t = C′

0 Ae−λt′/60 (1)

where C′
t (Bq m−3) is the 222Rn activity concentration at time t′ (min); C′

0 is the 222Rn
activity concentration at time t′ = 0; and λ is the 222Rn decay constant (7.542 × 10−3 h−1).

2.3. Radon Measurement in the Air

We measured the 222Rn activity concentration in the air 1 m above the hot spring pool
with RAD7 for 8 h. An ‘auto’ mode was used to obtain this measurement in 60 min cycles,
and eight recycles were allowed. 222Rn measurements began with the sniff mode before
changing automatically to the normal mode after 3 h 45 min. The results obtained were
then averaged. We also measured the 222Rn activity concentration in the dwelling around
each natural hot spring area as the background for estimating the transfer coefficient from
222Rn in the water to 222Rn in the air.
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2.4. Estimation of Annual Effective Dose

We used Equation (2) to calculate the contribution of 222Rn in the water to 222Rn in the
atmosphere. Meanwhile, the internal annual effective dose from 222Rn through inhalation,
the annual effective dose from external radiation, and the annual effective dose are shown
in Equations (3)–(5), respectively.

DRn−w = CRn−w × TFRn−w−a, (2)

Ein(Rn) = CRn × F × DCFRnP × T, (3)

Eext = H∗ × CF × DCFH−D × T, (4)

AED = Eext + Ein−Rn. (5)

In Equation (2), DRn−w is the 222Rn activity concentration contributed from water
to the atmosphere (Bq m−3); CRn−w is the 222Rn activity concentration in the water sam-
ples (Bq L−1); and TFRn−w−a is the transfer coefficient from water to air, which equals
1 × 10−4 [18,19]. In Equation (3), Ein(Rn) is the internal annual effective dose from 222Rn
through inhalation (mSv); CRn is the 222Rn activity concentration in the air (Bq m−3); F is
the equilibrium factor of 222Rn and radon progeny, which equals 0.4; DCFRnP is the dose
conversion factor for 222Rn, which equals 1.7 × 10−5 mSv (Bq h m−3)−1 [3,20]; and T is
the time, which is 2000 h for the worker and 8 h a week, or 384 h annually, for the public.
In Equation (4), Eext is the annual effective dose from external radiation; H∗ is the ambient
dose equivalent rates (nSv h−1); CF is the conversion factor from ambient dose equivalent
rates to the absorbed dose in the air, which equals 0.652 (Gy Sv−1) [21]; and DCFH−D is the
conversion factor from the absorbed dose in the air to the external effective dose, which
equals 0.7 [1]. Finally, AED is the annual effective dose (mSv).

3. Results and Discussion

Natural hot springs are a popular tourist attraction in West Java. Since at least 1980,
tourists have enjoyed the natural atmosphere of the area while participating in activities
such as swimming, soaking, photographing the scenery, and walking in the park. Many
even stay overnight [9–11]. Despite its diverse other uses, natural hot spring water in
West Java is not used for drinking. Therefore, we performed dose assessments through
inhalation and external dose radiation only.

From a total of 17 natural hot spring water samples and one mineral bottled water
sample, the value of electroconductivity ranged from 0.164 to 1.925 mS cm−1 with an
average value of 1.541 mS cm−1. Meanwhile, the pH ranged from 5 to 7 with an average
value of 6. Finally, water temperature, as shown in Table 1, ranged from 36 to 42 ◦C with
an average of 39 ◦C. According to the regulations of the Indonesian Ministry of Health [22],
and the World Health Organisation [23], the E.C. and pH values in natural hot spring water
samples in West Java fall above recommended values, which must be below 1.5 mS cm−1

and 6.5–8.5 for E.C. and pH, respectively. E.C. is closely related to the content of dissolved
solids in the water. Thus, if water with a high E.C. value and pH level is used for drinking,
gastrointestinal upset and kidney disease can result. Unlike the natural hot spring water
samples, the mineral bottled water is suitable for drinking.
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Table 1. The location, physical and chemical properties of the water samples.

Samples Area
Longitude Latitude Elevation Temperature Electroconductivity at 25 ◦C

pH
(E) (S) (m) (◦C) (mS cm−1)

A1 Cipanas 107.8716 −7.17643 1678 38 1.511 6
A2 Cipanas 107.8816 −7.18884 1675 38 1.459 6
A3 Cipanas 107.7016 −7.19645 1668 39 1.485 6
A4 Cipanas 107.5016 −7.19646 1671 39 1.458 6
A5 Darajat 107.7415 −7.21833 1672 37 1.442 6
A6 Darajat 107.7414 −7.21914 1670 38 1.538 6
A7 Darajat 107.7416 −7.22191 1672 37 1.586 6
A8 Darajat 107.7287 −7.22935 1973 42 1.682 5
A9 Darajat 107.7287 −7.22906 1976 42 1.628 5
A10 Darajat 107.7287 −7.22851 1985 42 1.677 5
B1 Ciwidey 107.3843 −7.14416 1779 37 1.425 6
B2 Ciwidey 107.3901 −7.14710 1781 39 1.590 6
B3 Ciwidey 107.3853 −7.14429 1724 36 1.385 6
B4 Pangalengan 107.6148 −7.23211 1450 39 1.925 5
C1 Ciater 107.6544 −6.80861 873 36 1.401 6
C2 Ciater 107.6544 −6.80861 885 38 1.415 6
C3 Ciater 107.6544 −6.80862 897 39 1.598 5
M Bottled water - - - 25 0.164 7

min 36 0.164 5
max 42 1.925 7

average 39 1.541 6

The dissolved 222Rn in water samples in the natural hot spring area shown in Figure 3
have a range of 1 to 31 Bq L−1. With the exceptions of water samples A1, B4, and C3, these
values were all below the maximum concentration limit (MCL), 11 Bq L−1, suggested by
the EPA. Water samples from this natural hot spring area contained dissolved 222Rn activity
concentrations higher than the MCL but within the limit of the alternative maximum
concentration level (AMCL) of 148 Bq L−1, also suggested by the EPA [4]. Based on the
UNSCEAR 2000 report, the AMCL of 148 Bq L−1 is the limit determining the concentration
of 222Rn in the water that will produce an indoor 222Rn increment equal to an outdoor
222Rn activity concentration of 15 Bq m−3 with the transfer coefficient from water to indoor
air applied as 1 × 10−4 [18]. The 222Rn activity concentration in natural hot spring water in
the West Java province will contribute to an 222Rn activity concentration in the air equal to
0.1–3.1 Bq m−3 concurrent to the 222Rn activity concentration in air measured in this study
as shown in Table 2.

Figure 3. Radon activity concentration in water samples. MCL = maximum contaminant level.

103



IJERPH 2021, 18, 920

Table 2. Details of measuring result: Dissolved 222Rn in water, 222Rn in air, and calculation of annual effective dose.

Samples

Dissolved
Radon

in Water

Radon
in Air

Ambient
Dose

Equiva-
lent
Rate

Radon
Transfer
Coeffi-

cient from
Water to

Air

Contributed
Dissolved
Radon in
Water to

Radon in Air

Annual Effective
Dose due to

Ingestion (mSv)

Annual Effective
Dose due to

External Exposure
(mSv)

Total Annual
Effective Dose

(mSv)

Bq L−1 Bq m−3 nSv h−1 Bq m−3 Worker Public Worker Public Bq L−1 Bq m−3

A1 31 ± 3.4 48 ± 7 43 ± 2 5.9 × 10−4 3.1 0.65 0.13 0.04 0.01 0.69 0.13
A2 9 ± 1.0 49 ± 7 41 ± 2 2.1 × 10−3 0.9 0.67 0.13 0.04 0.01 0.70 0.14
A3 7 ± 0.7 42 ± 6 43 ± 2 1.8 × 10−3 0.7 0.57 0.11 0.04 0.01 0.61 0.12
A4 9 ± 1.0 38 ± 6 41 ± 2 9.3 × 10−4 0.9 0.52 0.10 0.04 0.01 0.55 0.11
A5 8 ± 0.9 39 ± 6 38 ± 2 1.1 × 10−3 0.8 0.53 0.10 0.03 0.01 0.57 0.11
A6 8 ± 0.9 39 ± 6 37 ± 2 1.1 × 10−3 0.8 0.53 0.10 0.03 0.01 0.56 0.11
A7 9 ± 1.0 40 ± 6 36 ± 2 1.1 × 10−3 0.9 0.54 0.10 0.03 0.01 0.58 0.11
A8 2 ± 0.3 38 ± 6 40 ± 2 3.4 × 10−3 0.3 0.52 0.10 0.04 0.01 0.55 0.11
A9 4 ± 0.4 38 ± 6 41 ± 2 2.0 × 10−3 0.4 0.52 0.10 0.04 0.01 0.55 0.11

A10 4 ± 0.5 38 ± 6 40 ± 2 1.9 × 10−3 0.4 0.52 0.10 0.04 0.01 0.55 0.11
B1 5 ± 0.6 38 ± 6 36 ± 2 2.0 × 10−3 0.5 0.52 0.10 0.03 0.01 0.55 0.11
B2 2 ± 0.2 37 ± 6 38 ± 2 5.4 × 10−3 0.2 0.50 0.10 0.03 0.01 0.54 0.10
B3 1 ± 0.1 35 ± 6 35 ± 2 5.5 × 10−3 0.1 0.48 0.09 0.03 0.01 0.51 0.10
B4 31 ± 3.5 42 ± 7 44 ± 2 3.2 × 10−4 3.1 0.57 0.11 0.04 0.01 0.61 0.12
C1 8 ± 0.9 48 ± 7 38 ± 2 1.7 × 10−3 0.8 0.65 0.13 0.03 0.01 0.69 0.13
C2 8 ± 0.9 49 ± 8 37 ± 2 1.6 × 10−3 0.9 0.67 0.13 0.03 0.01 0.70 0.13
C3 18 ± 2.0 50 ± 8 38 ± 2 2.0 × 10−3 1.8 0.68 0.13 0.03 0.01 0.71 0.14
M 0.3 ± 0.1 - - - 0.1 -

Average 9 ± 1.0 42 ± 6 39 ± 2 2.0 × 10−3 0.9 0.53 0.11 0.04 0.01 0.60 0.12
min 1 ± 0.1 35 ± 5 35 ± 2 3.2 × 10−4 0.1 0.48 0.09 0.03 0.01 0.51 0.10
max 31 ± 3.5 50 ± 8 44 ± 2 5.5 × 10−3 3.1 0.68 0.13 0.04 0.01 0.71 0.14

Comparing the values of 222Rn levels in West Java to 222Rn activity concentrations
elsewhere reveal that Indonesian levels are rather low. Studies in Slovenia [24], the U.S. [25],
Spain [26], Taiwan [27], Hungary [28], Poland [29], Venezuela [30], Germany [31], Croa-
tia [32], Iran [33], and Thailand [6] report 222Rn activity concentrations in hot spring water
ranging from 0.2 to 600 Bq L−1. The radon concentration in an area is closely related
to geological rock types, which in West Java have andesitic rock types that contain low
uranium and radium content [34–36].

The radon activity concentration in the air in the hot spring area of the West Java
province ranges from 35 to 50 Bq m−3 with an average of 42 Bq m−3. Equation (6) compares
the activity value of the 222Rn activity concentration dissolved in water and the 222Rn in
the air.

Transfer coefficient =
ΔCa

Cw
, (6)

here, ΔCa is the average increment of 222Rn activity concentration in the air (Bq m−3).
This result is a subtraction of the 222Rn activity concentration in the air around the natural
hot spring pool from the 222Rn activity concentration outside of dwellings around the hot
spring area. The 222Rn activity concentration outside of dwellings around the hot spring
area for Cipanas, Darajat, Ciwidey, Pangalengan and Ciater were 30, 30, 28, 32, and 35 Bq
m−3, respectively. Cw is the dissolved 222Rn activity concentration in the water (Bq m−3).
The value of 222Rn coefficient transfer from water to air in this study was an average of
2.0 × 10−03. This value is higher than the value UNSCEAR [18] and Hopke et al. [19] found,
possibly due to the effect of water mixing, since tourists were active in the pool while we
conducted measurements. Others, including Radolic et al. [32] and Song et al. [37], have
reported average transfer coefficients around 4.9 × 10−3 and 1.5 × 10−3, respectively.

The annual effective dose in the natural hot spring water area ranges from 0.51 to
0.71 mSv with a mean of 0.60 mSv for workers. Meanwhile, the public dose ranges from
0.10 to 0.14 mSv with an average of 0.12 mSv. This value falls within the average committed
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effective dose from inhalation and terrestrial radiation for the general public, 1.7 mSv
annually, determined by UNSCEAR [1].

4. Conclusions

The concentration of 222Rn in natural hot spring water samples in the West Java region
of Indonesia has a range of 1 to 31 Bq L−1. An estimate of the annual effective dose in the
natural hot spring water area ranges from 0.51 to 0.71 mSv with a mean of 0.60 mSv for
workers. Meanwhile, the public is exposed to a range of 0.10 to 0.14 mSv with an average
of 0.12 mSv. This value falls within the range of the averaged committed effective dose
from inhalation and terrestrial radiation for the general public, 1.7 mSv annually.
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Abstract: A comprehensive study was carried out to measure indoor radon/thoron concentrations
in 78 dwellings and soil-gas radon in the city of Mashhad, Iran during two seasons, using two
common radon monitoring devices (NRPB and RADUET). In the winter, indoor radon concentra-
tions measured between 75 ± 11 to 376 ± 24 Bq·m−3 (mean: 150 ± 19 Bq m−3), whereas indoor
thoron concentrations ranged from below the Lower Limit of Detection (LLD) to 166 ± 10 Bq·m−3

(mean: 66 ± 8 Bq m−3), while radon and thoron concentrations in summer fell between 50 ± 11
and 305 ± 24 Bq·m−3 (mean 115 ± 18 Bq m−3) and from below the LLD to 122 ± 10 Bq m−3

(mean 48 ± 6 Bq·m−3), respectively. The annual average effective dose was estimated to be
3.7 ± 0.5 mSv yr−1. The soil-gas radon concentrations fell within the range from 1.07 ± 0.28 to
8.02 ± 0.65 kBq·m−3 (mean 3.07 ± 1.09 kBq·m−3). Finally, indoor radon maps were generated by
ArcGIS software over a grid of 1 × 1 km2 using three different interpolation techniques. In grid
cells where no data was observed, the arithmetic mean was used to predict a mean indoor radon
concentration. Accordingly, inverse distance weighting (IDW) was proven to be more suitable for
predicting mean indoor radon concentrations due to the lower mean absolute error (MAE) and root
mean square error (RMSE). Meanwhile, the radiation health risk due to the residential exposure to
radon and indoor gamma radiation exposure was also assessed.

Keywords: residential exposure; dose; gamma radiation; health risk; radon mapping; CR-39

1. Introduction

In general, people are exposed to ionizing radiation from various natural and artificial
sources. Radon (222Rn), thoron (220Rn), and the progeny of both can be regarded as the
largest contributor to the annual effective dose for the public in the world (50% of the
total public dose) [1,2]; however, public exposure to ionizing radiation can be higher due
to a new dose conversion factor [3]. Exposure to radon and its decay products is the
second most common cause of lung cancer after tobacco smoking [4]. The health risks
related to radon exposure primarily arise in indoor environments, while outdoor radon
levels are generally low. The most important source of indoor radon is soil gas infiltration,
and the intensity of this source relies on the composition of the ground, i.e., granite, tile,
clay, etc. Soil gas infiltration is produced in mineral grains by the radioactive decay of
226Ra, emanated into the void spaces between the grains, transported by diffusion and
advection/convection, and eventually exhaled from the soil into boreholes where it is
detected. Moreover, cracks in concrete floors and walls, drainage pipes, connecting parts of
buildings, heating, ventilation, and air conditioning ducts are the possible routes through
which radon can enter into indoor environments [5].
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Measuring indoor radon and thoron concentrations and radon mapping was consid-
ered for years and several papers were published on the topic around the world [6–17],
including in many Iranian cities [18–27] to increase public awareness of environmental
radioactivity and to predict radon-prone areas, which would help authorities with regard to
the development of an appropriate strategy to reduce public exposure to radon and thoron.
This reduced exposure would increase the quality of life and improve public long-term
health. Due to the lack of data concerning indoor radon and thoron concentrations in
houses in the city of Mashhad, an attempt was made to measure indoor radon and thoron
concentrations in 78 houses to calculate the annual committed effective dose caused by
the inhalation of radon and thoron. The measurements were taken during two seasons,
summer (July–September 2019) and winter (December 2019–February 2020). The annual
average radon and thoron concentrations were estimated by averaging measured concen-
trations during these periods. Subsequently, a radon map was produced using ArcGIS
software and three different interpolation techniques, within a grid with the dimensions
of 1 km × 1km. Meanwhile, the soil gas radon concentrations (as the major source of
indoor radon) in different districts of Mashhad were also measured using a passive method
based on CR-39 detectors during the summer when soil moisture and precipitation is
low. Moreover, external exposure rates for terrestrial gamma radiation in Iran from 36 to
130 nGy h−1 with an average of 71 nGy h−1 have been reported [1,2]. In 2015, Sohrabi
et al. also measured the indoors and outdoors gamma dose rates for about 1000 houses
in 36 cities in Iran and the national mean background outdoor gamma dose rates were
reported as being 70.2 nGy h−1 [28]. Therefore, to assess the radiation health risk, the public
indoor doses from radon gas and indoor gamma radiation were compared and assessed.

2. Materials and Methods

2.1. Study Area

Mashhad is the second largest metropolis in Iran and is the capital of Razavi Khorasan
Province in northeastern Iran. It has an area of 351 km2 and its population is more than
3 million people according to the last census (Statistical Centre of Iran, 2016). It has
witnessed rapid growth over the last two decades, mostly as a result of its economic, social,
and religious attractions. The city is 985 m above sea level with the geographic coordinates
of 36◦17′45′ ′ N, 59◦36′43′ ′ E. Geologically, the Kalaj mountains, which consist of granitic
hills covered by silty deposits, are situated to the south of Mashhad, towards the northwest
is Kale Ghaemabad that is comprised of more sandy soil, and in all other directions is
a plateau with a mix of clay loam and soft sandy soils. Figure 1 shows the location of
Mashhad in Iran.

Figure 1. Location of the city of Mashhad in Razavi Khorasan Province, Iran.
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2.2. Measuring Techniques

Indoor radon and thoron concentrations are measured in the living rooms of houses
at ground level. Regarding the recruited of participants, the priority was given to the
older houses by selecting 3 to 5 dwellings from each district randomly depending on the
size of the residential area. The majority of the houses examined were built 15 to 45 years
ago using bricks composed of sand and cement along with cemented floors. The indoor
measurements were conducted over a period of 90 days in total during the summer (July–
September 2019) and winter (December 2019–February 2020). To determine the indoor
radon and thoron concentrations, RADUET, a commercially available passive integrated
radon–thoron discriminative detector, was used. These detectors consist of two diffusion
chambers with different ventilation rates, and each chamber contains a CR-39 chip with the
dimensions of 10 × 10 mm2 (RADUET, Radosys Ltd., Budapest, Hungary) for detecting
the alpha particles emitted from radon and thoron as well as their progenies [29,30]. All
detectors were hung at a height of 1–2 m above the ground using hard wire and positioned
at least 20 cm away from any of the wall surfaces in the living rooms of the houses.

In addition, a solid-state nuclear track detector (SSNTD), CR-39, was used to measure
radon concentrations in soil gas. In this regard, a hole was dug in the soil of about 11 cm in
diameter and 50–60 cm in depth. Then, a long PVC tube was fixed into the hole with the
covered top end of the tube protruding from the ground by about 5 cm. At the bottom of
each tube, a NRBP radon dosimeter [31] was placed for a period of 45 days between July
and September 2019.

After exposure, all detectors were wrapped in protective aluminum foil and returned
for processing at the Institute. In the laboratory, they washed with distilled water and dried
and then chemically etched. The etching condition for CR-39 was as follows: Solution:
6.0 M NaOH; Temperature: 90 ◦C; Time: 3 h. The track densities were counted using an
optical transmission microscope and image analysis software. The calibration factors were
determined as a result of exposure tests using radon and thoron calibration chambers at
the Institute of Radiochemistry and Radioecology of the University of Pannonia, Hungary,
and is comprehensively described in [30–32].

2.3. Annual Effective Dose, Excess Lifetime Cancer Risk (ELCR) and Lung Cancer Cases (LCC)
Associated with Radon/Thoron Exposure

The annual committed effective doses originating from the inhalation of indoor radon
or thoron were calculated using the following equation provided by [1]:

E(Rn/Tn) = C(Rn/Tn) × F(Rn/Tn) × t × K(Rn/Tn) (1)

where ERn/Tn denotes the annual committed effective dose from exposure to radon or
thoron (mSv yr−1); CRn/Tn stands for the annual average radon or thoron concentrations in
houses (Bq m−3); F(Rn/Tn) represents the indoor equilibrium factors for radon or thoron and
their respective progenies. The following values were provided by United Nations Scientific
Committee on the Effects of Atomic Radiation (UNSCEAR) in 2000 [1]: F = 0.40 and
F = 0.02 for radon and thoron, respectively; t is the number of hours spent inside annually
(7000 h). Also, K(Rn/Tn) denotes the following dose conversion factors recommended by
UNSCEAR in 2000 [1]: KRn = 9 nSv and KTn = 40 nSv per unit of integrated radon and
thoron concentrations (Bq h m−3), respectively.

In this survey, the average of the radon concentrations in the summer and winter
represents the annual radon concentration. Furthermore, between December and February
is regarded as the winter season when people tend to close windows because of the
cold weather. The total exposure time was 90 days over the two seasons assessed. The
Excess Lifetime Cancer Risk (ELCR) per 100,000 people was calculated using the following
equation [33]:

ELCR = E(Rn/Tn) × DL × RF (2)
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where DL represents the life expectancy, estimated to be 70 years; and RF stands for the risk
of fatal cancer per Sievert of 5.5 × 10−2 Sv−1 as recommended by International Commission
on Radiological Protection (ICRP) Publication 103. Finally, the Lung Cancer Cases per year
per million people (LCC) was estimated by using the risk factor lung cancer induction
18 × 10−6 mSv−1 and calculated by the following equation [34]:

LCC = E(Rn/Tn) × 18 × 10−6. (3)

2.4. Statistical Analysis

The statistical analysis was carried out using IBM SPSS Statistics 21 (Armonk, NY, USA).
The Kolmogorov-Smirnov test was applied to test the null hypothesis for the homogeneous
distribution of the datasets. The Kruskal–Wallis non-parametric test with the Dunn’s
post-hoc analysis was also used to test whether the samples originated from the same
distribution based on the comparison of medians.

2.5. Radon Mapping and Cross-Validation

Radon mapping has great economic and social consequences; moreover, a high-
resolution, accurate, and statistically powerful radon map is necessary to increase public
awareness of environmental radioactivity and influence government policy with the pur-
pose of reducing radon exposure in the general population. Depending on the datasets
applied, two types of maps can be used: 1. Indoor Radon Maps which are based on indoor
radon measurements (as applied in this study); and 2. Geogenic Radon Maps which are
based on geological information [35]. The major merit of indoor radon maps is that radon
concentrations are directly measured at the exposure point.

In this study, an indoor radon map was generated by using ArcGIS software version
10.7 (GDi Esri Hungary Ltd., Budapest, Hungary) over a grid with the dimensions of
1 km × 1 km; moreover, three interpolation methods were tested: inverse distance weight-
ing (IDW), ordinary kriging (OK), and Empirical Bayesian kriging (EBK). The arithmetic
mean (AM) was used over grid cells with the dimensions of 1 km × 1 km to predict the
mean indoor radon concentration on the ground floor of buildings in the grid cells where
no data was available. It is important to keep in mind that radon maps are only a proba-
bilistic tool to make policy decisions such as prioritization; they cannot be used to derive
radon concentrations for an individual dwelling. By using some indexes, namely the mean
absolute error (MAE), root mean square error (RMSE), root mean squared logarithmic error
(RMSLE), percentage bias (PB), and coefficient of determination (R2), the accuracy of the
different techniques was also examined, as presented in Equations (4)–(8):

MAE =
1
n

n

∑
i=1

|Zi − Xi| (4)

RMSE =

√
1
n

n

∑
i=1

(Zi − Xi)
2 (5)

RMSLE =
1
n

n

∑
i=1

(log(Zi+1)− log(Xi+1))2 (6)

PB = 100
∑n

i=1(Zi − Xi)

∑n
i=1 Xi

(7)

R2 = 1 − ∑n
i=1(Zi − Xi)

2

∑n
i=1
(∣∣Xi − X

∣∣)2 (8)

where Xi and Zi denote the measured and predicted values in the location, n stands for
the number of points in the validation group, and X represents the mean of Xi. MAE and
RMSE are often applied to assess the performance of models. The model fits properly if
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the aforementioned indicators approach zero when calculated. PB (%) is the mean of the
tendency in larger/smaller predicted values than those observed [36]. R2 is the fit line
explaining to which degree the model is going to fit to the dataset [37].

3. Results and Discussion

3.1. Activity Measurements

Within this study, the radon and thoron concentrations in 78 houses were surveyed
over a total exposure time of 90 days (45 days in both the summer and the winter) by
using a RADUET detector. The frequency distribution of the indoor radon and thoron
for the 78 houses assessed in Mashhad over the two seasons are shown in Figure 2. In
addition, a comparison among normal distribution and log-normal distribution of data is
also illustrated in Figure 3. The indoor 222Rn and 220Rn concentrations in the winter ranged
from 75 ± 11 to 376 ± 24 Bq·m−3 with a mean value of 150 ± 19 Bq·m−3 and from below the
Lower Limit of Detection (LLD) to 166 ± 10 Bq·m−3 with a mean value of 66 ± 8 Bq m−3,
respectively. In the case of the summer, the indoor 222Rn and 220Rn concentrations ranged
from 50 ± 11 to 305 ± 24 Bq·m−3 with a mean value of 114 ± 18 Bq·m−3 and from
below the LLD to 122 ± 10 Bq·m−3 with a mean value of 48 ± 6 Bq m−3, respectively. In
addition, the annual average indoor 222Rn and 220Rn concentrations in the studied areas
were 132 ± 19 Bq·m−3 and 58 ± 7 Bq m−3, respectively. The main source of indoor 222Rn
originates from soil gas infiltration, building materials, and ventilation [4]. Meanwhile,
during cold winters, residents use natural gas and close all vents, causing the radon
accumulation found in houses.

 
Figure 2. Normal Distribution of indoor (A) radon and (B) thoron concentrations (Bq m−3) over the two seasons at the
ground level of dwellings examined in Mashhad.
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Figure 3. Log-Normal Distribution of indoor (A) radon and (B) thoron concentrations (Bq m−3) over the two seasons at the
ground level of dwellings examined in Mashhad.

World organizations such as ICRP, WHO, and U.S. Environmental Protection Agency
(EPA) have recommended various guidelines for radon exposure [1,4,33,38,39]. The annual
average indoor radon concentration is below the recommendation values (300 Bq m−3)
provided by the ICRP in 2010. The results concerning the annual average radon concen-
tration exceed the action level (100 Bq m−3) recommended by the WHO in 2009. When
compared to the worldwide geometric mean (GM) of 37 Bq·m−3 (geometric standard
deviation (GSD) = 2.2) reported by UNSCEAR in 2000, the indoor radon in the city of
Mashhad is almost 4 times (139.68 Bq m−3) and approximately 3 times (105.8 Bq m−3)
higher than the world average in the winter and summer, respectively. It was also found
that during the winter and summer, the indoor radon concentrations in 31% and 20% of
the dwellings were higher than the reference level of 148 Bq·m−3 recommended by the US
EPA in 2003.

The graph in Figure 4 shows the correlation between indoor 222Rn and 220Rn concen-
trations for the dwellings examined in Mashhad. Regarding the relationship between radon
and thoron concentrations, no clear and strong correlation between was observed and
thoron concentrations could not be predicted from widely available information concerning
radon. However, indoor radon and thoron concentration might directly depend on the
activity of 226Ra and 232Th (228Th) in building materials, ground is the main entry path of
radon at dwellings; therefore, it could say that the content of both 222Rn and 220Rn depends
on the building materials and soil composition.

As previously discussed, the main source of indoor 222Rn originates from soil gas
infiltration, 222Rn concentrations in the soil gas of different districts in Mashhad were
measured by using a passive method based on CR-39 detectors in the summer when soil
moisture and precipitation are low. In order to determine soil gas radon concentrations,
only 36 NRPB dosimeters were retrieved from where they were set up, while the remaining
6 dosimeters were considered lost. Figure 5 shows a histogram of soil gas radon concentra-
tions in Mashhad during the summer. The soil gas radon concentrations recorded in the
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studied area fell within the range of 1.07 ± 0.28 to 8.02 ± 0.65 kBq·m−3 with a mean value of
3.07 ± 1.09 kBq m−3. As is shown in Figure 4, the activity concentrations of 222Rn vary from
location to location, possibly because of the physic geological properties of the types of soil
studied, topographic differences, as well as geomorphology and meteorological conditions
of the region. The average radon concentrations in both soil gas and indoor environments
are approximately the minimum and maximum values in the same region, respectively.
Moreover, the correlation between indoor radon and soil gas radon concentrations for the
districts studied is shown in Figure 6. The correlation analysis yielded a positive correlation
(R2 = 0.361) between average indoor radon and soil-gas radon concentrations.

Figure 4. Correlation between the indoor radon and thoron concentrations of the 78 houses examined
in Mashhad over two seasons.

The normality distribution of data was checked using the Kolmogorov–Smirnov test.
Considering the normality assumption in the null hypothesis of the Kolmogorov–Smirnov
test, the probability value (p-value) in all tests was less than 1%; therefore, the normality
distribution of radon and thoron concentrations in any of the following subfactors was
rejected. In this study, by applying the Kruskal–Wallis nonparametric test with Dunn’s post
hoc analysis, the null hypothesis, due to the absence of a statistically significant difference
in the average gas concentration, was rejected; therefore, the season and type of gas affect
the gas concentration (p-value < 0.05). The difference in radon concentrations between
well-ventilated and poorly ventilated dwellings was statistically significant (p < 0.05). It
was assumed that houses with natural ventilation are poorly ventilated and houses mechan-
ical ventilation systems are well-ventilated houses. The finding indicates that the radon
concentration is lower for well-ventilated dwellings compared to poorly ventilated ones.
The results of this study are consistent with others that have been conducted concerning
this topic [40–42]. Because the level of indoor radon concentration depends on the degree
of indoor ventilation, moreover, in well-ventilated dwellings, radon can easily escape
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and does not accumulate inside, meaning indoor radon concentrations are less high in
well-ventilated dwellings compared to in poorly ventilated ones [40].

Figure 5. The soil-gas radon concentrations (kBq m−3) in the studied area.

Figure 6. The correlation between indoor radon and soil-gas radon concentrations.

Table 1 shows descriptive statistics that resulted from the measurement of the indoor
radon and thoron concentrations in the 78 houses studied in Mashhad during the two
seasons considered. Furthermore, the results reveal a seasonal variation in indoor radon
and thoron concentrations, which were higher in the winter than in the summer. This is
because the doors and windows of dwellings remain closed most of the time in the winter
compared to in the summer, hence ventilation is poorer in the winter. The ratio of winter to
summer concerning indoor radon and thoron concentrations was also established for all 78
dwellings studied. This ratio of indoor radon concentrations ranged from 1.23 to 1.48 with
an average value of 1.31. With regard to the indoor thoron concentration, the average of
this ratio was similar, at 1.36. The reason of heterogeneous behavior of seasonal variations
in 222Rn and 220Rn concentrations might be that the source of 220Rn is mainly limited
to the concentration of 232Th (228Th) in building materials, while in case of radon, the
ground’s concentration is additionally considered. Therefore, in summer due to a high air
exchange rate, e.g., using a ventilator or opening windows, the concentration of both 220Rn
and 222Rn goes down, while in winter since the air exchange rate is lower than summer,
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the concentration of 220Rn and 222Rn build up but as the source of indoor 222Rn is both
ground and building material rather than the only source of 220Rn as building materials,
the seasonal change of indoor thoron concentration is less than that of indoor radon.

Table 1. Basic Statistics of indoor and soil gas 222Rn and 220Rn concentrations in samples from
Mashhad.

Season Parameter A.M 1 G.M 2 S.D 3 Min Max

Winter/Summer
Ratio (Mean)

222Rn 220Rn

Summer

Indoor air radon
(Bq m−3) 115.02 105.8 50.64 50.8 305.2

1.31 1.36

Indoor air thoron
(Bq m−3) 48.73 37.4 27.95 <LLD 122.5

Soil-gas radon
(kBq m−3) 3.07 2.71 1.621 1.078 8.021

Winter

Indoor air radon
(Bq m−3) 150.3 139.68 62.74 75.3 376.6

Indoor air thoron
(Bq m−3) 66.17 49.41 34.24 <LLD 166.3

1 A.M = Arithmetical mean, 2 G.M = Geometrical mean, 3 S.D = Standard deviation.

A comparison of radon concentration in the soil gas under investigation with those
reported in other countries is also given in Table 2. It can clearly be seen that the radon
concentration in soil samples from the Sri Ganganagar district and the northern state of
Rajasthan in India, the city of Najaf in Iraq, and Yemen are in close agreement with the
present work. It can be concluded that the soil in Mashhad is suitable for construction
without posing any health hazards.

Table 2. Comparison of soil-gas radon concentrations under investigation with those in other
countries using different methods and sampling depths.

