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A B S T R A C T

With the use of an in situ and static method for gamma-ray measurements, levels of radioactive cesium 137 on
shallow rugged reefs which lie between 37.3° N and 37.4° N, from the coastline of Fukushima to 141.06° E, at a
depth of around 10m were surveyed for the first time from May 2016 to December 2017. To confirm the contact
between the detector and a surface of rock, we used a fact that potassium containing minerals are abundant and
uniformly distributed in the area, and thus the strength of the photoelectric peak of natural radioactive po-
tassium 40 is nearly constant over the area. We have found that the levels of radioactive cesium 137 varied from
point to point within a range from 1×104 Bq/m2 to 6×104 Bq/m2.

1. Introduction

On March 11th, 2011, the Great East Japan Earthquake and sub-
sequent tsunami hit the Fukushima Daiichi Nuclear Power Plant
(FDNPP) of the Tokyo Electric Power Company. Consequently a vast
amount of radioactive materials were released into the atmosphere
from the three crippled nuclear reactors (Gov. Jpn., 2011; IAEA, 2011).
In addition to the atmospheric fallout, the heavily contaminated cooling
water directly discharged into the ocean (e.g., Tsumune et al., 2012;
and the references therein). Less contaminated groundwater and river
inflows were also the sources of contamination of the ocean.

To obtain a reliable estimate of the source terms, Science Council of
Japan (2014) conducted a comprehensible comparison of the simula-
tion results of nine regional atmospheric models, six global models, and
eleven oceanic models for the transportation and deposition of radio-
active materials. A review article by Buesseler et al. (2017) summarized
the results of the estimates of the source term for radioactive cesium
137 (137Cs, T1/2= 30.17 years) obtained from 19 different models re-
ported until 2016. The estimates of the total atmospheric fallout of
137Cs range from 8.8 PBq (Terada et al., 2012) to 50 PBq (Stohl et al.,
2012), those of the fallout only over the ocean range from 5 PBq
(Kawamura et al., 2011) to 14.8 PBq (Aoyama et al., 2016), and the

total amount of the direct discharges of 137Cs to the ocean ranges from
3.5 PBq (Kobayashi et al., 2013) to 26.9 PBq (Bailly du Bois et al.,
2012). The estimated values vary greatly because of uncertainty in the
transportation and deposition processes and the insufficiency of mea-
sured data to carry out inverse calculations.

On land, the measurements of distribution and level of contamina-
tion with radioactive cesium 134 (134Cs, T1/2= 2.06 years) and 137Cs
were started immediately after the accidents. The results are compiled
and made open to the public by the Nuclear Regulation Authority,
Japan (NRA) on their website (NRA, 2018). On the seafloor of the
coastal ocean, however, the measurements have been limited because
of many technical difficulties. Using a sampling technique Kusakabe
et al. (2013, 2017) surveyed the distributions and levels of 137Cs and
some other radioactive nuclides in the sediments which were sampled
at 35 points on the seafloor of the continental shelf off Fukushima,
between 35.5° N and 39.0° N, and between the coastline and 142° E,
excluding an area within a radius of 30 km from the FDNPP. Also using
the sampling technique, Black and Buesseler (2014) collected twenty
sediment cores in a wide area between 36.5° N and 38.5° N, and be-
tween the coastline and 143.5° E. Ambe et al. (2014) collected sedi-
ments samples at 113 points with a regular interval of 5min of latitude
and longitude in an area between 36.5° N and 37.8° N, and between the
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coastline and 141.5° E, excluding an area within a radius of 20 km from
the FDNPP. Thornton et al. (2013a, 2013b) developed a towed gamma-
ray spectrometer of a standard combination of a NaI(Tl) scintillator and
a photomultiplier tube and carried out in situ and continuous mea-
surements to study the distribution of 137Cs on the seafloor of a rec-
tangular area, from 37°20′ N to 37°30′ N and from 141°03′ E to 141°15′
E. They have revealed the existence of local anomalies as high as
40,000 Bq/kg-wet in the levels of 137Cs. Then, the NRA (2014, 2015,
2016, 2017) commissioned the projects for continuation of the studies
on the above mentioned rectangular area with the use of the towed
gamma-ray spectrometer, the sampling technique and the on-land
analyses of sediments. The results have revealed that the average level
of 137Cs on the soft seafloor is a few hundred Bq/kg-wet. The technique
of towing the gamma-ray spectrometer has been particularly useful to
map the continuous distribution of 137Cs on the soft seafloor with a
gentle undulation.

