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Abstract

A car-borne survey was carried out in the northwestern, or Tokatsu, area of Chiba Prefec-
ture, Japan, to make a detailed distribution map of absorbed dose rate in air four years
after the Fukushima Daiichi Nuclear Power Plant accident. This area was chosen because
it was the most heavily radionuclide contaminated part of Chiba Prefecture and it neigh-
bors metropolitan Tokyo. Measurements were performed using a 3-in x 3-in Nal(Tl) scintil-
lation spectrometer in June 2015. The survey route covered the whole Tokatsu area which
includes six cities. A heterogeneous distribution of absorbed dose rate in air was observed
on the dose distribution map. Especially, higher absorbed dose rates in air exceeding 80
nGy h™" were observed along national roads constructed using high porosity asphalt,
whereas lower absorbed dose rates in air were observed along local roads constructed
using low porosity asphalt. The difference between these asphalt types resulted in a het-
erogeneous dose distribution in the Tokatsu area. The mean of the contribution ratio of
artificial radionuclides to absorbed dose rate in air measured 4 years after the accident
was 29% (9-50%) in the Tokatsu area. The maximum absorbed dose rate in air, 201 nGy
h™' was observed at Kashiwa City. Radiocesium was deposited in the upper 1 cm surface
layer of the high porosity asphalt which was collected in Kashiwa City and the environmen-
tal half-life of the absorbed dose rate in air was estimated to be 1.7 years.

Introduction

The environmental radiation levels in eastern Japan were dramatically changed after the
Fukushima Daiichi Nuclear Power Plant (F1-NPP) accident in March 2011. According to the
UNSCEAR 2013 report [1], the released total amounts of artificial radionuclides were esti-
mated to be 6-20 PBq of *’Cs and 100-500 PBq of '*'T and they are about 20% and 10% of the
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no patents, products in development or marketed  respectively estimated amounts emitted in the 1986 Chernobyl accident. Since the F1-NPP

products to declare. This does not alter our accident, distributions of absorbed dose rates, affected by artificial radionuclides, have been
adherence to all the PLOS ONE policies on sharing

data and matsrials, observed by public officials and researchers [2-7]. In the most extensive surveys, the Japanese

government has carried out air- and car-borne surveys centered on Fukushima Prefecture at
regular intervals, and the distribution maps of dose equivalent rate have been made available
on the website of the Nuclear Regulation Authority, Japan [8].

The Tokatsu area is located in the northwestern part of Chiba Prefecture (Fig 1) and it
includes the six cities of Noda, Nagareyama, Kashiwa, Abiko, Matsudo and Kamagaya. Within
Chiba Prefecture, this area received the most radionuclide contamination from the F1-NPP
accident [8]. Initially, the Japanese government did not provide support for environmental
surveys in these cities because they were located outside Fukushima Prefecture; support was
begun 6 months after the accident. Therefore, in response to requests from their residents, the
local city governments established a new organization named the “Conference on Radiation
Countermeasures in the Tokatsu area (CRCT)” 3 months after the accident, and they officially
surveyed the dose equivalent rates at public facilities such as schools and parks [9]. Informa-
tion about the rates has been available on the websites of each local government office.

According to the results obtained from air- and car-borne surveys by the Japanese govern-
ment measured in September 2011 [8], the Tokatsu area, excluding the north area of Noda
City (#1 in Fig 1B) and the south area of Kamagaya City (#6 in Fig 1B), had dose equivalent
rates (absorbed dose rate in air) roughly ranging from 0.2-0.5 uSvh™" (267-668 nGy h™", dose
conversion factor: 0.748 Sv Gy ' [10]). In the latest result measured in November 2015,
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Fig 1. The location of Chiba Prefecture relative to the Fukushima Daiichi Nuclear Power Plant (A) and the detailed location of the
Tokatsu area in the northwestern part of Chiba Prefecture (B) which includes six cities: 1, Noda City; 2, Nagareyama City; 3,
Kashiwa City; 4, Abiko City; 5, Matsudo City; and 6, Kamagaya City.

doi:10.1371/journal.pone.0171100.9001
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Kashiwa and Abiko Cities had dose equivalent rates in the range of 0.1-0.2 uSv h™ (134-267
nGy h™"), and the dose equivalent rates in the other four cities were below 0.1 uSvh™ (134 nGy
h™) which is the minimum level [8]. A detailed dose rate distribution map to estimate the
impact from the F1-NPP accident on Tokatsu area has not been obtained. Additionally, while
the fixed-point observations for absorbed dose rate in air have been carried out by local gov-
ernments, the general public is often ill-informed about the presence of natural radiation
sources such as terrestrial gamma-rays and cosmic-rays and their contribution to the absorbed
dose rates. According to the report from CRCT [11], as of December 2011, the average dose
equivalent rate (absorbed dose rate in air) for the Tokatsu area measured with a CsI(T1) porta-
ble scintillation survey meter was 0.18 + 0.07 uSvh™' (224 + 99 nGy h™") at 1 m above the
ground surface; however, the measured values are mixed dose rates from the natural and artifi-
cial radionuclides.

