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ARTICLE INFO ABSTRACT

The deposition densities of radiocesium and the air dose rates were repeatedly measured in a large number of
undisturbed fields within the 80 km zone that surrounds the Fukushima Dai-ichi Nuclear Power Plant site be-
tween 2011 and 2016, and features of their temporal changes were clarified. The average air dose rate excluding
background radiation in this zone decreased to about 20% of the initial value during the period from June 2011
to August 2016, which was essentially a result of the radioactive decay of ***Cs with a half-life of 2.06 y. The air
dose rate reduction was faster than that expected from the decay of radiocesium by a factor of about two, with
most of this reduction being attributed to the penetration of radiocesium into the soil. The average deposition
densities of 1**Cs and '*’Cs in fields that were not decontaminated were found to have decreased nearly ac-
cording to their expected radioactive decay, which indicated that the movement of radiocesium in the horizontal
direction was relatively small. The effect of decontamination was apparently observed in the measurements of
air dose rates and deposition densities. Nominally, the average air dose rates in the measurement locations were
reduced by about 20% by decontamination and other human activities, of which accurate quantitative analysis is
and continue to be a challenge. In this paper, new original data obtained during 2013-2016 were added to the
previously reported data collected up to 2012, and it is discussed throughout.
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study, the total release of *’Cs was considered to be around 14.5 PBq
(Katata et al., 2015), which was less than that from the Chernobyl ac-

1. Introduction

The Great East Japan Earthquake that struck Japan on March 11,
2011 caused the Fukushima Dai-ichi Nuclear Power Plant (FDNPP)
accident. Because of the electricity blackout induced by the tsunami
that followed the earthquake, cooling functions at the nuclear power
plants were significantly damaged. As a result, a significant amount and
many different kinds of radionuclides were released into the atmo-
sphere (NISA, 2011; IAEA, 2015), and deposition of multiple radio-
nuclides, such as '3*Cs, 137Cs, '3'1, 129™Te, 119mAg, 895y, 205y, 238py, and
239+240py  has been observed over a widespread area (Saito et al.,
2015). The amounts of these radionuclides that were released have
been extensively evaluated by many researchers. According to a recent
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cident by several factors.

The deposition of released radionuclides on land occurred over wide
areas in eastern Japan according to atmospheric dispersions in many
different directions. It has since been reported that wet deposition as-
sociated with rainfall and snowfall played an important role in this
deposition of radionuclides. The area northwest of the FDNPP site was
extremely contaminated, and the long-and-narrow-shaped middle part
of Fukushima Prefecture also exhibited a relatively high level of con-
tamination. Furthermore, some regions far from the FDNPP site were
found to have some degree of contamination.

To obtain basic data to evaluate the impact of the accidental release,
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a national project for comprehensive environmental monitoring was
launched in June 2011 (Saito and Onda, 2015), and is still ongoing.
This so-called Fukushima mapping project, which is a series of large-
scale environmental monitoring efforts using diverse methods aiming to
obtain information on a variety of contamination conditions, has been
conducted. In the project, air dose rates and deposition densities of
radionuclides were continuously monitored at fixed locations and mo-
bile monitoring systems were also employed.

Among them, to obtain fundamental data on contamination condi-
tions in reference places that meet certain basic requirements described
in section 2 of this paper, the measurement of dose rates in air in terms
of ambient dose equivalent rates (hereafter, air dose rates) and radio-
nuclide deposition densities on the ground (hereafter, deposition den-
sities) have been conducted in undisturbed flat fields, where the basic
topographical features were similar, and disturbance by human activ-
ities or flooding was unlikely to occur. Air dose rates were measured
using standard survey meters in all cases (Mikami et al., 2015a). While,
for to determine deposition densities, a large number of soil samples
were collected and analyzed in the laboratory during the first cam-
paign, which began in June 2011 (Saito et al., 2015), while in-situ
measurements with a portable germanium detector have been em-
ployed since the second campaign (Mikami et al., 2015b).

We reported the features of air dose rates and deposition densities in
undisturbed fields until December 2012 in previous papers (Saito et al.,
2015; Mikami et al., 2015a, 2015b). In this paper, new original data
obtained from 2013 to 2016 have been added to the previously re-
ported data and are discussed throughout. Several radionuclides re-
leased from the accident were detected in soil over a widespread area
soon after the accident. However, based rough estimations, radiocesium
was found to be far more important than other radionuclides from a
long-term exposure perspective. Thereafter, the environmental mon-
itoring in the mapping project was primarily focused on radiocesium,
and gamma-radiation emitting radionuclides other than radiocesium
have not been detected since 2013. As previously mentioned, extensive
monitoring has been continued in the mapping projects, and new
knowledge on the contamination conditions and their temporal changes
have been accumulated. Generally speaking, the air dose rates within
the 80 km zone drastically decreased in the five years immediately after
the accident.