Regarding the survey of contamination on shallow rugged reefs
which lie between the coastline and 141.06° E, to the best of the au-
thors' knowledge, no systematic survey has been reported. Obviously,
the sampling technique cannot be employed to study hard bottoms
unless a practical technique for scraping surfaces of rock is available.
Very recently Matsumoto et al. (2018) employed an air-lift method
successfully to collect sediments on rock on the shallow seafloor. The
air-lift method, however, may not yield full information about the level
of 137Cs on rock because not all the sediments on a rock surface can be
air-lifted. The only practical method that is applicable to survey the
contamination on the shallow rugged reefs near the FDNPP is an in situ
and static method. It should be noted that shallow rugged reefs lie along
the coastline of Fukushima before the continental shelf of sandy sea-
floor starts. The data of the current status of contamination on the
shallow rugged reefs to which heavily contaminated cooling water was
directly spewed would be indispensable to refine various oceanic si-
mulation models for transportation and deposition of radioactive ma-
terials.

The aim of this study is to report the levels of radioactive cesium on
the shallow rugged reefs which lie between 37.3° N and 37.4° N, and
between the coastline of Fukushima and 141.05° E.

In Section 2 the present in situ and static method is briefly ex-
plained, and data processing is described. In Section 3 the results are
presented, and the uncertainties involved in the data are discussed. The
conclusion is given in the last section.

2. Experimental

2.1. Instrumentation

A scintillator is used as a gamma-ray detector. The reason is that an
estimated level of contamination with 137Cs is in order of 104 Bq/m2,
and we do not intend to study various reactor-made radioactive nu-
clides by measuring energies of photoelectric peaks with an energy
resolution that only a pure Ge detector can provide. Instead of choosing
a standard combination of NaI(Tl) scintillator and photomultiplier tube
(PMT), we have employed a combination of CsI(Tl) scintillator and
photodiode. A detailed comparison of characteristics between the
former and the latter is given in a recent review by Belousov et al.
(2017). The main reason why we chose the combination of CsI(Tl) and
photodiode is that it has a great advantage over a NaI(Tl) scintillator
with a PMT in regard to compactness, low-deliquescence and me-
chanical strength, such as potential damage due to impact with rock
and due to handling on board of a fishing boat.

The detector employed in the present survey is a gamma-ray spec-
trometer KESVM1 made to order by Kansai Electronics Co., Ltd., Japan.
The spectrometer consists of a CsI(Tl) cylindrical crystal of 25.4mm in
diameter and 25.4mm in height and Si PIN photodiode S6775 made by
Hamamatsu Photonics K.K., Japan. The specifications are summarized
in Table 1. Together with the CsI(Tl) crystal with photodiode, the signal

processing circuit, A/D converter, 4096 channel multichannel analyzer,
a central processing unit and a Universal Serial Bus (USB) interface are
housed in a compact aluminum case. Then, the case is contained in a
pressure tight vessel (PTV), the dimensions of which are described in
Table 1. The data are forwarded to a personal computer on a boat by a
USB cable of 50m in length which has three repeaters.

The detection efficiency of the detector was measured by a standard
method using a point source of 137Cs manufactured by Amersham, the
source code of which is CDR8. The strength was calibrated to be
2.604×106 Bq on February 17th, 2012 by Japan Radioisotope
Association. In actual measurements, however, the PTV contacts a
contaminated surface of rock which can be regarded as a two-di-
mensionally extended source. To take into account the effects of this
extended nature in determining a factor to convert the count rate to the
amount of 137Cs seen by the detector, we simulated the situation by
putting the detector in the PTV on a rectangular plate source of 137Cs
manufactured and calibrated by Japan Radioisotope Association, the
source code of which is CS221. The source had a density of 1× 104 Bq/
m2 on December 1st, 2011. The size of the plate was
100mm×100mm and was large enough compared with the diameter
of the CsI(Tl) crystal. Fig. 1 shows a raw spectrum of the plate source of
137Cs measured in our laboratory. The measurement time was 600 s. In
addition to the photoelectric peak of 137Cs, a weak but discernible
photoelectric peak of radioactive potassium 40 (40K, T1/
2= 1.25× 109 years) is recorded, which originates from the concrete
walls, floor and ceiling of the laboratory. A raw spectrum of the back-
ground in the lab is shown in Fig. S1 which is in the Supplemental Data.
In Fig. 2 is shown the photoelectric peak fitted with a Gaussian function
after subtraction of a baseline (see Section 2.3). The full width at half
maximum (FWHM) of the photoelectric peak gives the energy resolu-
tion at 662 keV to be 9.0%. Similarly, the energy resolution of the de-
tector at 1462 keV is determined to be 5.9% from the FWHM of the
photoelectric peak of 40K in Fig. S1 in the Supplementary data. From
the total counts under the photoelectric peak of 137Cs, the factor to
convert the count rate in counts per second (cps) to the amount of 137Cs
seen by the detector is obtained to be one cps equal to 6.32× 104 Bq/
m2. Separation between the photoelectric peak of 137Cs at 662 keV and
that of 134Cs at 796 keV is seen in Fig. SR1 which is in the Supple-
mentary data.