Researchers at the National Institute of Radiological Sciences (NIRS) carried out a nation-
wide survey of absorbed dose rate in air from natural radiation in the 1960s-1970s [12]. In this
survey, done well before the F1-NPP accident, measurements were made on school grounds in
Noda (n = 1), Kashiwa (n = 2) and Matsudo (n = 3) Cities for the Tokatsu area, but measure-
ments were not made in the other three cities. Sugino et al. [13] also measured the terrestrial
gamma ray dose rate by fixed-point observation for the Kanto district which included Chiba
Prefecture, but the whole Tokatsu area was not covered by the measurement points. Therefore,
no accurate estimation has been made for the impact of the F1-NPP accident on the Tokatsu
area. In this study, a car-borne survey for the whole Tokatsu area was carried out to make the
detailed dose rate distribution map. Additionally, the gamma-ray pulse height distribution by
the fixed-point observation was determined using a NaI(Tl) scintillation spectrometer to esti-
mate the contribution ratio of artificial radionuclides for the dose rate.

Materials and Methods
Survey route

The absorbed dose rates in air (nGy h!) from both natural radionuclides (*°K, *®U series and
232Th series) and artificial radionuclides (***Cs and '*’Cs) were measured on June 5 and 10-
14, 2015, in the Tokatsu area of Chiba Prefecture, Japan (Fig 1). The survey route is shown in
Fig 2. Main roads including national routes (NRs) 6 and 16 were selected to the extent possible,
primarily centered on residential areas. No expressways were included in this survey. The sur-
vey route was 669 km long. The weather condition was sunny or cloudy throughout the survey.
This route map was drawn using the Generic Mapping Tools (GMT) created by Wessel and
Smith [14].

Car-borne survey

A car-borne survey technique is a convenient method for the evaluation of radiation dose in a
wide area in a short period [15]. A 3-in X 3-in NalI(TI) scintillation spectrometer (EMF211,
EME Japan Co., Osaka, Japan) with a global positioning system was used for the present car-
borne survey. This spectrometer was positioned inside the car. Measurements of the counts
inside the car were carried out every 30 s along the route. Latitude and longitude at each mea-
surement point were measured at the same time as the gamma-ray count rates (50 keV- 3.2
MeV) were recorded. Car speed was kept around 40 km h™". The photon peak of “’K (E, =
1.464 MeV) and ***T1 (E, = 2.615 MeV) was used for the gamma-ray energy calibration from
the channel number and gamma-ray energy before the measurements. Measured count rates
inside the car were corrected by multiplying them by a shielding factor to estimate the
unshielded external dose rates. The shielding factor of the car body was estimated by making
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Fig 2. Survey routes for measuring the absorbed dose rates in air. A car-borne survey was carried out
using a Nal(Tl) scintillation spectrometer in June 2015. Total distance traveled was 669 km. The fixed-point
measurements outside the car were also carried out for 10 min at 43 locations.

doi:10.1371/journal.pone.0171100.9002

measurements inside and outside the car at 43 locations (Fig 2). Those measurements were
recorded over consecutive 30-s intervals during a total recording period of 2 min. A shielding
factor was obtained from the slope of the regression line in the relation between count rates
inside and outside the car.

The gamma-ray pulse height distributions were also measured outside the car for 10 min at
43 locations (Fig 2). These observations were carried out on private land after obtaining spe-
cific permissions from the land owners and it was also confirmed that the field studies did not
involve endangered or protected species. The NaI(T1) scintillation spectrometer was posi-
tioned 1 m above the ground surface. Measured gamma-ray plus height distributions were
then unfolded using a 22 x 22 response matrix for the estimation of absorbed dose rate in air.
The detailed method has been reported by Minato [16]. These calculated dose rates were used
to estimate the dose conversion factor (nGy h™'/cps) because it is difficult to obtain the photon
peak for each gamma-ray energy in a 30-s measurement. In this study, the dose conversion fac-
tor was obtained from the slope of the regression line in the relation between corrected inside
count rates and calculated absorbed dose rates in air, and inside count rates were multiplied by
the dose conversion factor to convert them to external absorbed dose rate in air.
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Based on all of the calculated external absorbed dose rates in air, the detailed dose distribu-
tion map in the Tokatsu area was plotted using GMT [14] and the plotted data on the map
were interpolated using a minimum curvature algorithm. The calculated absorbed dose rates
in air using a 22 x 22 response matrix method were separated as natural radionuclides (*’K,
2381 series and ***Th series) and artificial radionuclides (***Cs and **’Cs). In this study, the
energy bins were set to 1.39-1.54 for *’K, 1.69-1.84 MeV and 2.10-2.31 MeV for *'*Bi (***U
series), 2.51-2.72 MeV for 2°*T1 (***Th series), 0.55-0.65 MeV and 0.75-0.85 MeV for 1**Cs
and 0.65-0.75 MeV for '*’Cs to unfold the gamma-ray pulse height distribution, and the con-
tribution ratio of artificial radionuclides for absorbed dose rate in air was observed in the spec-
tra. These energy intervals for the bins were given by Minato [16]. Additionally, external
effective dose (mSv) was estimated based on the measured absorbed dose rate in air.