Region
Radon in
Soil-Gas

(KBq m−3)

Measurement
Method

Sampling
Depth (cm)

Reference

Bǎita-Stei, Romania 5.5–512 Lucas Cell 40–80 [43]
Bolsena, Italy 7–176 RAD 7 60–70 [14]

Bulgaria 3–97 AlphaGuard 100 [44]
Hungary 1–47.1 RAD 7 80 [45]

Najaf, Iraq 0.009–9.29 RAD 7 5–60 [46]
Rajasthan, India 0.94–10.05 RAD 7 100 [47]

Sharr-Korabi, Kosovo 0.295–32 SSNTDs (CR-39) 80 [48]
Slovenia 0.9–32.9 AlphaGuard 100 [49]

Sri Ganganagar, India 0.9–10.10 RAD 7 10–100 [50]
Yemen 0.15–13.56 SSNTDs (CR-39) 0–150 [51]

Mashhad, Iran 1.07–8.02 SSNTDs (CR-39) 50–60 Present study

3.2. Radiation Dose and Risk Assessment

In this study, the average of the radon concentrations in the summer and winter was
assumed to be the annual average radon concentration. The corresponding annual effective
dose from the inhalation of radon and thoron was calculated as 3.7 ± 0.5 mSv yr−1. The
committed effective dose from indoor radon and thoron was found to vary from 2.11 to
9.73 mSv yr−1 with a mean value of 4.22 mSv yr−1 for the winter, and 1.51 to 7.92 mSv yr−1

with a mean value of 3.14 mSv yr−1 for the summer. It can be seen that the committed
effective doses were higher in the winter compared to the summer. The excess lifetime
cancer risk and lung cancer cases per year per million people were also calculated to be
14.1 and 65.4, respectively.
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According to the WHO in 2009, the risk of lung cancer increases by 16% per a
100 Bq·m−3 increase in radon concentration (long-time average) [4]. Therefore, the dose-
response relation is linear, i.e., the risk of lung cancer is proportional to radon exposure [4].
Nevertheless, based on a report produced by the Ministry of Health’s Center for Disease
Management in Iran, cancer is the third most significant cause of death after road traf-
fic accidents and cardiovascular mortality. In 2019, Roshandel et al. reported that the
age-standardized rates (ASR) of lung cancer were 127 and 52.1 per 100,000 Iranian males
and females, respectively [52]. In the case of Razavi Khorasan Province, the ASR was
121.2 and 54.0 per 100,000 Iranian males and females, respectively. Therefore, the annual
average excess risk due to radon inhalation in Mashhad is 14/100,000, i.e., less than the
age-standardized death rate from cancer in Mashhad. Hence, indoor radon exposure is
responsible for approximately 12% of lung cancer deaths in this city, which is close to
the estimates by WHO in 2009 of the worldwide proportion of lung cancer due to radon
(3–14%).

Given the annual average excess risk values by comparing local radiological risks with
national cancer incidence data, it can be concluded that the local risks are raised but are not
necessarily representative of the city as a whole. This radiation risk assessment should be
considered with caution as the radon measurements are not sufficiently representative of
the investigated area; moreover, calculations made using ICRP data only provide a broad
overview of the risk and comparison with the national cancer incidence rate. Therefore,
extensive measurements are needed for a reliable comparison.

It is also essential to measure the amount of natural radiation in each area as this can
determine the suitability of the environment for a healthy lifestyle. The indoor and outdoor
gamma exposure rates in the air 1 m above the ground from terrestrial radionuclides
and cosmic rays in Mashhad are 155.73 ± 13.92 nGy h−1 and 126.15 ± 15.66 nGy h−1,
respectively [28]. Using a determined conversion factor as 0.7 Sv Gy−1, converting the
absorbed doses to effective doses [1], the annual indoor and outdoor effective dose rates of
the public from gamma exposure were found to be 0.95 ± 0.08 and 0.77 ± 0.09 mSv yr−1.
Therefore, by comparing these values with the corresponding annual effective doses from
the inhalation of radon and thoron (3.7 ± 0.5 mSv yr−1), it could be concluded that most of
the doses received indoors in the dwellings studied in Mashhad city are from the inhalation
of radon and thoron (about 79 % of the total dose). A comparison of the indoor radon
concentration and radiation risk assessment under investigation, with those reported in
other Iranian cities also provided in Table 3.
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3.3. Spatial Distribution Map of Indoor Radon Concentrations

The Distance Weighting (IDW) and Ordinary Kriging (OK) techniques, known as
Kriging techniques, depend on the distance between two points, namely those of observa-
tion and estimation in the interpolation. IDW weighted the contribution of the observed
points on the estimated interpolation with regard to this distance alone. On the other hand,
OK also considers the correlation between the points and forms an initial function, i.e.,
covariance or variogram, which can iteratively be updated.

The spatial distribution map of indoor radon concentrations in Mashhad dwellings
were plotted in Figure 7 by various interpolation techniques, e.g., IDW, OK, and Empirical
Bayesian Kriging (EBK) over a grid with the dimensions of 1 km × 1 km using ArcGIS
software version 10.7. Accordingly, radon concentrations were lower than standard values
in eastern residential areas and were higher in central as well as southern districts. Never-
theless, when the spatial autocorrelation between cells was considered, predictions about
radon concentrations using different methods range from 65 to 260 Bq m−3. These values
may be more realistic and similar to average values found in some dwellings in the region.

Figure 7. Predicted Indoor Radon Map of Mashhad dwellings over a grid with the dimensions of 1 km × 1 km using the
(A) Inverse distance weighting, (B) Empirical Bayesian Kriging, and (C) Ordinary Kriging interpolation techniques.

Moreover, the accuracies of the various techniques applied according to five indi-
cators are given in Table 4. IDW, which predicts unknown values using known values
concerning their distance, was proven to be more suitable for predicting mean indoor
radon concentrations over grids with the dimensions of 1 km × 1 km (i.e., arithmetic mean,
ground floor), due to the lower MAE and RMSLE values of 28.159 and 0.01210, respectively,
in addition to a lower bias, 20.069 to be exact. However, all mentioned models have a
tendency to overestimate bias (PB > 0). In addition, the model with the higher R2 is IDW,
which indicates that this model fits the data better.
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Table 4. Summary of the cross-validation results.

Method MAE 1 RMSE 2 RMSLE 3 PB 4 R2

Inverse distance weighting 28.159 34.931 0.01210 20.069 0.234
Empirical Bayesian Kriging 28.235 35.148 0.01218 20.123 0.224

Ordinary Kriging 28.424 36.364 0.01346 20.268 0.169
1 MAE = mean absolute error, 2 RMSE = root mean square error, 3 RMSLE = root mean squared
logarithmic error, 4 PB= percentage bias.

4. Conclusions

To estimate the impact of indoor radon and thoron on residentials as well as develop
and implement the most economical method to reduce radon exposure using a radon map,
this paper presents the measured indoor radon and thoron concentrations in 78 dwellings
as well as soil gas radon concentrations in different districts of Mashhad, Iran during
summer and winter. As the average of the radon concentrations in the summer and winter
were assumed to be the annual average radon concentration in this study, the annual
average indoor radon and thoron concentrations were calculated as being 132 ± 19 and
58 ± 7 Bq m−3, respectively. Soil gas radon concentrations also ranged from 1.07 ± 0.28 to
8.02 ± 0.65 kBq·m−3 with a mean value of 3.07 ± 1.09 kBq·m−3 during the summer.

The corresponding annual effective dose from the inhalation of radon and thoron was
calculated as being 3.7 ± 0.5 mSv yr−1. Subsequently, the excess lifetime cancer risk was
calculated as 14.13. Hence, exposure to indoor radon is responsible for approximately 12%
of lung cancer deaths in Mashhad, which is close to the WHO estimates of the worldwide
proportion of lung cancer due to radon (3–14%). By comparing the annual indoor effective
dose rate from gamma exposure with the annual effective dose from the inhalation of radon
and thoron, it was concluded that most of the dose received inside the dwellings studied
in Mashhad, approximately 79% of the total dose, originates from the inhalation of radon
and thoron.

Since high-risk areas can be recognized on radon maps, which are useful for targeting
landlords and the building industry, an indoor radon map was generated by using ArcGIS
software over a grid with the dimensions of 1 km × 1 km using three interpolation
techniques. The arithmetic mean was used over the grid cells to predict a mean indoor
radon concentration on the ground-floor level of buildings in the grid cells where no data
was available. The IDW technique was proven to be most suitable one for predicting mean
indoor radon concentrations over grids with the dimensions of 1 km × 1 km.

In addition to the results and given the significant health impacts of radon and thoron,
it is hoped that both radon and thorn gases will be studied more seriously in Iran and
that these techniques as well as complementary procedures will be used to minimize its
concentration. It is recommended that radon gas concentrations should be measured in all
regions of the country by numerous devices supplied by the Atomic Energy Organization
of Iran (AEOI). As a result, it would be possible to compile a radon map of Iran to estimate
the concentration and number of radon-induced incidences of cancer, as well as decide
how to distribute the population. This would aid to reduce the number of cases of lung
cancer and other radon-induced human health problems.
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Abstract: An improved passive CR-39-based direct 222Rn/220Rn progeny detector with 3 detection
channels was designed and tested in this study to measure and calculate equilibrium equivalent
concentration (EEC) of both 222Rn and 220Rn without the equilibrium factor. A theoretical model
was established to calculate the EEC with optimization. Subsequently, an exposure experiment
was carried out to test the performance of this detector, and we compared the chamber experiment
and the theoretical model by estimating and measuring various parameters. The deposition flux of
progeny derived from the prediction agreed well with the value measured in the exposure chamber.
The energy-weighted net track density (NTD) measured by this detector is much more reliable to
reflect the linear relation between NTD and time-integrated EEC. Since the detector is sensitive to the
exposure environmental condition, it is recommended to apply the detector to measure the EEC after
its calibration in a typical indoor environment.

Keywords: 222Rn progeny; 220Rn progeny; CR-39; equilibrium equivalent concentration; deposition velocity

1. Introduction

In the conventional integrating measurements for 222Rn and 220Rn activity concentrations in a
large-scale survey, the solid-state nuclear track detector (SSNTD) technique is usually used. Several
designs of measuring devices using SSNTD have been used for indoor 222Rn and 220Rn surveys, such as
RADUET [1], Pin-hole dosimeter [2–4], and so on. In the two different diffusion rate chambers of these
measuring devices, because there is a diffusion barrier against 220Rn based on its quite short half-life,
the low diffusion rate chamber detects mainly 222Rn and the high diffusion rate chamber detects both
222Rn and 220Rn. However, evaluation of the internal exposure to 222Rn and 220Rn does not directly use
the activity concentration of 222Rn and 220Rn gas instead of the equilibrium equivalent concentration
(EEC). It should be noted that the equilibrium factor depends on various parameters, such as the
radioactive decay, ventilation, and reactions with the structure and the surface of furnishing. Because
of the short half-life of 220Rn (55.6 s), the indoor 220Rn concentration distributes heterogeneously,
decreasing with distance from the source [5,6]. Therefore, it is not feasible to use the 220Rn concentration
directly measured by the integrating detectors to evaluate its internal exposure. Otherwise, study of the
behavior of 222Rn and 220Rn decay products indoors is important for assessing the natural background
radiation exposures on the public through the inhalation route. Therefore, the direct measurement
technique of 222Rn and 220Rn progeny is desirable and necessary for the evaluation of internal indoor
222Rn and 220Rn exposure.
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In the recent 20 years, a direct 220Rn progeny measurement technique based on CR-39 detector for
EEC of 220Rn was developed and used by Zhuo and Iida [7], Tokonami et al. [8], Zhuo and Tokonami [9],
Tokonami [10], Sorimach et al. [11], and Hu et al. [12]. Mishra and Mayya [13] were the first to develop
the direct 222Rn and 220Rn progeny measurement techniques using LR-115 detector. CR-39 is the most
sensitive and popular detector for recording α-particles [14] and performs stable results; no direct 222Rn
and 220Rn progeny detector using CR-39 was developed and applied because its energy windows for
recording α-particles is quite wide, and it is unable to distinguish alpha energy directly, although some
researchers make great efforts to develop dedicated tools based on the track geometrical characteristics
to measure alpha particles. Moreover, the application of the direct measurement technique for
determining their progeny concentrations depends on estimation of the effective deposition velocities
of combinations of 222Rn and 220Rn progenies in a typical indoor environment. Some researchers [11,15]
used the experimental method to estimate the geometric mean deposition velocity and applied the
data to actual measurement in an indoor environment. However, the experimental conditions had a
lot of limitations on environmental parameters for estimating the deposition velocity. In this study,
we developed a passive CR-39-based direct 222Rn/220Rn progeny detector. The 222Rn and 220Rn
behavior model and particle deposition model were used to estimate the concentration of each 222Rn
and 220Rn progeny as well as the EEC.

2. Materials and Methods

2.1. The Passive CR-39-Based Direct 222Rn/220Rn Progeny Detector

The structure of the detector is shown in Figure 1. The piece of commercially available ally diglycol
carbonate (CR-39) (the BARYOTRAK, produced by Fukuvi Chemical Industry Co., Ltd., Fukui, Japan)
was used as a detecting material to measure alpha particles emitted from 222Rn and 220Rn progeny.
Each detection channel was mounted with a different thickness of aluminum-vaporized polyethylene
films (Mylar films), which can only detect the alpha particles emitted from corresponding progeny
radionuclides and ensure that lower energy alpha emissions (from the gases and other airborne alpha
emitters) do not pass through the absorber. In the conventional passive direct 222Rn/220Rn progeny
detector, there are only 2 detecting channels: the 220Rn progeny (TnP) channel and the 222Rn progeny
(RnPII) channel. The TnP channel can only detect the 8.78 MeV alpha particles emitted from 212Po
atoms, which are formed from the decay of 212Pb and 212Bi atoms deposited on the film surface without
any interference from other alpha emissions of natural radioactivity decay series. The RnPII channel
selectively detects 212Po and 214Po (7.69 MeV) from the decay of surface deposited 222Rn and 220Rn
progeny. In the improved passive detector, we added one more detecting channel RnPI to detect the
alpha emission energy higher than that of 218Po (6.0 MeV). The design information is present in Table 1.
Since the RnPI and RnPII cthannels are in a mixed 222Rn and 220Rn progeny environment, there are
interferences from the high energy alpha particles, which could be subtracted using the tracks on the
TnP channel. Therefore, 4 slices of CR-39 detector are used on the TnP channel instead of 2 slices on
the other channels to decrease the error.

Table 1. The design information of each detector channel.

Channel
Membrane
Thickness
(mg cm−2)

Nuclide
Energy of
α-Particle

(MeV)

Track
Registration
Efficiency, η

Deposited Atoms

TnP 7.10 212Po 8.785 0.063 212Pb, 212Bi

RnPII 5.05
212Po 8.785 0.212 212Pb, 212Bi
214Po 7.687 0.182 218Po, 214Pb, 214Bi

RnPI 3.25

212Po and 212Bi 8.785 and 6.051 0.152 212Pb, 212Bi
214Po 7.687 0.249 218Po, 214Pb, 214Bi
218Po 6.003 0.135 218Po
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Figure 1. The passive CR-39-based direct 222Rn/220Rn progeny detector: (a) a schematic diagram of the
progeny detector showing the detectable radionuclides of each channel and (b) a photo of the actual
setup of the progeny detector.

2.2. The Theoretical Model and Parameters

2.2.1. Theoretical Model

Among the several aspects of indoor behaviors of 222Rn and 220Rn, apart from the decay losses,
deposition and ventilation are two major mechanisms to remove the decay products from indoor air.
Unlike the removal process by ventilation which depends essentially on the air exchange rate in a
given room environment, the removal by deposition depends on the activity size distribution and the
structure of turbulence at the air–surface interface. Since this detector is designed using the deposition
mode, it is necessary to avoid uncontrolled static charges from affecting the deposition rates. Hence,
the aluminized side of the Mylar is chosen to act as the deposition surface.

To describe the behavior of 222Rn and 220Rn progeny, the relationship between the attached
222Rn and 220Rn progeny deposition flux, J (atom cm−2 s−1), and track density, N (tracks cm−2) can be
expressed as follows:

J =
N
ηt

(1)

where η is the track registration efficiency, which is the multiplier of the branching ratio of its progeny,
the geometric efficiency, and etching efficiency. For each channel, the geometric efficiency depends
on the energies of incident α-particle, incident angles against the absorbers, and the thickness of
the absorbers. The track registration efficiency measured in this study is present in Table 1, which
corresponds to the etching condition using 6 N NaOH solutions at 60 ◦C for 24 h without stirring. t is
the exposure period (s).

The effective deposition velocity of the progeny, Ve (cm s−1), is defined as follows:

Ve =
J
C

(2)

where C is the atom concentration of the progeny (atom cm−3).
To determine the deposited progeny atoms from the alpha tracks registered in CR-39, we need

to check the progeny atoms’ ultimate decay on the surface of the detector, which causes the alpha
track to the CR-39. In the case of 222Rn progeny, a fraction of all the alpha particles emitted from the
atoms of 218Po, 214Pb, and 214Bi deposited on the absorber can form tracks on the CR-39. Therefore,
the tracks counted at the end can be directly proportional to the sum of the 218Po, 214Pb, and 214Bi
atoms deposited. Similarly, the total tracks registered by the 220Rn progeny will be proportional to the
sum of the 212Pb and 212Bi atoms deposited. Accordingly, we can define the following:

NTn = ηTn,Po212 · Ve,Tn · (CPb212 + CBi212) · t (3)
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NRn2 = ηRn2,Po212 · Ve,Tn · (CPb212 + CBi212) · t + ηRn2,Po214 · Ve,Rn · (CPo218 + CPb214 + CBi214) · t (4)

NRn1 = ηRn1,Po212 · Ve,Tn · (CPb212 + CBi212) · t + ηRn1,Po214 · Ve,Rn · (CPo218 + CPb214 + CBi214) · t
+ηRn1,Bi212 · Ve,Tn · (CPb212 + CBi212) · t + ηRn1,Po218 · Ve,Rn,Po218 · CPo218 · t (5)

where the subscripts of Tn, Rn1, and Rn2 mean the parameters of the TnP channel, RnPI channel,
and RnPII channel, respectively, and the subscript of each radionuclide means the corresponding
parameter. Some of the parameters used in this study are shown in Table 1. Ve,Tn is the effective
deposition velocity of 220Rn progeny, which is a combination of deposition velocities of 212Pb and 212Bi.
Ve,Rn is a combination of deposition velocities of 218Po, 214Pb, and 214Bi. Ve,Rn,Po218 is the only effective
deposition velocity of 218Po.

In the mixed 222Rn and 220Rn environment, we can easily count the registered tracks on the TnP
channel from 212Po decay, which come from the decay of the deposition flux of 212Pb and 212Bi, as shown
in Equation (6). Accordingly, from Equations (3)–(5), we can also calculate the counts of registered
tracks from 214Po on the RnPII channel and 218Po on the RnPI channel as in Equations (7) and (8).

NTnP
Po212 = ηTn,Po212 · Ve,Tn · (CPb212 + CBi212) · t = NTn (6)

NRnP2
Po214 = ηRn2,Po214 · Ve,Rn · (CPo218 + CPb214 + CBi214) · t

= NRn2 − ηRn2,Po212
ηTn,Po212

NTn
(7)

NRnP1
Po218 = ηRn1,Po218 · Ve,Rn,Po218 · CPo218 · t

= NRn1 − (ηRn1,Po212+ηRn1,Bi212)
ηTn,Po212

NTn − ηRn1,Po214
ηRn2,Po214

NRnP2
Po214

(8)

In the atmosphere, a large fraction of 218Po and 212Pb can react with the ions in the air and form
clusters in a short time by the neutralization process. Due to the larger diffusion coefficient of these
cluster particles, 222Rn and 220Rn progenies can attach themselves to various surfaces, such as the
surfaces of aerosol particles and droplets in the atmosphere, thereby giving rise to a consecutive activity
size distribution. This distribution is broadly classified into two groups: the unattached fraction
and the attached fraction. The effective deposition velocities combine the contribution from both the
unattached and attached fractions of each progeny species. Considering the contributions of these two
fractions, the deposition velocity of each radionuclide can be demonstrated as follows:

Vi = pi · Vu
d + (1− pi) · Va

d (9)

where pi denotes the unattached fraction of radionuclide i, and Vu
d and Va

d denote the deposition
velocities of the unattached and attached fraction of airborne particles, respectively, which are dependent
on the aerodynamic factors instead of the radionuclides themselves.

Since the registered tracks from 212Po decay come from the decay of the deposition flux of 212Pb
and 212Bi, according to the concept of the effective deposition velocity, the deposition velocity of TnP
channel could be written as follows:

Ve,Tn =
VPb212 · CPb212 + VBi212 · CBi212

CPb212 + CBi212
(10)

Similarly, the deposition velocity of the RnPII and RnPI channels could be written as follows:

Ve,Rn =
VPo218 · CPo218 + VPb214 · CPb214 + VBi214 · CBi214

CPo218 + CPb214 + CBi214
(11)

Ve,Rn,Po218 = VPo218 (12)
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The atom concentrations in these equations could also be reexpressed in terms of the activity
concentrations (Ai, Bq m−3) by using the decay constant λi, s−1. Subsequently, Equations (6)–(8) could
be modified as follows:

NTnP
Po212 = ηTn,Po212 · VPb212 · λBi212 + VBi212 · λPb212 · r3

λBi212 + λPb212
·
(

1
λPb212

+
r3

λBi212

)
· APb212 · t (13)

where r3 = ABi212/APb212.

NRnP2
Po214= ηRn2,Po214 · VPo218 · λPb214 · λBi214+VPb214 · λPo218 · λBi214 · r1+VBi214 · λPo218 · λPb214 · r2

λPb214 · λBi214+λPo218 · λBi214 · r1+λPo218 · λPb214 · r2

·
(

1
λPo218

+ r1
λPb214

+ r2
λBi214

)
· APo218 · t

(14)

where r1 = APb214/APo218 and r2 = ABi214/APo218.

NRnP1
Po218 = ηRn1,Po218 · VPo218 · APo218

λPo218
· t (15)

To solve these equations above, we introduced the Jacobi room model [16] for both 222Rn and
220Rn. Because the steady-state Jacobi room model is a system of linear equations, the number of
unknowns, such as the unattached fractions of each progeny radionuclide and the ratios of the progeny
concentration, is less than the number of equations. The solutions of the unknowns could be deduced
by the parameters in the Jacobi room model, which are the attachment rate constant, λa (s−1); the rate
constant for deposition of unattached progeny, λd

u (s−1); the rate constant for deposition of attached
progeny, λd

a (s−1); and the ventilation rate constant, λv (s−1). The details of the equations of the Jacobi
room model for both 222Rn and 220Rn behaviors could be found elsewhere [6]. Finally, the APb212 can
be solved by the data of the TnP channel and APo218 can be solved by both the RnPI channel and RnPII
channel in the equations.

2.2.2. Parameters Estimation

Deposition Velocity

In the theoretical model, Lai and Nazaroff’s [17] three-layer model was adopted to simulate
the particle deposition. Compared to the other existing formulations of such models based on the
pioneering work of Corner and Pendlebury [18], lacking a thorough physical foundation, the proposed
model involves three mechanisms of particle transport: Brownian diffusion, turbulent diffusion,
and gravitational settling. It predicts deposition to smooth surfaces as a function of particle size and
density. Therefore, the only required input parameters are enclosure geometry and friction velocity.
This deposition velocity estimation method has already been applied for deposition particles in a room
and experimentally verified by Mishra et al. [15].

Parameters in the Jacobi Room Model

In practice, the indoor rooms can be regarded as a rectangular cavity. The rate constant for
deposition in the Jacobi room model is estimated by using the deposition velocity calculated by Lai
and Nazaroff’s three-layer model [17]. For the rectangular cavity, the rate constant for deposition can
be written as follows:

λi
d = nc ·

vi
d,uSu + vi

d,vSv + vi
d,dSd

V
(16)

where the superscript i, with the allowed values a and u, allows us to distinguish the two important states
of 222Rn and 220Rn progeny: attached and unattached. Su, Sv, and Sd are the areas of upward-facing
surfaces, vertical surfaces, and downward-facing surfaces, respectively; and nc is the correction
coefficient of the surface area [19], which can be used to correct the changes of ratio caused by the
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increased furnishing surface area in practical application. The deposition velocity of the unattached
fraction was interpolated by the result of the numerical integration for fine particles in the reference [17].

The rate constant for attachment in the Jacobi room model reflects the attachment velocity of
the unattached 222Rn and 220Rn progeny to the ambient aerosol. The charging process depends on
the electric charge distribution of an aerosol in steady state. In most used theories, attachment is
diffusion-controlled as a result of electrostatic attraction and follows the gas kinetic laws [20–22].
The expression of the rate constant for attachment can be written as follows:

λa = β · No (17)

β =

∫ ∞
0
β
(
dp
)
Z
(
dp
)
ddp (18)

where No is the aerosol concentration, reflecting the concentration of condensation nuclei and where
Z(dp) is the number size distribution of aerosol for unit aerosols concentration and can be described as a
frequency function of the lognormal distribution with the count median diameter (CMD) and geometric
standard deviation (GSD, σg). β(dp) is the attachment coefficient. The rate constant for attachment was
estimated by the compound trapezoid formula with the Latin-hypercube sampling method.

3. Results and Discussion

3.1. The Comparison of Chamber Test with a Theoretical Model

To verify the feasibility of measuring the EEC, a verification experiment was conducted in 222Rn
and 220Rn exposure chambers located in Hirosaki University, Japan. The chamber verification system
includes 4 function cells, as shown in Figure 2. (1) The source generation cell is a 222Rn gas and
220Rn gas generation system, which employs the natural uranium rock and commercially available
lantern mantles as the 222Rn and 220Rn sources, respectively, to generate and import 222Rn and 220Rn to
the mix chamber. The humidifier in this cell is responsible for maintaining the stability of the inlet
gas concentration. (2) The aerosol generation cell contains 3 components, a compressor, a constant
output atomizer (TSI, Inc., Aerosol Generator Model 3076), and a diffusion dryer filled with silica gel.
The 5000 μg mL−1 NaCl solution is employed to generate droplets with the median diameter of 0.3 μm
(GSD < 2.0) to mix with 222Rn gas or 220Rn gas in the mix chamber. (3) The exposure cell includes two
chambers: a mix chamber and an exposure chamber. The volumes of the mix chamber and exposure
chamber are 150 L and 3.24 m3 (dimensions of 2.25 × 1.2 × 1.2 m3, L ×W ×H), respectively. The mix
chamber provides a buffer to create more chances for the aerosol particles and gas to form a stable
progeny flux to the exposure chamber. To maintain stable concentration in the exposure chamber,
the experiment adopted a circulating connection that applies the outlet of the exposure chamber as
the inlet of the source generation cell with an airflow rate of 3 L min−1. (4) The measurement cell is
responsible for measuring progeny concentrations and environmental parameters in the verification
experiment. The portable Si-photodiode detector with a sampling flow rate of 0.5 L min−1 and an EMD
Millipore MF-Millipore AAWG02500 Mixed Cellulose Ester Filter Membrane were used to measure
the EEC of 222Rn in real-time. The details of the Si-photodiode detector can be found elsewhere [23,24].
The periodic grab sampling method was carried out to replace the portable Si-photodiode detector
to measure the EEC of 220Rn. The Model 3034 SMPSTM Scanning Mobility Particle Sizer produced
by TSI® was adopted to measure the concentration of condensation nuclei, CMD, and its GSD (σg).
The concentration of condensation nuclei in the exposure chamber ranged from 2.05 × 104 to 4.32 × 104

particles per cm3. The CMD of the aerosol in the exposure chamber ranged from 0.187 to 0.218 μm.
The friction velocity was calculated using a fan-turbulence model [11,25], as follows:

u∗ =
Nsd2

t

V1/3
(19)
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where Ns is the rotation speed of the fan (2300 rotation min−1), dt is the blade length for rotation (5 cm),
and V is the volume of the exposure chamber. In this exposure chamber, we set two fans in opposite
directions; as a result, we obtained u* as 23.53 cm s−1. In the verification experiment, each channel
had 4 slices of CR-39 in the vertical and upward orientations as one group. For the total verification
experiment, each exposure period had 3 groups of progeny detectors in the front, middle, and back
of the bottom of the exposure chamber. In the theoretical model, the genetic algorithm is adopted to
optimize the parameters in the calculation process. The measured values of the concentration of nuclei
condensation number, CMD and its GSD, estimated friction velocity, and ventilation rate are the input
parameters. Since the friction velocity, ventilation rate, and particle distribution fluctuate and change
all the time, the equilibrium value of each parameter during the exposure period should be optimized
depending on the different circumstances for each survey.

Figure 2. A schematic diagram of the chamber verification system.

A genetic algorithm with an improved goodness-of-fit objective function was adopted to optimize
the results of the theoretical method [26]. The improved genetic algorithm was used to maximize the
goodness-of-fit objective function f (x) as follows:

f (x) =
∑n

i=1 ωi∑n
i=1
|x1,i−x2,i|

xi
· ωi

(20)

where n is the number of objects of the model; x1,i, and x2,i are the measured data from actual
measurement of EEC; and ωi is the weight. The measured ranges of the concentration of nuclei
condensation number, CMD, and its GSD are the optimized parameters, and the goodness-of-fit
function is carried out to decrease the error of the average EEC of 222Rn calculated by the calibrated
portable Si-photodiode detector and the CR-39-based progeny detector. The average track density of
detectors deployed in the upward and vertical orientations was used to calculate the EEC of 222Rn by
the progeny detector, which is in the same orientation as that placed in use. The same verification
experiment was also conducted for 220Rn progeny except for the measurement method for the EEC of
220Rn, which used the periodic grab sampling method to replace the portable Si-photodiode detector.
The comparison results of the progeny detector and experiment are shown in Tables 2 and 3. In the
calculation, we estimated the deposition velocity of total condensation nuclei in the vertical and
upward orientations, which were in the same orientation as the setting in the experiment, and the
total deposition velocity and deposition flux of each channel. As shown in Table 2, for the 220Rn
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progeny with an exposure time of 36.9 h, the average experimentally estimated deposition velocities
in the upward and vertical orientations were 0.193 ± 0.067 and 0.217 ± 0.045 m h−1, respectively.
Additionally, the model-simulated deposition velocities were 0.243 and 0.238 m h−1, respectively, which
were located in the ranges of the experimental data. In the experiment, the deposition velocity in the
upward orientation presented insignificant variation with that of the vertical orientation. The exposure
time also presented an insignificant influence on the deposition velocity between 25.5 and 36.9 h.
For deposition flux, the variation of deposition flux on the TnP channel estimated by the model showed
excellent agreement with experimental values. As shown in Table 3, for the 222Rn progeny, among
distinct exposure times of 30, 70, and 102 h, the calibrated deposition velocities varied narrowly in the
upward and vertical orientations, with the ranges of 0.123–0.136 and 0.117–0.131 m h−1, respectively.
The average deposition fluxes in the theoretical model of 222Rn progeny on the RnPII channel and
of 218Po on the RnPI channel were located in the ranges of the experimental values in most cases.
The deposition flux was calculated by the net track density (NTD). The calculation process of NTD
itself has uncertainty, especially caused by the sensitivity of the CR-39 detector, read-out of the tracks,
counting statistics, and assumed background of the CR-39 detectors [11], except for the exposure
environment. Additionally, from Equations (6)–(8), the calculation of the tracks registered by lower
alpha-energy progeny should exclude the tracks registered by higher alpha- energy progeny on the
channel. Therefore, with a thinner absorber filter, a higher uncertainty of the measured deposition flux
is present due to propagations of the uncertainty during the calculation of the NTD.

Table 2. The comparison results of the progeny detector and experiment in a 220Rn chamber
verification system.

Model Experiment Model Experiment

Exposure time (h) 25.5 36.9

The number concentration (N cm−3) 27,297 30,417

GSD, σg 1.506 1.613

CMD (μm) 0.203 0.203

Track density
(tr mm−2)

Upward 3.9 2.9

Vertical 4.3 4.8

Deposition velocity
(m h−1)

Upward 0.185 0.143 ± 0.029 0.243 0.193 ± 0.067

Vertical 0.169 0.158 ± 0.040 0.238 0.217 ± 0.045
212Pb 0.185 —— 0.219 ——
212Bi 0.132 —— 0.183 ——

Deposition flux
(atoms cm−2 s−1)

Upward 0.081 0.081 0.055 0.069

Vertical 0.090 0.090 0.042 0.042

EEC of 220Rn
(Bq m−3)

Upward 237 ± 88
244 ± 108 1 148 ± 38

155 ± 67 1

Vertical 263 ± 88 188 ± 50
1 The value was calculated by the average equilibrium equivalent concentration (EEC) of 220Rn over the whole
exposure period by grab sampling method.
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3.2. Comparison of the Estimated Deposition Velocities with Previous Studies

Compared with the deposition velocities of the total 222Rn and 220Rn progeny of the other
researchers [7,11,15,27], as shown in Table 4, these values varied widely from 0.117 to 8.64 m h−1 and
0.072 to 19.08 m h−1, respectively. To analyze the impact factors of the deposition velocity of 222Rn and
220Rn progenies, except the deposition velocities measured by Bigu [25], other deposition velocities
measured in small-size chambers are much higher than that measured in the test rooms, dwellings, or
large-size chambers. This can be explained by the turbulence, caused by the surface roughness, friction
velocity, and airflow rate on the surface in a small-size chamber, being much more intense than that in
a large room. Similarly, in Bigu’s research, the mixing fan was operated to investigate the effect of
strong airflow and turbulence on the deposition velocity [24]. When the fan is on, the surface airflow
and turbulence would be more intense, accompanying the increasing deposition velocity of the 222Rn
and 220Rn progenies.