A trend of air dose rates in undisturbed fields after radionuclide
deposition was extensively investigated after the Chernobyl accident
(Golikov et al., 2002; Likhtarev et al., 2002). The temporal change in
the air dose rate was evaluated on the basis of radiocesium depth
profiles repeatedly observed in many locations utilizing dose conver-
sion coefficients, and analyzed using a bi-exponential function in Russia
(Golikov et al., 2002) and for Ukraine (Likhtarev et al., 2002). The
analysis indicated that the time-dependent air dose rate can be ex-
pressed by a combination of the short ecological half-life on the order of
a few years and the long ecological half-life on the order of several tens
of years.

The purpose of this paper is to discuss the temporal changes in air
dose rates and radiocesium deposition densities performed at fixed lo-
cations in undisturbed fields between 2011 and 2016 after the FDNPP
accident. The data from 2011 to 2012 have already been published
(Saito et al., 2015; Mikami et al., 2015a, 2015b); however, parts of
these results were used in the present study to evaluate temporal
changes in contamination. First, an outline of the large-scale mon-
itoring effort repeatedly conducted over the entire five-year period is
described. The time-dependent decreasing tendency of the air dose rate
and that of deposition densities are presented based on monitoring
results. Further, the contents of the decrease are discussed according to
the statistical analysis of the monitoring data, and a comparison of the
air dose rate trend with that from the Chernobyl accident is also dis-
cussed.
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2. Materials and methods
2.1. Measurement area and locations

As previously mentioned, this study discusses the trend of con-
tamination conditions between 2011 and 2016, and therefore, the in-
formation on the measurement locations from the 2011 and 2012
monitoring efforts are described even though those results have already
been published (Saito et al., 2015; Mikami et al., 2015a, 2015b). The
large-scale environmental measurements were repeatedly taken
through all campaigns conducted in the 80 km zone surrounding the
FDNPP site, while the targeted area was broadened to examine the
contamination conditions over wider areas in number of these cam-
paigns. The trend in the contamination within the 80 km is the primary
focus of this paper.

In the first campaign of the Fukushima mapping project in 2011,
deposition densities of the accidently released radioactive materials
were measured by gamma spectrometry of soil samples collected at
approximately 2200 locations within the 100 km zone surrounding the
FDNPP and other areas in Fukushima Prefecture (Saito et al., 2015).
Since 2012, in-situ measurement using portable germanium detectors
has been employed at approximately 380 locations within the 80 km
zone (Mikami et al., 2015b). With respect to these in-situ measure-
ments, the 80 km zone was divided into 5km square grids, and one
appropriate location in each square-shaped area was selected, resulting
in the total of approximately 380 measurement locations. Fig. 1(a)
presents a map of the in-situ measurement locations within the 80 km
zone.

Air dose rates have been measured using survey meters at ap-
proximately 6500 locations also within the 80 km zone. In the mea-
surements, the 80 km zone was divided into areas of 1 km square grids,
and one appropriate location in each area was selected, resulting in a
total of approximately 6500 locations. Measurement locations in 1 km
square grids were primarily selected from inhabitable areas. In some
campaigns, the targeted area was enlarged, and the number of mea-
surement locations were changed. Fig. 1(b) presents a map of the air
dose rate measurement locations within the 80 km zone. The number of
measurement locations and periods for the air dose rate and the de-
position density are presented in Tables 1 and 2, respectively.

For both types of measurements, fields which had a width of at least
5 X 5m were selected, and this was the minimal requirement in si-
tuations where an ideal location could not be found in the target area.
The air dose rate originating from the source within a 5m radius
amounts to about a half of the air dose rate from an infinite source for
radiocesium exponentially distributed in soil at a relaxation mass depth
of 1.0 g/cm2 (Malins et al., 2015). If an object such as a tree or a shed
existed outside the 5 m radius, it may act as a shielding material or as a
source. However, unless the object is very large or heavily con-
taminated, the effect should be limited considering the projected solid
angle. Most of the measurements were actually performed in wider
fields. At each location, it was checked that the air dose rate did not
significantly vary within an area of 3 X 3 m to avoid measurements in a
heterogeneously contaminated area.

In addition, fields which would not be expected to be disturbed by
human activities or flooding for a long time were intentionally selected
to investigate natural weathering effects. Nevertheless, in some loca-
tions, decontamination work was performed or the surface conditions
were changed, such as land that was plowed, graveled, or smoothed. In
such cases, the information was recorded, and the analysis was per-
formed separately depending on the circumstances.