Results and Discussion
Shielding and dose conversion factors

The correlation between count rates inside and outside the car measured at 43 locations is
shown in Fig 3A, and the shielding factor and standard uncertainty [17] were found to be 1.42
and 0.08, respectively. Although the shielding factor is influenced by the type of car, number of
passengers and dosimeter position inside the car, this factor has been reported in previous
reports as ranging from 1.3-1.9 [2, 5-7, 15, 18-20]. The presently obtained factor was in this
range. Fig 3B shows the correlation between absorbed dose rate in air (nGy h™') calculated
using the 22 x 22 response matrix method and count rate outside the car (cps) (i.e., corrected
count rate inside the car). The dose conversion factor and uncertainty were found to be 0.14
nGy h™/cps and 0.01, respectively. The decision coefficients (R) for shielding and dose con-
version factors were 0.867 and 0.950, respectively (Fig 3A and 3B). A lower decision coefficient
of the shielding factor was observed compared to previous measurements made in Aomori,
Japan (R° = 0.973, n = 73) [7], Kerala, India (R* = 0.964, n = 34) [15] and Brunei (R* = 0.97,
n = 16) [21] which were places not contaminated by artificial radionuclides. It seemed that
the lower decision coefficient might be affected by heterogeneously deposited artificial
radionuclides.

Based on these results, the absorbed dose rates in air (D,,,;) outside the car 1 m above the
ground surface at each measurement point were calculated using Eq (1):

D, , =D, x142x0.14 (1)

where C;, is count rate inside the car (cps) obtained by the measurements of the car-borne
survey.

Contribution ratio of artificial radionuclides

The statistically analyzed absorbed dose rates in air measured by the car-bone survey are
shown in Fig 4A. The outliers were defined as: < lower quartile- 1.5 x distance from upper
quartile to lower quartile (IQD) or > upper quartile + 1.5 x IQD (KaleidaGraph, Synergy Soft-
ware, USA). The mean absorbed dose rate in air in the whole Tokatsu area was 68 + 20 nGy
h! (25-201 nGy h™). The mean and range of absorbed dose rate in air of the six cities are
shown in Table 1. The most contaminated city was Kashiwa, whereas the least contaminated
was Noda. Absorbed dose rates in air observed from all radionuclides, natural radionuclides
(*°K, #8U series and ***Th series) and artificial radionuclides (***Cs and **’Cs) at 43 locations
are shown in Table 2. The mean dose rates from natural and artificial radionuclides were

46+ 10 nGy h™' (24-82 nGyh™) and 24 + 19 nGy h™' (0-78 nGy h™"), respectively. According
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Fig 4. The distribution map of absorbed dose rate in air for the Tokatsu area. A minimum curvature algorithm was used for the data
interpolation using the Generic Mapping Tools of Wessel and Smith [14]. This map was drawn using 2,165 data.
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Table 1. Absorbed dose rate in air in the Tokatsu area of Chiba Prefecture measured in 2015.

No.?
1 Noda
2 Nagareyama
3 Kashiwa
4 Abiko
5 Matsudo
6 Kamagaya

Municipality (City)

n Absorbed dose rate in air (nGy h™") External effective dose (mSv y™)
Mean SD Range
313 53 14 25-122 0.16
327 67 12 36-116 0.20
487 77 23 34-201 0.23
181 73 22 40-159 0.22
570 73 18 39-146 0.22
278 58 11 35-101 0.17

& The numbers refer to the designations in Fig 1B.

doi:10.1371/journal.pone.0171100.t001

to Abe et al. [12] the absorbed dose rates in air measured in the 1960s to 1970s in Noda,
Kashiwa and Matsudo Cities were 55, 51 and 59 nGy h™, respectively, and these values were
higher than those of the present study. Because the pavement ratio has increased from 43% in
1973 to 91% in 2011, the shielding effect of terrestrial gamma-rays by asphalt has increased
accordingly. Additionally, the effects from the nuclear tests performed in the 1950s to 1980s
and Chernobyl NPP accident in 1986 cannot be ignored. According to reporting from the
Meteorological Research Institute [22], the integrated deposited activity of '>’Cs with decay
for 1954 to before the F1-NPP accident was estimated to be 2 kBq m 2, whereas that for 2011
(i.e., after the F1-NPP accident) was 25 kBq m*/y, resulting in a 12.5-fold difference. Although
the above values are simple integrated deposited activities, it was estimated that the measured
dose rate in this study included a few nano-gray contribution from the earlier events. The
mean contribution ratio of artificial radionuclides to the absorbed dose rate in air measured 4
years after the F1-NPP accident in the six cities was 29% (9-50%). The authors previously
obtained the contribution ratio of artificial radionuclides measured in December 2014 in met-
ropolitan Tokyo’s 23 wards, located to the southwest from the Tokatsu area, as 13% (0-36%;

n = 26) [19]. The degree of contamination in the Tokatsu area was 16% higher than that of
Tokyo’s 23 wards.

Distribution of absorbed dose rate in air in Tokatsu area

Fig 4B shows the distribution map of absorbed dose rate in air in the whole Tokatsu area mea-
sured in 2015. This map was drawn using 2,165 data. According to the air- and car-borne

Table 2. Absorbed dose rate in air from natural and artificial radionuclides in the Tokatsu area of Chiba Prefecture.