Table 4. Summary of the deposition velocities of 222Rn and 220Rn progenies in previous studies.

Reference
Deposition Velocity (m h−1)

Remark
RnP Detector TnP Detector

[27]
8.64 19.08 Fan on, 26 m3 test facility

3.24 2.16 Fan off, 26 m3 test facility

[7] 0.19 ± 0.04 Dwelling, the same structure of TnP detector as this study

[15]

0.132 ± 0.0036 0.075 ± 0.0072 22.5 m3 test room

2.37 ± 0.785 0.5 m3 chamber

0.117 0.072 Dwelling

[11] 0.828 ±0.072 150 L chamber, same TnP detector as this study

This study 0.125 ± 0.007 0.178 ± 0.045 3.24 m3 chamber

The design of TnP detectors from Zhuo and Iida [7] and Sorimachi et al. [11] are the same as that
in the present study, and only the measuring environmental conditions are different. The deposition
velocity measured in the small-size chamber [11] is significantly higher than that measured in
dwellings [7] and the present study. It should be noted that the deposition velocity measured in this
study agreed well with that measured in dwellings. Besides, the deposition velocities of the RnP
detector measured by Marsh et al. [15] in the test room and dwelling were also comparable to that of
the present study. Therefore, the deposition velocities estimated by both experiments and theoretical
models are acceptable in this study. Furthermore, the calibration results from this study are suitable to
assess the 222Rn and 220Rn progeny exposure in test rooms and dwellings.

3.3. The Relationship between NTD and Time-Integrated EEC

The relationship between the NTD and the time-integrated EEC of 222Rn and 220Rn is shown in
Figure 3. Based on the concept of the potential alpha energy concentration of 222Rn and 220Rn progeny,
the NTD caused by 212Po on the TnP channel can be used to estimate the total potential alpha energy of
212Po emitted by the deposited 212Pb and 212Bi. The detectors were exposed to a total of 220Rn progeny
concentration of 83 ± 20 Bq m−3 during the exposure period from 0.2 to 2.5 d. The time-integrated EEC
of 220Rn ranged from approximately 16 to 168 Bq m−3 d, which corresponded to the time-integrated
EEC of 220Rn in an exposure period between 1 week to 3 months with the average EEC of ca. 2 Bq
m−3 per day indoors [5]. The result demonstrated that the values of NTD increased linearly with an
increase of time-integrated EEC of 220Rn. Accordingly, the NTD caused by 218Po on channel RnPI can
be used to estimate the atom number of the deposited 218Po on the detector firstly decaying to 214Pb.
Furthermore, the NTD of 214Po can be used to calculate the total potential alpha energy of 214Po emitted
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by the deposited 218Po, 214Pb, and 214Bi during the decay. Therefore, in Figure 3a, the energy-weighted
NTD was calculated as follows:

Energy weighted NTD =

(
ε
(
218Po

)
· NTD of 218Po + ε

(
214Po

)
· NTD of 214Po

)
( ε(218Po) + ε(214Po))

(21)

where ε (i) is the alpha energy of the radionuclide i emitted during the decay. ε(218Po) is 6.0 MeV, and ε
(214Po) is 7.7 MeV. The progeny detectors were exposed to an average EEC of 222Rn of 685 ± 6 Bq m−3

during the exposure period. The time-integrated EEC of 222Rn ranged from approximately 863 to 2839
Bq m−3 d, which corresponds to the time-integrated EEC of 222Rn in an exposure period from 1 month
to 3 months with an average EEC of 222Rn of ca. 30 Bq m−3 per day. As a result, the values of the three
NTDs increased linearly with the increase of the time-integrated EEC of 222Rn. Thus, it is possible to
estimate the EEC of 222Rn indoors during a certain period. To compare the three NTDs as a function of
the time-integrated EEC of 222Rn, the R2 of NTD of 218Po, energy-weighted NTD, and NTD of 214Pb
were successively decreased from 0.9861 to 0.5625. Therefore, compared to the other deposition-based
passive 222Rn progeny detectors which only measure the NTD contributed by 214Po, the detector with
two channels is much more reliable. Besides, the progeny detector with 4 slices of CR-39 for the TnP
channel designed rather than the same slices of CR-39 for each channel is recommended to decrease
the error in calculation.

 

 

Figure 3. The net track density (NTD) as a function of time-integrated equilibrium equivalent
concentration (EEC): (a) the NTD as a function of time-integrated EEC of 222Rn, where the NTD has
excluded the contribution of other radionuclides on the CR-39, and (b) the NTD as a function of
time-integrated EEC of 220Rn.
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4. Conclusions

In this study, a 3-channel passive CR-39-based direct 222Rn/220Rn progeny detector was developed
and tested to measure and calculate the EEC of both 222Rn and 220Rn without the equilibrium factor.
In the verification chamber experiment, the genetic algorithm was implemented to optimize the
estimation result of the theoretical model. The optimized deposition fluxes of 220Rn progeny on
the TnP channel, the 222Rn progeny on the RnPII channel, and 218Po on the RnPI channel agreed
well with the experimental measurements. The EEC of 220Rn and 222Rn measured by the calibrated
devices are comparable to the estimated value of the detector. Compared with the two channels’
detectors, the energy-weighted NTD is much more reliable to estimate the EEC of 222Rn rather than
only measuring the NTD contributed by 214Po. Moreover, because the exposure conditions, especially
the airflow and turbulence in the room, are smaller than that in the small-size chamber, the deposition
velocity measured in this study is close to the value measured in the room. Therefore, a detector
calibrated in a similar size to the chamber test as in this study is more reliable for assessment of 220Rn
and 222Rn progeny exposure. At last, since the detector is sensitive to the exposure environmental
condition, in the site survey, it is recommended to use the improved passive CR-39-based direct
progeny detector after its calibration in a typical indoor environment.
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Abstract: We conducted a total diet study (TDS) of 137Cs, 134Cs, and 40K to assess their average
dietary exposure levels in a Japanese adult population before and after the Fukushima Daiichi nuclear
power plant (FDNPP) accident. Nineteen market baskets were evaluated in 2006–2011. In each
basket, a TDS sample comprising tap water and 160–170 food items, which were combined into
13 groups, were collected for analysis by gamma-ray spectrometry. From 2006 to 2010, the 137Cs
activity concentration in the “fish and shellfish” group was 0.099 Bq/kg, representing the highest value
obtained, whereas the total committed effective dose (CED) of radiocesium isotopes (137Cs + 134Cs)
was 0.69 μSv. In 2011, “milk and dairy products” from Sendai City had a Cs activity concentration of
12 Bq/kg, representing the highest values among all food groups studied. However, the annual CED
of radioactive Cs in Fukushima City was 17 μSv after the FDNPP accident, which is 60-fold lower
than the maximum permissible dose of 1 mSv/year. The mean CED obtained for 40K was 180 μSv,
which is comparable to the global average. Our results reveal the average dietary exposure of 137Cs,
134Cs, and 40K, which can aid in estimating the radiological safety of foods.

Keywords: total diet study; radioactive cesium; potassium-40; dietary intake; dose assessment;
Fukushima accident

1. Introduction

To ensure food safety, it is essential to assess the exposure levels to toxic substances in food.
Currently, there are three approaches for estimating the dietary intake of such substances: total diet
study (TDS), duplicate portion study (DPS), and selective study of individual foodstuffs. A TDS,
also referred to as a market basket study, has an advantage over the two alternatives in terms of
its accuracy. Furthermore, TDS takes into account the effect of kitchen preparation on the levels of
toxic substances in food, and provides information on which food groups are the main sources of
contamination [1]. Therefore, TDSs have been supported and endorsed by the Food and Agriculture
Organization of the United Nations (FAO) and the World Health Organization (WHO) since the
1970s. According to a survey carried out in 2015 by Health Canada, in cooperation with the WHO,
approximately 53 countries around the world perform TDS analyses [2].

The first TDS was conducted in response to public concerns about a radioactive fallout from
atmospheric nuclear testing [3,4]. Fallouts contain hundreds of different radionuclides. Among these,
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137Cs and 90Sr are the most significant sources of internal exposure to radiation, owing to their long
half-lives of 30.17 years and 28.8 years, respectively, as well as to their chemical similarities to essential
elements (137Cs resembles potassium and 90Sr resembles calcium). Therefore, the U.S. Food and Drug
Administration (FDA) has been carrying out TDSs focusing on these two radionuclides since 1961 [5].

In Japan, TDSs have been performed annually by the Ministry of Health, Labour and Welfare
(MHLW) since 1977 [6,7]. Initially, pesticides and their metabolites, seven metals (Pb, Cd, total Hg,
total As, Cu, Mn, and Zn), and total polychlorinated biphenyl (PCB) were analyzed in these studies [6,8].
Similarly, radioactivity monitoring has been conducted by the Nuclear Regulation Authority (NRA)
since the 1950s. Radionuclide levels in airborne dust, rainwater, river water, seawater, soil, and food
have been analyzed in this monitoring [9]. Until 2008, the NRA also conducted DPSs to evaluate
the daily dietary intake of radionuclides [10–12]. Subsequently, TDSs of radionuclides began in
2003 by the MHLW to assess total exposure levels of radionuclides in the average Japanese diet,
as well as the contribution of each food group to this total. Between 2003 and 2011, we carried out
a TDS, which was supported by a Health and Labour Sciences Research Grant (HLSRG) from the
MHLW [13–19]. From 2003 to 2005, the dietary exposure to man-made radionuclides (137Cs, 134Cs,
and 90Sr) and natural radionuclides (40K, 214Pb, 214Bi, 228Ac, 212Pb, 208Tl, and U) were determined.
Sugiyama et al. [13] revealed that only trace amounts of 137Cs were found in TDS samples, and that
“fish and shellfish” contained 0.145 Bq/kg, representing the highest activity concentration measured.
They also found that the daily dietary intake and the committed effective dose (CED) of 137Cs were,
at the very most, 0.080 Bq/person/day and 0.38 μSv, respectively, with the main sources of the exposure
being from the “fish and shellfish”, “meat and eggs”, and “other vegetables, mushrooms and seaweeds”
food groups.

The present study aimed to assess trends in dietary exposure levels to γ-emitting radionuclides,
namely 137Cs, 134Cs, and 40K, from typical Japanese diets via TDS. The concentrations, dietary intake,
and CEDs of these radionuclides from 2006 to 2011 have been presented. The results from before and
after the Fukushima Daiichi nuclear power plant (FDNPP) accident that occurred in March 2011 have
been compared. We also attempted to summarize the results of the TDS performed between 2012 and
2019 by other institutions in Japan, because almost 10 years have passed since the FDNPP accident.

2. Materials and Methods

2.1. Sampling and Preparation

Each year, TDS samples have been collected from three or four cities in different regional blocks
of Japan, except for the year 2010. Each sample collection is referred to as a market basket (MB).
We collected as many locally produced food items as possible. The most preferred production
areas in descending order were same prefecture, same regional block, and other regional blocks in
Japan. As shown in Figure 1, 19 MBs were collected from all regional blocks of Japan, other than
Minami-Kyushu, from 2006 to 2011. In each MB, 160 to 170 food items were purchased from local
retailers. These items were classified into 13 food groups as follows: rice and rice products (Group I);
cereals, seeds, nuts, and potatoes (Group II); sugars and confectionaries (Group III); fats and oils (Group
IV); pulses and their products (Group V); fruits (Group VI); green and yellow vegetables (Group VII);
other vegetables, mushrooms, and seaweeds (Group VIII); beverages (Group IX); fish and shellfish
(Group X); meat and eggs (Group XI); milk and dairy products (Group XII); and seasonings (Group
XIII). The relative proportion of each food item within a group was based on average regional food
consumption data for individuals 20 years and over, which were obtained from the National Health
and Nutrition Survey (NHNS) performed by the MHLW between 2002 and 2004. Individual food items
were cooked, if necessary, and then combined for analysis into 13 food groups. In addition, tap water
was collected in each MB for drinking water (Group XIV). Thus, in total 19 × 14 = 266 TDS samples
were obtained. The sample weights of individual food groups were approximately 5 kg, with the
exception of 12 kg for “rice and rice products” and 100 kg for “drinking water”.
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Regional blocks of Japan* 

1. Hokkaido 7. Kinki I 
2. Tohoku 8. Kinki II 
3. Kanto I 9. Chugoku 
4. Kanto II 10. Shikoku 
5. Hokuriku 11. Kita-Kyushu 
6. Tokai 12. Minami-Kyushu 

*classified according to National Health and 
Nutrition Survey in Japan 

Figure 1. Sampling sites of included in the total diet study conducted from 2006 to 2011. Sampling
year of each site is denoted in parenthesis.

TDS samples, other than “fats and oils” and “drinking water”, were freeze-dried or heat-dried and
then incinerated at 450 ◦C for 24 h into ash. The ash samples were placed in separate plastic containers
with a capacity of 100 mL. The “drinking water” samples were condensed by heating and evaporated
to dryness, and the residues were stored in the plastic containers, as described above. The “fats and
oil” samples were stored in 1 L Marinelli beakers in their raw state.

2.2. Determination of 137Cs, 134Cs, and 40K

Cs-137, Cs-134, and K-40 in the TDS samples were detected for a minimum of 80,000 s using
high-purity Ge semiconductor detectors (2519 and GC2018 of CANBERRA Co., Meriden, CT, USA;
EGPC 20-190-R of EURYSIS Co., Lingolsheim, Cedex-France; CNVD30-35195 of OXFORD Co., Oxon,
Oxford, UK; and IGC40200 and IGC25190SD of PGT Co., Princeton, NJ, USA). Activity concentrations
of the three radionuclides were corrected as of the end of the sampling period and expressed in
Bq/kg of fresh weight. Energy and efficiency calibrations were performed using γ-ray volume sources
(MX033U8PP and MX033MR, Japan Radioisotope Association, Tokyo, Japan). The limits of detection
(LODs) for 137Cs and 134Cs were approximately 0.05 Bq/kg for all food groups, except for “fats and
oils” and “seasonings”.

2.3. Calculation of Dietary Intake and the Committed Effective Dose (CED) Values

The daily dietary intake of radioactive Cs and 40K for adults was calculated from the activity
concentrations of the three radionuclides in the samples, as described above. The radionuclide
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activity concentration was multiplied by the average food consumption value for the adult population,
as determined by the NHNS, in each regional block to provide the radionuclide intake for each
radionuclide and food group. Next, the calculated intake for each food group was summed to estimate
the total dietary intake of a given radionuclide in each MB. The dietary intake of radioactive Cs was
obtained by summation of 137Cs and 134Cs intake values. If a target radionuclide was not detected in a
sample, the activity concentration of the non-detected (ND) radionuclide was assumed to be zero or
the LOD value. The lower and upper limits of the total radionuclide intake values were estimated by
assuming the ND value as zero and the LOD, respectively.

The CED values associated with Cs and 40K for adults were estimated under the assumption
of a one-year intake of the TDS samples, and were obtained by applying the dietary radionuclide
intake values and dose coefficients for ingestion of each radionuclide, given by the International
Commission on Radiological Protection (ICRP), to be 1.3 × 10−8 Sv/Bq for 137Cs, 1.9 × 10−8 Sv/Bq for
134Cs, and 4.6 × 10−9 Sv/Bq for 40K [20]. The CED of radioactive Cs was calculated by summing those
of 137Cs and 134Cs. The ND radionuclides were given a value of zero and the LOD for estimating the
lower and upper limits of the CED values, respectively.

3. Results and Discussion

3.1. Levels of 137Cs, 134Cs, and 40K

3.1.1. 137Cs Levels before the FDNPP Accident

We collected 16 MBs from 13 cities between 2006 and 2010, resulting in a total of 224 TDS samples.
Cesium-137 was the only anthropogenic radionuclide observed in these samples, as 134Cs, which
was released from the Chernobyl disaster, was not detected at all. Table 1 summarizes the 137Cs
activity concentrations in TDS samples from 2006 to 2010. The activity concentrations of 137Cs in TDS
samples were all below 0.1 Bq/kg during this period. The food group “fish and shellfish” had a 137Cs
activity concentration of 0.099 Bq/kg, representing the highest value measured, followed by “other
vegetables, mushrooms and seaweeds” (0.092 Bq/kg), “meat and eggs” (0.083 Bq/kg), and “milk and
dairy products” (0.057 Bq/kg). The highest mean 137Cs activity concentrations were found in “fish
and shellfish” (0.072 Bq/kg) followed by “other vegetables, mushrooms and seaweeds” (0.024 Bq/kg),
“meat and eggs” (0.024 Bq/kg), and “milk and dairy products” (0.022 Bq/kg). These results are similar
to the TDS carried out between 2003 and 2005 [13]. Cesium-137 was detected in all “fish and shellfish”
samples, whereas it was not found in any samples of “fats and oils”, “seasonings”, and “drinking
water”. The detection rate of 137Cs was about 30%, and was the highest in “fish and shellfish” (100%),
followed by “milk and dairy products” (68.8%), “meat and eggs” (62.5%), and “other vegetables,
mushrooms and seaweeds” (50.0%).

3.1.2. 137Cs and 134Cs Levels after the FDNPP Accident

We obtained 42 TDS samples from Sendai City, Fukushima City, and Tokyo in October and
November of 2011, approximately six months after the FDNPP accident. According to the United
Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) [21], the total release of
137Cs, 134Cs, and 131I in the atmosphere resulting from the FDNPP incident was estimated to be 8.8 PBq,
9.0 PBq, and 124 PBq, respectively. Immediately after the FDNPP accident, some foodstuffs, such as
spinach and milk, were highly contaminated with 131I, which accumulates in the thyroid gland and
may increase the risk of thyroid cancer [22–24]. However, 131I levels decreased rapidly and became
undetectable [25–27], owing to its short half-life of 8.02 days. Therefore, 131I was not observed in the
present study.
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Cesium-134 was not detected in any of the TDS samples between 2006 and 2010, but was observed
in all food groups, with the exception of “fats and oils”, in 2011 as a consequence of the FDNPP accident.
Table 2 shows the 137Cs and 134Cs activity concentration of the TDS samples after the FDNPP accident.
The detection rates of 137Cs and 134Cs were 88% and 69%, respectively. No sample exceeded the 137Cs
level of 0.1 Bq/kg during 2006 to 2010, whereas 19 samples exceeded this level in 2011. The activity
concentrations of 137Cs (Bq/kg) were in the range of <0.041–6.400 in Sendai City, <0.089–4.100 in
Fukushima City, and <0.045–2.100 in Tokyo; while those of 134Cs (Bq/kg) were <0.011–5.400 in Sendai
City, <0.040–3.500 in Fukushima City, and <0.025–1.700 in Tokyo. The activity concentration ratios of
134Cs to 137Cs in the TDS samples were ranged from 0.38 to 0.94, and the mean and standard deviation
values were calculated to be 0.73 and 0.14, respectively.

The highest activity concentration of radioactive Cs (137Cs + 134Cs) among the 42 TDS samples
was 12 Bq/kg, and found in the “milk and dairy products” group from Sendai City. This food group
also showed the highest Cs activity concentration in Tokyo (3.8 Bq/kg), while fruits carried the highest
activity concentration in Fukushima City (7.6 Bq/kg). Cs activity concentrations in the fruits of
Fukushima City were characteristically higher than those in Sendai City (0.093 Bq/kg) and Tokyo
(0.17 Bq/kg). Although “green and yellow vegetables”, such as spinach, showed extremely high
Cs activity concentrations, with values exceeding 10,000 Bq/kg immediately following the FDNPP
accident, their levels declined rapidly [26–28]. Thus, Cs activity concentrations in “green and yellow
vegetables” were at most 0.58 Bq/kg in our TDS samples. The “meat and eggs” group was found to
have higher Cs activity concentration before the FDNPP accident, while the relatively low activity
concentration after the accident is due to the import of animal feed from foreign countries. Interestingly,
137Cs and 134Cs were not found in any “fats and oil” samples before or after the accident. This may be
due to their poor solubility in lipids.

After the FDNPP accident, regulation of the levels of radionuclides in food was established
by the MHLW. On 17 March 2011, the provisional regulation value (RPV) for radioactive Cs was
established to be 200 Bq/kg for “drinking water” and “milk and dairy products”, and 500 Bq/kg for
vegetables, grain, meat, eggs, and fish [28,29]. Presently, the standard limits, which were put into place
on 1 April 2012, are 100 Bq/kg for general foods, 50 Bq/kg for milk and infant foods, and 10 Bq/kg for
drinking water [30,31]. In the present study, although Cs activity concentrations of the TDS samples
increased significantly after the FDNPP accident, the concentrations were well below the regulatory
levels. The highest radioactive Cs value of 12 Bq/kg in this TDS was 17 times lower than the RPV for
“milk and dairy products”, and four times lower than the standard limit for milk.

3.1.3. 40K Levels

Potassium is an essential element in food products and humans. Potassium-40, whose natural
abundance is 0.0117%, is the only naturally occurring radionuclide of potassium, and has a very long
half-life of 1.248 billion years. Accordingly, 40K in foods contributes considerably to internal exposure
in the general public. The activity concentration values of 40K in the TDS samples are listed in Table 3.
In contrast to 137Cs and 134Cs, 40K was detected in all food groups, and the levels were in the range of
10–100 Bq/kg in most of the TDS samples analyzed. The mean 40K level values between 2006 and 2011
measured for individual food groups were the highest in “green and yellow vegetables”, at 90 Bq/kg,
followed by “pulses and their products” (84 Bq/kg), and “fish and shellfish” (83 Bq/kg). In contrast,
mean 40K values were relatively low in “fats and oils”, “drinking water”, “rice and rice products”,
and “beverages”. The 40K activity concentration was not significantly different before and after the
FDNPP accident.
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3.2. Dietary Intake and CED Values of Radioactive Cs

3.2.1. Before the FDNPP Accident

Table 4 presents the total daily dietary intake values and CEDs of radioactive Cs and 40K for
adults in each MB. Between 2006 and 2010, the lower and upper limits of radioactive Cs intake varied
from 0.0047 to 0.0320 Bq/person/day and from 0.060 to 0.122 Bq/person/day, respectively. The mean
values obtained for the lower and upper limits during the same period were 0.020 Bq/person/day
(SD = 0.0082) and 0.085 Bq/person/day (SD = 0.019), respectively. Similar results were obtained in a
previous study [13]. The lower and upper limits in each MB were significantly different because of the
low detection rates of 137Cs and 134Cs before the FDNPP accident (30% and 0%, respectively).

Table 4. Total daily dietary intake values and committed effective doses of radioactive Cs (137Cs + 134Cs)
for adults in Japan, estimated via total diet studies from 2006 to 2011.

Year

Region City
Daily Intake

(Bq/Person·Day)
Committed Effective

Dose (μSv)

Lower
Limit *1

Upper
Limit *2

Lower
Limit *1

Upper
Limit *2

Before the
FDNPP *3

accident

2006 Kanto I Tokyo 0.0320 0.079 0.150 0.40
Kanto II Nagano 0.0270 0.081 0.150 0.40

Hokuriku Kanazawa 0.0190 0.061 0.130 0.45
Kinki II Nara 0.0210 0.065 0.089 0.34

2007 Kanto I Yokohama 0.0280 0.120 0.099 0.37
Hokuriku Niigata 0.0160 0.064 0.130 0.69
Shikoku Kochi 0.0100 0.100 0.074 0.37

2008 Hokkaido Sapporo 0.0220 0.087 0.049 0.58
Tohoku Sendai 0.0047 0.097 0.100 0.58
Kinki I Osaka 0.0310 0.060 0.022 0.55

Kita-Kyushu Fukuoka 0.0079 0.086 0.140 0.33

2009 Kanto I Tokyo 0.0290 0.071 0.037 0.51
Hokuriku Kanazawa 0.0230 0.100 0.140 0.40
Chugoku Hiroshima 0.0140 0.098 0.110 0.63
Shikoku Kochi 0.0160 0.072 0.064 0.55

2010 Tokai Nagoya 0.0220 0.120 0.077 0.41

Mean ± SD *4 0.0200 ±
0.0083

0.085 ±
0.019

0.098 ±
0.041

0.47 ±
0.11

After the
FDNPP *3

accident

2011 Tohoku Sendai 2.20 2.20 12.0 13.0
Tohoku Fukushima 2.90 2.90 17.0 17.0
Kanto I Tokyo 0.67 0.69 3.8 3.9

*1 Assuming that the activity concentrations of the non-detected radionuclides were zero. *2 Assuming that the
activity concentrations of non-detected radionuclides were equal to the limits of detection. *3 FDNPP: Fukushima
Daiichi nuclear power plant. *4 Mean and standard deviation values before the Fukushima Daiichi nuclear power
plant accident.

As previously described, the NRA conducted DPS studies of radionuclides until 2008, and compiled
the results from 47 prefectures in Japan into a database [32]. According to the database, the daily intake
of 137Cs for adults between 2003 and 2008 ranged from below the detection limit to 0.56 Bq/person/day,
and the mean was calculated to be 0.018 Bq/person/day (SD = 0.031), assuming that the activity
concentration value of ND radionuclides was zero. Although a larger variation was observed,
this finding is similar to the mean lower limit of radioactive Cs intake obtained in the present study.

The lower and upper limits of the CEDs of radioactive Cs were in the range of 0.022–0.150 μSv
and 0.33–0.69 μSv, with mean values of 0.098 μSv (SD = 0.041) and 0.47 μSv (SD = 0.11), respectively.
The current standard limits for radionuclides in food in Japan were established on the basis of an
annual CED of 1 mSv, representing the maximum permissible dose due to food consumption [27,31].
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Although the upper limit of the CEDs obtained were overestimated, due to the low detection rate of
137Cs and 134Cs, the highest CED of 0.69 μSv is approximately 1400 times lower than the maximum
permissible dose, and thus would seem to pose no health risk.

3.2.2. After the FDNPP Accident

Since 137Cs and 134Cs were detected in most of the food groups after the FDNPP accident, the lower
and upper limits of radioactive Cs intakes were calculated using actual activity concentrations of
these radionuclides, rather than zero or LODs. Thus, the lower and upper limits were almost the
same in each MB after the FDNPP accident, while they were significantly different before the accident.
The lower limits of total radioactive Cs intake were estimated to be 2.9 Bq/person/day in Fukushima
City, 2.2 Bq/person/day in Sendai City, and 0.67 Bq/person/day in Tokyo, after the FDNPP accident
(Table 4).

The lower limits of the total CED of radioactive Cs in 2011 were 12 μSv in Sendai City, 17 μSv
in Fukushima City, and 3.8 μSv in Tokyo. The high value obtained for Fukushima City is expected,
as it is located the closest to the FDNPP incident. Figure 2 displays the lower limits of CED values of
radioactive Cs from 2003 to 2011, and shows that values obtained after the FDNPP accident were about
two orders of magnitude higher than before the accident. Nevertheless, the highest CED of radioactive
Cs (17 μSv), which was the exposure level in half a year after the FDNPP accident, is approximately
60 times lower than the maximum permissible dose.

Figure 2. Committed effective doses of radioactive Cs (137Cs + 134Cs) obtained from each market basket
(2003–2011). The closed circles show the results of each market basket. The doses were estimated with
the assumptions of one-year intake values of the total diet samples, and the activity concentration
values of non-detected radionuclides to be zero.

Figure 3 summarizes the CED values of radioactive Cs, organized by food group, in 2011. The three
food groups with the highest contributions to the CEDs were “milk and dairy products” (66%), “fish and
shellfish” (17%), and “rice and rice products” (8.2%) in Sendai City; “rice and rice products” (33%),
fruits (32%), and “milk and dairy products” (15%) in Fukushima City; and “milk and dairy products”
(69%), “rice and rice products” (7.6%), and “fish and shellfish” (7.0%) in Tokyo.
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Figure 3. Committed effective doses of radioactive cesium (137Cs + 134Cs) by food groups in 2011.
Distance from the Fukushima Daiichi nuclear power plant to each city is denoted in parentheses.
This figure was modified from [19].

In 2011, TDSs of radioactive Cs and 40K were also carried out by Tsutsumi et al. [33] and
Miyazaki et al. [34]. Tsutsumi et al. analyzed MBs from Sendai City, Fukushima City, and Tokyo in
September and November 2011, and revealed that the lower limits of total CED values of radioactive
Cs were 17 μSv in Sendai City, 19 μSv in Fukushima City, and 2.1 μSv in Tokyo. They also found that
“fish and shellfish”, “fruits”, “green and yellow vegetables”, and “milk and dairy products” were the
main contributors to the CED values obtained. Although the contributing food groups varied to some
extent, their findings are similar to the total CED values of radioactive Cs obtained in the present study.
Miyazaki et al. collected an MB from Nagoya City in August 2011, and measured CED values for
radioactive Cs of 1.5 μSv, which was lower than that obtained in both our study and that of Tsutsumi
et al. This might be because of the distance between the FDNPP accident site and Nagoya City, which at
446 km, is much larger than that to Sendai City (95 km), Fukushima City (62 km), or Tokyo (227 km).

After 2011, the TDSs have been performed by other institutions in Japan. The National Institute of
Health Sciences have been conducting the TDS, which was targeting 15 areas, including Fukushima
Prefecture, Miyagi Prefecture, and Tokyo, twice a year since 2011. Uekusa et al. [35] revealed that the
maximum CEDs due to radioactive Cs decreased to 9.4 μSv (March 2012), 3.8 μSv (September 2012),
and 7.1 μSv (March 2013) from 19 μSv in 2011 [33]. In the past two years, the results were as follows:
1.1 μSv (February–March 2018) [36], 1.1 μSv (September–October 2018) [37], 1.0 μSv (February–March
2019) [38], and 1.0 μSv (September–October 2019) [39]. The Tokyo Metropolitan Institute of Public
Health also have been carrying out the TDS in Tokyo once a year. Their results between 2012 and
2019 showed that the CEDs due to radioactive Cs in Tokyo ranged from 0.20 μSv (2017) to 1.3 μSv
(2012) [40]. All the results mentioned above indicated that the CEDs due to radioactive Cs clearly
decreased from those in 2011, as expected. In 2019, the maximum CED of 1.0 μSv was 17 times lower
than that from the present study, and was one-thousandth of the maximum permissible level. However,
the maximum CED between 2012 and 2019 was still higher than the maximum upper limit of the CED,
due to radioactive Cs before the FDNPP accident (0.69 μSv).

3.3. Dietary Intake and CED Values of 40K

The minimum and maximum total dietary intake values of 40K between 2006 and 2011 were
65 Bq/person/day and 94 Bq/person/day, respectively (Table 5), and the mean was calculated to be
79 Bq/person/day (SD = 7.0). Since 40K was found in almost all TDS samples, the upper limit was in
accordance with the lower limit in each MB. The intake values of 40K showed smaller variation than
those obtained for Cs, and no significant difference was observed before or after the FDNPP accident.
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Table 5. Total daily dietary intake values and committed effective doses of 40K for adults in Japan,
estimated via total diet studies from 2006 to 2011.

Year Region City
Daily Intake

(Bq/Person·Day)
Committed

Effective Dose (μSv)

Before the
FDNPP *1

accident

2006 Kanto I Tokyo 76 170
Kanto II Nagano 78 180

Hokuriku Kanazawa 77 180
Kinki II Nara 65 150

2007 Kanto I Yokohama 91 210
Hokuriku Niigata 94 210
Shikoku Kochi 79 180

2008 Hokkaido Sapporo 81 180
Tohoku Sendai 78 180
Kinki I Osaka 80 180

Kita-Kyushu Fukuoka 69 160

2009 Kanto I Tokyo 76 170
Hokuriku Kanazawa 72 160
Chugoku Hiroshima 85 190
Shikoku Kochi 79 180

2010 Tokai Nagoya 75 170

Mean ± SD *2 78.0 ± 7.3 178 ± 16

After the
FDNPP *1

accident

2011 Tohoku Sendai 88 200
Tohoku Fukushima 81 180
Kanto I Tokyo 78 180

*1 FDNPP: Fukushima Daiichi nuclear power plant. *2 Mean and standard deviation value before the Fukushima
Daiichi nuclear power plant accident.

The present study was based on food consumption data derived from the NHNS between
2002 and 2004, as previously described. According to the NHNS, the daily K intake for adults was
2.452 g/person/day in 2002 [41], 2.426 g/person/day in 2003 [42], and 2.372 g/person/day in 2004 [43].
Since 1 g of K corresponds to 30.3 Bq of 40K, the intake of this radionuclide can be estimated to be
74 Bq/person/day in 2002, 74 Bq/person/day in 2003, and 72 Bq/person/day in 2004; this is in close
agreement with the mean 40K intake value obtained in the present study. On the other hand, 40K intake
between 2003 and 2008 varied from 5 to 150 Bq/person/day, according to a DPS conducted by the
NRA [32]. The mean 40K intake was calculated to be 57 Bq/person/day (SD = 16), and was clearly
different from our finding. The DPS was performed on five consecutive days from June to January,
whereas the NHNS was conducted for only a single day in November, to ensure the participation
of a sufficient number of households. Thus, it should be noted that seasonal changes in food item
availability and individual daily variations in food intake cannot be assessed using the NHNS and this
TDS [7,44].