Accordingly, the locations were organized into three categories: (1)
decontaminated locations, (2) artificially changed locations, and (3)
non-decontaminated locations. The decontaminated locations are lo-
cations where decontamination work was clearly performed at or
nearby the particular site according to information obtained about the
site. The artificially changed locations are locations where it was judged
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(a) In-situ measurement
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(b) Air dose rate measurement
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Fig. 1. Examples of locations for the in-situ measurements using portable germanium detectors and the air dose rate measurements using survey meters in September

2016.

based on the appearance or surface conditions that some artificial
change to the ground was made such as plowing, ground leveling, and/
or graveling. This case does not always indicate that decontamination
work was performed; however, such artificial changes in most cases led
to a decrease in air dose rates. Therefore, in statistical analysis, the
artificially changed locations were included as part of the decontami-
nated locations, and their air dose rates were compared with those of
the non-decontaminated locations, where no artificial activities in-
cluding decontamination were performed. The term “undisturbed field”
was originally intended to refer to a “non-decontaminated location”.
However, as a result, measurements were performed for a certain
number of decontaminated or artificially changed locations as well.
Thus, in this paper, we decided to use “undisturbed fields” as a general
term to indicate measurement locations.

2.2. Measuring methods and procedures

In this section, methods and procedures are described for the
measurement of radionuclide deposition and air dose rates conducted
from 2013 to 2016.

2.2.1. Radionuclide deposition density

A portable germanium detector was taken out to an undisturbed
field and placed on a tripod at a height of 1 m above the ground surface
with the detector crystal facing downward. During the entire mea-
surement campaign from 2011 to 2016, several different types of ger-
manium detectors, which are cooled electrically or by liquid nitrogen

having a relative efficiency of 10-40%, were used. Detailed information
and regarding the germanium detectors used in this study and their
comparative results are cited elsewhere (Mikami et al., 2018). A pulse-
height spectrum was acquired, and the counts of a total-absorption peak
for gamma rays emitted from the targeted radionuclide were converted
to deposition density. The data acquisition time was set to 30 min since
the 2013 campaigns because the short half-life nuclides had already
decayed, and the time length was enough to obtain peak counts for
determining radiocesium (*3*Cs and '¥7Cs) deposition densities within
sufficiently low statistical uncertainties, which was less than a few
percent. In some of the targeted locations from the second campaign of
2012, 110"‘Ag was also detected, and after 2012, only radiocesium was
observed.

Six or seven teams took part in the in-situ measurements at more
than 380 locations in each campaign. At the beginning of each mea-
surement campaign of a particular year, comparative analysis was
conducted to ensure compatibility among the teams and measurement
precision (Mikami et al., 2015c, 2018). Since 2012, the Japan Chemical
Analysis Center (JCAC), Nuclear Safety Technology Center (NUSTEC),
Institute of Radiation Measurements (IRM), and Japan Atomic Energy
Agency (JAEA) has taken responsibility performing the measurements
(Mikami et al., 2015b).

To evaluate the deposition density of a radionuclide and the air dose
rate attributed to the radionuclide according to the EML method (Beck
et al., 1972; Miller and Shebell, 1993), the relaxation mass depth f3,
which is a parameter indicating the degree of radionuclide penetration
into the soil is necessary. When in-situ measurements began in each
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Table 3
Relaxation mass depth assumed in the evaluation of in situ spectrometry results.

Campaign ~ Middle day of a soil sampling Geometric mean of 3 value
campaign
(day/month/year) (gecm™?)

2 22/12/2011 1.13

3-1 28/8/2012 1.31

3-2 30/11/2012 1.51

4-1 9/6/2013 1.79

4-2 3/11/2013 2.14

5-1 18/7/2014 2.27

5-2 8/11/2014 2.36

6 10/9/2015 2.95

7 12/9/2016 3.13

relaxation mass depth f indicating the degree of radiocesium penetra-
tion into the soil in the exponential function was the essential para-
meter used in the evaluation of deposition density. At some measure-
ment locations, this assumption was not sufficiently valid; for example,
some locations were not ideally open or completely flat. The effect of
variation in the ’Cs depth profile on the evaluated deposition density
was estimated to be a maximum of a few tens of percent (NRA, 2017).

At more than 80 locations over 80 km zone surrounding the FDNPP,
depth profiles were investigated using layer-by-layer soil sampling with
a scraper plate (Matsuda et al., 2015). In principle, soil up to a depth of
10 cm was collected at 0.5 cm intervals in the upper soil region and at
one to a few cm intervals in deeper parts. At approximately 40% of
locations where radiocesium depth profile was investigated, the highest
radiocesium concentration was not observed at the ground surface but
at a certain depth, and the depth profile was not well fitted by an ex-
ponential function. In these cases, an effective B value B¢ was de-
termined so that the relationship between the air dose rate at 1 m above
the ground and P.¢ became the same as that for the exponential func-
tion (Matsuda et al., 2015). The average [ values adopted for data
processing in each campaign are presented in Table 3, which were
calculated by averaging the all B values obtained for exponential dis-
tributions and the all B¢ values for non-exponential distributions (NRA,
2016).