A cage was made to accommodate the detector in the PTV and
various auxiliary sensors such as an underwater pressure sensor
(MS5837-30BA, Measurement Specialties, Inc., CA, USA) to know the
depth and an attitude sensor (MPU-9250, Strawberry Linux Co., Ltd.,
Tokyo, Japan) to know how stable the cage stands on the hard seafloor.
A schematic drawing is shown in Fig. SR2 which is in the Supplemen-
tary data.

The USB signal cable, the power supply line, the video signal cables,
and the signal lines from the sensors were bundled together. The cage is
tied to the end of the rope by three chains from the frame of the cage.
Independently the PTV is tied to the same end of the rope by three
wires. To protect the thin window for gamma rays on the bottom of the
PTV on landing upon hard seafloor, the length of the wires are adjusted
in a way that the bottom of the PTV is 50mm above the bottom of the
cage so that the PTV never lands on a rock surface before the cage
lands. Another little ingenuity is exercised. After the cage lands, we let
the rope go out farther by about 10m to settle the end of the rope on the
top of the cage. Then the PTV can freely go through the hard vinyl
chloride pipe father down by about 40mm from the bottom of the cage.
In this way, even when a gap between the central part of the bottom of
the cage and the surface of rock is created by landing of the bottom
frame of the cage on two or three points which are protruded higher
from the surface of rock, the PTV can slide down to contact the surface
of rock.

F. Suzuki, et al. Marine Pollution Bulletin 145 (2019) 649–655

650



2.2. In situ and static method

Based on information about reefs obtained from Fukushima
Prefectural Fisheries Experimental Station we selected those lying close
to the coastline and near the FDNPP. Our fishing boat had an ultrasonic
fish finder. From the degree of attenuation of the ultrasonic wave re-
flected at the bottom of the sea, we could confirm that the boat was

right above the reefs. The ultrasonic fish finder also gave a depth from a
time for the ultrasonic wave to come back from the bottom of sea. The
cage was lowered by a rope from the boat to the bottom of the reef and
kept there for 1200 s to obtain a gamma-ray spectrum. In a typical
operation for a depth of around 10m, the time for lowering or raising
the cage was just a few minutes. Since no time was used for the an-
choring the boat in our study, each measurement was performed within
30min. During the measurement, the live spectrum was being dis-
played on a monitor of a personal computer on the boat. From several
preliminary measurements in the area, it was found that when the
contact between the PTV and a surface of rock was not disturbed, the
measurement time of 1200 s was just enough for the measured spec-
trum to have a discernible photoelectric peak of 40K which could be
subjected to an analysis to be described in Section 2.3.

The boat drifted naturally due to surface currents and winds.
Therefore, while a gamma-ray spectrum was being taken, the rope and
the bundle of the cables were kept slackened enough not to drag the
cage. The position where the cage was lowered from the boat was
marked on a GPS display of the boat so that the boat was continuously
steered back to the initial position. The boat was not anchored. When a
current at the bottom of the sea was strong, it pushed the bundle of the
cables toward downstream and thus the cage was dragged in the same
direction. In such case the bundle of the cables was anchored at the
bottom so that the cage was not disturbed by the movement of the
bundle of the cables. When a sudden and drastic change was found on
the monitors of the video cameras and in the signal of the attitude
sensor, the change was taken as an indication that the cage started to
move or incline or be toppled over on its side by turbulent currents, and
then the measurement had to be aborted.

2.3. Data processing

The reliability of the data is very much affected by the quality of the
contact between the PTV and a surface of rock. If a gap between the
bottom of the PTV and a surface of rock exists, the count rate must be
less than that of the case with no gap. Using the X-ray mass attenuation
coefficients for water given by Hubbell and Seltzer (1996), we can es-
timate that a gap of 20mm filled with seawater would reduce the count
rate of gamma-rays from 137Cs by 16% and that of those from 40K by
11%.