The minimum, maximum, and mean total CED values of natural occurring radionuclide 40K
between 2006 and 2011 were 150 μSv, 210 μSv, and 180 μSv (SD = 16), respectively, which are in
close agreement with a previous TDS [13]. The mean value obtained was approximately ten times
higher than the maximum CED obtained for artificial radioactive Cs in the present study, and was
comparable to the worldwide average of 170 μSv [45]. Figure 4 shows the percent contributions of
the contributing food groups to the CED values of 40K in 2011. The food group “other vegetables,
mushrooms, and seaweeds” had the greatest contribution to the CED values in Sendai City (31%),
Fukushima City (26%), and Tokyo (32%). These results were similar to those of Tsutsumi et al. [33] and
Miyazaki et al. [34].
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Figure 4. Percentage contributions of food groups to the committed effective doses of 40K in 2011.
Distance from the Fukushima Daiichi nuclear power plant to each city is denoted in parentheses.
This figure was modified from [19].

3.4. TDS of Radionuclides Conducted by Other Countries

The second International Workshop on Total Diet Studies compiled a list of core (screening),
intermediate, and comprehensive (refined assessment) priority chemicals that should be considered
for inclusion in a TDS [46]. Radionuclides are categorized into the intermediate list, and there are three
countries that routinely conduct TDSs, including Japan [2].

The United States has been performing TDSs continuously since 1961, as mentioned previously.
The FDA routinely analyzes the following radionuclides in their TDS analysis: 137Cs, 90Sr, 106Ru, 131I,
and 40K. According to the FDA’s report [47], the following three of 2984 samples were above the
reporting limit of 5 Bq/kg for 137Cs between 2006 and 2014: “baby foods, squash” in 2007 (93.3 Bq/kg),
“raisin bran cereal” in 2009 (10.8 Bq/kg), and “salad dressing, creamy/buttermilk type, low calorie” in
2014 (40.5 Bq/kg).

Canada also continuously carries out TDSs of radionuclides. Health Canada has been monitoring
natural (40K and 210Pb) and artificial (137Cs, 134Cs, 131I, 241Am, 57Co, and 60Co) radionuclides in foods
since 2000. Their results between 2015 and 2017 showed that all 480 samples tested contained 137Cs
and 134Cs levels below the minimum detection limit, showing a value of approximately 1.3 Bq/kg [48].

The result obtained from the American study was comparable to our finding, in that only
one of the 266 TDS samples exceeded 137Cs levels of 5 Bq/kg. Similarly, the Canadian study was
consistent with respect to 137Cs levels, specifically for those observed before the FDNPP accident in
the present study. However, such a comparison should be interpreted with caution, since the number
of composite samples analyzed in each MB differed between the three countries (approximately 280
for the United States, approximately 160 for Canada, and 14 for the present study) [5,49]. In the
present study, individual food items with high levels of 137Cs may be underrepresented, due to the
grouping of a greater number of food items within each category, which could have lower levels of the
radionuclide [1,50]. This dilution effect might have caused the 137Cs levels after the FDNPP accident in
the present study to be lower than those of “baby foods, squash”, etc., as mentioned above. Meanwhile,
the detection rate of 137Cs in the present study was much higher than that in the United States and
Canada, owing to the lower LOD values of 137Cs. The present study evaluated the exposure level to
137Cs as previously described, whereas the United States and Canada did not, because 137Cs was not
detected in nearly any samples.

China [51] and Lebanon [52] also conducted TDSs of radionuclides in 1990 and 2004, respectively.
For each MB, both countries collected 12 composite samples, similar to the approach used in the present
study. Cs-137 activity concentration in their TDS was found to be below 0.1 Bq/kg for most of the food
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groups, with the exception of potatoes, which had a value of 10.21 Bq/kg in China; that is consistent
with our findings prior to the FDNPP accident.

4. Conclusions

The present study provides an estimate of the average dietary exposure of 137Cs, 134Cs, and 40K for
adults in Japan. Before the FDNPP accident, activity concentrations of 137Cs were in the range of those
reported in other countries, and dietary intake values and CEDs were consistent with our previous TDS.
Similarly, after the FDNPP accident, the activity concentration and exposure levels of radioactive Cs
were well below the regulatory levels, despite an increase in two orders of magnitude being measured.
The exposure levels of 40K did not differ before and after the FDNPP accident. The mean CED of
40K was comparable to the international average, and was 10 times higher than the highest CED of
radioactive Cs obtained in the present study.

On an international level, TDSs of radionuclides are scarce, and currently, only Japan evaluates
trends in exposure levels to these contaminants. Thus, our findings provide invaluable information
with regard to the radiological safety of foods. However, the present study has some limitations. First,
the exposure levels immediately after the FDNPP accident could not be estimated, because the TDS in
2011 was performed approximately six months after the accident. Second, seasonal variation cannot be
assessed, as the NHNS and this TDS were performed in only one season each year. Finally, the present
study did not examine the exposure of children, or exposure to other radionuclides, such as 90Sr, Pu,
and 106Ru, which are targets of standard limit regulations in foods. Therefore, further studies are
required to determine the dietary exposure levels of these radionuclides for both adults and children.
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Abstract: The International Commission on Radiological Protection (ICRP) recently recommended
a new dose conversion factor for radon based on the latest epidemiological studies and dosimetric
model. It is important to evaluate an inhalation dose from radon and its progeny. In the present study,
a passive radon personal monitor was designed using a small container for storing contact lenses
and its performance was evaluated. The conversion factor for radon (222Rn), the effect of thoron
(220Rn) concentration and the air exchange rate were evaluated using the calibration chamber at
Hirosaki University. The minimum and maximum detectable radon concentrations were calculated.
The conversion factor was evaluated as 2.0 ± 0.3 tracks cm−2 per kBq h m−3; statistical analyses
of results showed no significant effect from thoron concentration. The minimum and maximum
detectable radon concentrations were 92 Bq m−3 and 231 kBq m−3 for a measurement period of three
months, respectively. The air exchange rate was estimated to be 0.26 ± 0.16 h−1, whose effect on the
measured time-integrated radon concentration was small. These results indicate that the monitor
could be used as a wearable monitor for radon measurements, especially in places where radon
concentrations may be relatively high, such as mines and caves.

Keywords: passive radon monitor; development; sensitivity; detection limit; air-exchange rate

1. Introduction

Radon is one of the naturally occurring radionuclides, which is well known as the second leading
risk factor for lung cancer after tobacco smoking [1]. According to the United Nations Scientific
Committee on the Effects of Atomic Radiation (UNSCEAR) 2008 report on the sources and effects of
ionizing radiation [2], the world mean value of annual effective dose by natural radiation sources
is 2.4 mSv, and half of this dose is attributed to radon (222Rn), thoron (220Rn), and their progenies.
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Radon and thoron, which are radioactive noble gases, are normally generated by radioactive decay
from radium (226Ra and 224Ra) in soil, rocks, and building materials. Indoor radon concentrations tend
to be higher than outdoor concentrations due to the ventilation rate. Many indoor radon concentration
surveys have been carried out in various countries [3–7]. The world mean indoor radon concentration
was reported to be 40 Bq m−3 [8]. However, radon concentrations in mines and caves are higher
than indoor concentrations because radon generated from surrounding rocks and soil can be easily
accumulated due to the low ventilation. Recently, it has been reported that mean radon concentrations
at several mines and caves were over ~1000 Bq m−3 [9–12].

In 2017, the International Commission on Radiological Protection (ICRP) recommended a new
dose conversion factor of 3 mSv per mJ h m−3 for radon in buildings and underground mines based
on current epidemiological studies and dosimetric model [13,14]. This value corresponds to 17 nSv
per Bq h m−3, which is almost twice the dose conversion factor of 9 nSv per Bq h m−3 given by the
UNSCEAR 2006 report on the sources and effects of ionizing radiation [15]. Many countries will
approve the new dose conversion factor of ICRP for the occupational environment under the existing
situation [16]. Therefore, it is important to evaluate an inhalation dose from radon and its progeny,
especially for workers in mines and caves.

Generally, radon concentration is measured using passive-type monitors recording long-term
measurements [17]. However, passive-type monitors have an upper limit of detection. The overlaps
of tracks made by alpha particles in the measurement at a high radon concentration area lead to the
underestimation of radon concentration. Thus, the sensitivity to radon should be lower than that of
previous monitors to measure radon concentrations in the prone area. These monitors are large and
inconvenient to carry and they are not designed to be carried by workers. Therefore, a passive radon
monitor with low sensitivity to radon for measurement in radon-prone areas that is small enough to be
carried during the work period is needed for evaluation of inhalation dose. In the present study, such
a passive radon personal monitor was designed and its performance was evaluated.

2. Materials and Methods

2.1. Overview of the Passive Radon Rersonal Monitor

A passive radon personal monitor is shown in Figure 1a. A small container for storing contact
lenses was adapted because it is cheap, and easy to obtain and handle. Each container volume was
~3.2 cm3. A solid-state track detector (CR-39; BARYOTRAK, Nagase Landauer, Ltd., Tsukuba, Japan),
1.0 × 1.0 cm, was used as the detecting material and one piece of CR-39 was held in place at the top
of each container with sticky clay (Figure 1b). Electroconductive materials have been used for the
container of previous passive radon monitors to avoid electrostatic phenomena, which may cause a
non-uniform deposition of radon progeny [18,19]. Thus, an electroconductive coating material (D-362,
Fujikura Kasei Co., Ltd., Tokyo, Japan) was used on the container’s inner wall. Each container was
closed by an attached lid; this makes an invisible air gap that prevents thoron from passing into the
monitor. The radon concentration (XRn) was calculated using the following Equation (1):

XRn =
N −N0

CFRn·T (1)

where XRn is the mean concentration of radon during the exposure period in kBq m−3; N and N0

(tracks cm−2) are the track density in the measurement and the background, respectively; CFRn (tracks
cm−2 per kBq h m−3) is the conversion factor to radon concentration, which is obtained by a calibration
experiment; and T is the exposure time in hours.
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Figure 1. External view of the passive radon personal monitor constructed using a small container for
storing contact lenses (a) and a schematic representation of the monitor (b).

2.2. Conversion Factor to Radon Concentration

To obtain the conversion factor (CF) to radon concentration, this monitor was placed in the radon
calibration chamber [20] at the Institute of Radiation Emergency Medicine (IREM) at Hirosaki University.
The radon concentrations in the chamber were continuously monitored by a scintillation cell (300A,
Pylon Electronics Inc., Ottawa, ON, Canada) with a portable radon monitor (AB-5, Pylon Electronics Inc.,
Ottawa, ON, Canada). Three different exposure tests were carried out. Five monitors, totaling 10 CR-39
pieces, were exposed for each exposure condition. After exposure tests, CR-39 pieces were taken
from the containers and were chemically etched with a 6.0 M NaOH solution at 60 ◦C for 24 h.
The alpha tracks were counted using ImageJ software (National Institutes of Health, Bethesda, MD,
USA) with photos of etched CR-39 pieces. Ten reading areas of 0.01 cm2, which corresponds to 0.1 cm2,
were randomly selected to count the number of the tracks. The CFs for each CR-39 were calculated
using Equation (1), and then the arithmetic mean of the CF value was evaluated.

2.3. Effect of Thoron Interference

To evaluate the effect of thoron concentration, this monitor was placed in the thoron chamber at
IREM. Thoron concentrations were continuously monitored with an electrostatic collection radon-thoron
monitor (RAD7, Durridge. Co. Inc., Billerica, MA, USA). A grab sampling technique using a scintillation
cell with a portable radiation monitor was used for the correction of values measured by the RAD7 [21].
Temperature and relative humidity in the thoron chamber were simultaneously monitored with an
environmental monitor (TR-73U, T&D Co., Matsumoto, Japan). After exposure, the alpha tracks were
counted in the same way as for radon exposure. The tracks of the exposed group and background were
compared using two-sided Student’s t-tests. The difference was considered significant for p < 0.05.
Excel 2016 software (Microsoft, Washington WA, USA) and R version 3.5.2 were used to perform the
statistical analyses.

2.4. Minimum and Maximum Detectable Radon Concentrations

The minimum detectable radon concentration was evaluated using the method of the International
Organization for Standardization (ISO 11929) [22]. The following equation was used for the calculation
of the minimum detectable radon concentration:

y∗ =
k
√

2n0

S·CF·T (2)

y# =
2y∗ + k2

S·CF·T
1− k2

{
u2

rel(S) + u2
rel(CF)

} (3)
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where y∗ and y# are the decision threshold and the minimum detectable radon concentration (kBq m−3),
respectively; k is the quantile of the standardized normal distribution for probabilities of 0.95
(i.e., k = 1.65); n0 is the number of background tracks (tracks); S is the total reading area (cm2); CF is the
conversion factor for radon concentration (tracks cm−2 per kBq h m−3); T is the exposure time (h); and
urel(x) is the standard relative uncertainty for the parameter x. The standard relative uncertainty for
the total reading area urel(S) was assumed to be zero.

In addition, the maximum detectable radon concentration can be calculated using Equation (1)
and the maximum track density estimated by an average track diameter measured using an optical
microscopy (Model LVS, Kenis Ltd., Japan). The maximum alpha track density Nmax (tracks cm−2) can
be calculated by:

Nmax =
1
d2

t
(4)

where dt is the average alpha track diameter (cm). Then, the maximum detectable concentration
XRn, max in kBq m−3 is expressed as:

XRn, max =
Nmax −N0

CFRn·T . (5)

2.5. Air Exchange Rate

The air exchange rate was evaluated using an exposure–degassing–enclosure method reported by
Omori et al. [23]. The 20 monitors with CR-39s were exposed in the radon chamber at IREM, where the
radon concentration was stabilized. The radon concentrations were monitored every hour by the
pulse-type ionizing chamber (AlphaGUARD, PQ2000PRO, Genitron Instruments GmbH, Frankfurt,
Germany), which was calibrated by Physilalish Technische Bundesanstalt (Braunschweig, Germany).
After the 48 h exposure, the monitors were taken out of the radon chamber and degassed by leaving
them in an experimental room where the radon concentration was low. The degassing time was set to
be 0, 1, 2, 3, 4, 6, 8, 10, 12 and 16 h, and the radon gas in the monitor rapidly goes out through the
invisible air gap to the experimental room in this period. The monitors were enclosed in a radon-proof
bag made from polyethylene for 288 h when each degassing time passed. Table 1 shows the average
radon concentration, the environmental parameters in the radon chamber, and the experimental room
during the experiment. The average radon concentration observed in the environmental room was
quite low compared to that measured in the radon chamber, which indicated the existence of radon in
the experimental room during the degassing time would be negligible. After the enclosure, the CR-39s
were etched in the same way. For the analysis, 40 reading areas in each CR-39 were taken to avoid
increasing the deviation of the track density in this study because the expected difference in the track
density for each degassing condition was small.

Table 1. Radon concentration and environmental parameters in the radon chamber and an experimental
room.

Parameter
Radon Chamber Experimental Room

Average Standard Deviation Average Standard Deviation

Radon concentration (Bq m−3) 13,300 1603 7.7 3.0
Temperature (◦C) 27.7 0.4 26.3 1.5

Relative humidity (%) 50.1 2.5 34.7 6.1
Air pressure (hPa) 1002 2 1003 7
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3. Results

3.1. Conversion Factor to Radon Concentration

Three different exposures were controlled as 132 ± 1, 309 ± 3, and 564 ± 5 kBq h m−3. Using these
data, Figure 2 shows the relationship between the time-integrated radon concentration and the alpha
track density. The CF to radon concentration was found to be 2.0 ± 0.3 tracks cm−2 per kBq h m−3.

 

Figure 2. The relationship between the time-integrated radon concentration and alpha track density.
Ten CR-39 pieces were exposed for each condition.

3.2. Effect of Thoron Interference

The mean thoron concentration, temperature, and relative humidity were 6785 ± 2122 Bq m−3,
25.5 ± 0.2 ◦C, and 9 ± 4%, respectively. Time-integrated thoron concentration was controlled as 329 ± 6
kBq h m−3. As shown in Figure 3, the track densities for background and exposed CR-39 were 43 ± 17
and 47 ± 27 tracks cm−2, respectively. As a result of the statistical analysis, no significant difference in
the track density was observed between the background and exposed group (p = 0.76).

Figure 3. Track densities for the background and thoron-exposed group in unit of tracks cm−2.
Bottom and top whiskers are the 25th and 75th percentiles, respectively. The lines across the boxes and
the cross marks represent the median and the arithmetic mean value, respectively.
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3.3. Minimum and Maximum Detectable Radon Concentrations

Parameters used for the calculation of the minimum detectable radon concentration are
summarized in Table 2. Notably, the working time of 8 h per day was considered for the calculation;
thus, the measurement times were set to be 720 and 1440 h for three and six months, respectively.
The minimum detectable concentrations with a measurement interval of three and six months were
evaluated as 92 and 46 Bq m−3, respectively.

Table 2. Parameters used for the calculation of the minimum detectable radon concentration.

Item Symbol Value Remarks

Quantiles of the standardized
normal distribution k 1.65 For probabilities of 0.95

Number of background track n0 4.3 tracks Derived from the background
track density of 43 tracks cm−2

Total reading area S 0.1 cm2 Ten reading areas of 0.01 cm2

Conversion factor for radon
concentration CF 2.0 tracks cm−2 per

kBq h m−3

Measurement time T
720 h 3 months
1440 h 6 months

Relative standard uncertainty
for the total reading area urel(S) 0

Relative standard uncertainty
For the conversion factor urel(CF) 0.15

The average alpha track diameter was estimated as 10 μm. Thus, the maximum detectable radon
concentrations with three- and six-month measurements were evaluated as 231 and 116 kBq m−3, respectively.

3.4. Air Exchange Rate

Figure 4 illustrates the alpha track density with a standard deviation against the degassing time.
The track density slowly decreased with a degassing time of 0–8 h. Theoretically, the decreasing trend
can be fitted by a single exponential function. As a result, the air exchange rate was estimated to be
0.26 ± 0.16 h−1. The result indicates that the air in the monitor is almost exchanged after 8 h from the
end of exposure.

 
Figure 4. The alpha track density against the degassing time.
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4. Discussion

4.1. Conversion Factor to Radon Concentration

The CFs of various passive integrated radon monitors are summarized in Table 3. Many kinds of
passive integrated radon monitors have been developed by different groups, and the CFs are different
for each one [18,24–27]. The CF for the present monitor was almost same or lower compared with the
factors for other monitors. This might be due to the difference in the type of solid-state nuclear track
detector (SSNTD) used in the monitors. The CFs shown in previous papers might have been evaluated
using a different type of SSNTD that has a lower sensitivity than the CR-39 used in the present study.
Thus, the CF for RADUET, widely used for a large-scale radon survey, was also evaluated by the same
method using two types of CR-39s at the same time to check the difference in sensitivity attributed to
the SSNTD. One was provided by Nagase Landauer Ltd., which was used in the present study, and the
other was provided by RadoSys Ltd., which was used by Tokonami et al. [18]. The CFs for RADUET
evaluated in the present study and the previous paper are summarized in Table 4. The CFs of the
CR-39 by Nagase Landauer Ltd. and RadoSys Ltd. were estimated to be 4.4 ± 0.1 and 2.8 ± 0.1 tracks
cm−2 per kBq h m−3, respectively. This result suggested that the sensitivity of SSNTD significantly
affects the CF of a passive radon monitor. Notably, the image analysis system and the chemical etching
condition might also be significant factors affecting the CF.

Table 3. Conversion factors of various passive radon monitors.

Measuring Device
Conversion Factor

(Tracks cm−2 per kBq h m−3)
Reference

Present radon monitor 2.0
RADUET 1 2.3 [18]

KfK monitor 2 0.9 [24]
Radtrak 2.8 [25]

NRPB/SSI 3 2.2 [26]
Radon-thoron discriminative dosimeter 1 1.2 [27]

1 The CFs of these monitors were evaluated for those with a low air ventilation rate. 2 KfK: Kernforschungszentrum
Karlsruhe 3 NRPB/SSI: National Radiological Protection Board/Statens strålskyddsinstitut.

Table 4. The conversion factors of RADUET evaluated by two types of CR-39s in the present study and
in a previous study. RADUETs, which contain both CR-39s, were simultaneously exposed to radon
atmosphere for evaluation of the difference in CFs.

Item

Conversion Factor
(Tracks cm−2 per kBq h m−3)

Nagase Landauer RadoSys 1

Present study 4.4 2.8
Previous report 2 - 2.3

1 CR-39s were chemically etched using a 6.25M NaOH solution at 90 ◦C for 6 h. 2. The data were cited from
Tokonami et al. [18].

McLaughlin and Fitzgerald developed a model to calculate a CF for a cylindrically-shaped passive
radon monitor [28]. According to the model, the CFs of the monitors, which have radii of 1.0 and
2.0 cm, corresponding to the present monitor and RADUET, respectively, were estimated to be 1.8 and
3.7 tracks cm−2 per kBq h m−3, respectively. Compared with the empirical values, the differences in
the present monitor and RADUET were 12% and 16%, respectively. Notably, these values calculated
by the model include an uncertainty because the model made assumptions that do not reflect the
exact geometry and shape of a detector for simplification. The ratio of the two values by the model
was calculated as 2.1, whereas that of experimentally evaluated in this study was 2.2. We found a
reasonably good agreement between the ratios regardless of the simplified model, indicating that the
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sensitivity was lower compared with the previous monitor, and the difference in the CFs between the
present monitor and RADUET was attributed to the shape of the monitor.

We found that the air gap between the lid and the container prevented thoron from entering
the monitor. This result suggested that the effect of thoron concentration is small enough for radon
measurements that it could be ignored.

4.2. Minimum and Maximum Detectable Radon Concentrations

The results suggested that the present monitor would be useful for radon measurements in places
where radon concentrations might be relatively high, such as mines and caves. According to a previous
report, radon concentrations in mines and tourist caves have daily and seasonal variations, and its
mean annual concentration was around 3500 Bq m−3 with a standard deviation of 1833 Bq m−3 [12].
There are very few underground mines in Japan so far, but there are some tourist caves; a wearable
monitor may be useful as a simple radiation protection instrument for workers.

The long-term indoor radon concentrations are measured using a passive radon monitor, which is
put on a shelf or hung on a wall and roof for three or six months. In this case, the minimum
detectable radon concentrations are evaluated to be 31 and 15 Bq m−3 for three- and six-month
measurements, respectively. It has been reported in several foreign countries that their mean indoor
radon concentrations are relatively higher than these values [29–34]. Therefore, the passive radon
monitor developed in this study will be useful not only as a wearable monitor for personal dosimetry
due to radon inhalation but also for indoor radon measurements in many countries.

4.3. Air Exchange Rate

The trend in the alpha track density against the degassing time in Figure 4 was found to be similar
to that reported by Omori et al. [23]. Omori et al. [23] reported that the experimental value was in good
agreement with the theoretically calculated value. The air exchange rate of RADUET was previously
reported as 0.71 h−1, which is higher than that of the present monitor of 0.26 h−1 [23]. This indicated
that the present monitor has a higher diffusion barrier than RADUET. The monitor is closed by the
container’s lid with a screw, which could make the high diffusion barrier, whereas RADUET was
designed to be easy to dismantle. As shown in Figure 4, it takes approximately 8 h to completely
exchange the air in the monitor, which is why the effect of thoron could be neglected.

To evaluate the effect of air exchange rate on the measurement result when being used as a
wearable monitor, the theoretical time-integrated radon concentration in the monitor was calculated
considering the working period. It was assumed that workers wear the monitor for a working period of
eight hours, and do not wear it at other times. If the radon concentration is 1000 Bq m−3, the theoretical
time-integrated radon concentration in the monitor is estimated to be 7.6 kBq h m−3, whereas the actual
value is 8.0 kBq h m−3. We found that the difference was estimated to be 5%, which is low compared
with other uncertainties such as a counting error. Therefore, the present monitor can be useful as a
wearable monitor to evaluate occupational exposure to radon.

5. Conclusions

A passive radon personal monitor was designed using a small container for storing contact lenses
and its performance was tested. The conversion factor to radon concentration and the effect of thoron
concentration on the measurement result were evaluated using the calibration chamber at Hirosaki
University. The conversion factor for radon was evaluated as 2.0 ± 0.3 tracks cm−2 per kBq h m−3 and
could be smaller than those with the previous monitors. No significant effect of thoron was observed
in the two-sided Student’s t-test. The minimum and maximum detectable radon concentrations were
estimated as 92 Bq m−3 and 231 kBq m−3 for a measurement period of three months, respectively.
The air exchange rate was evaluated to be 0.26 h−1, and the effect could be ignored even if it is used only
during the working period. These results indicated that this monitor would be useful as a wearable
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monitor for radon measurements, especially in caves and mines, and for indoor radon measurements
where relatively high radon concentrations are present.
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Abstract: Activity concentrations of 234U, 235U, 238U, 226Ra, 228Ra, 222Rn, 210Po, 210Pb, 40K, 3H, 14C,
134Cs and 137Cs were determined in 20 different Japanese bottled drinking water commercially
available in Japan. The origins of the mineral water samples were geographically distributed across
different regions of Japan. Activity concentrations above detection limits were measured for the
radionuclides 234U, 235U, 238U, 226Ra, 228Ra and 210Po. An average total annual effective dose due to
ingestion was estimated for adults, based on the average annual volume of bottled water consumed
in Japan in 2019, reported to be 31.7 L/y per capita. The estimated dose was found to be below the
recommended World Health Organisation (WHO) guidance level of 0.1 mSv/y for drinking water
quality. The most significant contributor to the estimated dose was 228Ra.

Keywords: dose assessment; Japan; bottled water; guidance level; WHO; natural radionuclides;
artificial radionuclides; effective dose; ingestion

1. Introduction

People are continuously exposed, both externally and internally, to ionising radiation from
naturally occurring sources, such as cosmic rays and terrestrial radioactivity, as well as artificial
sources, such as weapons fallout and authorized and accidental releases from the nuclear industry.
The main pathways for internal exposure to radiation are inhalation and the ingestion of food and
water. On average, people typically receive an estimated dose of 0.3 mSv/y due to the ingestion of
naturally occurring radionuclides such as 238U, 232Th, their daughter products and 40K in their diet [1].
Drinking water contributes to approximately 0.01 mSv of this dose [2]. While this is a small fraction of
the overall ingested dose, drinking water needs to be monitored, as there can be large variations in
the radioactivity content in water as a result of the underlying geology of the water source. Higher
radioactivity concentrations in drinking water can result in a higher contribution to the overall ingested
dose. The World Health Organisation (WHO) has issued guidelines for drinking water quality. If the
radioactivity dose from drinking water is below the WHO recommended guidance level of 0.1 mSv/y,
water is deemed safe for human consumption from a radiological perspective [3].

The volume of bottled water being consumed has increased steadily worldwide for the past
14 years, and this trend is also reflected in the consumption of bottled water in Japan. According to
the report by the Mineral Water Association of Japan, the annual intake of bottled water consumed in
Japan in 2019 was reported to be 31.7 L/y per capita [4]. As shown in Figure 1, this is still significantly
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lower than bottled water consumption in many EU countries and the USA. However, a significant
increase in the consumption of bottled water has occurred in Japan since 2011 [4], which has been
attributed to consumer behavior after the Fukushima Dai-ichi Nuclear Power Plant (FDNPP) accident.

 

Figure 1. Trend graph for the consumption of bottled water in 10 different countries, including Japan [4].

In this study, an estimation is made of the radioactivity dose ingested from the consumption of
bottled water in Japan, based on the measurement of activity concentrations for a range of radiologically
significant natural and artificial radionuclides in a selection of 20 different bottled waters collected
throughout the country. The inclusion of artificial radionuclides such as 3H, 14C (also naturally
occurring), 134Cs and 137Cs is considered particularly important from a radiation risk communication
perspective, particularly after the FDNPP accident in 2011. Currently, 33 nuclear reactors remain
operable in Japan, of which 9, located in 5 separate power plants, are in operation [5].

A review of the scientific literature shows that a number of previous studies were carried out to
determine the radioactivity levels in bottled water consumed in Japan. For example, Shiraishi et al.
investigated the effective dose due to 232Th and 238U in imported mineral waters [6], and Shozugawa
analysed four Japanese bottled waters for 134Cs and 137Cs following the FDNPP accident in 2011 [7].
However, no single study has attempted to analyse Japanese bottled waters for a comprehensive suite
of radionuclides, although similar studies have been conducted in other countries for estimating the
activity concentration and ingestion doses arising from the consumption of natural radionuclides in
bottled water [8–22].

The annual effective dose arising from the consumption of bottled water is estimated in this study,
which represents the first comprehensive study of this kind to be undertaken in relation to Japanese
bottled water. The results presented are based on the analysis of 20 Japanese bottled water samples for
natural and artificial radionuclides.

2. Materials and Methods

2.1. Sampling and Chemical Characteristics of Bottled Water

Drinking water samples from 20 different bottled water companies were purchased from Japanese
supermarkets. The water sources were distributed across the country of Japan (Figure 2), which gives a
wider geographical distribution to capture any potential effects of variability of the underlying geology
of the regions. To increase representativeness, multiple bottles were purchased for each bottled water
company and combined into a single sample. All water samples originated from natural mineral
water sources.
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Figure 2. Locations of 20 bottle water samples.

To determine the chemical characteristics of the bottled water, pH and water hardness were
evaluated using a pH meter (Eutech pH 700, Thermo Fisher Scientific, Waltham, MA, USA) and by
determining the contents of magnesium (Mg) and calcium (Ca) by ICP–MS (ELAN 9000, Perkin Elmer,
Germany), respectively. The water hardness (CaCO3 content) was calculated using Equation (1).

Total Hardness (mg/L as CaCO3) = 2.5Ca + 4.1Mg (1)

According to WHO guidelines [23], waters are classified on the basis of their hardness into
soft (CaCO3 < 60), moderately hard (60 < CaCO3 < 120), hard (120 < CaCO3 < 180) and very hard
(CaCO3 > 180).

2.2. Radionuclide Determination

All samples were analysed for radioactivity in the Environmental Protection Agency, Ireland’s
radiation monitoring laboratory, which is accredited to ISO 17025 [24]. Table 1 gives a summary of the
radionuclides analysed and the analytical techniques used for their determination. The methods and
associated references are discussed in more detail below.

Table 1. Summary of the methods used for the analysis. HPGe, high-purity germanium.

Radionuclide Preparation Analytical Techniques

3H, 14C
8:12 mL water:/Ultima Gold™ LLT

7:1:12 mL water/spike/Ultima Gold™ LLT Liquid scintillation counting
222Rn 8:12 mL water/organic scintillation cocktail Liquid scintillation counting

40K, 134Cs, 137Cs 500 mL Marinelli Direct counting on HPGe
40K Acidified ICP–MS (evaluated from stable potassium to 40K)

210Po 500 mL water, acidified, spontaneous deposition Alpha spectrometry
210Pb

500 mL water, acidified, spontaneous deposition
(after 6 months) Alpha spectrometry

226Ra, 228Ra
1 to 4 L water, barium co-precipitation method,

stored for one month prior to measurement Gamma spectrometry (HPGe)
234U, 235U, 238U Acidified ICP–MS (evaluated from total uranium)

2.2.1. Tritium and Carbon-14 Determination

For the determination of 3H and 14C, the spiked duplicate method was employed. Eight (8) mL
of each water sample was taken for each radionuclide and mixed with 12 mL of Ultima Gold™ LLT
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(Perkin Elmer, Groningen, The Netherlands) liquid scintillation cocktail. A duplicate sample was made
with 7 mL of water sample and 1 mL of a calibrated 3H or 14C standard and mixed with 12 mL of Ultima
Gold™ LLT. These samples were analysed for 720 min using a Tri-Carb® 3170TR/SL (Perkin Elmer,
Waltham, MA, USA) low-level liquid scintillation counter. Analysis of the sample and the spiked
duplicate sample was used to account for chemical and colour quenching in each sample. Optimised
counting parameters were used with energy windows of 0.0–18.6 keV for 3H and 0.0–156.0 keV for 14C.

2.2.2. Radon Determination

For the determination of 222Rn, 8 mL of sample was poured into a 20 mL scintillation vial
containing Perkin Elmer, Ultima Gold™ F liquid scintillation cocktail. The vial was shaken for 60 s
and counted on a Perkin Elmer Tri-Carb® 3170TR/SL low-level liquid scintillation counter for 60 min,
after 4 h of dark equilibration and to allow for the short-lived daughter products to reach secular
equilibrium. These short-lived daughter products were measured to assess radon activity. The alpha
energy window was optimised to 300–1000 keV. The principle of this method is based on the ISO
standard, ISO 13164–Part 4 [25].

2.2.3. Potassium and Caesium Determination

40K and 134,137Cs were analysed by direct counting on a gamma spectrometry system using
in-house analytical methods accredited to the ISO 17025 standard [24]. The samples were measured
with a high-purity germanium (HPGe) p-type co-axial detector (GC7520/S Mirion Technologies Inc.,
San Ramon, CA, USA). Radiocaesium concentrations in the water samples were determined by counting
photons in the full-energy peak channels of 605 keV for 134Cs, 662 keV for 137Cs and 1461 keV for 40K.
The measurement time was 86,400 s. The uncertainty for the activity concentration was evaluated taking
into account the uncertainties of the counts for the sample and background. Coincidence summing,
self-attenuation and decay corrections were applied using Canberra ApexGamma software (Mirion
Technologies Inc., San Ramon, CA, USA) in conjunction with GESPECOR Monte-Carlo software (CID
Media GmbH, Hasselroth, Germany).

