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Abstract: A radioactivity survey was launched in 1983 to determine background levels of artifi cial radionuclides such 
as 90Sr and 137Cs in marine environments offshore of nuclear power stations throughout Japan and one nuclear fuel 
reprocessing plant. In addition, an environmental radioactivity monitoring study, with a particular focus on the waters 
off Fukushima and nearby prefectures, was initiated shortly after the Fukushima Dai-ichi Nuclear Power Plant (FDNPP) 
accident. Here, we report on spatiotemporal changes of radiocesium in the waters off FDNPP, as well as on long-term 
(>30-year) temporal changes in radionuclides in the marine environment off the nuclear power stations and the fuel 
reprocessing facility. We determined that 137Cs concentrations decreased over the period 1983–2010, with the exception 
of a spike corresponding to the Chernobyl nuclear accident in 1986. Levels of radiocesium prior to the FDNPP accident 
(2006–2010) indicated that 137Cs concentrations ranged from 1.3 to 2.5 mBq/L (mean: 1.6 mBq/L). Post-accident 
monitoring revealed a heavy burden of artifi cial radionuclides in Japanese coastal areas, as 137Cs concentrations in 
surface seawaters of the northwestern North Pacifi c Ocean increased markedly. On the other hand, concentrations of 
134Cs, which has a short half-life (around 2 years), decreased sharply due to seawater dispersion by coastal currents. 
Although concentrations of 137Cs in coastal seawater within 10 km of FDNPP remained high even 5 years after the 
FDNPP accident, concentrations in seawater >30 km from FDNPP have almost returned to background values.
 Concentrations of 137Cs in sediments declined slightly over the period 1983–2010, but maximum values were 
observed at all monitoring stations near the FDNPP in September 2011 (8.0–580 Bq/kg-dry), several months after the 
accident; almost all concentrations exceeded pre-accident 5-year averages (2.1 Bq/kg-dry) for Japanese coastal regions. 
However, fi ve years of monitoring after the accident reveal a trend of exponential decline.
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Introduction

 The Marine Ecology Research Institute (MERI) 
has been conducting surveys of anthropogenic 
radionuclides in marine environments offshore of 
commercial nuclear power plants throughout Japan 
since 1983. Because of the large amount of radioactive 
nuclides released as a result of the accident at the 

Fukushima Dai-ichi Nuclear Power Plant (hereafter 
“FDNPP”) in March 2011, MERI instituted a survey 
specifi cally focusing on the distribution and behavior 
of man-made radionuclides in seawater and marine 
sediments at sites close to FDNPP (hereafter “FDNPP 
monitoring”); results of this survey have previously 
been reported in extensive detail (Takada and Suzuki, 
2003; Kusakabe et al., 2013; Watabe et al., 2013; 
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Oikawa et al., 2013a, b, 2014; Kusakabe, 2014; Takata 
et al., 2013, 2015, 2016; Isono et al., 2015a, b). Here, 
we provide a summary of the trends in the concentrations 
of artifi cial radioactive nuclides in Japanese coastal 
waters and sediments since 1983 including the Nuclear 
Regulation Authority’s monitoring data for radioactive 
Cs (134Cs, 137Cs) concentrations in marine systems over 
the period 1983–2015.

Methods

Sampling
 Sampling procedures have been summarized in 
detail elsewhere (Oikawa et al., 2014; Isono et al., 
2015a). Briefl y, we collected seawater and sediment 
samples from 15 coastal regions in which commercial 
nuclear power plants are located, with four sampling 
stations established within each region (Fig. 1A). Since 
1991, prior to regular operation of the nuclear fuel 

reprocessing facilities in the village of Rokkasho, 
Aomori Prefecture, surveys involving 22 sampling 
stations have been conducted in the waters off Aomori 
and Iwate Prefectures (Fig. 1B). In addition, there has 
been an ongoing marine environmental monitoring 
project in the waters offshore of FDNPP since March 
2011, shortly after the nuclear accident. As of 2015, the 
FDNPP monitoring area included 32 sampling stations 
in coastal areas 30–90 km from FDNPP, along with 10 
stations in the open ocean (Fig. 2A) and seven stations 
within a 10-km radius of FDNPP (Fig. 2B).
 Seawater samples were collected annually in May/
June; samples consisted of 60–200 L of seawater 
collected with Van Dorn or Niskin water samplers. 
Water samples were collected from each station in the 
surface layer (1-m depth), from a depth of 50–100 m, 
and from 10–40 m above the seafl oor. Seawater samples 
were not fi ltered. Two milliliters of 6 M hydrochloric 
acid or 15 M nitric acid were added per liter of seawater 