The air kerma rates evaluated from spectra measured by portable
germanium spectrometers and those measured by hand-held survey
meters at the same time and same position were compared. Fig. 2 shows
scatter plots between the air kerma rates evaluated by in-situ gamma
spectrometry and those measured by survey meters in 2016. The air
dose rates in terms of the air kerma rate (uGy/h) obtained using both
methods displayed good agreement, and the slope of the regression line
and their coefficient of determination were both nearly 1. This in-
dicated that the measurements were appropriately performed with
sufficient statistical accuracy. In these ways, the reliability of the esti-
mated deposition densities was confirmed during every measurement
campaign, and these deposition densities were plotted on a map with
the Global Positioning System (GPS) data.

2.3.2. Air dose rate

Distribution maps of the air dose rates at 1 m above the ground from
ten different occasions over the five-year period (2011-2016) were
created from the obtained dose rate data and positional data. Correction
of the measured air dose rate based on the half-lifes of the radionuclides
during each measurement campaign was not implemented because the
radioactive decay in the period was sufficiently smaller than the mea-
surement uncertainty of the survey meter (~15%), as described in a
previous study (Mikami et al., 2015a). The temporal change in the air
dose rates was examined by comparing the air dose rates obtained at
the same locations between 2011 and 2016.
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Fig. 2. Scatter plot of the air dose rate in terms of air kerma measured by Nal
(TD) scintillation survey meters and by portable germanium detector. The line is
a simple liner regression line with no intercept. R? value represents coefficient
of determination.

2.3.3. Refinement of a radiocesium deposition map utilizing the correlation
between air dose rate and deposition density

Deposition densities of 13*Cs and *”Cs were well correlated with the
air dose rate in any campaign. This is because radiocesium has been a
dominant contributor to the air dose rate since the first campaign (Saito
et al., 2015) and the variation in the 3 value did not significantly affect
the air dose rate. Scatter plots of the air dose rates and deposition
densities of 1>*Cs or '*”Cs measured at same position in 2016 are shown
in Fig. 3 as an example. Using such good correlativity, refined deposi-
tion density maps were created from air dose rates measured at ap-
proximately 6500 locations in every campaign for the five-year period.

3. Results and discussions
3.1. Distribution of air dose rates and radiocesium deposition densities

The maps created for air dose rates and deposition densities of '>*Cs
and '*’Cs from 2011 to 2016 are provided in the supporting data (Figs.
$1-83, respectively). For 13*Cs and '7Cs, the refined maps described in
the previous section are demonstrated in Figs. S2 and S3. As seen in Fig.
S1, the air dose rates in the 80 km zone have prominently decreased
with elapsed time since June 2011. The essential cause of the air dose
rate decrease over this five-year period clearly appeared to be the
radioactive decay of '**Cs with a half-life of 2.06y. The deposition
densities of '**Cs have drastically decreased with time as shown in Fig.
S2; on the contrary, the reduction on the '*’Cs in Fig. S3 was not
particularly significant over the five years. Since the contribution of
134Cs to the air dose per unit of deposition density is 2.7 times greater
than that of '¥’Cs (Saito and Petoussi-Henss, 2014), the radioactive
decay of '3*Cs has greatly contributed to the decrease in air dose rates
in the 80 km zone during the initial five years. Further, the penetration
of radiocesium into the soil and decontamination work were considered
to have contributed to the air dose rate decrease. This is discussed in the
next section.

The relative frequency distributions of the air dose rates within the
80 km zone are illustrated in Fig. 4. Data from campaign 2 (see Table 1)
is not plotted in Fig. 4 because of the small number of data due to the
measurement grids, which were larger than other campaigns. The
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Fig. 3. Scatter plot of the air dose rate in terms of air kerma measured by NalI(T]) scintillation survey meters and radiocesium deposition density evaluated by in-situ
spectrometry. The lines are simple liner regression lines with no intercept. R? value represents coefficient of determination. (Left:'**Cs, Right:'%’Cs).

locations with air dose rates more than 0.2 puSv/h have steadily de-
creased, whereas the areas less than 0.2 puSv/h have increased. The
proportion of the locations less than 0.2 uSv/h in the 80 km zone was
15% in 2011, while it was 75% in 2016. The proportion was 53% in
2011 and 93% in 2016 based on data from locations that was less than
0.5 uSv/h. Fig. 5 gives the relative frequency distributions in the eva-
cuation areas issued on September 5, 2015 according to the latest di-
gital data of the area boundary that was obtained. Results from the
second campaign were not plotted due to the same reason associated
with Fig. 4. In principle, the evacuation areas were determined ac-
cording air dose rates that exceeded 3.8 pSv/h, which is supposed to
roughly correspond to an annual exposure dose of 20 mSv to the in-
habitants. This supposition was determined for external exposure based
on quite simple assumptions related to life patterns, dose reduction
effect by houses, and other factors, which resulted in a substantial
overestimation of doses. The areas with air dose rates smaller than 3.8
uSv/h were actually contained to a certain degree within the evacua-
tion area, even in June 2011 because the criteria was not rigorously
adopted based on data measured on the ground. The frequency in the

air dose rate was highest in the dose rate range of 3.8-9.5 uSv/h up
until November 2012, after which it shifted to lower dose rates. In
September 2016, the air dose rate frequency was highest in the range of
0.2-0.5 puSv/h, and the air dose rates have decreased significantly over
the entire 80 km zone, including the evacuation area.