The stable potassium content was also determined by ICP–MS (ELAN 9000, Perkin Elmer, Waltham,
MA, USA). Fifty (50) mL of water sample was preserved in 0.5%v/v nitric acid. The principle of this
method is based on the ISO standard, ISO 17294-2:2016 [26]. The isotopic abundance of 40K in natural
potassium is 0.0117%, where 40K has a specific activity concentration of 3.1 × 10−2 Bq/kg. The amount
of K-40 present in the sample was calculated by multiplying the amount of potassium measured (mg/L)
by the activity concentration (Bq/kg) and isotopic abundance.

2.2.4. Uranium Determination

The activity concentrations of 234,235,238U were determined by ICP–MS (ELAN 9000, Perkin
Elmer, Waltham, MA, USA). Fifty (50) mL of water sample was preserved in 0.5% v/v nitric acid.
The total uranium content was assessed. The principle of this method is based on the ISO standard,
ISO 17294-2:2016 [26] Assuming that the uranium isotopes are present in their natural isotopic
abundances in the environment (234U = 0.0055%, 235U = 0.72%, 238U > 99%), the activity concentration
of 234U, 235U and 238U were determined [21].

2.2.5. Radium Determination

For the determination of 226Ra and 228Ra, between 1.5 and 4 L was taken for the analysis.
Each sample was acidified with nitric acid to a pH between 0 and 1. Thirty (30) mL of concentrated
hydrochloric acid and 50 mg barium carrier solution were added to the sample in the beaker. The sample
solution was boiled for 10 min. Thirty (30) mL of 9 M sulphuric acid was added and further boiled
for 30 min to form a precipitate. The solution was left to cool overnight to allow the precipitation
and settling of barium sulphate. The solution was then filtered through a pre-weighed filter paper
(Whatman GF/C, 47 mm) (Whatman plc., Maidstone, United Kingdom). The filter was washed with
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10 mL of ethanol and 10 mL of diethyl ether. The filter paper was allowed to dry overnight in a
desiccator. The filter paper was prepared in a tightly sealed container, and the daughter products
214Pb, 214Bi (226Ra) and 228Ac (228Ra) were ingrown for more than 30 days to reach secular equilibrium
with Ra. The measurements were made via HPGe gamma spectrometry. GESPECOR Monte-Carlo
software (CID Media GmbH, Hasselroth, Germany) is typically used for correction for true coincidence
summing and self-attenuation of the samples; however, these were not required in this instance [27].

2.2.6. Polonium and Lead Determination

For the determination of 210Po and 210Pb, samples were prepared for spontaneous deposition on
a silver (Ag) disc. An aliquot of 500 mL of water sample was placed in a jar and acidified with 2 M
HCl (pH of 1–2) followed by the addition of 0.5 g of ascorbic acid and 0.25 Bq of 209Po tracer. A silver
disc was fixed to a holder attached to the lid of the jar, which allowed the disc to be immersed in the
solution. The solution was heated to 80 ◦C with stirring for 8 h. The disc was rinsed with water and
methanol and dried at room temperature. The 210Po activities were determined by counting the disks
for 345,600 s using PIPS detectors in the Canberra Alpha Analyst (Mirion Technologies Inc., San Ramon,
California, USA) integrated spectrometry system in conjunction with the Apex Alpha spectrometry
software (Mirion Technologies Inc., San Ramon, California, USA) [28]. The water samples were stored
for 6 months, to allow the ingrowth of the 210Pb daughter product, 210Po. The spontaneous deposition
process was repeated with a new aliquot of 209Po tracer. After analysing the measurements by alpha
spectrometry, the 210Pb activity concentrations were determined from the polonium activities using
Bateman’s equations [29].

2.3. Determination of the Annual Effective Ingestion Doses

The annual effective dose for each radionuclide was estimated using the following equation:

Ed = Ac × Ca × Dcoeff (2)

where Ed is the annual effective dose due to ingestion (nSv); Ac is the radionuclide activity concentration
measured in the water sample (Bq/L); Ca is the annual consumption of 31.7 L (per capita) reported by the
Japanese Mineral Association [4]; and Dcoeff is the dose coefficient provided by the ICRP (nSv/Bq) [30],
whose values are given in Table 2. To get the total effective dose for a given sample, the effective doses
for each radionuclide were added. The effective dose was estimated for each sample based on the
activities of the radionuclides analysed. For measurements below the minimum detectable activity
concentration (MDC), the MDC value was used for the dose estimation, which gave a maximum
annual effective dose for each sample.

Table 2. Dose coefficient values used for this study (nSv/Bq).

Isotope Dose Coefficient (nSv/Bq)

222Rn [31] 1 3.5 × 100

3H 1.8 × 10−2

14C 5.8 × 10−1

134Cs 1.9 × 101

137Cs 1.3 × 101

210Po 1.2× 103

210Pb 6.9 × 102

226Ra 2.8 × 102

228Ra 6.9 × 102

234U 4.9 × 101

235U 4.7 × 101

238U 4.5 × 101

1 Specific to 222Rn in drinking water, the value is the sum of weighted equivalent doses.
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3. Results and Discussion

3.1. pH and Water Hardness

The pH of the 20 bottled water samples ranged from 6.2 to 8.3. The water hardness, which was
equivalent to the CaCO3 content, ranged from below the detection limit (<4 mg/L) to 147 mg/L. Only one
sample (No. 18) was classified as hard water. Samples 1, 3 and 17 were classified as moderately hard
water, and the remaining Japanese bottled water samples were classified as soft water. No apparent
differences were observed between soft and hard water samples.

3.2. Radionuclide Activity Concentrations

The activity concentrations measured in the bottled water samples, referenced to the date of
receipt at the EPA laboratory, are given in Table 3. 222Rn was not expected to be present in bottled water,
as during the bottling process radon gas is released from the product. The analysis was conducted
to rule out any ingrowth from its parent radionuclide, 226Ra. Elevated levels of 3H and 14C were not
expected either, as sources of these radionuclides discharged into the catchments of the bottled water
sources are not significant or present in the environment at levels above the limits of detection for
these radionuclides. This was confirmed by our measurements, which showed 3H and 14C activity
concentrations below the detection limits in all cases. There were no detectable quantities of 134Cs
and 137Cs in the water samples either. This indicates that the bottled water is not affected by fallout
originating from the FDNPP accident. The MDC of 222Rn, 3H, 14C, 134Cs and 137Cs were determined
as 60, 210, 160, 10 and 9 mBq/L, respectively. 40K determined by gamma analysis had an MDC of
160 mBq/. Therefore, the quoted 40K activity concentrations are based on the determination of stable K
by ICP–MS and were calculated based on its natural abundance in the environment.
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3.2.1. Polonium and Lead activity Concentrations

In Table 4, the minimum, maximum and median activity concentrations of 210Po and 210Pb of
the detected (above MDC) concentrations are shown. The maximum estimated annual effective dose,
determined using Equation (2), is also included, which is based on the maximum measured activities
for each nuclide. Seven bottled water samples showed 210Po concentrations above the MDC. For 210Pb,
19 samples were above the MDC.

Table 4. Activity concentrations for polonium and lead measured in bottled water (mBq/L).

Isotope Min Max Median Maximum Annual Effective Dose 1 (nSv)

210Po 2 1.0 ± 0.26 4.9 ± 0.39 1.7 ± 0.34 186
210Pb 3 0.53 ± 0.050 19 ± 1.8 3.8 ± 0.34 421

1 Based on measured activities; 2 minimum detectable activity concentrations (MDC)= 0.06 mBq/L; 3 MDC= 0.12 mBq/L.

3.2.2. Radium Isotope Activity Concentrations

In Table 5, the minimum, maximum and median values of the radium isotopes of the detected
concentrations are shown. The maximum estimated annual effective dose using Equation (2) is also
included, which is based on the measured activities. Four and five bottled water samples showed
concentrations of 226Ra and 228Ra above the MDC, respectively.

Table 5. Activity concentrations for radium measured in bottled water (mBq/L).

Isotope Min Max Median Maximum Annual Effective Dose 1 (nSv)

226Ra 2 0.85 ± 0.39 13 ± 5.5 12 ± 4.3 100
228Ra 3 16 ± 8.2 49 ± 18 25 ± 11 589

1 Based on measured activities; 2 MDC = 112 mBq/L; 3 MDC = 25 mBq/L.

3.2.3. Uranium Isotope Activity Concentrations

In Table 6, the minimum, maximum and median values of the uranium isotopes of the detected
concentrations are shown. The maximum estimated annual effective dose, determined using Equation
(2), is also included, which is based on the measured activities. Eighteen bottled water samples
contained detectable amounts of total uranium, and two were below the limits of detection. The total
uranium content of the bottled water was measured, and the activity concentrations were calculated
based on their natural abundance in the environment.

Table 6. Activity concentrations for uranium analysed in bottled water (mBq/L).

Isotope Min Max Median Maximum Annual Effective Dose 1 (nSv)

234U 2 0.13 ± 0.030 26 ± 5.4 0.52 ± 0.11 3.3
235U 3 0.005 ± 0.002 1.2 ± 0.24 0.023 ± 0.005 0.14
238U 4 0.24 ± 0.050 24 ± 5.0 0.48 ± 0.099 2.8

1 Based on measured activities; 2 MDC = 0.13 mBq/L; 3 MDC = 0.005 mBq/L; 4 MDC = 0.12 mBq/L.

3.2.4. Comparison of Activity Concentrations in Bottled Mineral Waters for Sale in Other Countries

The activity concentrations found in the bottled water samples in this study were compared to those
determined in previous studies in different countries. Most studies included the analysis of radium
and uranium. In general, most studies reported radium as the largest contributor to the ingestion dose,
apart from Rozmaric et al. [20] who reported uranium isotopes as the main contributor in Croatian
mineral waters. The activity concentrations measured in this work for 210Po were 1.0–4.9 mBq/L.
These values are comparable with results found in Croatia [20] but are lower than those reported
in Italy [14,15] and Austria [10,19]. Activity concentrations for 210Pb were 0.53–19 mBq/L, whereas
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studies in Austria [10,19] showed a broader range for these values but reported a similar geometric
mean for 210Pb activities. In contrast, values reported for Croatian waters [20] showed a lower range of
activities. The activity concentrations for 226Ra and 228Ra ranged between 0.85 and 13 mBq/L and 16
and 49 mBq/L, respectively, which are comparable to the values found in Greece [12] and Pakistan [13].
Studies in Algeria [9], Croatia [20], Italy [14,15] and Poland [16] reported a much broader range of 226Ra
and 228Ra activity concentrations in bottled water, but all geometric mean values are in agreement
with the values reported in this study, with the exception of those for Algeria [9]. Algeria reported
a mean value of 26 mBq/L. Studies in Austria [10,19] reported a broader range in radium activity
concentrations and a higher mean value than this study. Studies in Malaysia [22] and Hungary [11]
reported a very large range for 226Ra, with some values reported above 3000 mBq/L. For uranium
isotopes, the ranges of activities reported in Japanese bottled water in this study were 0.24–24 mBq/L
and 0.13–26 mBq/L for 238U and 234U, respectively. Studies in Poland [16] reported a lower range
in uranium activity concentrations, whereas Croatia [20] and Tunisia [18] reported similar activities.
Studies in Italy [14,15] and Austria reported a broader range in their results. In both Italian studies, the
geometric mean values for 234U, 235U and 238U were much higher than the reported geometric mean
values in this study [14,15].

It has been reported that the absorbed dose rates in air due to terrestrial radiation in western parts
of Japan are higher than those in eastern parts of Japan [32]. This difference in dose rate distribution
has been attributed to the presence in western Japan of areas with higher natural uranium and
actinium series radionuclides, corresponding to granitic regions with enhanced natural radionuclide
concentrations, relative to other areas characterised by andesite or andosol soils. To investigate a
possible similar effect on the uranium content between waters sourced in western and eastern Japan,
the median activity concentrations were statistically compared. The median values of 234U, 235U and
238U in western parts of Japan (Nos. 14, 15, 16, 17, 18, 19 and 20) were evaluated as 0.17 mBq/L,
0.063 mBq/L and 1.3 mBq/L, respectively. The corresponding values in eastern parts of Japan were
evaluated as 0.39 mBq/L, 0.017 mBq/L and 0.36 mBq/L, respectively. A Mann–Whitney U Test (with a
critical value of U at p < 0.05) showed that the values for each radionuclide from western and eastern
Japan were not significantly different from each other.

3.3. Dose Assessment of the Maximum Annual Effective Ingestion Doses from Bottled Water

According to the WHO, 40K levels do not need to be measured when assessing the dose from
drinking water. The potassium level in a healthy individual is kept constant by a range of physiological
processes in order to regulate the functions of the body [2]. Therefore, the levels of 40K were not
included in the calculation of the annual effective ingestion dose.

Figure 3 presents an overview of the estimated maximum annual effective dose for each sample
dose received from the radionuclides analysed in the bottled water samples. The highest dose value
calculated was 10% of the guidance level recommended by the WHO. The average annual effective
dose estimated for all samples was 5.6 μSv. There was little correlation between doses and locations
across Japan. There were two bottled water products from the same location, i.e., 9 and 10 and 7 and 8,
and these reported similar dose values. In contrast, samples 12 and 13 were not similar, though they
were from the same location.
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Figure 3. The maximum annual effective dose in each bottled water sample compared to the
guidance level.

4. Conclusions

The activity concentrations of natural and artificial radionuclides in a wide range of bottled
water produced in Japan were determined. The results showed that the highest activities were due
to naturally occurring radionuclides, i.e., Ra and Pb isotopes. The results are comparable to results
from other studies around the world. The total annual effective ingestion dose was assessed from the
activity concentrations measured in this study and the average rate of consumption of bottled mineral
water in Japan per capita. In all cases, the estimated doses were at least an order of magnitude below
the WHO recommended guidance level of 0.1 mSv for the consumption of drinking water.
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Abstract: The March 2011 earthquake and tsunami resulted in significant damage to the Fukushima
Daiichi Nuclear Power Plant (FDNPP) and the subsequent release of radionuclides into the ocean.
Here, we investigated the spatial distribution of strontium-90 (90Sr) and cesium-134/cesium-137
(134, 137Cs) in surface seawater of the coastal region near the FDNPP. In the coastal region, 90Sr activity
was high, from 0.89 to 29.13 mBq L−1, with detectable FDNPP site-derived 134Cs. This indicated that
release of 90Sr from the power plant was ongoing even in May 2013, as was that of 134Cs and 137Cs.
90Sr activities measured at open ocean sites corresponded to background derived from atmospheric
nuclear weapons testing fallout. The FDNPP site-derived 90Sr/137Cs activity ratios in seawater were
much higher than those in the direct discharge event in March 2011, in river input, and in seabed
sediment; those ratios showed large variability, ranging from 0.16 to 0.64 despite a short sampling
period. This FDNPP site-derived 90Sr/137Cs activity ratio suggests that these radionuclides were
mainly derived from stagnant water in the reactor and turbine buildings of the FDNPP, while a
different source with a low 90Sr/137Cs ratio could contribute to and produce the temporal variability
of the 90Sr/137Cs ratio in coastal water. We estimated the release rate of 90Sr from the power plant
as 9.6 ± 6.1 GBq day−1 in May 2013 on the basis of the relationship between 90Sr and 137Cs activity
(90Sr/137Cs = 0.66 ± 0.05) and 137Cs release rate.

Keywords: Fukushima Daiichi Nuclear Power Plant; strontium-90; cesium-137; seawater monitoring;
contaminated water

1. Introduction

Large amounts of radionuclides, such as cesium-134 (134Cs), cesium-137 (137Cs), and iodine-131
(131I), were dispersed into the terrestrial and aquatic environments as a result of an accident at the
Fukushima Daiichi Nuclear Power Plant (FDNPP) of the Tokyo Electric Power Company (TEPCO)

IJERPH 2019, 16, 4094; doi:10.3390/ijerph16214094 www.mdpi.com/journal/ijerph177
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in March 2011. Atmospheric release of strontium-90 (90Sr) in March 2011 was two to four orders of
magnitude lower than that of 137Cs on the basis of an analysis of highly contaminated soils (<1.1 Bq
g−1) and vegetation (0.026–1.1 Bq g−1) collected from a contaminated area in Japan [1]. These 90Sr/137Cs
activity ratios were much lower than the ratio for the estimated nuclear fuel compositions (90Sr/137Cs =
0.74) found in the reactor obtained by the ORIGEN2 code [2]. Atmospheric 90Sr release (0.01–0.14 PBq [3])
was estimated at less than 0.027% of the total amount in the nuclear fuel (5.2 × 102 PBq [2]) at FDNPP
reactor units 1, 2, and 3. Most of the 90Sr remained in the reactor, although some of it had dissolved
in stagnant water in the reactor and turbine buildings. Observed 90Sr and 137Cs concentrations in
the stagnant water were 140 MBq L−1 and 2.8 GBq L−1, respectively, on 27 March 2011 [4]. Hence,
137Cs concentrations were 20 times higher than 90Sr concentrations, and 1.6% of the 90Sr core inventory
was dissolved into stagnant water [2], which was the most likely candidate for pollution to the ocean.
90Sr in seawater could be a useful tracer specific to the radionuclide contaminants directly released
from the FDNPP into the ocean.

Analytical results of the stagnant water sampled from a turbine building in February 2012 indicated
that 137Cs activity decreased to 240 MBq L−1, while 90Sr concentration remained high (170 MBq L−1) [5].
Highly contaminated stagnant water was decontaminated and stored in storage tanks on the FDNPP
site. Some decontaminated water was transferred into reactors for cooling purposes after distillation
or reverse osmosis processes. Before 2015, the decontamination system was optimized to remove
Cs; hence, the treated water had significantly higher 90Sr activity (150 MBq L−1) than 137Cs activity
(3.9 kBq L−1) [5]. This treated water in the storage tanks was a potential source for 90Sr contamination
in the environment.

In observation wells between the reactor buildings and the harbor, groundwater was also
monitored by TEPCO after a leakage event of contaminated water in December 2012 [4]. In particular,
90Sr activity in groundwater in the wells near the seawater intake for reactor units 1 and 2 were
significantly higher than the 137Cs activity (e.g., 90Sr: 5 × 106 Bq L−1; 137Cs: 2.1 × 102 Bq L−1 at the no.
1–2 wells on 5 July 2013 [6]). The 90Sr-enriched groundwater might have resulted from leakage of the
decontamination system or from stagnant water. Due to these existing contamination sources, it is
necessary to observe the 90Sr behavior in the aquatic environment near the FDNPP.

Kanda [7] indicated that continuous release of 137Cs from the FDNPP harbor to the ocean was
occurring in 2012 based on time series seawater monitoring data. Due to the high 90Sr/137Cs activity
ratio in the stagnant water, 90Sr release from the FDNPP should also be evaluated. TEPCO has
continued seawater monitoring for 90Sr, 134,137Cs, and other radionuclides near the FDNPP [3,6].
However, only a few 90Sr data were obtained within small areas, particularly after 2012 (Figure 1).

This limited monitoring cannot evaluate how much 90Sr was released or its impact on the coastal
environment and open ocean.

Time series seawater monitoring by TEPCO of 90Sr near the FDNPP was infrequent compared
to that for radiocesium [3,6]. Povinec et al. [3] showed that the 90Sr/137Cs ratio in seawater at a
monitoring point near FDNPP increased gradually from 0.01 to 1 between April 2011 and February
2012 (Figure 1), which clearly related with decontamination of stagnant water. The transient increase of
90Sr in seawater at the T2 site observed in December 2011 could reflect the leakage event from the 137Cs
decontamination system [4]. After 2012, the 90Sr/137Cs ratio remained at a constant value around 0.5 at
the T2 site with large variability. 90Sr/137Cs activity ratios in stagnant water have varied depending on
the decontamination of 134, 137Cs. The agreement between the temporal variation of 90Sr/137Cs activity
ratio and decontamination of the stagnant water supported the idea that the most probable candidate
was the continuous release from reactor buildings of the FDNPP.

The behavior of 137Cs in seawater and biota after the accident has been well documented [7–11].
High-density sampling of surface seawater to determine radiocesium activity [12] has been carried
out. Kumamoto et al. [13] reported detailed vertical distributions of Fukushima-derived radiocesium
along the 149 ◦E meridian in the western North Pacific. However, distributions of 90Sr derived from
the FDNPP in the sea have been studied to a significantly lesser extent [3,6,14–17]. Castrillejo et al. [17]

178



IJERPH 2019, 16, 4094

suggested that continuous release of 90Sr from the FDNPP was occurring in September 2013 based on
simultaneous observations of 90Sr and 137Cs. The estimated release rate of 90Sr was 2.3–8.5 GBq day−1,
which was 2–3 orders of magnitude larger than river inputs.

 
Figure 1. Temporal variations of strontium-90/cesium-137 (90Sr/137Cs) activity ratio in seawater from
monitoring sites T1 and T2 (T2-1) in the Fukushima Daiichi Nuclear Power Plant (FDNPP) site [6].
T1 and T2 (T2-1) sites are located north and south of the discharge channel of the FDNPP, respectively.

It is still necessary to investigate the amount of released 90Sr, including its subsequent dispersion
from the FDNPP site to the ocean. Simultaneous determinations of 90Sr and 137Cs in seawater are
important for monitoring the release of radionuclides from the reactor buildings and contaminated
water from the storage tanks. By comparing 90Sr behavior with that of 137Cs in the ocean, we studied
the input source to the sea and the environmental migration processes of both radionuclides, such as
fluvial input, desorption from sediment, and atmospheric deposition. Accumulating environmental
data and understanding the dispersion to the coastal and open oceans are necessary to respond to any
accidental release during decommissioning of the FDNPP—work that will require more than 30 years.
Our aim in this study is to determine the distributions of 90Sr, 134Cs, and 137Cs in 2013 and evaluate
the continuous release of radionuclides from the FDNPP to the ocean based on the comprehensive
analysis of seawater.

2. Surface Current System off Fukushima Coast

The Kuroshio and Oyashio currents are generated in the mixed region around 36 ◦N off the Ibaraki
Prefecture coast in the subject area (Figure 2a,b). The warm (16.5–22.0 ◦C) and saline (34.4–34.8 psu)
Kuroshio flows northeastward off the Boso Peninsula. The Oyashio current, off the Fukushima
Prefecture coast, intrudes southward into the mixing region. The southward intrusion (9.5–10.5 ◦C,
salinity 33.4–33.8 psu) reaches 36.5 ◦N, 141.3 ◦E, and is called the First Branch of the Oyashio [18].
The coastal currents near Fukushima Prefecture are variable on a time scale different from those of the
Kuroshio and Oyashio currents. Coastal water is at a higher temperature (10.8–12.7 ◦C) and lower
salinity (33.2–33.4 psu) relative to the first branch of the Oyashio current. Current meter observations
made between 1971 and 1981 [19] indicated that the along-shore (north–south component) currents
were dominant in this coastal area. The direction of the currents varied approximately every 3−4 days
because of changes in the synoptic-scale wind fields [19]. The spread of radionuclides from the
direct-release event in April 2011 depended on the coastal current system. Model simulation of directly
released Cs employed the Regional Ocean Modeling System (ROMS), which indicated that the plume
was southwardly advected to the coastal region [20].
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Figure 2. Maps showing sampling locations. (a) Surface temperature and (b) salinity had two boundary
currents (dashed arrows), the warm northeastwardly Kuroshio current south of the Boso Peninsula and
the cold southerly first branch of the Oyashio current off the Fukushima coast. (c,d) Sampling locations
are marked by red circles and located near the coast of Fukushima Prefecture.

3. Materials and Methods

Seawater samples for the analysis of 90Sr, 134Cs, and 137Cs were obtained during the UM13-5
cruise from 14 to 23 May 2013 undertaken by the RTV Umitaka−Maru of the Tokyo University of
Fisheries, Japan. Seawater sampling sites were located in the offshore region in the first branch of the
Oyashio current and the coastal region near Fukushima Prefecture (Figure 2c,d). Most of the coastal
sites were south of the FDNPP and close to Iwaki city. The closest observation site to the FDNPP was
NP-2, located approximately 6 km east of it. During the sampling period, most of the influence from
the FDNPP could be detected in the region associated with the southerly coastal current.

During the cruise, surface seawater samples were collected by an underway sampling system,
whose inlet was located on the bottom of the ship, at a depth 5 m below the surface. Collected samples
were filtered through a 0.5 μm pore polypropylene cartridge filter (TCW-05N-PPS, Advantec, Tokyo,
Japan). Filtered water samples were stored in 20 L polyethylene bags and 90Sr and radiocesium
analyses were carried out separately on land.
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We conducted 134Cs and 137Cs analyses based on Aoyama et al. [21]. First, 20 L of a filtered
seawater sample was acidified to pH 1.6 with HNO3. Next, 0.26 g of CsCl was added and the
solution was adsorbed on ammonium phosphomolybdate (AMP) [21]. Then, AMP was collected by
filtering through a 0.45 μm pore mixed cellulose esters membrane (A045A047A, Advantec, Tokyo,
Japan). After drying the AMP/Cs compound, gamma rays were counted for 80,000–200,000 s with a
lead-shielded HPGe detector (EGPC 250-P 15, EURISYS MEASURES, NV, USA), 604.7 keV for 134Cs and
661.7 keV for 137Cs, at the Nihon University in Tokyo. Since the detector was slightly contaminated by
atmospherically released 134Cs and 137Cs at the time of the accident of the FDNPP, the background was
determined before and after this counting period and subtracted from the detected signals for seawater
samples. Cs yield was determined gravimetrically based on AMP weight. The typical minimum
detectable concentrations (MDCs) of 134Cs and 137Cs were 0.5 mBq L−1 and 0.4 mBq L−1, respectively.

For 90Sr analysis, we added 150 g of (NH4)2C2O4 H2O to 20 L of filtered seawater and shook
the solution vigorously. Sr was precipitated with Ca oxalate. Oxalate precipitate was decomposed
to carbonate at 550 ◦C in a muffle oven. Then, the precipitate was dissolved in HCl and diluted to
about 200 mL with Milli-Q water. A small portion of sample solution was used for determination
of stable Sr yield by ICP-OES (SPECTROBLUE TI, SPECTRO Analytical Instruments GmbH, Kleve,
Germany). After secular equilibrium between 90Sr and yttrium-90 (90Y) (>2 weeks), 90Y with stable Y
carrier (0.1 mg) was “milked” from the 90Sr by precipitating the Fe hydroxide and purified by solid
phase extraction using DGA Resin (DN1ML-R50-S) purchased from Eichrom Technologies, LLC. (IL,
USA). Detailed chemical separation and beta counting procedures are described elsewhere [22,23].
Beta particles were counted by a low background 2π gas flow proportional counter (LB−4200, Canberra,
NV, USA) during 120 min intervals for more than 20 h. Typical Sr and Y yields were 82 ± 9 % and 95 ±
5 %, respectively.

4. Results

Activities of 90Sr, 134Cs, and 137Cs in surface seawater samples collected in May 2013 are
summarized in Table 1. Mean 90Sr activity of 0.80 ± 0.11 mBq L−1 at offshore sites (S1, S2, S3, and N01)
was slightly lower than the estimated value (1.0 ± 0.1 mBq L−1 [3]) based on long-term monitoring for
surface water of the western North Pacific. Around sites S2, S3, and N01, cool surface water (9.4–10.4
◦C) from the southerly first branch of the Oyashio current was present. 134Cs activities were lower than
the MDC (<0.5 mBq L−1) at the offshore sites. In this study, we used values obtained at the offshore
sites as the background level originating from atmospheric nuclear weapons testing. Compared to
137Cs and 90Sr, 134Cs has a relatively short half-life (2.06 years compared to 30.17 years for 137Cs and
28.8 years for 90Sr).

High 90Sr activities were observed along the coastal region with higher temperatures (10.86–12.89
◦C) and higher salinity (33.23–33.35 psu). The highest 90Sr activity (29.13 ± 0.35 mBq L−1) was found
at AN7, approximately 16 km south of the FDNPP, with 22.4 ± 0.6 mBq L−1 for 134Cs activity and
44.7 ± 0.4 mBq L−1 for 137Cs activity. At the NP-2 site closest to the FDNPP (5 km offshore) in this
sampling campaign, we also found high 90Sr activity (21.81 ± 0.28 mBq L−1). Furthermore, at S12
off Iwaki City, 57 km south of the FDNPP, relatively high 90Sr activity (9.86 ± 0.22 mBq L−1) was
found. Distributions of radiocesium activities in surface seawater showed similar trends to those of
90Sr. The maximum radiocesium activities were obtained at AN7; in particular, 137Cs activities ranged
from 1.4 mBq L−1 at S2 to 44.7 mBq L−1 there. In the coastal region, 134Cs activities were in agreement
with 137Cs activities corrected to 11 March 2011, which indicated that this radiocesium was derived
from the Fukushima accident (134Cs/137Cs = 0.99 ± 0.03 [11]).
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5. Discussion

5.1. Dispersion of High 90Sr and 134, 137Cs Activity Plume

The high activities of 90Sr and 137Cs in the coastal region (Figure 3) can be explained by the
release at the time of the FDNPP accident and the physical processes that later occurred in the ocean.
In the coastal region, high 90Sr activity seawater samples with high 134Cs and 137Cs activities were
mainly collected from south of the FDNPP (NP2, and AN7) to off Iwaki (S12 and S6), which reflects the
southward transport of seawater along the Fukushima coast by the coastal currents. Higher 90Sr activity
in seawater (>8 mBq L−1) was found where the salinity was 33.23–33.33 psu and 11.95–12.41 psu. In
the coastal region, no clear correlation between 90Sr and salinity or 90Sr and temperature was observed.

 

Figure 3. Distribution of 90Sr and 137Cs activities in surface seawater collected in May 2013.

The distributions of 90Sr and 137Cs activities in May 2013 observed in this study correspond
to those of a model simulation of the direct-release event between 26 March and 6 April 2011 [20].
The 137Cs released from the FDNPP from 26 March was initially advected southward, then transported
to the Ibaraki coast. This simulation suggested that the 137Cs concentration decreased in May due
to advection and diffusion in the open ocean. The coastal currents are variable in this region and
sometimes flow northward. Oikawa et al. [16] compiled monitoring data for seawater in the coastal
region by the Ministry of Education, Culture, Sports, Science and Technology, Japan (MEXT) and
suggested that the activities of 90Sr in surface water decreased slowly over time in 2011 and reached
the background level by the end of December 2011. However, because of a lack of sampling sites
for 90Sr, the 90Sr plume could have been missed in previous observations. The distribution of our
results indicates that the released 90Sr plume from the FDNPP site (leakage of contaminated water
from storage tanks) could move to the coastal region south of the FDNPP, carried by the southward
coastal current.

Both activities decreased rapidly from NP2 toward the eastern sites (S6, NP1, and NP3),
which indicate that the eastward dispersion was limited because of the effect of the southern coastal
current during this sampling period. Compared with the pre-Fukushima accident, offshore 90Sr
activities in the north Pacific Ocean (1.0 ± 0.1) [3] and the activities measured in May 2013 indicate
that the influences of the Fukushima-derived 90Sr on open ocean sites in the mixed region between
the Oyashio and Kuroshio currents were negligibly small, as were those of 134Cs and 137Cs. However,

183



IJERPH 2019, 16, 4094

if any accidental releases from the FDNPP site were to occur during the decommissioning of the
reactors, coastal areas could be exposed to a high activity plume.

In September 2017, low 90Sr (1.0−1.8 mBq L−1) and high 137Cs (9−43 mBq L−1) activities were
obtained at low salinity (4–28 psu) in groundwater and beach seawater samples from Sendai Bay,
located north of the FDNPP [17]. 90Sr/137Cs ratios ranged from 0.036 to 0.19. The 137Cs activity in low
salinity samples was affected by atmospheric fallout from the FDNPP accident that was deposited on
land, while 90Sr activity was not sensitive to terrestrial input. Therefore, the relationship between 90Sr
and 137Cs can be a useful indicator for river input.

The mouth of the Ukedo River is located between collection sites NP2 and AN6. 137Cs activity at
NP2 (39.0 mBq L−1) was more than five times higher than that at AN6 (6.9 mBq L−1), though their
salinities were comparable (33.24 and 33.26 psu). Dissolved 137Cs activity in the Ukedo River,
which drains a highly contaminated area, ranged from 200 to 1100 Bq L−1 in August and November
2012 [6]. 90Sr activity in the Ukedo River was not available but the reported 90Sr/137Cs ratio for river
water in the Fukushima Prefecture [6] was less than 0.04. The contribution to 90Sr activity in seawater
by input from the Ukedo River should be minor.

5.2. 90Sr/137Cs Activity Ratios Derived from the FDNPP Accident

The 90Sr/137Cs activity ratios in seawater are different according to timing of any release or leakage
event (e.g., direct discharge event from late March to early April 2011 [3,15]). Since Sr and Cs are highly
soluble in seawater, the 90Sr/137Cs activity ratio depends on the source, which could be a useful tracer
for the source. The most possible source of 90Sr and 137Cs is stagnant water in the reactor building of
unit 2. The 90Sr/137Cs ratio of open ocean seawater [3], seawater monitoring data near the FDNPP [6],
stagnant water [4], atmospheric input [1], seabed sediment [24], and river water [6] are summarized
with our data in Figure 4.

The 90Sr activity of 0.80 ± 0.11 mBq L−1 was obtained at the offshore sites, S1, S2, S3, and N01
(Table 2). To evaluate FDNPP site-derived 90Sr, measured 90Sr activity was subtracted from this value as
the background value for North Pacific seawater. The measured 134Cs was a pure FDNPP site-derived
component because of its short half-life (T1/2 = 2.06 yr). The FDNPP site-derived 134Cs/137Cs ratio was
reported to be 0.99 ± 0.03 [11] in March 2011. FDNPP site-derived 137Cs was calculated on the basis of
measured 134Cs activity and the FDNPP site-derived 134Cs/137Cs ratio.