No.?

oo AW | =

Municipality (City)  n

Noda 7
Nagareyama 7
Kashiwa 10
Abiko 3
Matsudo 10
Kamagaya 6

All radionuclides

Mean  SD
49 6
84 | 22
87 | 25
61 5
73 16
56 15

Absorbed dose rate in air (nGy h™) Contribution ratio of artificial radionuclides (%)

Natural Artificial
radionuclides radionuclides
Range | Mean | SD | Range  Mean | SD | Range
42-59 45 3 | 39-48 4 6 | 0-14 9.1
49-112 | 54 16 | 32-82 | 29 15 | 17-62 35.3
58-131 | 43 10 | 24-58 | 44 | 21 | 17-78 50.4
56-65 48 3 | 45-50 13 7 | 6-21 21.1
53-96 47 7 | 32-58 | 26 11 | 8-39 35.6
39-81 44 6 | 35-82 12 13 | 1-34 21.7

& The numbers refer to the designations in Fig 1B.

doi:10.1371/journal.pone.0171100.t002
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surveys during August 2011 to May 2012 [3], higher dose areas were observed for the southern
area of Ibaraki Prefecture (Fig 1) and they subsequently extended toward the southwest direc-
tion (i.e., Tokatsu area). Thus, this shift might have influenced absorbed dose rate in the
Tokatsu area. A heterogeneous distribution of absorbed dose rates in air was seen. Especially,
higher absorbed dose rates in air of over 80 nGy h™ were observed along NRs 6 and 16 that
pass through Matsudo (#5 in Fig 1B), Kashiwa (#3 in Fig 1B) and Abiko (#4 in Fig 1B) Cities.
The highest absorbed dose rate in air (i.e., 201 nGy h™') was observed at Akebono-cho,
Kashiwa City (Fig 1B) where these two routes cross each other. These higher absorbed dose
rates in air seemed to be related to rates in parts of metropolitan Tokyo [19]. Especially, for
Katsushika Ward (Fig 1B) where the highest absorbed dose rate in air in metropolitan Tokyo
was observed, higher absorbed dose rates in air exceeding 70 nGy h™' were measured in 2014
all along NR 6 and other main roads [5], and their tendency was similar to that of the present
study. According to the results of the air-borne survey performed in September 2011 [8], a
homogeneous dose rate distribution was observed for the Tokatsu area excluding Noda City.
A similar result was also obtained from a car-borne survey performed by Andoh et al. [3]. The
dose distributions measured in September 2011 [8] and in the present study showed different
tendencies, homogeneous versus heterogeneous.

Contamination of artificial radionuclides on asphalt surfaces

For a more detailed evaluation, asphalt samples were collected from Akebono-cho (Fig 1B)
which had the highest absorbed dose rate in air, and they were imaged using autoradiography.
In this study, this sample (i.e., asphalt spoil) was received from Kumagai Gumi Co. Ltd.
(Tokyo, Japan) with their permission in association with roadwork the company was carrying
out. Fig 5A shows the color, autoradiography, and merged images of one asphalt sample. The
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Fig 5. The color image, autoradiography image and merged image of a cross section of porous asphalt. The porous asphalt was
collected in Akebono-cho, Kashiwa City (#3 in Fig 1B). The autoradiography image (A) was obtained by exposing a phosphor-imaging
screen to beta and gamma rays emitted from an asphalt sample for 1 week. The energy spectra of the surface (B) and deep (C) layers of this
asphalt sample as measured by a high-purity germanium semiconductor detector for 30,000 s.

doi:10.1371/journal.pone.0171100.9005
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autoradiography image was obtained by exposing a phosphor-imaging screen to beta- and
gamma-rays emitted from an asphalt sample for 1 week and scanning the phosphor-imaging
screen using a FLA-7000 scanner (Fujifilm Co., Ltd., Tokyo, Japan). Higher image intensities
were observed in the upper 1 cm asphalt surface layer. The energy spectra of the surface and
deep layers are shown in Fig 5B and 5C, respectively. Dominant peaks were detected for radio-
cesium, such as **Cs (E, =605 and 796 keV) and 137Cs (E, = 662 keV), and for natural radio-
nuclides, such as *°K (E, = 1461 keV), 28A¢ (E, =911 keV), 2l4py, (E, =352keV)and 214p;4
(E, = 609 keV), from the asphalt surface layer, but no dominant peaks were detected for radio-
cesium (**Cs and "*"Cs) from the deep layer. The authors collected samples of porous asphalt
with a coarse aggregate diameter of more than 2.36 mm. This type asphalt has a high drainage
function, resulting in its wide use recently for highways and main roads including NRs as
show in Fig 4B to provide improved visibility for drivers in the rain. According to a supplier of
such asphalt, it can be quickly clogged by dust depending on the amount of traffic. Thus, the
deposited radiocesium remained within the 1 cm layer from the asphalt surface. Additionally,
the deposited radiocesium was firmly attached to the dust particles near the asphalt surface
[23]. The NRs 6 and 16 with road width of 20 m are heavily traveled roads (55,000 cars per day
for each NR) compared to local roads, and it was expected that the amount of dust on the sur-
face was extremely high. Thus, higher absorbed dose rates in air were observed along the NRs.