In actual measurements, it turned out that because of high turbidity,
the images sent from the video cameras were almost always not clear
and could not give information about a possible gap between the
bottom of the PTV and a surface of rock. In this regard, our measure-
ment seemed to be a sort of blind measurement. After examination of
all the spectra, however, it was found that a weak but a well discernible
photoelectric peak of 40K was recorded in most of the spectra and its
strength did not vary much from spectrum to spectrum, that is, the
strength of 40K is independent of the measured points and of the
strength of the photoelectric peak of 137Cs. All the raw spectra which
have a well discernible photoelectric peak of 40K are shown in Figs.
S3–S20, and some of those which don't have are shown in Figs. S21–S24
which are in the Supplemental data. As an example, Fig. 3 shows a raw
spectrum obtained at P01 on December 9th, 2017 the location of which
is depicted in Fig. 4. We first focus our attention on the photoelectric

Table 1
Specifications of gamma-ray spectrometer.

Scintillator CsI(Tl) 25.4mm in diameter and 25.4mm in height
Opto-electric converter Photo diode
Energy resolution 8.7% at 662 keV and 5.9% at 1462 keV
Detection efficiency 20% at 662 keV
Number of channels 4096
Energy range 70 keV–4MeV
Pressure tight vessel (PTV) Cylindrical aluminum case, 85mm ϕ ×240mm, t=10mm. An area of 40mm ϕ of the bottom of the case is thinned to 1mm to serve as a window

for incoming gamma-rays.

Fig. 1. Raw gamma-ray spectrum of the plate source of 137Cs.
The measurement time was 600 s. The photoelectric peak of 40K is from the
concrete of the wall, floor and ceiling of our laboratory.

Fig. 2. Photoelectric peak of 137Cs fitted with a Gaussian function.
The photoelectric peak of 137Cs shown in Fig. 1 was fitted with a Gaussian
function after subtraction of the baseline (see Section 2.3). The data points are
connected with thin straight lines. The full width at half maximum of the
photoelectric peak gives an energy resolution at 662 keV to be 9.0%.

F. Suzuki, et al. Marine Pollution Bulletin 145 (2019) 649–655

651



peak of 40K in a shaded region with a width of 3Γ1462keV, where Γ1462keV
is the FWHM of the photoelectric peak at 1462 keV. The present choice
of the width of the shaded region is based on a fact that an integration
of a Gaussian function with a standard deviation σ between −3σ and 3σ
gives 99.7% of the total area under the function. The relation between
the standard deviation and the FWHM is given by a relation,
FWHM=2σ (2ln2)1/2. Thus, the present width of 3Γ1462keV is a little
wider than the width of 6σ.

According to the geochemical map published by Geological Survey
of Japan (2003), the area we are interested in is located east of the
Abukuma Mountains which consist mostly of granitic rock with abun-
dant potassium. The natural radioactive potassium is, therefore, fairly
evenly distributed on land and seafloor. Then, we can use the photo-
electric peak of 40K to quantify the contact. If the contact is attained,
the count rate of the photoelectric peak of 40K should be similar ev-
erywhere. On the basis of this consideration, all the raw spectra ob-
tained were first inspected whether or not the photoelectric peak of 40K
was well discernible and could be fitted with a Gaussian function. Then,
after discarding the spectra in which the photoelectric peak of 40K was
not found or vague, the total accumulated counts for a measurement
time of 1200 s, NK, in the shaded region in Fig. 3 were examined in
every spectrum. The average value, NK avg., was 129 counts. The values
of NK were found within a range of NK avg. ± 20 counts. Although the
number of accumulated counts in the shaded region was small and the
scatter in NK was a little larger than the statistical error, (NK avg.)1/2, the
above fact indicated that the photoelectric peak of 40K could be used to
judge whether the bottom of the PTV contacted the hard bottoms or
not. After these examinations, the spectra were subjected to analyses of
the photoelectric peak of 137Cs.