Table 2. FDNPP site-derived 90Sr (90Srcorr.) and 137Cs (137Cscorr.) activities and 90Srcorr./
137Cscorr. activity ratios.

ID 90Srcorr. Activity (mBq L−1) 137Cscorr. Activity (mBq L−1) 90Srcorr./
137Cscorr.

S6 2.66 ± 0.13 17.0 ± 1.0 0.16 ± 0.01
S7 9.83 ± 0.28 15.6 ± 0.8 0.63 ± 0.04
S8 13.37 ± 0.25 28.5 ± 1.0 0.47 ± 0.02
S9 20.94 ± 0.39 40.0 ± 1.0 0.52 ± 0.02

S10 3.04 ± 0.16 14.2 ± 0.8 0.21 ± 0.02
S11 2.88 ± 0.13 11.7 ± 0.8 0.25 ± 0.02
S12 9.07 ± 0.24 23.5 ± 1.0 0.39 ± 0.02
S13 8.12 ± 0.27 15.2 ± 0.8 0.53 ± 0.03
S14 3.76 ± 0.13 11.9 ± 0.8 0.32 ± 0.02

AN7 28.33 ± 0.37 44.3 ± 1.2 0.64 ± 0.02
S16 1.30 ± 0.12 5.1 ± 0.6 0.25 ± 0.04
R01 2.30 ± 0.12 8.1 ± 0.8 0.28 ± 0.03
NP3 5.46 ± 0.13 14.2 ± 1.0 0.38 ± 0.03
AN6 2.15 ± 0.16 5.9 ± 0.6 0.36 ± 0.05
NP2 21.02 ± 0.30 34.6 ± 2.4 0.61 ± 0.04

The 90Srcorr/
137Cscorr ratio estimated from the slope of a linear regression fitting was 0.66 ± 0.05

in Figure 5. 90Srcorr activities strongly correlated with those of 137Cscorr (R2 = 0.919), as described
in similar contour maps of 90Sr and 137Cs (Figure 3). The high correlation between 90Sr and 137Cs
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indicates that 90Sr and 137Cs were derived from a common source. However, the low 90Sr activity
samples (<10 mBq L−1) showed larger variability in 90Sr/137Cs activity ratio (0.34 ± 0.14) relative to
those for high 90Sr activity samples (>10 mBq L−1: ratio of 0.56 ± 0.08). If multiple sources to seawater
exist, such as stagnant water, storage water, and groundwater, contributions from each source could
yield temporal and spatial variations. To distinguish these components, detailed 134,137Cs and 90Sr
distributions should be investigated. Castrillejo et al. [17] found a short-term transition of 90Sr/137Cs
ratio from 0.14 to 0.36 and an abrupt increase in 137Cs activity in the vicinity of the FDNPP (observation
site St. 1 (or NP0)) in September 2013. 90Sr and 137Cs release from the FDNPP could be related to the
tidal cycle and weather conditions, which caused a temporal variation of the released 90Sr/137Cs ratio
from the FDNPP site.

 

Figure 4. The 90Sr/137Cs activity ratios in the environment and the FDNPP site. The 90Sr/137Cs activity
ratio in seawater near the FDNPP was consistent with those from the monitoring points, T1 and T2 [12].
Soil [4] and sediment [24] samples had extremely low 90Sr/137Cs activity ratios.

The slope of a linear regression fitting (0.66) was similar to the reported 90Sr/137Cs activity ratios
in stagnant water of 0.78 and 0.88, respectively, in July and August of 2013 [5]. The stagnant water
samples were collected from the sampling line behind the mixing point of water from each reactor
building [4,5] (Figure 5). These radionuclides were thought to mainly be derived from the reactor
building of unit 2 on the basis of the initial data for stagnant water in the unit 2 turbine building [2],
which was severely damaged. The 90Sr/137Cs activity ratio in stagnant water varied depending on
the decontamination of 134, 137Cs, and gradually increased from the direct-release event in March 2011
(0.0256 ± 0.0006 [15]). The 90Sr/137Cs activity ratio of seawater in this study is slightly lower than that
of stagnant water, although the most possible source candidate is the continuous release of stagnant
water from the FDNPP.

The discrepancy between our data and monitoring data at T1 (1.25 ± 0.71) implies multiple
sources exist at the FDNPP site. The higher 90Sr/137Cs at the T1 site could reflect a contribution from
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90Sr-rich groundwater. Groundwater around the reactor buildings had a 90Sr/137Cs activity ratio
(2.4 × 104 [5]) that was 5 orders of magnitude higher than the seawater value observed in this study.
The decontaminated water in storage tanks in the FDNPP was also observed to have high 90Sr/137Cs
activity ratios.

 

Figure 5. FDNPP site-derived 90Sr and 137Cs activities in surface seawater with 90Sr/137Cs ratio for
possible sources. The lower and upper red solid lines show 90Sr/137Cs ratios for stagnant water in the
reactor building in July 2013 (0.78) and August 2013 (0.88), respectively [6]. Core inventory (0.74) was
estimated by the ORIGEN2 code [2]. Shaded areas were averaged monitoring data at T1 (1.25 ± 0.71)
and T2-1 (0.31 ± 0.14) sites from January 2013 to October 2013.

The fitted regression line had an x-intercept of 5.8 mBq L−1. A very low 90Sr/137Cs ratio (0.16) was
observed at S6 without a change in salinity. These results indicate that there is a missing source for
the site with a low 90Sr/137Cs ratio. In the coastal region, salinities ranged from 33.2 to 33.3 psu and
showed no correlation with activities of 90Sr and 134, 137Cs. Atmospherically deposited 90Sr on land
soil in March 2011 was at a lower level (<1.1 Bq g−1) than 137Cs, where the 90Sr/137Cs activity ratio was
considered to be 0.00008−0.017 [1] (Figure 5). Higher mobility of 90Sr has been recognized, but 90Sr
activity in water of the Fukushima River was less than 4 mBq L−1 in 2012 [6]. 137Cs activity ranged
from 12 to 190 mBq L−1, which yielded a low 90Sr/137Cs activity ratio of 0.01–0.04 [6]. Considering the
90Sr/137Cs activity ratio in seawater, riverine input from the land to the ocean was minor for 90Sr,
though dissolved 90Sr activity in the Ukedo River was never reported.

A possible supply process for 137Cs is the release from seabed sediments. Some amount of Cs could
be scavenged by seabed sediments through adsorption onto particles, such as clay minerals [25–27]
during the direct discharge event. The sedimentary 137Cs inventory of 100–200 TBq represents only
1%–3% of the total discharge from the FDNPP to the Pacific Ocean in 2011 [28,29]. Approximately 80%
of the total 137Cs sedimentary inventory was found in coastal sediments at less than 150 m water
depth [29]. The highest 90Sr activity of 63 Bq kg-dry−1 in seabed sediments was observed near the south
discharge gate of the FDNPP site (T2 monitoring point) in September 2011 [6]. Sedimentary 90Sr/137Cs
activity ratios observed after the accident ranged from 0.001 to 0.08, which were lower than those
in seawater. 137Cs could be attributed to the direct discharge event in late March to April 2011 [20].

186



IJERPH 2019, 16, 4094

The extremely low 90Sr/137Cs ratio indicates that the contribution of 90Sr in seawater from the soil and
seafloor sediments is less than that of 137Cs, even if there is a higher mobility for Sr than for Cs in the
soil and sediments.

Another possible low 90Sr/137Cs source is contaminated water that remained in a tunnel for pipes
and cables, which were connected to the turbine buildings of units 2 and 3. Contaminated water
in the turbine and reactor buildings was released into the ocean via the tunnel and cracks resulting
from the earthquake and tsunami. During this direct release event, the 90Sr/137Cs ratio was very low
0.0256 ± 0.0006 [15] (Figure 5). 137Cs activity at T1 reached 68 kBq L−1 [20]. After the direct release was
stopped in early April 2011 by sealing cracks and the tunnel entrance, contaminated water could have
been left in the tunnel until July 2015. Such highly contaminated water could be the source of the low
90Sr/137Cs ratio.

The 90Sr/137Cs activity ratio of 0.66 ± 0.05 observed in this study was higher than data at the
monitoring point, T2-1, near the south discharge gate (0.31 ± 0.14) [6] from January to December
2013, but was lower than that at T1 near the north discharge gate (1.25 ± 0.71) [6] (Figure 5). A large
variation of 90Sr/137Cs at T1 was observed, which might reflect the local input processes of 90Sr and
137Cs. A much higher 90Sr/137Cs activity ratio (e.g., 90Sr activity of 7.5 Bq L−1 and 90Sr/137Cs activity
ratio of 3.2 on 26 June 2013) was observed by TEPCO in the harbor [6] than the coastal region as
observed in this study. The variation in 90Sr/137Cs activity ratios might reflect the spatial and temporal
heterogeneities of released water.

As mentioned above, the similarity of the 90Sr/137Cs activity ratio between seawater and the
stagnant water supported the idea that the most likely candidate was the continuous release from
the reactor buildings of the FDNPP. Both high 90Sr activity and 90Sr/137Cs activity ratio in the coastal
region reflect the input of the stagnant water. Variability of 90Sr/137Cs activity ratios in seawater is an
important indicator to understand the status of the release of contaminated water from the FDNPP.
Unfortunately, the contribution of underground water near the reactor buildings, and released from
sediments to the harbor water, could not be distinguished from the release of the reactor buildings on
the basis of seawater obtained from outside of the harbor. More detailed temporal and spatial data in
the harbor and for other radionuclides such as tritium (3H) and iodine-129 (129I) are necessary.

5.3. Estimation of 90Sr Input to the Ocean from the FDNPP

The continuous release from the FDNPP was the main source to the Fukushima coast. The amount
of 137Cs released daily to the ocean was estimated to be from 8.1 GBq day−1 [7] to 30 GBq day−1 [8]
in 2012 on the basis of simulation of the 137Cs activities of seawater in the harbor and at the north
discharge gate, respectively. We examined the amount of released 90Sr based on that of 137Cs in 2013
by using Equation (1):

NSr−90 = NCs−137 ×
(

CSr−90

CCs−137

)
SW

= CCs−137 × F×
(

CSr−90

CCs−137

)
SW

(1)

where N, C, and F represent release rate, activity, and conversion factor from activity to daily release
rate of 137Cs, respectively. For the estimation of daily released 137Cs, the activities of 137Cs at T2-1
300 m south of the south discharge gate were used (Table 3) [6]. Most of the 137Cs activities were lower
than the MDA (1.2–1.5 Bq L−1). To avoid overestimation of the averaged 137Cs activity, we used only
precise analysis data. The 137Cs activity at the T2-1 site ranged from 0.14 to 0.98 Bq L−1 and showed
considerable variation (mean value = 0.60 ± 0.35 Bq L−1). The conversion factors, F, from activity to
daily release rate of 137Cs were obtained on the basis of the amount of released 137Cs in the direct
release event of March 2011 and 137Cs activities at the T2-1 site [7,20]. The conversion factor applied
was 25.5 × 109 [20] for the T2-1 site.
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Table 3. Estimation of the release rates for 90Sr and 137Cs into the ocean from the FDNPP site in May
2013. C: activity; F: conversion factor; N: release rate.

Monitoring Point
CCs−137 (Bq L−1)

(Jan. to Oct. 2013)

F
(×109 L day−1)

NCs−137
(GBq day−1)

( CSr−90
CCs−137

)
SW

NSr−90
(GBq day−1)

T2-1 0.60 ± 0.35 [6] 25.5 [20] 15.3 ± 8.9 0.63 ± 0.05 9.6 ± 6.1

The resulting daily released amount of 90Sr was 9.1± 6.1 GBq day−1 during our sampling campaign
in May 2013. The observed 90Sr activity in the coastal region was too low to disturb the ecological
system and affect the background radiation dose, as mentioned above. Continuous release could
increase the inventory of 90Sr in the Pacific Ocean. If the constant release (9.1 GBq day−1) continued
over the year, the annual release rate would be estimated at 3.3 TBq yr−1, which is small relative to
the inventory of 105 PBq in the ocean [3]. However, 90Sr in seawater should be closely observed to
detect any unexpected release from the nuclear reactor buildings and the contaminated water storage
tanks. This estimation needs to assume a stable release rate from the single source. As discussed
above, the low 90Sr/137Cs source contributed to seawater around the FDNPP. Therefore, this result
could be overestimated.

In this study, the 90Sr/137Cs activity ratio of 0.66± 0.05, which was influenced by continuous release
from the FDNPP, was distinguished based on precise 90Sr analysis. Buesseler et al. [11,30] suggested
that the possible source of 137Cs was not only continuous release from the FDNPP but also the input
from subsurface groundwater [31], river water [32], and desorption from the marine sediments in the
coastal region [29,30,33]. The environmental migration of 137Cs through particulate and dissolved
fluvial inputs, and remineralization from the sediments contaminated by direct discharge of stagnant
water from 26 March to 6 April 2011, must also be taken into consideration. 90Sr/137Cs activity ratios
could fluctuate according to the source in the FDNPP area and remobilization of 137Cs in coastal
water. In addition to monitoring for ongoing release from the reactor buildings and possible leakage of
stored contaminated water in tanks, continuous measurement of 90Sr is necessary for investigation of
the migration of 137Cs in the marine environment. A combination of other fission product nuclides,
129I and 3H activity, will provide precise information for the current status of leakages from stagnant
water, groundwater, and stored water in tanks.

5.4. Estimation of Effective Dose Rate by Ingestion from Marine Products

90Sr dispersion to the coastal area is the most serious issue for fisheries due to its radiotoxicity.
We estimated the dose impact to human health from marine products. The highest 90Sr activity
(29.13 mBq L−1 at AN7; Table 1) was comparable to typical levels for North Pacific surface seawater
in the early 1960s during nuclear weapons testing [34]. Taking into consideration the processes in
the food chain and the highest activity in the coastal water observed in this study (29.13 mBq L−1 at
AN−7), we obtained Equation (2):

D = C×CF× IR× F (2)

where D is representative of the annual dose rate. C, CF, IR, and F are representative of the 90Sr activity
in seawater, the concentration factor from seawater to marine products (5–10 [35]), the intake rate of
marine products (28.4 kg yr−1 [36]), and dose coefficient (2.8 × 10−8 Sv/Bq [37]), respectively. It should
be noted that these concentrations are quite small (0.23 μSv yr−1) compared with the International
Commission on Radiological Protection (ICRP) limit of 1 mSv yr−1 for a member of the general public.
Much higher 90Sr activities were observed at monitoring points near the south (150−670 mBq L−1) and
north (260−5800 mBq L−1) discharge gates [6]. Even this anomalously high 90Sr activity (5800 mBq L−1)
close to the FDNPP would contribute 46 μSv yr−1 to the annual effective dose rate by marine products.
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6. Conclusions

90Sr is useful as a tracer for continuous releases from the FDNPP site. We reported 90Sr data in
seawater along with 134Cs and 137Cs in samples collected in the coastal area off Fukushima Prefecture.
Released 90Sr was dispersed along the Fukushima coast, and the highest 90Sr activity was 29.13 mBq L−1

at a sampling site 16 km south of the FDNPP. FDNPP site-derived 90Sr/137Cs ranged from 0.16 to
0.64 and the slope of a linear regression fitting of the relationship of Fukushima site-derived 90Sr and
137Cs was 0.66 ± 0.05, which was similar to the ratio of contaminated water in the FDNPP reactor
and turbine buildings. These results suggest that the major contamination source is contaminated
water in the FDNPP buildings. On the other hand, the l37Cs-rich source could also affect seawater and
cause temporal and spatial variations. The estimated release rate of 90Sr (9.6 ± 6.1 GBq day−1) was
small relative to the inventory of 90Sr in the Pacific Ocean. Release of 90Sr has been controlled by the
water shielding wall between the reactor buildings and the harbor since 2015. However, our results
imply that if any accidental release of radionuclides, including 90Sr from the FDNPP, occurs during
decommissioning of the reactors, the coastal area can be exposed to a high activity plume.

Author Contributions: Conceptualization, H.T. and M.Y.; methodology, H.T. and H.O.; investigation, H.T;
data curation, H.T., T.Y., K.T., and H.N.; writing—original draft preparation, H.T.; writing—review and editing,
H.O, D.T., and J.K.; visualization, H.T.; supervision, M.Y.; project administration, H.T.; funding acquisition, H.T. All
authors interpreted the data. All authors provided final approval of the version of the manuscript for publication
and agreed to be accountable for all aspects of the work.

Funding: This work was supported by JSPS KAKENHI (grant numbers: 24110004 and 26340019).

Acknowledgments: We would like to thank the captain, crew, and scientific party of the UM-13-5 cruise by the
RTV Umitaka-Maru for their collaboration in sampling.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Steinhauser, G.; Schauer, V.; Shozugawa, K. Concentration of strontium-90 at selected hot spots in Japan.
PLoS ONE 2013, 8, e57760. [CrossRef] [PubMed]

2. Nishihara, K.; Yamagishi, I.; Yasuda, K.; Ishimori, K.; Tanaka, K.; Kuno, T.; Inada, S.; Gotoh, Y. Radionuclide
release to stagnant water in Fukushima 1 Nuclear Power Plant. J. At. Energy Soc. Jpn. 2012, 11, 13–19.
[CrossRef]

3. Povinec, P.P.; Hirose, K.; Aoyama, M. Radiostrontium in the western North Pacific: Characteristics, behavior,
and the Fukushima impact. Environ. Sci. Technol. 2012, 46, 10356–10363. [CrossRef] [PubMed]

4. Japan Atomic Energy Agency—JAEA. Results of Radiological Analysis for Stagnant Water and
Treated Water. Available online: https://www.meti.go.jp/earthquake/nuclear/decommissioning/committee/
osensuitaisakuteam/2015/pdf/0730_3_4c.pdf (accessed on 15 September 2019). (In Japanese).

5. Tokyo Electric Power Company—TEPCO. Report to NISA upon the Additional Directive Document Regarding
the Leak of Water Containing Radioactive Material from the Water Desalination Apparatus (Evaporative
Concentration Apparatus) of Fukushima Daiichi Nuclear Power Plant (Update). 2012. Available online:
http://www.tepco.co.jp/en/press/corp-com/release/2012/12013108-e.html (accessed on 23 October 2019).

6. Japan Atomic Energy Agency—JAEA. Database for Radioactive Substance Monitoring Data. Available online:
https://emdb.jaea.go.jp/emdb/en/ (accessed on 12 September 2019).

7. Kanda, J. Continuing 137Cs release to the sea from the Fukushima Dai-ichi Nuclear Power Plant through
2012. Biogeosciences 2013, 10, 6107–6113. [CrossRef]

8. Tsumune, D.; Tsubono, T.; Aoyama, M.; Uematsu, M.; Misumi, K.; Maeda, Y.; Yoshida, Y.; Hayami, H.
One-year, regional-scale simulation of Cs-137 radioactivity in the ocean following the Fukushima Dai-Ichi
Nuclear Power Plant accident. Biogeosciences 2013, 10, 5601–5617. [CrossRef]

9. Honda, M.; Kawakami, H.; Watanabe, S.; Saino, T. Concentration and vertical flux of Fukushima-derived
radiocesium in sinking particles from two sites in the Northwestern Pacific Ocean. Biogeosciences 2013, 10,
3525–3534. [CrossRef]

189



IJERPH 2019, 16, 4094

10. Buesseler, K.O.; Jayne, S.R.; Fisher, N.S.; Rypina, I.I.; Baumann, H.; Baumann, Z.; Breier, C.F.; Douglass, E.M.;
George, J.; MacDonald, A.M.; et al. Fukushima-derived radionuclides in the ocean and biota off Japan.
Proc. Natl. Acad. Sci. USA 2012, 109, 5984–5988. [CrossRef]

11. Buesseler, K.O.; Aoyama, M.; Fukasawa, M. Impacts of the Fukushima Nuclear Power Plants on marine
radioactivity. Environ. Sci. Technol. 2011, 45, 9931–9935. [CrossRef]

12. Aoyama, M.; Uematsu, M.; Tsumune, D.; Hamajima, Y. Surface pathway of radioactive plume of TEPCO
Fukushima NPP1 released Cs-134 and Cs-137. Biogeosciences 2013, 10, 3067–3078. [CrossRef]

13. Kumamoto, Y.; Aoyama, M.; Hamajima, Y.; Aono, T.; Kouketsu, S.; Murata, A.; Kawano, T. Southward
spreading of the Fukushima-derived radiocesium across the Kuroshio Extension in the North Pacific. Sci. Rep.
2014, 4, 4274. [CrossRef]

14. Ministry of Education. Culture, Sports, Science and Technology—Japan MEXT Readings of Environmental
Radioactivity Level (English Version). Available online: http://radioactivity.mext.go.jp/en/ (accessed on 30
September 2019).

15. Casacuberta, N.; Masque, P.; Garcia-Orellana, J.; Garcia-Tenorio, R.; Buesseler, K.O. Sr-90 and Sr-89 in
seawater off Japan as a consequence of the Fukushima Dai-ichi nuclear accident. Biogeosciences 2013, 10,
3649–3659. [CrossRef]

16. Oikawa, S.; Takata, H.; Watabe, T.; Misonoo, J.; Kusakabe, M. Distribution of the Fukushima-derived
radionuclides in seawater in the Pacific off the coast of Miyagi, Fukushima, and Ibaraki Prefectures, Japan.
Biogeosciences 2013, 10, 5031–5047. [CrossRef]

17. Castrillejo, M.; Casacuberta, N.; Breier, C.F.; Pike, S.M.; Masque, P.; Buesseler, K.O. Reassessment of 90Sr, 137Cs,
and 134Cs in the Coast off Japan Derived from the Fukushima Dai-ichi Nuclear Accident. Environ. Sci. Technol.
2016, 50, 173–180. [CrossRef] [PubMed]

18. Okuda, K.; Yasuda, I.; Hiroe, Y.; Shimizu, Y. Structure of subsurface intrusion of the Oyashio water into the
Kuroshio Extension and formation process of the North Pacific Intermediate Water. J. Oceanogr. 2001, 57,
121–140. [CrossRef]

19. Nakamura, Y. Studies on the fishing ground formation of Sakhalin Surf Clam and the hydraulic environment
in coastal region. Fukushima Suisan Shikenjo Res. Rep. 1991, 1–118. (In Japanese)

20. Tsumune, D.; Tsubono, T.; Aoyama, M.; Hirose, K. Distribution of oceanic Cs-137 from the Fukushima
Dai-ichi Nuclear Power Plant simulated numerically by a regional ocean model. J. Environ. Radioact. 2012,
111, 100–108. [CrossRef]

21. Aoyama, M.; Hirose, K.; Miyao, T.; Igarashi, Y. Low-level 137Cs measurements in deep seawater samples.
Appl. Radiat. Isot. 2000, 53, 159–162. [CrossRef]

22. Tazoe, H.; Obata, H.; Yamagata, T.; Karube, Z.; Nagai, H.; Yamada, M. Determination of strontium-90 from
direct separation of yttrium-90 by solid phase extraction using DGA Resin for seawater monitoring. Talanta
2016, 15, 219–227. [CrossRef]

23. Tazoe, H.; Obata, H.; Tomita, M.; Namura, S.; Nishioka, J.; Yamagata, T.; Karube, Z.; Yamada, M. Novel method
for low level Sr-90 activity detection in seawater by combining oxalate precipitation and chelating resin
extraction. Geochem. J. 2017, 51, 193–197. [CrossRef]

24. Kusakabe, M.; Oikawa, S.; Takata, H.; Misonoo, J. Spatiotemporal distributions of Fukushima-derived
radionuclides in nearby marine surface sediments. Biogeosciences 2013, 10, 5019–5030. [CrossRef]

25. Santschi, P.H.; Bower, P.; Nyffeler, U.P.; Azevedo, A.; Broecker, W.S. Estimates of the resistance to chemical
transport posed by the deep-sea boundary layer. Limnol. Oceanogr. 1983, 28, 899–912. [CrossRef]

26. Nyffeler, U.P.; Li, Y.H.; Santschi, P.H. A kinetic approach to describe trace-element distribution between
particles and solution in natural aquatic systems. Geochim. Cosmochim. Acta 1984, 48, 1513–1522. [CrossRef]
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Abstract: The deuterium plasma experiment was started using the Large Helical Device (LHD)
at the National Institute for Fusion Science (NIFS) in March 2017 to investigate high-temperature
plasma physics and the hydrogen isotope effects towards the realization of fusion energy. In order
to clarify any experimental impacts on precipitation, precipitation has been collected at the NIFS
site since November 2013 as a means to assess the relationship between isotope composition and
chemical species in precipitation containing tritium. The tritium concentration ranged from 0.10 to
0.61 Bq L−1 and was high in spring and low in summer. The stable isotope composition and the
chemical species were unchanged before and after the deuterium plasma experiment. Additionally,
the tritium concentration after starting the deuterium plasma experiment was within three sigma of
the average tritium concentration before the deuterium plasma experiment. These results suggested
that there was no impact by tritium on the environment surrounding the fusion test facility.

Keywords: tritium monitoring; fusion test facility; deuterium plasma experiment; monthly
precipitation; chemical composition

1. Introduction

The sources of environmental tritium (3H), a radioisotope of hydrogen that decays to 3He with a
half-life of 12.3 years, have been summarized by researchers [1–3]. Most naturally sourced tritium
is produced by the interaction of cosmic rays with nitrogen (14N) and oxygen (16O) atoms in the
upper atmosphere. The tritium production rate by cosmic rays is estimated as 0.25 atoms cm−2 s−1 [2].
The global production rate of natural tritium is 72 × 1015 Bq y−1 if it is assumed that surface area
of the earth is 5.1 × 1014 m2. On the other hand, anthropogenic 3H arises from several sources.
Atmospheric nuclear weapon testing from the 1950s to the early 1960s released significant amounts of
tritium into the environment [2], and approximately 1.86 × 1020 Bq (650 kg) of tritium was released
during 1945 to 1985 [4]. Tritium concentrations in precipitation were rapidly increased by these
events, and many researchers found high tritium concentrations in precipitation [5,6]. Even now,
residual artificial tritium is estimated to be approximately 1018 Bq. Nuclear facilities such as nuclear
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power reactors and nuclear fuel reprocessing plants also release tritium to the environment, and they
have become the dominant anthropogenic source. Annual average amounts of released tritium from
nuclear facilities worldwide to the atmosphere were estimated to be 11.7 × 1015 Bq during the period
from 1998 to 2002 [4]. This amount corresponds to approximately 15 to 20% of the annual tritium
production rate by cosmic rays. The amount of tritium on the earth was estimated at approximately
1.0–1.3 × 1018 Bq and is dependent on the balance between production rate and radioactive decay rate.
Accident-released tritium is also important for the natural environment. After the Chernobyl Nuclear
Power Plant accident and the Fukushima Dai-ichi Nuclear Power Plant accident, elevated tritium in
environmental samples was observed [7,8]. In the case of Japan, Nakasone et al. [9] concluded that
tritium concentrations in monthly precipitation were increased by nuclear weapon testing and the
Fukushima Dai-ichi Nuclear Power Plant accident. In the future, nuclear fusion reactors will have a
large inventory of tritium as fuel. The fuel of nuclear fusion reactors would be the hydrogen isotopes,
deuterium (D) and tritium (T). In the 1990s, the Tokamak Fusion Test Reactor (TFTR) in New Jersey, USA
and the Joint European Torus (JET) in Oxfordshire, UK were used to carry out D–T plasma experiments.
Although the inventory of tritium in these facilities was less than 10 g and tritium in the facilities
was confined using a safety system, tritium concentrations in their surrounding environments were
slightly increased [10]. The International Thermonuclear Experimental Reactor (ITER) is another
international nuclear fusion research and engineering project, and a large experimental tokamak
nuclear fusion device designed to study fusion plasmas of D–T reaction is now under construction in
Saint-Paul-lès-Durance, France [11]. It is envisioned to be the next major step in the world’s fusion
programs. Within the ITER, a total inventory of about 2 to 3 kg (1018 Bq) will be necessary to implement
the D–T reaction [12]. Therefore, it is important to understand the tritium level in a surrounding
environment before and after facility operation starts [13].

The Large Helical Device (LHD) was constructed by the National Institute for Fusion Science
(NIFS) at Toki City, Gifu Prefecture, and it is one of the world’s largest magnetically confined helical
type fusion experimental devices [14]. The deuterium plasma experiment using LHD was started there
in March 2017 to investigate high-temperature plasma physics and the hydrogen isotope effects [14].
A small amount of tritium was produced by a fusion reaction in the deuterium plasma experiment.
Although the deuterium and the tritium gases were exhausted from the vacuum vessel of the LHD
and recovered by the exhaust detritiation system (EDS) [15], a part of the tritium was released into
the environment through the main stack. In the first year of the deuterium plasma experiment, the
annual tritium yield was permitted up to 3.7 × 1010 Bq for commissioning of the deuterium plasma
experiment. The amount of tritium released from the stack was monitored, and the total amount
of tritium released during the first year of the deuterium plasma experiment (from 6 March 2017 to
31 March 2018) was approximately 0.13 × 109 Bq [16]. This value was negligibly small compared
with the permitted annual tritium yield (3.7 × 1010 Bq). The tritium concentrations in environmental
samples (environmental water, air, vegetation, etc.) were monitored before and after the deuterium
plasma experiment to assess the impact of released tritium [17–21]. The tritium concentration levels
were within the background range of the environmental variation. As part of the environmental tritium
monitoring, tritium concentration and chemical composition in monthly precipitation and radioactive
materials in monthly total deposition samples were monitored.

In order to clarify the experimental impact on precipitation, precipitation has been collected at the
NIFS site in Toki, Japan since November 2013 as a means to assess the relationship between isotope
composition and chemical species in precipitation with tritium concentration. Partial data of tritium
concentration and stable isotope ratio in precipitation before the deuterium plasma experiment have
already been reported [21]. This paper reports isotope composition and chemical characteristics of
monthly precipitation collected at Toki and discusses the impact of the first year of the deuterium
plasma experiment in the LHD on the surrounding environment.
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2. Materials and Methods

2.1. Overview of Study Site

The study sampling site was on the roof of a building at the NIFS at Toki City, Gifu Prefecture
(35◦19′ N, 137◦10′ E). Figure 1 shows the sampling location. Toki City is located approximately
30 km northeast of Nagoya City in the central region of Japan. Toki is located in a small-scale basin,
approximately 10 km in diameter, and it is surrounded by low elevation mountains. The Meteorological
Agency has reported average weather conditions for 30 years (1981–2010) observed at the Tajimi
AMeDAS (Automated Meteorological Data Acquisition System) site, which is located 6 km northwest
of NIFS [22]. The average monthly precipitation was high in summer and low in winter, while the
average wind speed was lower than 1.0 m s−1 in that time period. Average monthly temperature
ranged from 2.9 to 27.4 ◦C [23].

 

Figure 1. Maps showing location of the sampling site.

2.2. Sample Collection and Analysis

Monthly precipitation was collected at NIFS. Precipitation samples were collected from
November 2013 to the end of 2017 using a precipitation sampler (ST-1F, Suntechno, Tokyo, Japan) with
a 10 L polyethylene container that had been washed with pure water. After measuring sample weight,
pH (B-211, Horiba, Kyoto, Japan) and electrical conductivity (EC) (E-771, Horiba) were measured.
Approximately 1 L of sample water was distilled, and 800 mL of distilled sample water was electrolyzed
to a volume of 65 mL to enrich its tritium content using an electrolytic enrichment system with a
solid polymer electrolyte membrane (XZ001, De Nora Permelec Ltd. Fujisawa, Japan). After distilling
the tritium-enriched sample water, 50 mL of sample water was mixed with the same volume of a
liquid scintillation cocktail (Ultima Gold LLT, PerkinElmer, Waltham, MA, USA) in a 145 mL low
diffusion polyethylene vial with an inner Teflon coating. Tritium radioactivity was measured with a
low background liquid scintillation counter (LSC: LSC-LB5 or LSC-LB7, Hitachi, Tokyo, Japan) for
1500 min. Counting efficiencies were determined using standard tritium solution (SRM 4361C, NIST,
Gaithersburg, MD, USA). The minimum detection level (MDL) of LSC-LB5 and LSC-LB7 with the
electrolytic enrichment system was approximately 0.04 Bq L−1. Measured values were corrected for
radioactive decay to the middle of the sampling period [21].

A part of each sample was filtered using a 0.45 μm membrane filter (DISMIC 25CS045AS,
ADVANTEC, Tokyo, Japan). The ionic species (Cl−, NO3

−, SO4
2−, Na+, Mg2+, K+, Ca2+, NH4

+) in the
filtered samples were determined by ion chromatography (ICS-2100, Dionex, Sunnyvale, CA, USA).
The Gard column and the Separation column produced by Dionex Inc. were used Ion Pac AG17
4 × 50 mm and Ion Pac AS19 4 × 250 mm for anion analysis and Ion Pac CG16 5 × 50 mm and Ion Pac
CS16 5× 250 mm for cation analysis. We used anion mixed standard solution and cation mixed standard
solution (Kanto Chemical Co. Inc. Tokyo, Japan) for quality control. Stable isotope analysis was
performed using both an isotope ratio mass spectrometer (Delta V Advantage, Thermo Fisher Scientific,
Waltham, MA, USA) with a water equilibrium device (Nakano Electric Inc. Kyoto, Japan) and a cavity
ring-down spectroscopy isotopic water analyzer (model L1102-i, Picarro Inc. Sunnyvale, CA, USA)
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with a CTC analytics autosampler (HTC-PAL, Leap Technologies, Carrboro, NC, USA). Measurement
precision was better than ± 1.5‰ for δD and ± 0.15‰ for δ18O.