Fig.1   Location of the marine areas included in this study. A: 15 coastal marine regions (four sampling 
stations in each region) adjacent to commercial nuclear power plants. B: 22 offshore sampling stations 
in waters adjacent to the nuclear fuel reprocessing facilities.
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to each sample, after which samples were stored under 
cool, dark conditions until analysis. Surface sediment 
samples were collected using an Ekman–Birge grab 
sampler or a box corer (Rigo stainless steel box [45-cm 
sides] capable of taking pillar-shaped samples at 
sediment depths up to about 40 cm) or a multiple corer 
(Rigo acrylic pipe with an inside diameter of 8 cm 
[eight rows]). We collected about 2.5 kg of sediment 
from the layer about 3 cm below the surface. The 
sediment samples were either refrigerated or frozen 
until analysis.

Analysis
 Cesium-137 in the seawater samples was 
chemically separated and quantifi ed by gamma-ray 
spectrometry. After drying, measured quantities of 
seabed sediment were placed in plastic containers, and 
137Cs concentrations were determined via gamma-ray 
spectrometry. The lower detection limits for both 134Cs 
and 137Cs in all samples were 0.3–1.0 mBq/L for 
seawater and about 0.7 Bq/kg-dry for seabed sediments. 
See Oikawa et al. (2013a) for additional details of the 
analytical methods.

Results and Discussion

Cs-137 in seawater offshore of commercial nuclear 
power plants
 Temporal changes in 137Cs concentrations in both 
surface and bottom layers of seawater in the 15 coastal 
regions offshore of commercial nuclear power plants 
for 1983–2015 are presented in Figure 3. Prior to the 
FDNPP accident, low levels of 137Cs in seawater were 
detected using beta-ray measurement following sample 
pre-concentration. However, 134Cs, with a half-life of 2 
years, was also released in the accident; the activation 
product of 134Cs has approximately the same radiation 
level (activity ratio ≈ 1) as that of 137Cs, which is a 
fi ssion product. Because beta rays of 134Cs and 137Cs 
cannot be distinguished, gamma-ray spectrometry was 
applied to all samples collected since 2012, as this 
approach can differentiate 134Cs and 137Cs. Cesium 
levels in some of the samples from 2011, for which the 
beta-ray approach was used, are reported as 134+137Cs.
 Although 137Cs, which originated primarily from 
atmospheric nuclear-weapons testing in the Northern 
Hemisphere between 1945 and 1965, continues to be 
detected in the surface layers of the North Pacifi c 

 

Fig.2   Monitoring area. A: 32 sampling stations in the coastal area located 30-90 km from the FDNPP and 10 stations 
in the open ocean. B: seven nearshore sampling stations within a 10-km radius of the FDNPP.
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Ocean, its concentration has gradually declined 
throughout the survey regions, with theexception of a 
spike in May–June 1986 due to the April 1986 
Chernobyl nuclear power-plant accident. Because the 
beta-ray measurement method was used at that time, 
the presence of 134Cs was unconfi rmed; however, 
surveys in the following year (1987) showed that levels 
of 137Cs were the same as those prior to the Chernobyl 

accident, declining thereafter at a rate similar to the pre-
accident rate. In addition, the mean concentration of 
137Cs in seawater based on all data over the 5-year 
period from 2006 to 2010 (i.e. before the FDNPP 
accident) was 1.6 mBq/L (range: 1.1–2.5 mBq/L), and 
the effective environmental half-life was estimated to 
be 12–20 years, which is shorter than the physical half-
life of 137Cs (30.1 years) (Oikawa et al., 2013b). 
Concentrations of 137Cs increased in the waters off 
Miyagi, Fukushima Dai-ichi, Fukushima Dai-ni, and 
Ibaraki monitoring areas in 2011 due to the FDNPP 
accident, but subsequently decreased exponentially 
between 2011 and 2015.