To extract information from the measured spectra, we used Origin
Pro 2018 (Origin Lab Co. Northampton, MA, USA). Since the aim of the
present survey was to know the amount of residual 137Cs on the reefs,
we examined the spectra in an energy range between 490 keV and
920 keV which covered 605 keV peak of 134Cs, 662 keV peak of 137Cs,
and 796 keV peak of 134Cs. First, the baseline was fitted with a B-spline
curve. Then the three peaks were fitted with three Gaussian functions
with a width which was obtained in the measurement of the resolution
described in Section 2.1. The position of each peak was also fixed at
that which was determined from the calibration of the channel-energy

relation. Therefore, the actual fitting parameters were the heights of the
three peaks. The statistical error was deduced from the number of
counts under the fitted curve of 662 keV peak of 137Cs. Because of the
fixed time measurement of 1200 s the statistical error ranged from 2.5%
to 5.8%. The plausibility of the fitting results was examined by taking a
ratio of the total counts under 796 keV peak of 134Cs to those under
662 keV peak of 137Cs. The theoretical ratio was calculated from the
half-life of 134Cs and that of 137Cs, the date of the measurements, and
the number of gamma-rays emitted from 1 Bq of each nuclide with a
widely accepted assumption that the ratio 134Cs/137Cs was very close to
unity when they were spewed from the crippled nuclear reactors. Only
qualitative comparison between theory and measurement could be
made because the signal to noise ratio of the 796 keV peak of 134Cs was
not high enough to reliably quantify the total counts under the 796 keV
peak of 134Cs. For this reason, only the measured levels of 137Cs in units
of Bq/m2 were determined from the count rate of the 662 keV peak of
137Cs and the conversion factor described earlier in this section. The
fitted results are shown in Fig. 5.

3. Results and discussion

The names of measured points, the dates of measurements, the GPS
coordinates and the levels of residual 137Cs in units of Bq/m2 are listed
in Table 2. The measurement time was 1200 s except for P01 measured
on July 16th, 2016. The depth of all points was about 10m. The

Fig. 3. Raw gamma-ray spectrum measured on Dec. 9, 2017 at P01.
Photoelectric peak of 137Cs at 662 keV is clearly observed and that of 134Cs at
796 keV is discernible. Although weak, photoelectric peak of 40K is also dis-
cernible in the shaded region, the width of which is 3Γ1462keV, where Γ1462keV is
the energy resolution of the detector at 1462 keV. The location of P01 is shown
in Fig. 4.

Fig. 4. The points at which the levels of 137Cs were measured.
The dates of measurements are indicated in the inset.
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measured points are depicted in Fig. 4. All points were outside of the
areas surveyed by Kusakabe et al. (2013, 2017), Black and Buesseler
(2014), Ambe et al. (2014), and Thornton et al. (2013a, 2013b).

Although the contact between the PTV and the hard seafloor is
confirmed with recourse to the photoelectric peak of 40K, there is still
uncertainty involved in the measured levels. The video cameras could
not show how firmly the bottom of the PTV was touching a surface of
rock while the spectra were being taken. The readings of the attitude
sensor were of some help to find out how stationary the cage was. The
compass pointed to one direction most of the time, but sometimes the
attitude sensor indicated that the inclination of the cage was inter-
mittently changing in various directions. These facts suggested that
turbulent currents swayed the cage and made a gap between the surface
of rock and the bottom of the PTV open and closed. The sway caused
reduction of the count rate. This may explain the fact that the fluc-
tuation of NK was a little larger than (NK avg.)1/2. Besides this, the cage
was occasionally dragged by a current. Then, the measured value re-
presents an average value along the trail. The overall uncertainty was
estimated to be 16% to 17% by adding up the statistical error of the
number of counts under the fitted 662 keV photoelectric peak of 137Cs,
which is 2.5% to 5.8%, and uncertainty in contact estimated from the
fluctuation in NK, which is 16%.

The measured levels of 137Cs on the reefs range from 1×104 Bq/m2

to 6× 104 Bq/m2. The values may be compared with that found by
Thornton et al. (2013b) on the soft seafloor of sand, silt, clay or mixture
of the three which extends toward east after the reefs we have surveyed.
Although the original data of Thornton et al. (2013b) were given in
units of Bq/kg-wet, later using the depth profiles of the concentration of
137Cs obtained from analyses of the cores of sediments sampled in-
dependently, they have made it possible to convert the values in units of
Bq/kg-wet to be in units of Bq/m2 (NRA, 2016). The conversion leads to
that, except the anomalously high levels found by Thornton et al.
(2013b), the levels of 137Cs at most of the points on the soft seafloor
next to the reefs we have studied are in the order of 104 Bq/m2. The
present levels on the reefs are in the same order of magnitude as those
measured by Thornton et al. (2013b). Kusakabe et al. (2017) reported
that the whole-core 137Cs inventories at the monitoring points just
outside of an arc of 30 km radius from the FDNPP ranged from
6×103 Bq/m2 to 8.5×103 Bq/m2 in October 2015, just about the
same time as the present study was carried out.