On the other hand, radiocesium deposited on the low porosity asphalt (diameters of fine
aggregates of asphalt ranged from 0.075 mm < D < 2.36 mm) which is utilized for local roads
is easily washed out by rainfall compared to high porosity asphalt. The low porosity asphalt has
a water repellency effect. Additionally, local roads tend to have a gentle center crown, and
drainage ditches are placed along the sides of the roads to carry away the rainfall. Therefore,
the low porosity asphalt surface has hardly any dust deposition compared to high porosity
asphalt because of the difference in natural weathering processes on the road surface. Thus,
the degree of radiocesium contamination on the low porosity asphalt surface was low. In fact,
most of the radiocesium had been held in only the upper 1 mm layer of low porosity asphalt in
the test performed in the 1990s on mechanical decontamination measures after the Chernobyl
accident [23]. Thus, the heterogeneous dose distribution measured 4 years after the F1-NPP
accident (Fig 4) was made depending on the difference of asphalt types and traffic volume (i.e.,
dust volume on the asphalt surface).

External effective dose estimation

The external effective doses for the six cities of Tokatsu area were estimated using the following
equation:

E=D,, x DCFx T x (Q, x R+Q,,) x 107° (2)

where E is the external effective dose (mSv y™'), D, is the average absorbed dose rate in air
(nGy h"), DCFis dose conversion factor from the dose rate to the external effective dose for
adults (0.748 + 0.007 Sv Gy'l) [10], T'is 8,760 h (24 h x 365 d), and Q;,, and Q,,,; are indoor
(0.9) and outdoor (0.1) occupancy factors [24], respectively. R is the ratio of indoor dose rate
to outdoor dose rate (0.4) for 1- and 2-story wooden houses [25]. The estimated external effec-
tive doses (mSv y™') for the six cities are shown in Table 1. The average value for Tokatsu area
was 0.20 mSv y . This value was 60% of the Japan average before the F1-NPP accident (0.33
mSvy") [26] and 42% of the worldwide average (0.48 mSvy™") [27]. In addition, the average
value for Tokatsu area was only 9% of the reported annual medical exposure dose from CT
examinations for Japan which is 2.3 mSv y’l/person [28].
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Fig 6. Transition of representative absorbed dose rate in air between October 2012 and April 2014 at
Akebono-cho, Kashiwa City (Fig 1B). This figure was drawn using data published by the Kashiwa City
Office [29]. These data were measured by the car-borne survey technique using a Csl(Tl) scintillation
spectrometer.

doi:10.1371/journal.pone.0171100.9006

o

Environmental half-life on asphalt pavements

The dose equivalent rate for all of Kashiwa City has been regularly observed since October 1,
2012 by the Kashiwa City Office using a CsI(TI) scintillation spectrometer (Mobile G-DAQ,
Keisokugiken Co., Tochigi, Japan) [29]. Fig 6 shows the change of absorbed dose rate in air at
Akebono-cho (Fig 1B). The dose conversion factor used was 0.784 Sv Gy ' [10] for converting
to the absorbed dose rate in air. The absorbed dose rate in air from artificial radionuclides was
calculated by subtracting background absorbed dose rate in air observed in this study (i.e., 43
nGy h™ in Table 2). The origin of the horizontal axis was set to March 21, 2011 when the
F1-NPP radioactive plume was observed around the Tokatsu area [30]. Here, the decay con-
stant and environmental half-life by artificial radionuclides were calculated with the following
equation to estimate the change of absorbed dose rate in air in the future:

D = D, [exp(—4,t)], T,

environ

=0.693/2, 3)

where D is the absorbed dose rate in air by artificial radionuclides, Dy is the initial absorbed
dose rate in air due to long half-life radionuclides (1**Cs and '¥"Cs), 4, is the decay constant, ¢
is the elapsed years after the date that the radioactive plume reached the Tokatsu area and

T onviron is environmental half-life (year). In the present study, the environmental half-life was
defined as “apparent half-life” to distinguish it from physical half-life. Thus, the calculated
half-life in the above included the effect of physical half-life and mechanical wear of the asphalt
surface. In some previous reports, this apparent half-life was described as the ecological half-
life or environmental half-life [31, 32]. As a result, D;, A; and T,,,ir0n Were 223 nGy h,0.034
and 1.7 y, respectively. That environmental half-life was shorter than the physical half-life of
137Cs. In Katsushika Ward (Fig 1B), near the Tokatsu area, the environmental half-life 3
months after the accident was estimated to be 1.9 y based on changes of the absorbed dose
rates in air at 1 m above the ground surface [20]. In addition, in the Chernobyl accident, the
environmental half-life of '”Cs was calculated to be 34 years for lichen species [31, 33]. The
calculated environmental half-life at Kashiwa City was shorter than the values of this report
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because surface contamination on asphalt is easily washed away by rainfall compared to bare
ground or lichen-covered areas. Additionally, the environmental half-life on asphalt might be
highly dependent on the traffic volume (which relates to the amount of dust) and the type of
asphalt.