3.2. Ratio of air dose rates between 2011 and 2016

In Fig. 6, the air dose rates observed in September 2016 were
compared with those in June 2011 (Mikami et al., 2015a). In the case of
the positional data collected by GPS agreed within a distance of 20 m
between 2011 and 2016, it was assumed that the measurements were
made at the same position since the positional resolution of the GPS was
approximately 20 m, and the comparison was made. The air dose rate
varied significantly depending on the location, even within a range of
20 m and especially in highly contaminated areas due to the horizontal
variability of deposited radiocesium. Thus, the precision of 20 m may
cause a non-negligible fluctuation in the air dose rate measured at the
same position based on GPS data. Hereafter, whenever temporal change
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Fig. 4. Relative frequencies of air dose rates in 80 km zone from FDNPP for nine different time periods. The new original data obtained in 2013-2016 were added to
the previously reported data (Mikami et al., 2015a).
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Fig. 5. Relative frequencies of air dose rates in evacuation area as of September 2015 for nine different time periods.

is discussed, the contribution of natural gamma rays to the air dose
rates was subtracted from the observed air dose rates assuming that a
contribution of 0.05 pSv/h (Fukushima prefecture, 2010) does not
change depending on the location. The air dose rate due to natural
radionuclides did in fact change according to the location. We obtained
some data on location-dependent natural radionuclide concentrations
and air dose rates, which are described later. These data did not contain
the all natural radionuclides. In addition, the effect of air dose rate
variation was not significant. Therefore, a constant air dose rate of 0.05
uSv/h originating from natural radionuclides was assumed.

Fig. 6(a) demonstrates the comparison for the entire air dose rate
range, and Fig. 6(b) for the range whose initial air dose rates were less
than 5 pSv/h, where a great portion of data exists. The slopes of the
regression lines for the entire air dose rate range were 0.13 = 0.01 and
0.23 = 0.004 for the decontaminated and non-decontaminated loca-
tions shown by red triangles and blue circles, respectively. As a whole,
the decontaminated locations clearly displayed a faster reduction of the
dose rate compared to that of the non-decontaminated locations. The

(a) Entire air dose rate range

50
====All location
A Decontaminated location
40 ® non-decontaminated location
30
All location :
y=0.19x

Air dose rate at September, 2016 ( uSv ht)

Air dose rate at June, 2011 ( uSvh?)

slope of the regression line for all locations was 0.19 = 0.004. When
the air dose rate range was limited to less than 5 uSv/h, the slopes of the
regression lines as for the decontaminated, non-decontaminated, and all
locations were 0.095 + 0.004, 0.19 = 0.003, and 0.14 + 0.003 re-
spectively. These values were smaller than those associated with the
entire air dose rate range: the air dose rate reduction was faster for
locations displaying values less than 5 uSv/h. This is likely due to the
fact that decontamination was actively performed in areas with air dose
rates less than 3.8 uSv/h, and the areas were affected by decontami-
nation even if the measurement location was not directly decontami-
nated because gamma rays coming from a distance were depressed.
The numerical data of the comparison are shown in Table 4. The
ratio of the summation of air dose rate in 2016 to that in 2011 was
calculated as an indicator of air dose rate change in addition to the
slope of the regression line. The average air dose rate was obtained if
the summation was divided by the number of locations, and thus, the
comparison of the summation substantially refers to the comparison of
the average. Since the ratio of the summation cannot give the

(b) Initial air dose rate < 5uSvh?
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Fig. 6. Scatter plots of the air dose rate measured in 2011 and 2016. Physical decay of radiocesium is shown as red dotted lines.
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Table 4
Ratios of air dose rate in 2016 normalized to that in 2011.

Journal of Environmental Radioactivity 210 (2019) 105941

Ratio of summation®

Averaged ratios” Slope of regression line®

All location 0.18
Decontaminated location ¢ 0.11
Non-decontaminated location 0.23

0.21 = 0.12 0.19 = 0.004
0.13 = 0.09 0.13 = 0.01
0.25 = 0.11 0.23 = 0.004

As a comparison, the expected ratio from radioactive decay of radiocesium is 0.37.