Table 2 shows that the level of 137Cs varies point by point and the
temporal variation shows no apparent trend. Thornton et al. (2013b)

pointed out that the distribution was strongly influenced by meter scale
features of the seafloor. Black and Buesseler (2014) found that the level
of 137Cs varied even within one set of multicore samples collected si-
multaneously and immediately adjacent to one another. This fact must
be kept in mind in looking at the data taken with a point by point
method. In the present survey, the GPS coordinates are for the position
of the boat, not for the cage on the reefs. While the cage is being
lowered, the current pushes it downstream. Therefore, although the
exact position of the cage will never be known, it is safe to say that the
cage is within a radius of several meters from the GPS coordinates. A
level of 137Cs on a surface of rock may differ from that of another
surface of the same rock. The large difference in the levels can be as-
cribed partly to the complexity of ruggedness of the reefs. Generally,
surfaces of rock are not at all smooth. They are coarse, porous, with fine
cracks and other irregularities in various scales which serve as trapping
sites for contaminants to settle. Takahashi et al. (2017) showed that
river waters in Fukushima were abundant with suspended particulates
of several different types of phyllosilicate. Then, it is naturally expected
that seawater along the coast of Fukushima is also abundant with sus-
pended particulates of various types of phyllosilicate originated from
the weathered granitic rock of the Abukuma Mountains. The phyllosi-
licate has pore or inter-layer space to be able to accommodate Cs ions in
their own crystal structures (Nakao et al., 2014; Durrant et al., 2018).
X-ray diffraction analyses of the sediments collected in the area where
Thornton et al. (2013b) set show the existence of phyllosilicate such as
illite, montmorillonite, and kaolinite (NRA, 2017). It has now become a
widely accepted fact that once the atmospheric fallout is deposited on
the surface of seawater or once the contaminated cooling water is
spewed directly into seawater, a large part of radioactive cesium is
trapped by these suspended particulates. Then, the fate of radioactive
cesium is controlled by the fate of those particulates in seawater. Being
subjected to transportation, dispersion and deposition mechanisms in
seawater, the contaminated particulates reach surfaces of rock and are
trapped either firmly or loosely depending on the irregularities of the
surface of rock. Occasionally, when the cage hit a surface of rock, a rise
of a thin cloud of sediments could actually be seen on the monitor of the
video camera. The particulates trapped loosely may contribute to the
temporal variations.

To reduce the uncertainties involved in the present in situ and static
method, since uniform distribution of 40K is not absolutely guaranteed
by an independent geochemical survey of the bottom of the sea in the
region with a much finer mesh than the one we cited, in addition to
measuring 40K, it is necessary to have some sort of device to directly
confirm the contact between the detector and surfaces of rock. Also, it is
desirable to use a CsI(Tl) scintillator larger in volume to increase the
number of counts in the photoelectric peaks of 40K and 137Cs in a
limited measurement time.

4. Conclusion

With the use of an in situ and stand still method and with recourse
to the photoelectric peak of naturally coexisting 40K, the levels of 137Cs
on the shallow rugged reefs which lie between 37.3° N and 37.4° N, and
from the coastline of Fukushima to 141.06° E, at a depth of around 10m
were surveyed for the first time from May 2016 to December 2017. The
levels varied from point to point within a range from 1×104 Bq/m2 to
6×104 Bq/m2 with an overall accuracy of 16–17%. The levels also
changed with the dates of the measurement, but no apparent trend was
found in the temporal variations. Considering the time needed to obtain
a gamma-ray spectrum with statistics high enough to analyze the
photoelectric peak of 137Cs by curve fitting with a Gaussian function,
we have found that the present apparatus is practical only in situations
where the level of 137Cs is higher than 1× 104 Bq/m2.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.marpolbul.2019.06.007.

Fig. 5. The fitted results.
The photoelectric peaks of 137Cs at 662 keV, those of 134Cs at 605 keV, and at
796 keV shown in Fig. 3 are fitted with three Gaussian functions. The Gaussian
curve centered at 796 keV (dashed line) is completely on top of the fitted curve
(heavy line). As for the fitting procedure, refer to the text. The data points are
connected with thin straight lines.
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