Combined relative standard uncertainty for the car-borne survey in
Tokatsu area

The standard uncertainties of the one-time measurement (30 s) can be calculated from the
measured value. The obtained range of counts inside the car was 3600-28770 (counts per 30 s)
in the present study. The standard uncertainty depending on measured counts was calculated
to be 120-339 counts. The range of relative standard uncertainty for the 30-s measurements
was also calculated to be 1.2-3.3%. Here, the relative standard uncertainties for the shielding
factor, dose conversion factor, traceability of the dose rate (calibrated by Pony Industry Co.,
Ltd., Osaka, Japan), and the dose calculation procedure by the response matrix method (soft-
ware developed by EMF Japan Co., Osaka, Japan) were given as 7.5%, 0.5%, 4.1% (k = 2), and
5.0%, respectively. The maximum combined relative standard uncertainty of the estimate
absorbed dose rate in air in this study was calculated to be 11.6%.

Conclusion

The car-borne survey with a NaI(T1) scintillation spectrometer was carried out for the Tokatsu
area, located in northwestern Chiba Prefecture, Japan, to make the detailed distribution map
of absorbed dose rate in air 4 year after the F1-NPP accident. While the absorbed dose rate in
air just after the accident had shown a homogeneous distribution in the Tokatsu area, it was
now a heterogeneous distribution. Higher absorbed dose rates in air of over 80 nGy h™! were
observed along NRs 6 and 16. The type of asphalt and traffic volume strongly affected the dose
distribution. Radiocesium (***Cs and *’Cs) was deposited within a 1 cm layer from the asphalt
surface. The environmental half-life of radiocesium on asphalt was estimated to be 1.7 y. The
means absorbed dose rate in air from radiocesium and the contribution ratio of radiocesium
to the absorbed dose rate in air for Tokatsu area were 24 + 19 nGy h™ and 29% (9-50%),
respectively. It was estimated that this measured dose rate included a few nano-gray contribu-
tion from the nuclear tests performed in the 1950s to 1980s and the Chernobyl NPP accident
in 1986. The external effective dose calculated based on dose rate from natural and artificial
radionuclides for Tokatsu area was 0.20 mSv y ™" which is 42% of the world wide average (0.48
mSvy™).

Author Contributions
Conceptualization: KI.

Data curation: MA M. Fujisawa KS.

Formal analysis: MA M. Fujisawa KS.

Funding acquisition: KI.

Investigation: KI MA M. Fujisawa KS M. Fukushi.
Methodology: KI M. Fukushi.

Project administration: KI M. Fukushi.

Resources: KI.

PLOS ONE | DOI:10.1371/journal.pone.0171100 January 27, 2017 11/13



@° PLOS | ONE

Distribution Map of Absorbed Dose Rate in Air in Tokatsu Area, Chiba

Software: KI.

Supervision: M. Fukushi.

Validation: KI M. Fukushi.

Visualization: KI MA M. Fujisawa.

Writing - original draft: KI MA M. Fujisawa.

Writing - review & editing: KI MA M. Fujisawa.

References

1.

10.

11.

12

13.

14.

15.

16.

United Nations Scientific Committee on the Effects of Atomic Radiation. UNSCEAR 2013 report annex
A: Levels and effects of radiation exposure due to the nuclear accident after the 2011 great east-Japan
earthquake and tsunami. 2013.

Inoue K, Tsuruoka H, Le VT, Fukushi M. Contribution ratios of natural radionuclides to ambient dose
rate in air after the Fukushima Daiichi Nuclear Power Plant accident. J Radioanal Nucl Chem. 2015;
307: 507-512.

Andoh M, Nakahara Y, Tsuda S, Yoshida T, Matsuda N, Takahashi F, et al. Measurement of air dose
rates over a wide area around the Fukushima Dai-ichi Nuclear Power Plant through a series of car-
borne surveys. J Environ Radioact. 2015; 139: 266-280. doi: 10.1016/j.jenvrad.2014.05.014 PMID:
24951121

Saito K, Tanihata I, Fujiwara M, Saito T, Shimoura S, Otsuka T, et al. Detailed deposition density maps
constructed by large-scale soil sampling for gamma-ray emitting radioactive nuclides from the Fukush-
ima Dai-ichi Nuclear Power Plant accident. J Environ Radioact. 2015; 139: 308-319. doi: 10.1016/].
jenvrad.2014.02.014 PMID: 24703526

Inoue K, Hosoda M, Shiroma Y, Furukawa M, Fukushi M, lwaoka K, et al. Changes of ambient gamma-
ray dose rate in Katsushika Ward, metropolitan Tokyo before and after the Fukushima Daiichi Nuclear
Power Plant accident. J Radioanal Nucl Chem. 2015; 303: 2159-2163.

Maedera F, Inoue K, Sugino M, Sano R, Furue M, Shimizu H, et al. Natural variation of ambient dose
rate in the air of Izu-Oshima island after the Fukushima Daiichi Nuclear Power Plant accident. Radiat
Prot Dosimetry. 2015; 168: 561-565. doi: 10.1093/rpd/ncv370 PMID: 26246583

Hosoda M, Inoue K, Oka M, Omori Y, Iwaoka K, Tokonami S. Environmental radiation monitoring and
external dose estimation in Aomori Prefecture after the Fukushima Daiichi Nuclear Power Plant acci-
dent. Jpn J Health Phys. 2016; 51:41-50.