2 Ratio of summation of air dose rates (2016,/2011).

b Averaged value of ratios of air dose rates (2016/2011) in each location. Errors are standard deviations.

¢ Slope of regression line obtained from Fig. 6 (a). Errors are standard errors.

4 Artificially changed locations are included.

information of data variance, the mean of the air dose ratio in each
location (referred to as the “averaged ratio”) was also calculated. To
avoid fluctuation of the ratio in a low air dose rate range, where the air
dose rate due to radiocesium was comparable to the background ra-
diation level, the locations with air dose rates greater than 0.1 pSv/h in
the first campaign were used for the calculation.

As shown in Table 4, the ratio of the summation of air dose rates
between 2011 and 2016 was 0.18, 0.11, and 0.23 for all locations, the
decontaminated locations, and non-decontaminated locations, respec-
tively. The averaged ratio of air dose rates in each location was 0.21,
0.13, and 0.25, respectively. The three different quantities indicating
the attenuation of air dose rates from 2011 till 2016, that is the ratio of
the summed air dose rate, the averaged ratio of air dose rates and the
slope of the regression lines, provided similar values in all cases. The air
dose rate due to deposited radiocesium in the fields was found to have
decreased to about 20% of the initial value on average. The air dose rate
was estimated to be 0.37 according to radioactive decay during this
period. Therefore, the air dose rate decreased to about a half of that
expected from physical decay between 2011 and 2016.

When decontaminated and non-decontaminated locations were
compared, the air dose rates in decontaminated locations were ap-
proximately one half of those in non-decontaminated locations. In ad-
dition, statistical tests (Mann-Whitney U test) showed a significant
difference (p < 0.01) for the averaged ratios between non-deconta-
minated locations and decontaminated locations. A comparison of air
dose rates between all locations and the non-decontaminated locations
in Table 4 suggests that decontamination and other human activities
that changed ground conditions had reduced the average air dose rate
by up to 20%, even though the representation of the absolute value
must be carefully checked in the future.

The air dose rates in non-decontaminated locations decreased faster
than radioactive decay. This reduction can be largely explained by the
penetration of radiocesium into the soil. The effective relaxation mass
depth B was estimated to be 1.1 g/cm? in December 2011 and 3.1 g/cm?>
in September 2016; and this change corresponded to a decrease in the
air dose rate to approximately 0.73. This value is close to the excess
reduction rate observed in non-decontaminated locations (0.23/
0.37 = 0.62). Thus, it is likely that the excess dose rate reduction in
undisturbed fields was largely due to the penetration of radiocesium
into the soil. Though, it is anticipated that some decontaminated lo-
cations could be included in the statistics of non-decontaminated lo-
cations even if decontamination was actually conducted due to the lack
of available information.

3.3. Temporal change of deposition densities and air dose rate

The time-dependent tendency of the air dose rates relative to the
first campaign (June 2011) in the 80 km zone is shown in Fig. 7; (a)
averaged ratios and (b) ratios of summation of air dose rates, together
with the air dose rate reduction expected due to radioactive decay of
radiocesium. The dose rate reduction curve considering both the
radioactive decay and the increase in shielding effect by vertical pe-
netration of radiocesium into the ground is also shown. The data are

separately shown for the all locations and the non-decontaminated lo-
cations. The ratios for all locations were always smaller than that for
non-decontaminated locations, and the difference has been enhanced
with elapsed time. Statistical tests (Mann-Whitney U test) showed a
significant difference (p < 0.01) between decontaminated locations
and non-decontaminated locations after the 3rd campaign (campaign
3-1, 2012, approximately 530 days after the accident). The difference
between all locations and non-decontaminated locations after the 3rd
campaign in Fig. 7 is attributed to the statistically significant difference
between decontaminated locations and non-decontaminated locations.
The 3rd campaign corresponded to the initiation of active decontami-
nation work conducted in restricted areas. This suggests that the pro-
gress of decontamination work has contributed to a decrease in air dose
rates, though the absolute effect of decontamination must be carefully
considered since it is not known for certain how the measurement lo-
cations represent entire areas. It is important to note that all of the
decontaminated locations out of approximately 6500 locations could
not be identified, so a considerable number of decontaminated loca-
tions may be included in non-decontaminated datasets in the statistical
analysis. For this reason, there may be a difference between plots for
non-decontaminated location and a line for physical decay modified
with the change in relaxation depth in Fig. 7. Further analysis of the
data based on certain information on decontamination for all locations
would be valuable to better understand this aspect.