3. Results and Discussion

3.1. Tritium Concentration in Precipitation

Figure 2 shows the monthly variations of precipitation data collected at Toki during the sampling
period; they are precipitation amount (A), pH (B), EC (C), and tritium concentration (D). Monthly
precipitation amount ranged from 26 to 363 mm and was high in summer and low in winter. Annual
precipitation amounts in 2014, 2015, 2016, and 2017 were 1515, 1435, 1550, and 1626 mm with the
arithmetic mean value of 1532 mm. Average annual precipitation amount for 30 years (1981–2010)
was 1626.7 mm [22], and the value in 2017 was comparable to the reported value, while those of 2014,
2015, and 2016 were slightly lower than the reported values. The pH data ranged from 4.3 to 6.9, and
about 56% of the samples were in the range of acid rain with the pH < 5.0. The EC ranged from 5 to
28 μS cm−1. There was no clear seasonal trend for either pH or EC.

 

Figure 2. Monthly variations of precipitation amount (A), pH (B), electrical conductivity (EC) (C), and
tritium concentration (D) in precipitation collected at Toki, Japan before (2013–2016) and after (2017)
the first campaign of the deuterium plasma experiment.

The tritium concentration in the monthly precipitation ranged from 0.10 to 0.61 Bq L−1 and
was high in spring and low in summer. Annual tritium concentrations (arithmetic mean ± standard
deviation) in 2014, 2015, 2016, and 2017 were 0.35 ± 0.14, 0.30 ± 0.08, 0.30 ± 0.13, and 0.32 ± 0.13 Bq L−1.
Recent data for tritium concentration in monthly precipitation in Japan have been summarized [9,24,25].
It is known that the concentration of environmental tritium depends on the latitude of the sampling
location; it is high at northern latitudes and low at southern latitudes [26,27]. For example, tritium
concentration in monthly precipitation in Sapporo (northern Japan) during July 2015 to December
2017 ranged from 0.24 to 1.27 Bq L−1 [9], that of Rokkasho during April 2001 to March 2006 ranged
from 0.16 to 1.23 Bq L−1 [28], that of Chiba during November 2013 to December 2017 ranged from
0.12 to 0.53 Bq L−1 [24], and that of Okinawa (southern Japan) during June 2014 to December 2017
ranged from 0.05 to 0.27 Bq L−1 [9]. The results of the present study were similar to those of Chiba,
which is at a similar latitude. The seasonal trend for tritium concentration in precipitation was
similar to the general background pattern observed in Japan, which is high in spring and low in
summer [27]. The northwestern monsoon from the Asian continent blows into Japan during winter to
spring. A relatively higher tritium concentration in precipitation was observed in inland continental
areas due to recycling of tritium by evaporation and precipitation, the so-called continental effect [29].
On the other hand, high-pressure systems develop in the Pacific Ocean in summer and bring air masses
to Japan from the ocean, which have slightly lower tritium concentration [28]. Tritium concentration in
precipitation at Toki changed with meteorological conditions depending on the air-mass transportation
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course. The transfer of cosmogenic tritium from the upper atmosphere to the troposphere in spring
also seemed to contribute to the seasonal pattern observed.

3.2. Stable hydrogen and Oxygen Isotope Composition in Precipitation

The seasonal variations of δD and δ18O in monthly precipitation at Toki are shown in Figure 3A
with the monthly precipitation amount, and the reported monthly average temperature at Tajimi
AMeDas site [22] is shown in Figure 3B. δD and δ18O in monthly precipitation ranged from −103.62 to
−20.77‰ and −15.14 to −3.92‰, respectively. Although precipitation amount and average temperature
had a clear seasonal trend, which was high in summer and low in winter, there was no clear seasonal
change in δD and δ18O. A weak seasonal change of δD and δ18O in precipitation was reported to have
been observed in the East Asian region [30]. The present results had a similar seasonal trend to this
reported one.

Figure 3. Variations of δD and δ18O in monthly precipitation collected at Toki, Japan with monthly
precipitation amount (A) and the reported monthly average temperature at the Tajimi AMeDas site (B).

In general, δD and δ18O in global precipitation are well-related by the following equation.

dD = 8.0 × δ18O + 10 (1)

This equation, called the global meteoric water line (GMWL), is based on precipitation data
collected worldwide [31]. Figure 4 shows the relationship between δD and δ18O in monthly precipitation
collected at Toki, Japan. The slope of the regression line (δD = 7.5 × δ18O + 10.6) of precipitation at
Toki was similar to the slope of the GMWL. Additionally, the reported equation based on observations
in the Kanto area of Japan (Kumagaya, Saitama: δD = 7.4 × δ18O + 9.6, r2 = 0.868) [32] was also similar
to our equation. Here, the intercept of GMWL is known as the deuterium excess (d-excess), and its
equation is as follows [33].

d− excess = δD − 8 × d18O (2)

The d-excess value is used as a convenient tool for describing conditions affecting evaporation
in oceanic moisture source regions. There have been some reports about seasonality of d-excess in
precipitation in Japan [34,35]. In general, high d-excess indicates lower relative humidity in the maritime
air-mass source region [36]. Figure 5A shows the variation of d-excess in monthly precipitation collected
at Toki with precipitation rate, and Figure 5B shows the reported monthly average temperature at the
Tajimi AMeDas site [22]. The d-excess had clear seasonal variation and was high in winter and low in
summer; d-excess and average temperature were negatively correlated (r2 = 0.647). As mentioned
before, the northwestern monsoon from the Asian continent blows onto the Japanese islands during
winter to early spring and carries a dry air-mass with water vapor evaporated rapidly from the Japan
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Sea. On the other hand, high-pressure systems develop in the Pacific Ocean in summer and bring
air-masses from the southern maritime area. This seasonal variation is a general trend seen in Japan,
and the present d-excess value was comparable to the reported value [35]. No impact was found from
the deuterium plasma experiment on the environment.

Figure 4. Relationship between δD and δ18O in monthly precipitation collected at Toki, Japan and a
plot of the global meteoric water line.

Figure 5. Variation of deuterium excess (d-excess) in monthly precipitation collected at Toki, Japan
with monthly precipitation amount (A) and the reported monthly average temperature at the Tajimi
Automated Meteorological Data Acquisition System (AMeDas) site (B).

3.3. Ion Concentrations in Precipitation

Concentrations of anions and cations in precipitation collected at Toki are shown in Figure 6.
Concentration ranges of the anions were Cl−, 0.19 to 1.06 mg L−1; NO3

−, 0.35 to 3.06 mg L−1; and
SO4

2−, 0.41 to 2.35 mg L−1. The ranges of cations were Na+, 0.08 to 0.66 mg L−1; NH4
+, 0.03 to

0.68 mg L−1; K+, <0.05 to 0.20 mg L−1; Mg2+, <0.05 to 0.10 mg L−1; and Ca2+, 0.11 to 0.62 mg L−1.
Seasonal variations of Cl−, Na+, and Mg2+ were a high concentration in winter and a low one in
summer. Those of NO3

−, SO4
2−, and NH4

+ were a high concentration in spring and a low one in
other seasons. The correlation coefficients of ion concentrations in monthly precipitation at Toki, Japan
are shown in Table 1. The relationship between Na+ and Cl− concentrations was found to have a
strong correlation (r = 0.97, p < 0.01), and the Na+/Cl− concentration ratio was similar to their ratio
in seawater, and Mg2+ and Cl− also showed a good correlation (r = 0.81, p < 0.01). It was suggested
that Na+, Cl− and Mg2+ originated from seawater. A good correlation was found between NO3

−,
SO4

2−, and NH4
+ (r > 0.80, p < 0.01). It was reported that main anthropogenic sources of NH4NO3 are

biomass burning, fossil fuel combustion, and gas to particle conversion, and those of (NH4)2SO4 are
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biomass burning, fossil fuel combustion, vehicle exhaust, and gas to particle conversion [37]. In spring,
the continental air-mass is coming to Japan. The present species concentration results indicated that
NO3

−, SO4
2−, and NH4

+ were transported from the Asian continent to Japan as long-range transported
pollutants. In May 2017, NO3

−, SO4
2−, NH4

+, and Ca2+ were seen to rapidly increase. The Japan
Meteorological Agency reported that a large-scale Asian dust event known as kosa was observed on the
7th and the 8th of May 2017 near the sampling site [38]. From these results, NO3

−, SO4
2−, and NH4

+

were thought to have been transported by the kosa in the chemical forms of NH4NO3 and (NH4)2SO4.
It seemed that there was no impact from the deuterium plasma experiment on the chemical species in
the precipitation.

Figure 6. Variation of anion and cation concentrations in monthly precipitation collected at Toki, Japan.

Table 1. Correlation coefficients of ion species in monthly precipitation collected at Toki, Japan.

SO4
2− NO3

− Na+ NH4
+ K+ Mg2+ Ca2+

Cl− 0.28 0.21 0.97 0.23 0.10 0.81 0.56
SO4

2− 0.85 0.30 0.80 0.42 0.30 0.56
NO3

− 0.20 0.84 0.26 0.28 0.62
Na+ 0.21 0.10 0.79 0.54

NH4
+ 0.19 0.11 0.60

K+ 0.04 0.17
Mg2+ 0.68
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3.4. Environmental Assessment of Impact from the Deuterium Plasma Experiment

After starting the first campaign of the deuterium plasma experiment in April 2017, a part of
the produced tritium was released into the atmosphere through the facility stack [16]. Here, the
impact of the experiment on monthly precipitation is discussed. After starting the deuterium plasma
experiment, tritium concentration in precipitation ranged from 0.17 to 0.47 Bq L−1, which was similar
to the concentration range before the experiment, and the seasonal variation was similar too (Figure 2).
All data were within three sigma of the average tritium concentration before the deuterium plasma
experiment [21]. From this result, it was suggested that there was no impact by tritium on the
surrounding environment of the fusion test facility.

The survey of deuterium in precipitation is also important to assess the impact from the deuterium
plasma experiment, because deuterium gas is used as fuel gas [21]. The unit of tritium concentration
usually used is the tritium unit (1 TU = 0.118 Bq L−1). Figure 7 shows the relationship between tritium
concentration (TU) and δD in precipitation at Toki. The values were in the same area of the graph before
and after the deuterium plasma experiment. This also suggested that there were no impacts by tritium
and deuterium on the surrounding environment of the fusion test facility after the deuterium plasma
experiment. Additionally, these results supported those reported by Tanaka et al [20]. A committed
effective dose equivalent of 6.2 × 10−6 mSv y−1 was estimated for an annual consumption of drinking
water having the highest tritium concentration in precipitation after starting the deuterium plasma
experiment (0.47 Bq L−1) by using a dose conversion factor of 1.8 × 10−11 Sv/Bq [39] and a daily water
intake rate of 2.0 L [40]. This value was negligibly small compared with 1 mSv, which is the index of
the annual dose limit for the general public.

Figure 7. Relationship between tritium concentration (TU) and δD in precipitation at Toki.

4. Conclusions

The deuterium plasma experiment using the LHD was started in March 2017 to investigate
high-temperature plasma physics and the hydrogen isotope effect. Although deuterium and tritium
gas were exhausted from the vacuum vessel of the LHD and recovered by the exhaust detritiation
system, a small amount of hydrogen gas was released into the atmosphere through the main stack.
To assess the impact of released tritium to precipitation, monthly precipitation had been monitored at
the NIFS site from November 2013 to establish background values for tritium, hydrogen, and oxygen
stable isotope compositions and chemical species. The tritium concentration ranged from 0.10 to
0.61 Bq L−1 and was high in spring and low in summer. δD and δ18O in monthly precipitation ranged
from −103.62 to −20.77‰ and −15.14 to −3.92‰, respectively. There was no clear seasonal change in
δD and δ18O, and the findings were similar to reported seasonal data. The slope of the line showing
the relationship between δD and δ18O in monthly precipitation (δD = 7.5 × δ18O + 10.6) was similar to
the slope of GMWL. The d-excess showed clear seasonal variation, which was high in winter and low
in summer; d-excess and average temperature were negatively correlated (r2 = 0.647). As a result of
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ion species measurements, NO3
−, SO4

2−, and NH4
+ were determined to have been transported from

the Asian continent to Japan as NH4NO3 and (NH4)2SO4.
Tritium concentration in precipitation after starting the deuterium plasma experiment was within

three sigma of the average tritium concentration before the deuterium plasma experiment. There was
no clear change in stable isotope composition and chemical species. From this, it seemed that there
was no impact from tritium on the surrounding environment of the fusion test facility. The committed
effective dose equivalent from drinking water to local residents after the deuterium plasma experiment
was calculated to be negligibly small compared with the annual dose limit of 1 mSv. We plan to survey
continuously until shutdown of LHD.

Author Contributions: Conceived and designed the survey: N.A., M.T., T.K., H.K. Performed experiments: N.A.,
C.I., A.K., M.N. Analyzed the data: N.A., C.I., M.N. Wrote the paper: N.A., T.K. Acquired the funding: N.A.
Contributed to discussions: N.A., M.T., T.K., H.K.

Funding: This research was funded by the NIFS budget 10203004ULAA024, JSPS KAKENHI Grant Number
17K00559 and 17KK0015, and Hungarian National Research OTKA Grant No K128805.

Acknowledgments: The authors are grateful to T. Saze, H. Miyake and T Nishimura (National Institute for Fusion
Science) for their important support and discussions.

Conflicts of Interest: The authors declare that they have no conflicts of interest.

References

1. Okada, S.; Momoshima, N. Overview of tritium: Characteristics, sources, and problems. Health Phys.
1993, 65, 595–609. [CrossRef] [PubMed]

2. United Nations Scientific Committee on the Effects of Atomic Radiation. Sources and Effects of Ionizing
Radiation, Volume I: Source; UNSCEAR 2000 Report; Report to the General Assembly, Scientific Annexes;
United Nations: New York, NY, USA, 2000.

3. Canadian Nuclear Safety Commission. Investigation of the Environmental Fate of Tritium in the—Part of the
Tritium Studies Projec; INFO0792; Canadian Nuclear Safety Commission: Ottawa, ON, Canada, 2009.

4. United Nations Scientific Committee on the Effects of Atomic Radiation. Sources and Effects of Ionizing
Radiation; UNSCEAR 2008; Report to General Assembly; Scientific Annexes Volume I; United Nations:
New York, NY, USA, 2010.

5. Schell, W.R.; Sauzay, G.; Payne, B.R. Tritium injection and concentration distribution in the atmosphere.
J. Geophys. Res. 1970, 75, 2251–2260. [CrossRef]

6. Morishima, H.; Kawai, H.; Koga, T.; Niwa, T. The trends of global precipitations. J. Radiat. Res.
1985, 26, 283–312. [CrossRef] [PubMed]

7. Salonen, L. Carbon-14 and tritium in air in Finland after the Chernobyl accident. Radiochim. Acta
1987, 41, 145–148. [CrossRef]

8. Matsumoto, T.; Maruoka, T.; Shimoda, G.; Obata, H.; Kagi, H.; Suzuki, K.; Yamamoto, K.; Mitsuguchi, T.;
Hagino, K.; Tomioka, N.; et al. Tritium in Japanese precipitation following the March 2011 Fukushima
Daiichi Nuclear Plant accident. Sci. Total Environ. 2013, 445-446, 365–370. [CrossRef] [PubMed]

9. Nakasone, S.; Ishimine, A.; Ishizu, Y.; Shiroma, Y.; Tanaka, M.; Akata, N.; Kakiuchi, H.; Sanada, T.;
Furukawa, M. Recent tritium concentration of monthly precipitation in Japan. Radiat. Prot. Dosim. 2019.
[CrossRef]

10. Patel, B.; Campling, D.C.; Macheta, P.; Sandland, K.; Schofield, P.A. Health physics aspects of tritium
operation at JET. Fusion Eng. Des. 1999, 47, 267–283. [CrossRef]

11. Holtkamp, N.; for the ITER Project Team. An overview of the ITER project. Fusion Eng. Des. 2007, 82, 427–434.
[CrossRef]

12. Cristescu, I.R.; Cristescu, I.; Doerr, L.; Glugla, M.; Murdoch, D. Tritium inventories and tritium safety design
principles for the fuel cycle of ITER. Nuclear Fusion 2007, 47. [CrossRef]

13. Stamoulis, K.C.; Karamanis, D.; Ioannides, K.G. Assessment of tritium levels in rivers and precipitation in
north-western Greece before the ITER operation. Fusion Eng. Des. 2011, 86, 206–213. [CrossRef]

14. Takeiri, Y. Advanced helical plasma research towards a steady-state fusion reactor by deuterium experiment
in large helical device. Atmos 2018, 6, 69. [CrossRef]

201



IJERPH 2019, 16, 3883

15. Tanaka, M.; Suzuki, N.; Kato, H.; Kondo, T.; Yokosawa, M.; Kawamata, T.; Ikeda, M.; Meguro, T.; Tanaka, T.;
Sonoi, K. Design and commissioning of exhaust detritiation system for the large helical device. Fusion Eng. Des.
2018, 127, 275–283. [CrossRef]

16. National Institute for Fusion Science. Annual Report for FY 2017 on the Activities of Radiation Safety in LHD
Deuterium Plasma Experiment; National Institute for Fusion Science: Toki, Japan, 2018. (In Japanese)

17. Akata, N.; Kakiuchi, H.; Tamari, T.; Tanaka, M.; Kawano, T.; Miyake, H.; Uda, T.; Nishimura, K. FWT
and OBT concentrations in pine needle samples collected at Toki, Japan (1998–2012). Radiat. Prot. Dosim.
2015, 187, 210–214. [CrossRef] [PubMed]

18. Tanaka, M.; Uda, T. Variation of atmospheric tritium concentration in three chemical forms at Toki, Japan:
2004–12. Radiat. Prot. Dosim. 2015, 187, 187–191. [CrossRef] [PubMed]

19. Akata, N.; Tanaka, M.; Kato, H.; Yamanishi, H.; Kakiuchi, H.; Hayashi, H.; Miyake, H.; Nishimura, K.
Long-term monitoring of tritium concentration in environmental water samples collected at Tono area, Japan.
Plasma Fusion Res. 2016, 11, 1305032. [CrossRef]

20. Tanaka, M.; Akata, N.; Iwata, C. Environmental tritium around a fusion test facility, Japan.
Radiat. Prot. Dosim. 2019. [CrossRef]

21. Akata, N.; Hasegawa, H.; Sugihara, S.; Tanaka, M.; Furukawa, M.; Kurita, N.; Kovács, T.; Shiroma, Y.;
Kakiuchi, H. Tritium, hydrogen and oxygen isotope compositions in monthly precipitation samples collected
at Toki, Japan. Radiat. Prot. Dosim. 2019. [CrossRef]

22. Japan Meteorological Agency. Automated Meteorological Data AcquistionSystem (AMeDAS). Available
online: http://www.data.jma.go.jp/obd/stats/etrn/index.php (accessed on 8 August 2019).

23. Akata, N.; Shiroma, Y.; Ikemoto, N.; Kato, A.; Hegedűs, M.; Tanaka, M.; Kakiuchi, H.; Kovács, T. Atmospheric
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Abstract: On 1 April 2017, six years have passed since the Fukushima Daiichi Nuclear Power Station
(FDNPS) accident, and the Japanese government declared that some residents who lived in Tomioka
Town, Fukushima Prefecture could return to their homes. We evaluated environmental contamination
and radiation exposure dose rates due to artificial radionuclides in the livelihood zone of residents
(living space such as housing sites), including a restricted area located within a 10-km radius from
the FDNPS, immediately after residents had returned home in Tomioka town. In areas where the
evacuation orders had been lifted, the median air dose rates were 0.20 μSv/h indoors and 0.26 μSv/h
outdoors, and the radiation exposure dose rate was 1.6 mSv/y. By contrast, in the “difficult-to-return
zone,” the median air dose rate was 2.3 μSv/h (20 mSv/y) outdoors. Moreover, the dose-forming
artificial radionuclides (radiocesium) in the surface soil were 0.018μSv/h (0.17 mSv/y) in the evacuation
order-lifted areas and 0.73 μSv/h (6.4 mSv/y) in the difficult-to-return zone. These findings indicate
that current concentrations of artificial radionuclides in soil samples have been decreasing in the
evacuation order-lifted areas of Tomioka town; however, a significant external exposure risk still exists
in the difficult-to-return zone. The case of Tomioka town is expected to be the first reconstruction
model including the difficult-to-return zone.

Keywords: air dose rate; difficult-to-return zone; evacuation order-lifted areas; effective dose rate;
external exposure risk; Fukushima Daiichi Nuclear Power Station accident; living space; radiocesium;
surface soil; Tomioka town

1. Introduction

More than eight years have passed since 11 March 2011, the date of the 9.0-magnitude Great
East Japan Earthquake, subsequent tsunami, and disaster at the Fukushima Daiichi Nuclear Power
Station (FDNPS), which is operated by the Tokyo Electric Power Company. Various radionuclides
were released from the FDNPS into the atmosphere, eventually being deposited on land and at sea
in the surrounding areas [1]. The estimated total amount of iodine-131 (131I) released ranged from
about 100–500 petabecquerel (PBq), and that of cesium-137 (137Cs) was generally in the range of
6–20 PBq [2]. For perspective, the estimated releases of 131I and 137Cs from the FDNPS were about
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10% and 20%, respectively, of those estimated for the Chernobyl accident [2]. Although much of the
released radionuclides was dispersed over the Pacific Ocean, a fraction was dispersed over the eastern
mainland of Japan; these radionuclides were deposited on the ground by dry and/or wet atmospheric
deposition through rain, fog, or snow, depending on the meteorological conditions [2,3]. These two
radionuclides, together with cesium-134 (134Cs), made the largest contribution by far in terms of public
exposure [2]. Thus, the Japanese government, municipality and private companies have carried out
the environmental and individual radiation monitoring including the external and internal exposure
doses to confirm the radiation level affected areas by the FDNPS accident [4–6]. From these monitoring
results, it is confirmed that artificial radionuclides with a relatively long half-life such as 134Cs (half-life:
2.1 y) and 137Cs (half-life: 30 y) still exist in the environmental samples including soils and plants in
areas around the FDNPS [4–6].

During the eight years since the FDNPS accident, the levels of environmental radioactivity
have been decreasing because of the natural decay of the radionuclides, meteorological conditions
(weathering), and decontamination by the Japanese government and municipality including Tomioka
Town [7–10]. The efforts of the Japanese government to reduce the estimated annual exposure dose rate
to less than 20 mSv/y in the areas with an estimated annual exposure dose rate greater than 20 mSv/y
(the restricted residence and difficult-to-return zones), and to reduce the estimated annual exposure
dose rate closer to 1 mSv/y in the areas with an estimated annual exposure dose rate of less than
20 mSv/y (the evacuation order cancellation preparation zone and the evacuation order-lifted areas)
are still ongoing; this is being done with the cooperation of local authorities and inhabitants through
the implementation of effective decontamination work, which is being carried out according to the
recommendations of the International Commission on Radiological Protection [4,11,12]. However, it is
still necessary to evaluate the long-term behavior and exposure risk of radiocesium in the environmental
samples such as soils by the radiation monitoring.

Tomioka town is located within a 20-km radius of the FDNPS. On 1 April 2017, with the Act on
Special Measures Concerning Nuclear Emergency Preparedness, the Japanese government declared
that residents who lived in approximately 88% of the gross area of the Tomioka town could return
to their homes because the air dose rates were at low levels (estimated doses were expected to be
less than 20 mSv/y) [4,5]. Although 1.5 years have passed since this “declaration of return,” as of
1 October 2018, there were 12,341 evacuees of the Tomioka town, 2627 (21.3%) of whom still currently
live outside of Fukushima Prefecture, 9714 (78.7%) living somewhere in Fukushima Prefecture, and the
rate of residents who have returned home in Tomioka town is still extremely low, at 791 (6.4%) [6].
The reason for this limited number is thought to be anxiety regarding exposure to radiation derived
from the accident [13,14]. In fact, the “difficult-to-return” zone, where the integrated dose rates are
over 50 mSv/y, represents approximately 12% of the gross area of the Tomioka town; therefore, the risk
of external and internal exposure while residents perform activities of daily living (ADL) remains a
particular concern, and some means to reassure the public safety are required [4].

Our previous reports showed that the external and internal exposure dose rates among residents
who had returned to Kawauchi village, which is adjacent to Tomioka town, were limited [15] (Figure 1).
Nevertheless, long-term environmental monitoring, as well as efforts such as further decontamination
and food monitoring, should continue around the FDNPS [16–19], including the Tomioka town.
Especially, the external exposure risk on the livelihood zone of residents (returner’s living space) such
as housing sites is not evaluated unlike the data which the municipal government including the national
and municipality government have reported by literature, database and website. Therefore, in the
present study, to evaluate the amount of environmental contamination and calculate the contributory
external radiation exposure doses of residents who had already returned or who planned to return in
the future, we measured air dose rates and analyzed the concentrations of artificial radionuclides in soil
samples collected in the residential areas of the Tomioka town using gamma spectrometry (Figure 1).
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Tomioka town is located within a 20-km radius from the Fukushima Daiichi Nuclear Power Station in an area 
that also includes a ‘‘difficult-to-return zone’’ and ‘‘evacuation order-lifted areas.’’ The gray dotted circles are 
the sampling points in the evacuation order-lifted areas, and the red circles are the sampling points in the 
“difficult-to-return” zone. 

Figure 1. Location of Tomioka town, Fukushima Prefecture.

2. Materials and Methods

2.1. Sampling Points

The FDNPS (37◦25’ N, 141◦02’ E) is located on the east coast of Honshu Island, approximately
200 km northeast of Tokyo. Tomioka town (public office: 37◦20’ N, 141◦0’ E) is located 8.5 km south
of the FDNPS. In the present study, we measured air dose rates and collected soils from 65 sampling
points in 45 residential areas where residents had returned home and near 20 assembly halls in Tomioka
town between 11 July and 25 October 2017 (Figure 1).

2.2. Measurement of Air Dose Rates and Radionuclides

In the present study, the air dose rates were monitored in air 1 m above the ground at all sampling
points using a NaI(Tl) scintillation survey meter (TCS-172B, Hitachi-Aloka Medical, Ltd., Tokyo,
Japan), which can measure gamma rays (50 keV-3 MeV, ambient dose equivalent rate at 1cm depth:
0.00–30.0 μSv/h). We measured air dose rates with a time constant of 10. In the evacuation order-lifted
areas, an additional radiation dose (radiocesium) including the natural dose was estimated using the
following formula:

Aext (mSv/y) = [(Cint − 0.04 μSv/h)·16h + (Cext − 0.04 μSv/h)·8 h]·365 d·0.001 (1)

where Cint is the indoor air dose rate (μSv/h) and Cext is the outdoor air dose rate (μSv/h). The fixed
number (0.04 μSv/h) in the formula is defined as the natural dose in Japan, and 16 h and 8 h are defined
as representing the indoor and outdoor ADL, respectively. This calculation was based on the method
described by the Ministry of the Environment [8]. According to the monitoring information by the
national and local authorities, the prevalent dose-forming artificial radionuclides from various samples
have been mainly 134Cs and/or 137Cs in offsite areas around the FDNPS. [4,5].

At the same time, to evaluate the vertical distribution and external radiation exposure, 130 samples
(65 sites × 2) of surface soil (0–5 and 5–10 cm below the surface) were collected at Tomioka town
from July to October 2017. Soil sampling was carried out at all sampling sites using a core sampling
technique (two core samples for each point). The size of the soil samples was 18.2 cm2 (diameter of
4.8 cm) and the density of the soil layers (0–10 cm) ranged from 0.31 to 2.3 g/cm3 (dry). The mass
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of the soil samples collected in each area ranged from 24.5 to 284 g. After collection, all samples
were dried for 24 h in a fixed temperature dryer (105 ◦C). Next, the samples were sieved for pebbles
and organic materials (>2 mm). After preparation, the samples were placed in plastic containers
made of polypropylene and analyzed using a high purity germanium detector (ORTEC® GMX series,
Ortec International Inc., Oak Ridge, TN, USA) coupled to a multi-channel analyzer (MCA7600, Seiko
EG&G Co., Ltd., Chiba, Japan) for 3600–36,000 s. We set the measuring time to detect objective
radionuclide levels. The target gamma ray peaks used for the measurements were 604.66 keV for 134Cs
(half-life: 2.1 y) and 661.64 keV for 137Cs (half-life: 30 y). Decay corrections were made based on the
sampling date. The detector efficiency calibration for different measurement geometries including the
density and thickness of samples was performed using mixed activity standard volume sources (Japan
Radioisotope Association, Tokyo, Japan); the relative detection efficiency of this instrument was 33.04%.
Sample collection, processing, and analysis were executed in accordance with standard methods of
the radioactivity measurement authorized by the Ministry of Education, Culture, Sports, Science, and
Technology, Japan [20]. All measurements were performed at Nagasaki University, Nagasaki, Japan.
The obtained data are expressed as average, range (minimum–maximum) and medians.

2.3. Effective Dose Rate

After the measurements, external effective dose rates (μSv/h and mSv/y) from soil samples were
estimated from artificial radionuclide concentrations using the following formula:

Hext = C·Dext·f ·s (2)

where C is the activity concentration (median) of detected artificial radionuclides (134Cs and 137Cs)
(kBq/m2; estimated from the radiocesium concentration in Bq/kg, including soil particles (<2 mm) and
collected surface soil (0.00182 m2)), Dext is the dose conversion coefficient reported as the kerma-rate
in air at 1 m above the ground per unit activity per unit area ((μGy/h)/(kBq/m2)), supposing that
the air-kerma rate and the absorbed dose rate in air were the same value, for radiocesium with the
relaxation mass per unit area (β: g/cm2) set to 10 (5-20 y) because more than eight years had passed since
the FDNPS accident (1.95×10-3 (μGy/h)/(kBq/m2) for 134Cs and 7.55×10−4 (μGy/h)/(kBq/m2) for 137Cs,
ICRU 1994) [21], f is the unit conversion coefficient (0.7 Sv/Gy for the effective dose rate in the body per
unit absorbed dose rate in air) [22], and s is the decrease in the coefficient by a shielding factor against
exposure to gamma rays from a sample at 1 m above the ground (0.7 under the condition of usual
land) [23]. These calculations were based on the method described in our previous study [15,16,24].

2.4. Ethics Statement

The present study was approved by the ethics committee of Nagasaki University Graduate School
of Biomedical Sciences (project registration number: 17030212), and written informed consent was
obtained from the owners of the land containing all sampling points.

3. Results

The air dose rates in Tomioka town are shown in Table 1. In the evacuation order-lifted areas,
the median air dose rates inside the homes of the residents who had returned were 0.20 [0.086–0.37]μSv/h
indoors, 0.26 [0.088–0.68] μSv/h outdoors (in front of the entrance), and 0.34 [0.14–1.3] μSv/h in the
backyard. The annual estimated doses were 1.7 mSv/y indoors, 2.3 mSv/y outdoors, and 3.0 mSv/y in
the backyard. Therefore, an additional radiation exposure dose of 1.6 mSv/y was estimated by the
formula (1). On the other hand, in the difficult-to-return zone, the median air dose rates were 2.3
[1.1–2.9] μSv/h outdoors and 2.1 [1.8–2.4] μSv/h in the backyard. The annual estimated doses were
20 mSv/y outdoors and 18 mSv/y in the backyard.
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Table 1. Air dose rates around residences and assembly halls in Tomioka town, Fukushima Prefecture,
during September to October 2017.

Points
Air Dose Rate in μSv/h External Effective

Dose Rate in mSv/y
Shielding

FactorAverage Range Median

Evacuation
order-lifted

areas (n = 61) a

Indoors 0.20 ± 0.058 c 0.086–0.37 d 0.20 (0.28) e 1.7 f 0.77 g

Outdoors 0.29 ± 0.12 0.088–0.68 0.26 (0.43) 2.3
Backyard 0.40 ± 0.19 0.14–1.34 0.34 (0.63) 3.0

Difficult-to-return
zone (n = 4) b

Outdoors 2.2 ± 0.65 1.1–2.9 2.3 (2.7) 20
Backyard 2.1 ± 0.23 1.8–2.4 2.1 (2.4) 18

a residences (n = 45) and assembly halls (n = 16). b assembly halls (n = 4). c mean ± S.D. d minimum-maximum.
e parentheses show 90th percentile. f median × 24h × 365d × 0.001. g shielding factor of air dose rates ratio
(indoors/outdoors).