Nuclear Regulation Authority. Extension site of distribution map of radiation dose, etc. Oct 18, 2011.
http://ramap.jmc.or.jp/map/eng/. Accessed 19 August 2016.

limoto T, Nunokawa J, Fuijii H, Takashima R, Hashimoto M, Fukuhara T, et al. Collaboration of local
government and experts responding to increase in environmental radiation level due to the nuclear
disaster: focusing on their activities and latest radiological discussion. Radiat Prot Dosimetry. 2015;
167: 358-364. doi: 10.1093/rpd/ncv279 PMID: 25982790

Moriuchi S, Tsutsumi M, Saito K. Examination on conversion factors to estimate effective dose equivar-
ent from absorbed dose in air for natural gamma radiations. Jpn J Health Phys. 1990; 25: 121-128.
(Japanese with English abstract)

Kashiwa City Office. Ambient dose rates for Tokatsu 6 cities. 13 Jan 2012. http://www.city.kashiwa.lg.
jp/houshasenkanren/h27nendoizen/1225/1359/p010372.html. Accessed 7 November 2016.

Abe S, Fujitaka K, Abe M, Fujimoto K. Extensive field survey of natural radiation in Japan. J Nucl Sci
Technol. 1981; 18: 21-45.

Sugino M, Hosoda M, Furukawa M, Fukushi M, Shimo M. Distribution of the terrestrial gamma ray dose
rate in Kanto District. Radioisot. 2007; 56: 315-320. (Japanese)

Wessel P, Smith W. Free software helps map and display data. Eos Trans AGU. 1991; 72: 441-446.

Hosoda M, Tokonami S, Omori Y, Sahoo SK, Akiba S, Sorimachi A, et al. Estimation of external dose
by car-borne survey in Kerala, India. PLoS ONE. 2015; 10: e0124433. doi: 10.1371/journal.pone.
0124433 PMID: 25885680

Minato S. Diagonal Elements Fitting Technique to Improve Response Matrixes for Environmental
Gamma Ray Spectrum Unfolding. Radioisot. 2001; 50: 463—471.

PLOS ONE | DOI:10.1371/journal.pone.0171100 January 27, 2017 12/13


http://dx.doi.org/10.1016/j.jenvrad.2014.05.014
http://www.ncbi.nlm.nih.gov/pubmed/24951121
http://dx.doi.org/10.1016/j.jenvrad.2014.02.014
http://dx.doi.org/10.1016/j.jenvrad.2014.02.014
http://www.ncbi.nlm.nih.gov/pubmed/24703526
http://dx.doi.org/10.1093/rpd/ncv370
http://www.ncbi.nlm.nih.gov/pubmed/26246583
http://ramap.jmc.or.jp/map/eng/
http://dx.doi.org/10.1093/rpd/ncv279
http://www.ncbi.nlm.nih.gov/pubmed/25982790
http://www.city.kashiwa.lg.jp/houshasenkanren/h27nendoizen/1225/1359/p010372.html
http://www.city.kashiwa.lg.jp/houshasenkanren/h27nendoizen/1225/1359/p010372.html
http://dx.doi.org/10.1371/journal.pone.0124433
http://dx.doi.org/10.1371/journal.pone.0124433
http://www.ncbi.nlm.nih.gov/pubmed/25885680

@° PLOS | ONE

Distribution Map of Absorbed Dose Rate in Air in Tokatsu Area, Chiba

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Joint Committee for Guides in Metrology. Evaluation of measurement data-guide to the expression of
uncertainty in measurement, JCGM 100: 2008. Sep 2008. http://www.bipm.org/utils/common/
documents/jcgm/JCGM_100_2008_E.pdf. Accessed 19 August 2016.

Hosoda M, Tokonami S, Sorimachi A, Monzen S, Osanai M, Yamada M, et al. The time variation of
dose rate artificially increased by the Fukushima nuclear crisis. Sci Rep. 2011; 1: 87. doi: 10.1038/
srep00087 PMID: 22355606

Inoue K, Tsuruoka H, Le VT, Arai M, Saito K, Fukushi M. Impact on ambient dose rate in metropolitan
Tokyo from the Fukushima Daiichi Nuclear Power Plant accident. J Environ Radioact. 2016; 158—
159:1-8. http://dx.doi.org/10.1016/j.jenvrad.2016.03.022. PMID: 27055250

Inoue K, Hosoda M, Fukushi M, Furukawa M, Tokonami S. Absorbed dose rate in air in metropolitan
Tokyo before the Fukushima Daiichi Nuclear power plant accident. Radiat Prot Dosimetry. 2015; 167:
231-234. doi: 10.1093/rpd/ncv251 PMID: 25944962

Lai K, Hu S, Kodaira K, Minato S. A carborne survey of terrestrial gamma-ray dose rates in Brunei dar-
ussalam. Radioisot. 1996; 45: 696—699.