The decreasing tendency of the average deposition density mea-
sured by in-situ gamma spectrometry was demonstrated in Fig. 8 both
for *Cs and '*’Cs with the radioactive decay. The whole data were
normalized to the average '*’Cs deposition density in March 2012,
when in-situ gamma spectrometry began. Fig. 8(a) indicates the data
for all locations within the 80 km zone, and Fig. 8(b) presents the data
for non-decontaminated locations. For both isotopes of radiocesium, the
average deposition density in non-decontaminated locations decreased
almost in accordance with radioactive decay, which indicated that the
horizontal movement of radiocesium is relatively small in undisturbed
fields. This finding agrees with the results from a radiocesium migration
study using test plots in Fukushima (Yoshimura et al., 2015). If we
check in detail, the relative average deposition density of '*”Cs esti-
mated by physical decay is 0.90, that of **Cs is 0.16 in 2016 (ap-
proximately 2030 days after the accident), while the observed average
deposition density of *”Cs was 0.82, that of >*Cs was 0.15. Hence, the
average deposition density in 2016 was lower than that expected from
radioactive decay by approximately 10% both for '**Cs and '*’Cs.
Apart from shielding effect from vertical migration down in the soil, the
explanation for this excess reduction may be due to the inclusion of
decontaminated locations in the data for non-decontaminated loca-
tions.

The difference between Fig. 8(a) and (b) demonstrates the reduction
in deposition density by decontamination; however, the discussion on
the effect of decontamination is difficult because the deposition den-
sities determined in the decontaminated locations include some degree
of error due to usage of inappropriate  values. The large uncertainties
associated with the determination of deposition density were influ-
enced by horizontal variability, especially on the borders between
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(a) Averaged ratios
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(b) Ratio of summation of air dose rates
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Fig. 9. Relative air dose rates between two measurement campaigns in non-
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decontaminated and non-decontaminated surfaces. Further investiga-
tion is necessary to obtain a realistic evaluation of deposition density in
decontaminated fields.

3.4. Seasonal variation in air dose rate reduction

The reduction rate of air dose rates in undisturbed fields was found
to change depending on the season in a year. To clarify the seasonal
variation, we selected the air dose rate data obtained from 2012 till
2015, because the measurements were performed two times per year at
similar occasions. Fig. 9 shows the ratio of the decay-corrected average
air dose rates at the non-decontaminated locations between the two
closest measurement campaigns. The first campaign in a year was
performed in summer (August or June) and the second in autumn
(November). Therefore, the decay-corrected ratio between the first and
the second campaigns in a year indicates the air dose reduction due to
ecological causes from summer to autumn; the ratio between the second
campaign and the first campaign of the next year indicates the reduc-
tion from autumn to summer, though the length of the periods is not
same. The dose rate reduction appeared to take place mainly from
autumn to summer, but not as clearly from summer to autumn. The
changes in decay-corrected average dose rate ratios from autumn to
summer were found to be statistically different from those summer to
autumn (p < 0.05, t-test). This indicates that there is a difference that
cannot be explained by the length of the periods in the reduction rate of
air dose rates.

Based on successive measurements, a previously conducted study
suggested that the reduction of air dose rates was exclusively large
within a few months from May (Yoshida et al., 2015), which coincides
with the present observation. A correlation of the reduction with pre-
cipitation was not observed; therefore, the migration of radiocesium
due to flooding or the variation in water content in soil could not be
considered to be the direct causes of the change. The water content in
soil is an important factor related to changes in the air dose rate in the
environment; increasing water content tended to decrease the air dose
rate due to increasing shielding effect against gamma rays. However, it
has not been reported that water content in soil is significantly more in
August or June. The reasons for the biased dose rate reduction tendency
were not very clear, but bioturbation may be one of the reasons since
activity of ambient biota very frequently occurs in the corresponding
season. The change in depth profiles due to bioturbation has been in-
vestigated for a long time. Specifically, it has been reported that activity
of earthworm has non-negligible influence on the transport of nuclides
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in soil (Bunz, 2002; Resner et al., 2011). This is just one possibility, and
further study is necessary to determine the true reason for the seasonal
bias tendency.

3.5. Air dose rates from natural radionuclides

Air dose rates from natural radionuclides distributed on the ground
were evaluated using in-situ spectrometry by portable germanium de-
tectors in 2014 and 2016. The average concentrations of *°K, '*Bi,
214pp, 20871 and 228Ac in the surface soil were converted to air kerma
rates using dose conversion factors in ICRU 53 (ICRU, 1994). Bismuth-
214 and 2'*Pb were the dominant radionuclides among the 23®U series,
and their contribution to the air dose rate was estimated to be 98% of
that from all radionuclides in the decay series (Saito and Jacob, 1998).
In addition, the contribution of 2°®Tl1 and 2?®Ac, which were the
dominant radionuclides among the 23>Th series, was estimated to be
90% of that from all radionuclides in the series. The average air kerma
rates from these all natural radionuclides determined in 2014 and 2016
were 0.039 + 0.015 and 0.033 * 0.012 uGy/h, respectively. These
corresponded to 0.047 + 0.018 and 0.039 + 0.014 pSv/h, respec-
tively, in terms of ambient dose equivalent rate, taking into account the
fact that the ratio of ambient equivalent dose to air kerma was 1.2 for
natural gamma rays (Saito and Endo, 2014). The background dose rate
of 0.05 pSv/h assumed in section 3.2 was confirmed to be appropriate if
all natural radionuclides that were not covered in the above analysis
were taken into account.