The distribution of detected artificial radionuclides (radiocesium) and external effective dose rates
from the surface soil due to radiocesium and the radionuclide ratios (134Cs/137Cs in Bq/kg [dry]) in
Tomioka town are shown in Table 2. The dose-forming artificial radionuclides 134Cs and 137Cs were
prevalent in all samples. In the evacuation order-lifted areas, the radiocesium concentrations inside the
homes of the residents who had returned were 238 (8.0–6063) (0–5 cm) Bq/kg (dry) and 334 (3.7–5803)
(5–10 cm) Bq/kg (dry) for 134Cs, and 1784 (34–45,331) (0–5 cm) Bq/kg (dry) and 2093 (28–48,911)
(5–10 cm) Bq/kg (dry) for 137Cs. The external effective dose rates from the surface soil (0–5 cm)
were estimated as 0.17 mSv/y. On the other hand, in the difficult-to-return zone, the radiocesium
concentrations inside the assembly halls were 8025 (3317–18,552) (0–5 cm) Bq/kg (dry) and 6633
(4654–9034) (5–10 cm) Bq/kg (dry) for 134Cs, and 62,131 (25,559–141,209) (0–5 cm) Bq/kg-dry and
51,840 (36,317–69,377) (5–10 cm) Bq/kg-dry for 137Cs. The external effective dose rates from the surface
soil (0–5 cm) were estimated as 6.4 mSv/y. In the evacuation order-lifted areas, the radiocesium
concentrations were lower in the surface soil samples (0–5 cm) than in the lower layers (5–10 cm),
whereas in the difficult-to-return zone, the radiocesium concentrations were higher in the surface soil
samples (0–5 cm) than in the lower layers (5–10 cm). Therefore, in the difficult-to-return zone, there
was still an accumulation of radiocesium in the surface layer. In the present study, the concentrations
of radiocesium exceeded 8000 Bq/kg (dry), which is the standard value for storing decontamination
waste according to the Japanese guidelines, at some (17) sampling points, and the median radiocesium
values (134Cs/137Cs ratios) in the soil samples were 0.13 (0.093–0.18) at the time of sampling, regardless
of whether they were in the difficult-to-return zone [25]. Moreover, the effective dose rates from the air
dose rates in outdoors and soil samples in Tomioka town showed a positive relationship (r = 0.51 and
0.61, Figure 2).

Table 2. Distribution of radiocesium in soil samples in Tomioka town, Fukushima Prefecture.

Points Radiocesium Concentration in Bq/kg (dry) a External
Effective

Dose Rate
in mSv/y

Radionuclide
Ratio in

134Cs/137Csdepth
Average Range Median

134Cs (2.1 y) 137Cs (30 y) 134Cs (2.1 y) 137Cs (30 y) 134Cs (2.1 y) 137Cs (30 y)

Evacuation-
order-lifted

areas (n = 61) a

0–5 cm 694.3 ± 1137 c 4996 ± 8421 8.0–6063 d 34–45,331 238 (1950) e 1784 (12,966) 0.17 f 0.13 (0.14) g

5–10 cm 750.0 ± 1035 5585 ± 8163 3.7–5803 28–48,911 334 (2016) 2093 (15,209) 0.13 (0.14)

Difficult-
to-return zone

(n = 4) b

0–5 cm 9480 ± 5708 72,757 ± 43,211 3317–18,552 25,559–141,209 8025 (15,906) 62,131
(121,336) 6.4 0.13 (0.13)

5–10 cm 6739 ± 2067 52,343 ± 15,690 4654–9034 36,317–69,377 6633 (8893) 51,840 (68,551) 0.13 (0.14)

a Residences (n = 45) and assembly halls (n = 16). b Assembly halls (n = 4). c mean ± S.D. d minimum-maximum.
e parentheses show 90th percentile. f calculated by the formula (2). g median (90th percentile).

The effective external doses in the living space of residents within housing sites immediately after
the cancellation of the restriction in Tomioka Town (during September to October in 2017) are shown
in Figure 3. In the present study, the external exposure doses including radiocesium were mainly
higher in the backyard than outdoors in front of the entrance. Naturally, the external exposure doses
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including radiocesium were higher in outdoors than indoors by the shielding effectiveness of their
house. Moreover, the external exposure doses due to radiocesium in soil samples were sufficiently
low level.

Figure 2. Relationship between estimated external effective dose rates from surface soil and air dose
rates in Tomioka town. (a) Air dose rates in outdoor (entrance) vs., (b) air dose rates in outdoors
(backyard) vs. and (c) air dose rates in indoor (entrance) vs. effective dose rates of soil samples.
The external effective dose rates from soil samples were estimated using a high purity germanium
detector (only radiocesium). Air dose rates were measured at the sampling points using a NaI (Tl)
scintillation survey meter (natural dose rates including radiocesium).

Figure 3. External exposure doses immediately after the cancellation of restriction in Tomioka Town.
The effective external doses in residents living space within housing sites during September to October
in 2017. Yellow, blue and green squares show the natural dose rates including radiocesium. Red square
shows the external effective dose rates from soil samples (only radiocesium).

4. Discussion

In the present study, the artificial radionuclides 134Cs and 137Cs were detected in all samples from
Tomioka town by gamma spectrometry, and the 134Cs/137Cs values of these samples were around
0.13, which is thought to be the consequence of the relatively early decay of 134Cs (median: 238
(8.0−6063) Bq/kg (dry) for 134Cs and 1784 (34−45,331) Bq/kg (dry) for 137Cs in the upper layer (0−5 cm);
see Table 2). Immediately after the accident, the 134Cs/137Cs values were reported as 0.9 in areas to the
south and southwest of the FDNPS, which were higher than those observed around the Chernobyl
Nuclear Power Plant [26,27]. Eight years have passed since the FDNPS accident, and it was confirmed
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that the 134Cs/137Cs values have been decreasing because of the natural decay of 134Cs (half-life: 2.1 y).
Therefore, in the present study, the radiocesium (the 134Cs/137Cs values: 0.13 (median)) detected in
these samples was obviously derived from the FDNPS accident.

In the present study, air dose rates were higher in the backyard (where trees and plants such as
cedar were growing) than outdoors in front of the entrance to homes in evacuation order-lifted areas
(0.34 (0.14−1.3) μSv/h in the backyard vs. 0.26 (0.088–0.68) μSv/h outdoors and 0.20 (0.086–0.37) μSv/h
indoors; Table 1). In the difficult-to-return zone, the outdoor air dose rates (in the backyard and in front
of the entrance) were nearly equivalent, and the samples were still contaminated (2.1 (1.8−2.4) μSv/h in
the backyard vs. 2.3 (1.1–2.9) μSv/h outdoors; Table 1). Also, gaps were observed between air dose rates
and estimated external effective dose rates. The external effective dose rate in the evacuation-order-lifted
areas were estimated at 10 times higher than the external estimated effective dose rates from radiocesium
in soil samples (Tables 1 and 2). However, because a positive relationship (r = 0.61) was observed
between air dose rates in the backyard and estimated effective dose rates from surface soil samples,
the findings of the present study suggest that the environmental radiation dose was mainly derived
from surface soil and areas around vegetation, including fallen leaves (Figure 2). Following the FDNPS
accident, the residential areas, farmlands, forests (the close to residential areas; <20 m), and roads
within the evacuation order areas around the FDNPS were extensively decontaminated by suitable
methods, and decontamination of the entire area, excluding the difficult-to-return zones, was completed
on 19 March 2018 [25]. However, the decontamination effect of areas around vegetation including
fallen leaves may be limited. Some reports have suggested that radiocesium accumulates in various
forest environments through the forest biota [24,28–31]. The detection of high 137Cs concentrations in
evergreen cedar needles after the accident indicated that the canopy interception of atmospherically
deposited 137Cs, and the existence of high 137Cs activity in newly developed foliage during the six
years after the accident, particularly in the leaves of Japanese konara oak (Quercus serrata) seedlings
in an abandoned coppice forest, suggests translocation and efficient recycling of 137Cs within the
trees [32]. On the other hand, the effective dose rates from the air dose rates in indoors and soil samples
in Tomioka town showed a negative relationship (r = 0.10, Figure 2). The shielding effect by houses
was comparatively high because there were a lot of new houses with high airtightness in areas of
the cancellation of restriction in the Tomioka Town (shielding factor = 0.77, Table 1) [22,23]. Actually,
the additional radiation exposure dose was estimated at low level (1.6 mSv/y) [33].

The Japanese and local government aim to reduce the estimated annual exposure dose rate to
1 mSv/y as early as possible and continue with further reductions in residential areas. In the present
study, the current contamination levels due to radiocesium were extremely different in both areas; low
(0.17 mSv/y) in the evacuation order-lifted areas and relatively high (6.4 mSv/y) in the difficult-to-return
zone in Tomioka town (Table 2). In the eight years that have passed since the FDNPS accident,
the estimated external exposure levels in the evacuation order-lifted areas have decreased because
of decontamination and the decay of artificial radionuclides; however, further remediation of soil
contaminated with artificial radionuclides in the difficult-to-return zone, which is a crucial social
responsibility in Japan and internationally, is still needed. Based on the current findings regarding
radiocesium concentrations and effective dose rates, decreases in external exposure doses are the
evidence that evacuees from the Tomioka town may return (Figure 3). Especially, the concentrations
of detected radiocesium in surface soils were low during two layers (0–5 cm and 5–10 cm) in the
evacuation order-lifted areas of Tomioka town, and the current levels of environmental contamination
around homes in this area of Tomioka town are extremely low. Conversely, in the difficult-to-return
zone, the concentrations of detected radiocesium were higher in surface soil samples (0–5 cm) than
in lower layers (5–10 cm), because in this area, effective decontamination of the strong absorption of
radiocesium by soil particles is not progressing smoothly (Table 2). Most 137Cs accumulated within
1.5 years after the FDNPS accident and 137Cs continued to be retained in the upper mineral soil layer
(0–5 cm) [34]. Absorption of 137Cs appears to be the primary process regulating the 137Cs distribution
in the soil profiles (vertical distribution) over five years of monitoring after contamination [34]. In other
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words, these findings suggest that environmental contamination and the effective dose rates on the
ground in the evacuation order-lifted areas will be decreased by decontamination procedures, such
as the removal of surface soil [35] (Figure 3). In addition, the decontamination of residential areas,
farmlands, forests, and roads is being carried out by suitable methods [35]. Reconstruction projects have
already started in the area of the difficult-to-return zone in coordination with relevant ministries and
agencies such as the Ministry of the Environment and Reconstruction Agency [36]. In Tomioka town,
the pre-decontamination of the difficult-to-return zone has been carried out [37]. The investigation
of the Ministry of the Environment and our research by the car-survey report the effectiveness of the
pre-decontamination in the difficult-to-return zone (data not shown). It is expected that evacuation
orders will be lifted for wider areas in the difficult-to-return zone in the near future.

This study did have several limitations. First, the number of soil sampling points were
relatively limited, especially in the difficult-to-return zone (n = 4), because the size of the sample
collection was small under the serious and emergent conditions of the FDNPS accident. Although
we researched in the residential area as much as possible for the return to home in the future, further
investigation with detailed conditions is needed while confirming the change of radiation doses by the
decontamination work.

Second, other types of evidence such as the internal exposure doses, infrastructure repairs and
support services also play roles in the decision to return. Especially, agricultural activities and the
countryside (satoyama) cultural practice of ingesting edible wild plants (sansai) and mushrooms are
being carried out carefully based on the guidelines by the Nuclear Emergency Response Headquarters
of the Japanese government, accompanied by the ongoing decontamination of farmlands and
radiation monitoring [5,38]. Edible wild plants and mushrooms are well-known as accumulators of
radiocesium [16,18,19,39–42]. Currently, the shipment of agricultural products in Japan is determined
based on regulations outlined by the Japanese government [43]. In Tomioka town, the monitoring
system for local foods by using the nondestructive equipment for detecting radiocesium such as the
NaI spectrometer is an effective tool to avoid unnecessary radiation exposure since February 2018.
Further investigations on external and internal effective doses, are needed [44,45].

5. Conclusions

In the present study, we evaluated environmental contamination and contributions from the
external exposure due to radiocesium in Tomioka town near the FDNPS. Based on the current findings
regarding radiocesium concentrations and effective dose rates, we confirmed that current levels are
decreasing sufficiently, especially in the evacuation order-lifted areas located within a 20-km radius
from the FDNPS and decontaminated rapidly, even though a certain amount of radiocesium derived
from the accident was detected in soil samples in these areas. Thus, decreases in external exposure
doses are the evidence that that evacuees from Tomioka town may return with the long-term follow-up,
as well as environmental monitoring and countermeasures, such as further decontamination and
restrictions on the intake of local foods (edible wild plants and mushrooms) that can cause unnecessary
radiation exposure, and physical and mental support [35–37]. The case of Tomioka town is expected to
be the first reconstruction model for evaluating environmental contamination and radiation exposure
dose rates due to artificial radionuclides, including areas such as the difficult-to-return zone near
the FDNPS.
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Abstract: The determination of natural radionuclide concentrations plays an important role for
assuring public health and in the estimation of the radiological hazards. This is especially true for
high level radiation areas. In this study, 226Ra, 228Ra and 238U concentrations were measured in
well waters surrounding eight of the high-level natural radiation areas in northern Vietnam. The
226Ra, 228Ra and 238U activity concentrations vary from <1.2 × 10−3–2.7 (0.46), <2.6 × 10−3–0.43
(0.07) and <38 × 10−3–5.32 Bq/L (0.50 of median), respectively. 226Ra and 238U isotopes in most areas
are in equilibrium, except for the DT-Thai Nguyen area. The calculated radiological hazard indices
are generally higher than WHO (World Health Organization) recommendations. Average annual
effective dose and excess lifetime cancer risk values due to drinking well water range from to 130 to
540 μSv/year and 7.4 × 10−6 to 3.1 × 10−5, respectively.

Keywords: 226Ra; 228Ra; 238U; well water; radiological hazards; REE and uranium mines; north-
ern Vietnam

1. Introduction

Human beings are always exposed to a wide range of natural radionuclides [1].
Natural radionuclides can be present in the whole environment, including soil, water, air,
food and even our bodies. Radionuclides in soil, air and water come from different sources,
such as the weathering of the earth’s crust, mining activities or fertilizer materials [2–7].
The radionuclides in water can enter the food chain, if the water is used for drinking
or irrigation purposes. Determination of natural radionuclide concentrations in all the
environments plays an important role for public health, because it can be used to assess
the population’s exposure to radiation and estimate the radiological hazard.

Investigations on natural radiation have received particular attention throughout
the world in the last decade, which led to extensive studies in many countries, especially
in or surrounding the high-level natural radiation areas. Studies regarding the natural
radioactivity in water from different sources were widely conducted [7–15].

Among natural radionuclides, uranium leaches out from the bedrock and is present in
water (surface and underground water) in various dissolved and suspended particulate
forms. Other sources can be from the dry or wet deposition of aerosol from air. 228Ra
originates from the 232Th series, and in contrast to the typically not very soluble of Th
element, 228Ra can be partially mobilized in natural waters, giving information on geo-
chemical conditions and enabling contributions to the potential public exposure. 226Ra is
a long-lived daughter of the 238U decay series, and it is also found in the water in trace
quantities. The concentrations of 238U, 228Ra and 226Ra in the water depend on the lithology,
geomorphology and other geological conditions [16]. Thus, the concentration of these
radionuclides varies from one site to another. The study concerning 226Ra, 228Ra and 238U
concentrations in drinking water allows understanding their distribution and evaluating
their impact on human health.
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In Northern Vietnam, there are several mines, which contain higher than average
concentrations of radioactive elements such as the rare earth mines in NX (Lai Chau),
DP (Lai Chau), MH (Lao Cai) and YP (Yen Bai); there is also a polymetallic mine (also
containing high uranium concentration) in DT (Thai Nguyen); finally, there is uranium ore
in BY (Son La), TS (Phu Tho) and NB (Cao Bang). These mines were recently reported to
have a high radioactive background by unpublished data from the Geological Division for
Radioactive and Rare Minerals, Hanoi, Vietnam. This presents a possible public health
concern. Therefore, in this study, the natural radionuclide concentrations in well water
(226Ra, 228Ra 238U) in the area surrounding these mines are investigated. Based on the
activity concentrations, the radiological health hazards are also evaluated.

2. Materials and Methods

2.1. Study Areas

The eight areas in Northern Vietnam, including NX-Lai Chau, DP-Lai Chau, MH-Lao
Cai, BY-Son La, TS-Phu Tho, YP-Yen Bai, DT-Thai Nguyen and NB-Cao Bang were selected
for this study. The location of these areas is presented in Figure 1. The NX mine is one of
the largest rare earth element (REE) mines in Vietnam, with probable reserves of about
7.7 million tons. DP mine ranks the second, with probable reserves of about 3.7 million tons
and is followed by MH with approximately 400,000 tons and YP with about 5000 tons [17].
BY (Son La), TS (Phu Tho) and NB (Cao Bang) have uranium ore deposits, while DT (Thai
Nguyen) is the largest polymetallic mine in Vietnam.

 

Figure 1. Location of the study areas (map was modified from Hung et al., 2016) [18].

2.2. Sample Collection and Preparation

In each study location, 20 water samples were collected from local wells during 2018–
2019. These wells were dug manually in the soil to the depth of about 5 to 10 m, and
these wells provide drinking water for the local population. A total of 160 water samples
with 50 L for each sample were collected for this study. Each water sample was stored
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in a big, 50 L plastic container. Each water sample was co-precipitated as Ba(Ra)SO4 for
radium isotopes, then the uranium isotopes were subsequently precipitated as (NH4)2U2O7
together with MnO2 [15,19,20]. The solid precipitate was then filtered. Together with study
samples, a blank sample was prepared using distilled water in order to determine the
background. The obtained precipitated sample was dried and milled to powder, then they
were pressed into cylindrical plastic containers, weighted and finally hermetically sealed.
The samples were stored for 4 half-lives in order to reach the secular equilibrium (16 days
for 226Ra after sealing, and approximately 100 days for 238U after precipitation).

2.3. Methods

2.3.1. Measurements of Activity Concentration of 238U, 228Ra and 226Ra in Water

After the samples reached equilibrium, activity concentration measurements were
performed using a high-resolution detector HPGe with a low background made by Ortec™.
The analysis was performed using Gamma Vision software. The detector’s energy resolu-
tion was 1.9 keV at the 1.33 MeV 60Co gamma-ray peak. To reduce the effects of background
radiation at the laboratory, the detector was shielded by a 10-cm thick old-lead cylinder
with a 1 mm cadmium and 1 mm copper inner lining. The samples were counted for two
days to minimize the statistical counting error and activity calculation and calibration were
carried out based on standard reference materials (IAEA-375). The level of background
radiation present in the laboratory and introduced by the chemical process was determined
using the blank sample.

The activity concentration of each sample was determined based on its respective
gamma lines. The gamma lines of 609.3 keV, 1120.3 keV and 1764.5 keV of 214Bi were used
to determine the activity concentration of 226Ra, the 911.1 keV line of 228Ac was used for
228Ra while the 1001 keV line of 234mPa was used for 238U (which was verified by 235U
measurement using the 186 keV line). The lowest limit detection were 0.0012, 0.0026 and
0.038 Bq/L for 226Ra, 228Ra and 238U, respectively (the values were used for a studied
sample volume of 50 L).

The activity concentrations of 226Ra, 228Ra and 238U are calculated based on the
following Equation (1) [7]:

Asp =
NspMstAstCiCdi

NstMsp
(1)

where: Asp and Ast is activity concentration of studied and standard samples; Nsp, Msp
and Nst, Mst are the net measured intensity and mass of the sample and standard sample,
respectively; Ci is the correction factor for the differences between the densities of the
samples and the standard sample for the i isotope; and Cdi is the correction fraction for the
precipitation efficiency for the i isotope.

2.3.2. Evaluation of Radiological Hazard Indices

• Annual effective dose (AED)

The annual effective dose (AED) due to the ingestion of the drinking well wa-
ter was estimated to assess the radiological hazards for the local population by using
Equation (2) [21]:

AED (μSv/year) = A (Bq/L) × Cw (L/year) × DCF (μSv/Bq) (2)

where AED is the annual effective dose due to ingestion of radionuclides; A is the ac-
tivity concentration of radionuclides; Cw is the annual water consumption for a person
(730 L/year for adults) [22]. DCF is the ingestion dose conversion factor for the corre-
sponding radionuclides (0.28, 0.69 and 0.045 μSv/Bq for 226Ra, 228Ra and 238U, respec-
tively) [21,23]. We all know that there are some other isotopes, like 210Po, which can
contribute to a higher annual effective dose caused by drinking well waters, but in this
study we only used the 226Ra, 228Ra and 238U values to calculate the AED.
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• Excess lifetime cancer risk (ELCR)

Based on the values of AED, excess lifetime cancer risks (ELCR) were calculated using
the following Equation (3) [24]:

ELCR = AED × Life Expectancy (LE) × Risk factor (RF) (3)

where LE is life expectancy of Vietnamese people in North Vietnam and mountainous
areas (71 years) (https://www.gso.gov.vn/default_en.aspx?tabid=774); RF the risk factor
associated with radiation, which is equal to 0.057 Sv−1 [24].

3. Results and Discussion

3.1. Activity Concentration

The range and average values of activity concentration of 226Ra, 228Ra and 238U
measured in the well water samples are given in Table 1. It can be seen that the activity
concentration of 226Ra, 228Ra and 238U ranges from <0.0012–2.7, <0.0026–0.43 and <0.038–
5.32 Bq/L, respectively. The highest concentrations of all three isotopes are found in
DT-Thai Nguyen. This table shows only a slight difference in concentration between 226Ra,
228Ra and 238U in most cases, except for the DT-Thai Nguyen sampling site. 226Ra, 228Ra
and 238U ratios near unity indicate recent contact with uranium bearing not yet weathered
minerals [25]. The concentrations of 226Ra, 228Ra and 238U are less than 1 Bq/L in most areas,
except for DT-Thai Nguyen (Table 1). In the case of DT-Thai Nguyen, the concentrations of
226Ra, 228Ra and 238U are comparatively high and are in the ranges of 0.36–2.70, 0.05–0.43
and 0.33–5.32 Bq/L, respectively. There, the 226Ra concentration can reach levels multiple
times higher than the WHO guideline (1 Bq/L) [26]. The high concentrations of 226Ra and
238U in DT-Thai Nguyen can be attributed to the polymetallic mine (which contains high
uranium concentration) in this area. There are some activities, such as exploitation and
the process of ore sorting going on, which can influence activity concentrations. It should
be noted that the water samples in this study were taken from wells with depth of less
than 10 m. These type of wells depend on rainfall and surface water as their source of
water. Accordingly, they are easily contaminated by surface water and various human
activities. Thus, the human activities in the polymetallic mine can lead to a relatively high
concentration of 226Ra, 228Ra and 238U in well water.

Table 1. Concentration of natural radionuclides in well water samples in North, Vietnam.

Locations Type of Mine Value
Activity Concentration (Bq/L)

226Ra/238U226Ra 228Ra 238U

NX-Lai Chau REE mine
Range (SD) 0.26–0.65 (0.09) 0.04–0.10 (0.01) 0.15–0.72 (0.15) 0.64–1.73

Average 0.44 0.06 0.50 0.95

DP-Lai Chau REE mine
Range (SD) 0.35–0.59 (0.08) 0.05–0.15 (0.03) 0.31–0.71 (0.10) 0.60–1.19

Average 0.47 0.11 0.54 0.90

MH-Lao Cai REE mine
Range (SD) 0.30–0.78 (0.16) <0.0026–0.11

(0.02) 0.31–0.87 (0.18) 0.69–1.52

Average 0.52 0.07 * 0.56 0.96

YP-Yen Bai REE mine
Range (SD) <0.0012–0.54

(0.07)
<0.0026–0.12

(0.02) <0.038–0.70 (0.12) **

Average 0.23 * 0.08 * 0.31 * **

BY-Son La Uranium mine
Range (SD) 0.25–0.74 (0.11) <0.0026–0.09

(0.02) 0.27–0.63 (0.08) 0.76–1.44

Average 0.45 0.06 * 0.41 1.08

TS-Phu Tho Uranium mine
Range (SD) 0.25–0.97 (0.19) 0.05–0.10 (0.02) 0.27–0.69 (0.11) 0.50–1.76

Average 0.48 0.07 0.48 1.01

DT-Thai Nguyen Uranium mine
Range (SD) 0.36–2.70 (0.69) 0.05–0.43 (0.11) 0.33–5.32 (1.46) 0.50–1.42

Average 1.15 0.18 2.06 0.79
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Table 1. Cont.

Locations Type of Mine Value
Activity Concentration (Bq/L)

226Ra/238U226Ra 228Ra 238U

NB-Cao Bang Uranium mine
Range (SD) 0.32–0.97 (0.18) <0.0026–0.13

(0.02) 0.34–0.80 (0.12) 0.53–1.43

Average 0.53 0.07 0.55 0.97

Overall range Minimum <0.0012 <0.0026 <0.038 0.50
Maximum 2.7 0.43 5.32 1.76

* during averaging values under the detection limit were taken as the detection limit to give a conservative estimate. ** uncalculable values
were left out of the ratio calculation.

Table 2 compares the 226Ra, 228Ra and 238U concentrations in the well water samples
in this study with that of different water sources in different countries. The concentrations
of 226Ra, 228Ra and 238U in well water in the areas observed in this study are significantly
higher than those in Hoa Binh, Vietnam. In addition, the observed concentrations are
higher than those in reported for many other countries [8–12,16], whereas they are lower
than some values reported for tube wells in India. The concentrations observed in well
water significantly depend on the type of aquifer rock as well as the chemical and physical
characteristics of water [27], thus such differences can be expected. The concentration
of studied radionuclides observed in well water in this study is within the worldwide
range [28].

Table 2. 226Ra and 238U concentrations in water samples in different areas.

Countries Samples
Activity concentration (Bq/L)

References226Ra 228Ra 238U

Northern Vietnam Well water <0.0012–2.7 <0.0026–0.43 <0.038–5.32 This study
Hoa Binh, Vietnam Groundwater 0.005–0.029 ≤0.020 ≤0.0005–0.009 [15]

Italy Drinking water 0.0050–0.0608 0.00010–0.0257 0.000206–0.103 [12]
Turkey Drinking water <0.027–2.431 <0.036–0.270 - [9]
Jordan Tap water 0.096 0.170 0.033 [8]

Erbil, Iraq Surface water 0.274–1.03 0.00676–0.244 * 0.274–1.03 * [11]

Gogi, India Tube well 0.0195–10.5 - 0.0123–33.2
[16]Open well 0.0366–0.0571 - 0.114–0.160

Ghana
Groundwater 0.09–0.18 0.22–0.99 * 0.09–0.18 *

[10]Surface water 0.08–0.17 0.18–0.74 * 0.08–0.17 *

World range Drinking water 0.0002–45 0.0001–7.7 0.000028–150 [28]

* Equilibrium was assumed by the original authors.

Regarding the concentration ratio of 226Ra/238U in well water samples, as shown in
Table 1, the average value ranges from 0.57 (DT-Thai Nguyen) to 1.09 (BY-Son La). The data
presented in Table 1 also shows that on average there is near equilibrium between 226Ra
and 238U, except for DT-Thai Nguyen. Kumar et al. (2016) reported that the concentration
of 226Ra/238U in groundwater in southwestern Punjab in India was varied from 0.08
to 0.22 [29]. In groundwater in Finland, Asikainen (1981) also showed that the ratio
of 226Ra/238U ranged from 0.05 to 1. By contrast, other previous studies reported the
enrichment of 226Ra in groundwater [30]. For examples, Gascoyne (1989) indicated that
the 226Ra/238U ratios in Canadian groundwater varied from 0.026 to 5300; this ratio in
Konnngara Australian groundwater was from 0.02 to 89 [31]. Recently, the research results
of Almasoud et al. (2020) indicated that the ratios of 226Ra/238U in groundwater samples in
Saudi Arabia ranged from 1.25 to 20.4 [32]. The issue is further complicated by the effects
of the recoil from the emission of an alpha particle, which can increase the mobility of
the daughter nuclide due to the Szilárd–Chalmer effect. On the other hand, the 234Th or
234U can be fixed to more weathering resistant mineral phases, resulting in relatively more
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238U dissolving into groundwater [31]. The depletion of 234U in groundwater can also be
observed based on the relative abundances of U under various geochemical conditions [30]

The relationship between activity concentrations of 238U and 226Ra in well water
samples in this study is shown in Figure 2. A significant positive correlation was found
between the two radionuclides with a Pearson correlation coefficient, 0.9402 and a p value
< 0.00001 for the overall dataset, due to the influence of the higher values observed at
DT-Thai Nguyen. The high value of correlation between 238U and 226Ra shows that these
radionuclides have leached from the similar host rock [16]. Excluding DT-Thai Nguyen,
there is moderate positive correlation with a Pearson correlation coefficient of 0.6326, and
a p value < 0.00001. Similarly, a strong positive correlation was observed both between
238U and 228Ra (Pearson correlation coefficient: 0.8411, with a p value < 0.00001) and
226Ra and 228Ra (Pearson correlation coefficient: 0.7834, with a p value < 0.00001) for the
overall dataset, however the effect of the higher values at DT-Thai Nguyen improving the
correlation are observable here as well.

Figure 2. Relationship between 238U and 226Ra concentrations.

3.2. Radiological Hazards

The calculated radiation hazard indices based on the average activity concentrations
for some drinking well water in northern Vietnam are listed in Table 3. As shown in this
table, the annual effective dose (AED) for 226Ra is significantly higher than that for 238U,
while 228Ra is in the middle despite having a higher dose conversion coefficient due to
the comparatively low activity concentrations. The average total annual effective dose
for adults due to the consumption of water ranges from 130 to 540 μSv/year with the
mean value of 240 μSv/year. The average excess life cancer risk (ELCR) due to drinking
the investigated well water is from 7.4 × 10−6 to 3.1 × 10−5 (7 to 31 cases per 1 million
people) with the average of 1.4 × 10−5 (14 cases per 1 million people). Specific wells can
have higher values; the overall maximum activity concentrations were observed in a well
in YP-Yen Bai translating to a total annual effective dose of 540 μSv/y for adults and an
ELCR of 7.0 × 10−5 (70 cases per 1 million people). As reported by the WHO (2017), the
reference values for AED and ELCR due to drinking water are 100 μSv/year and 1.0 × 10−5,
respectively. It can be seen that the results of AED and ELCR due to consumption of well
water in this study are higher on average for each area from the observed radionuclides
alone than the values suggested by the WHO (2017), with the exception of ELCR for YP-
Yen Bai. This indicates that there is a need for defining local policy regarding the wells
in high-level natural radiation areas, northern Vietnam (in the observed areas), especially
DT-Thai Nguyen.
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Table 3. Radiation hazard indices for well water samples in northern Vietnam.

Locations Type of Mine
AED (μSv/Year)

ELCR226Ra 228Ra 238U Total

NX-Lai Chau REE mine 120 40 20 190 1.1 × 10−5

DP-Lai Chau REE mine 130 80 20 240 1.3 × 10−5

MH-Lao Cai REE mine 150 50 30 220 1.3 × 10−5

YP-Yen Bai REE mine 60 50 10 130 7.4 × 10−6

BY-Son La U mine 130 40 20 180 1.0 × 10−5

TS-Phu Tho U mine 140 50 20 210 1.2 × 10−5

DT-Thai Nguyen U mine 320 120 90 540 3.1 × 10−5

NB-Cao Bang U mine 150 50 20 220 1.3 × 10−5

Average 150 60 30 240 1.4 × 10−5

4. Conclusions

The concentrations of 226Ra, 228Ra and 238U in well waters in different locations
surrounding the high-level radiation areas in northern Vietnam were extensively measured
and evaluated. The research results show that the concentrations of 226Ra, 228Ra and 238U
in well water samples in the observed mining areas of northern Vietnam are comparatively
higher than those reported for other areas of Vietnam and other countries. The highest
concentrations of 226Ra, 228Ra and 238U are observed in DT-Thai Nguyen. The research also
shows that the concentration of 226Ra and 238U for most locations on average are around
equilibrium, except for DT-Thai Nguyen. Regarding the radiological hazards assessment,
the calculated results of AED and ELCR due to the consumption of well water are often
higher, and for DT-Thai Nguyen multiple times higher, than the WHO reference values.
The results generated from this study provide important baseline data for the impact
assessment of the mining activities in the region in the future.

Author Contributions: Conceptualization, V.-H.D., T.-D.N., and T.K.; methodology, M.H., V.-H.D.,
and T.K.; formal analysis, M.H., T.-D.N.; investigation, V.-H.D., T.-D.N., E.K., and T.K.; resources,
V.-H.D., and T.K.; data curation, T.K. and M.H.; writing—original V.-H.D., and M.H. and T.K. draft
preparation, V.-H.D.; writing—review and editing, M.H., E.K., V.-H.D., and T.K.; visualization, V.-
H.D. and E.K.; supervision, T.K.; project administration, T.K.; funding acquisition, V.-H.D. and T.K.
All authors have read and agreed to the published version of the manuscript.

Funding: The research work is supported by Grant of The National Foundation for Science and
Technology Development (NAFOSTED), Vietnam, no 105.05-2019.10. and the TKP2020-IKA-07
project financed under the 2020-4.1.1-TKP2020 Thematic Excellence Programme by the National
Research, Development and Innovation Fund of Hungary.

Institutional Review Board Statement: Not applicable for studies not involving humans or animals.

Informed Consent Statement: Not applicable for studies not involving humans.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sonkawade, R.G.; Kant, K.; Muralithar, S.; Kumar, R.; Ramola, R.C. Natural radioactivity in common building construction and
radiation shielding materials. Atmos. Environ. 2008, 42, 2254–2259. [CrossRef]

2. Azeez, H.H.; Mansour, H.H.; Ahmad, S.T. Transfer of natural radioactive nuclides from soil to plant crops. Appl. Radiat. Isot. 2019,
147, 152–158. [CrossRef] [PubMed]

3. Cwanek, A.; Mietelski, J.W.; Lokas, E.; Olech, M.A.; Anczkiewicz, R.; Misiak, R. Sources and variation of isotopic ratio of airborne
radionuclides in Western Arctic lichens and mosses. Chemosphere 2020, 239, 124783. [CrossRef] [PubMed]

4. Nguyen, D.C.; Le Khanh, P.; Jodlowski, P.; Pieczonka, J.; Piestrzyński, A.; Van, H.D.; Nowak, J. Natural Radioactivity at the Sin
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