Meteorological Research Institue, Japan. Artificial radionuclides in the environment 2013. http://www.
mri-jma.go.jp/Dep/ap/ap4lab/recent/ge_report/2013Artifi_Radio_report/2013Artifi_Radio_report.pdf.
Accessed 8 Novmber 2016. (Japanese with English figures)

Roed J, Andersson K, Barkovsly A, Fogh C, Mishine A, Olsen S, et al. Mechanical decontamination
tests in areas affected by the Chernobyl accident. Aug 1998. http://www.iaea.org/inis/collection/
NCLCollectionStore/_Public/30/004/30004765.pdf. Accessed 19 Auguset 2016.

Statistics Bureau, Ministry of Internal Affairs and Communications, Japan, 2014. Fundamental aspects
of social life in 2013. http://www.stat.go.jp/data/shakai/2011/h23kekka.htm. Accessed 8 November
2016. (Japanese)

International Atomic Energy Agency, 1979. Planning for off-site response to radiation accidents in
nuclear facilities, IAEA-TECDOC-225, Vienna.

Furukawa M, Shingaki R. Terrestrial gamma radiation dose rate in Japan estimated before the 2011
Great East Japan Earthquake. Radiat Emerg Med. 2012; 1: 11-16.

United Nations Scientific Committee on the Effects of Atomic Radiation. UNSCEAR 2000 Report Annex
B: Sources and effects of ionizing radiation.http://www.unscear.org/docs/publications/2000/
UNSCEAR_2000_Annex-B.pdf.Accessed 8 November 2016.

Nishizawa K, Matsumoto M, Iwai K, Maruyama T. Survey of CT practice in Japan and collective effec-
tive dose estimation. Jap J Radiol. 2004; 64: 151—158. (Japanese with English abstract)

Kashiwa City Office. Kashiwa City radiation dose map. 1 Oct 2012. http://49.143.240.84/
houshasenkanren/3301/3302/p032002.html. Accessed 19 August 2016.

Morino Y, Ohara T, Nishizawa M. Atmospheric behavior, deposition, and budget of radioactive materials
from the Fukushima Daiichi nuclear power plant in March 2011. Geophys Res Lett. 2011; 38: LO0G11.

Prohl G, Ehlken S, Fiedler I, Kirchner G, Klemt E, Zibold G. Ecological half-lives of ®*Srand '"Cs in ter-
restrial and aquatic ecosystems. J Environ Radioact. 2006; 91: 41-72. doi: 10.1016/j.jenvrad.2006.08.
004 PMID: 17007973

Cehn JI. Decay of environmental '’Cs. Health Phys. 2007; 93: 325. doi: 10.1097/01.HP.0000278417.
08952.52 PMID: 17846530

Machart P, Hofmann W, Turk R, Steger F. Ecological half-life of 3'Cs in lichens in an alpine region. J
Environ Radioact. 2007; 97: 70-75. doi: 10.1016/j.jenvrad.2007.05.003 PMID: 17602805

PLOS ONE | DOI:10.1371/journal.pone.0171100 January 27, 2017 13/13


http://www.bipm.org/utils/common/documents/jcgm/JCGM_100_2008_E.pdf
http://www.bipm.org/utils/common/documents/jcgm/JCGM_100_2008_E.pdf
http://dx.doi.org/10.1038/srep00087
http://dx.doi.org/10.1038/srep00087
http://www.ncbi.nlm.nih.gov/pubmed/22355606
http://dx.doi.org/10.1016/j.jenvrad.2016.03.022
http://www.ncbi.nlm.nih.gov/pubmed/27055250
http://dx.doi.org/10.1093/rpd/ncv251
http://www.ncbi.nlm.nih.gov/pubmed/25944962
http://www.mri-jma.go.jp/Dep/ap/ap4lab/recent/ge_report/2013Artifi_Radio_report/2013Artifi_Radio_report.pdf
http://www.mri-jma.go.jp/Dep/ap/ap4lab/recent/ge_report/2013Artifi_Radio_report/2013Artifi_Radio_report.pdf
http://www.iaea.org/inis/collection/NCLCollectionStore/_Public/30/004/30004765.pdf
http://www.iaea.org/inis/collection/NCLCollectionStore/_Public/30/004/30004765.pdf
http://www.stat.go.jp/data/shakai/2011/h23kekka.htm
http://www.unscear.org/docs/publications/2000/UNSCEAR_2000_Annex-B.pdf.Accessed
http://www.unscear.org/docs/publications/2000/UNSCEAR_2000_Annex-B.pdf.Accessed
http://49.143.240.84/houshasenkanren/3301/3302/p032002.html
http://49.143.240.84/houshasenkanren/3301/3302/p032002.html
http://dx.doi.org/10.1016/j.jenvrad.2006.08.004
http://dx.doi.org/10.1016/j.jenvrad.2006.08.004
http://www.ncbi.nlm.nih.gov/pubmed/17007973
http://dx.doi.org/10.1097/01.HP.0000278417.08952.52
http://dx.doi.org/10.1097/01.HP.0000278417.08952.52
http://www.ncbi.nlm.nih.gov/pubmed/17846530
http://dx.doi.org/10.1016/j.jenvrad.2007.05.003
http://www.ncbi.nlm.nih.gov/pubmed/17602805