3.6. Comparison of air dose rate decrease with that after the chernobyl
accident

To express the air dose rate decrease due to penetration of radio-
cesium into the ground after the Chernobyl accident, the following bi-
exponential equation was employed (Golikov et al., 2002; Likhtarev
et al., 2002);

r(t) = p; exp(—1In2 t /T7) + po exp(—1n2 t /T,)

Where r(t) is the attenuation function expressing the relative air dose
rate at time t after the deposition in undisturbed fields; T; and T are the
ecological half-lives of the fast attenuation component and the slow
attenuation component, respectively; p; and p, are parameters showing
the degree of the contributions from the fast and slow components. This
attenuation function was intended to express the decrease in air dose
rates due to penetration of radiocesium into the ground, and the effect
of radioactive decay was excluded. For this purpose, the attenuation
tendencies of air dose rates after the Chernobyl accident were evaluated
based on the change in the observed depth profile of radiocesium in soil
using dose conversion coefficients on the assumption that radiocesium
does not decay with the physical half-lives. Then, the evaluated at-
tenuation tendency was fitted to the bi-exponential function. The
parameter values determined by Golikov et al. (2002) for Russian ter-
ritories were p; = 0.57, p» = 0.58, T; = 2.4y, and T, = 37 y; those by
Likhtarev et al. (2002) for Ukrainian territories were p; = 0.46,
p2=0.69, T; = 1.5y, and T> = 50y. In their studies, the attenuation
factor was normalized to the air dose rate for a plane source at a depth
of 0.5 g/cm? with the same deposition density; therefore, the summa-
tion of p; and p, exceeds 1.0.

The attenuation of air dose rate calculated using the formula and the
determined parameters during the same duration to our observation,
that is about five years after the deposition, was estimated to be 0.58 for
Russia and 0.62 for Ukraine. The attenuation of air dose rate, evaluated
in a similar manner according to depth profile observed after the
Fukushima accident, was 0.73 as mentioned above. This suggests that
the penetration of radiocesium into soil in Fukushima has been slightly
slower than those reported after the Chernobyl accident; it may reflect
stronger fixation of radiocesium to soil particles in Fukushima
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(Okumura et al., 2018). While, the actual observed average attenuation
of air dose rates in non-decontaminated locations in this study was
calculated to be 0.62 after decay correction. The cause of the dis-
crepancy between 0.73 and 0.62 is possible due to the fact that some of
the non-decontaminated locations were actually decontaminated but
not recognized or affected by decontamination performed in sur-
rounding areas as discussed previously. While the average attenuation
of air dose rates for all locations was 0.49, which is obviously smaller
than those described above. This suggests that human activities in-
cluding decontamination significantly contributed to the decrease in air
dose rates in the reference measurements locations.

4. Conclusions

Air dose rates and radionuclide deposition densities over the entire
80km zone surrounding the FDNPP were measured in undisturbed
fields from 2011 to 2016 at a frequency of once or twice a year to in-
vestigate the temporal change of the contamination conditions in re-
ference locations. The detailed maps on air dose rates and deposition
densities for '**Cs and '*’Cs were constructed on the measurement
data. The air dose rates drastically decreased in the five years im-
mediately after the accident, and the average air dose rate in September
2016, excluding the background contribution, became about 20% of
that in June 2011. The essential cause of the decrease was the physical
decay of 13*Cs with a half-life of 2.06 y. The contribution to the air dose
rate reduction over the same period from the physical decay of *’Cs
with a half-life of 30.2'y was limited. The average deposition densities
of radiocesium in non-decontaminated fields were found to have de-
creased almost according to physical decay both for **Cs and '*"Cs,
suggesting that the horizontal movement of radiocesium was relatively
small as a whole. The air dose rates in undisturbed fields decreased
eminently faster than expected from radioactive decay, and this was
most likely due to the penetration of radiocesium into the soil resulting
in the increase of shielding effects for gamma rays emitted from
radiocesium in not on the soil surface. Results of this study further in-
dicated that the decontamination work extensively conducted after the
accident effectively decreased the air dose rate because the reduction in
contamination conditions was observed in terms of both air dose rates
and deposition densities. The reduction in air dose rates in non-de-
contaminated locations was found to occur mostly in the early summer,
though the cause is not very clear. The decreasing tendency of air dose
rates due to radionuclide penetration in soil was slower than those
reported after the Chernobyl accident, whereas the actual observed
decreasing trend in undisturbed flat fields in Fukushima was faster than
those anticipated from the penetration effects.
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