Cs-137 in seawater following the FDNPP accident
 Temporal variations in 137Cs concentrations in 
surface seawater within a 10-km radius of the FDNPP 
are shown in Figure 4. Concentrations of 137Cs in 
surface seawater ranged from 5.3 mBq/L (station T-D5) 
to 140 mBq/L (station M-101) in January 2015 and 
from 8.2 mBq/L (station T-D9) to 54 mBq/L (station 
M-101) in January 2016, or about one to two orders of 
magnitude greater than pre-accident levels (1.3–2.5 
mBq/L).
 Temporal variations in 137Cs concentrations in 
coastal areas 30–90 km from FDNPP are shown in 
Figure 5; the unbroken line in this fi gure represents the 
mean 137Cs concentration (1.6 mBq/L) in the waters 

Fig.4   Temporal variation in 137Cs concentrations in seawater 
in nearshore areas within 10 km of the FDNPP over the 
period November 2013 to February 2016. Vertical bars 
indicate counting errors (1σ). Figures in quotation 
marks next to measurement points indicate distance 
from the FDNPP. 

Fig.3   Concentrations of 137Cs in surface waters of the marine 
areas adjacent to nuclear power plants over the period 
1983–2015. Samples based on beta measurements in 
2011 included 134Cs in addition to 137Cs; thus, these 
data are shown as “134+137Cs”. Vertical bars indicate 
counting errors (1σ). ND = not detected and therefore 
not plotted.

198
0

198
5

199
0

199
5

200
0

200
5

201
0

201
5

0 . 0 1
0 . 1

1
1 0

1 0 0

1 0 0 0

2 0 0 0

201
3/0
9/0
1

201
4/0
3/0
1

201
4/0
9/0
1

201
5/0
3/0
1

201
5/0
9/0
1

201
6/0
3/0
1

1 E - 4
1 E - 3

0 . 0 1
0 . 1

1

 M - 1 0 1  ( ∼ 0 . 5 k m )   T - D 1 ( ∼ 1 0 k m )

 M - 1 0 2  ( ∼ 0 . 5 k m )  T - D 5  ( ∼ 2 . 5 k m )

 M - 1 0 3  ( ∼ 2 . 5 k m )  T - D 9 ( ∼ 1 0 k m )

 M - 1 0 4  ( ∼ 2 . 5 k m )

201
1

201
2

201
3

201
4

201
5

201
6

201
7

0 . 0 1
0 . 1

1
1 0

1 0 0

1 0 0 0

1 0 0 0 0

1 0 0 0 0 0

1 0 0 0 0 0 0

Fig.5   Temporal variations in 137Cs concentrations in seawater 
offshore of sites over the period March 2011 to 
February 2016. Vertical bars indicate counting errors 
(1σ). 



Takata et al.: Radioactive cesium in seawater and sediments of Japan

― 21 ―

offshore of Miyagi, Fukushima, and Ibaraki prefectures 
over the 5-year period preceding the accident (2006–
2010). The highest concentration of 137Cs in the surface 
seawater after the accident, recorded on 15 April 2011, 
was 186,000 mBq/L, or approximately fi ve orders of 
magnitude greater than pre-accident levels. 
Concentrations then decreased exponentially over time, 
falling to about 10 mBq/L within 2 years, and maximum 
levels have not exceeded 10 mBq/L since 2014. Annual 
mean values of 137Cs concentrations in seawater during 
the FDNPP monitoring were 2.44 mBq/L in 2014 and 
2.35 mBq/L in 2015, and they continue to exhibit a 
downward trend towards the mean pre-accident 
background level (1.6 mBq/L).
 We conducted a water-column inventory of 137Cs 
(Bq/m) by measuring 137Cs concentrations at various 
depths from the surface to the sea bottom at 27 coastal 
stations (Fig. 6). On the basis of the estimated surface 
area (6160 km2) and volume (753 km3) of the offshore 
waters on which we focused (30–90 km from the 
FDNPP), we examined the temporal changes in 137Cs 
inventories in this area; details of this calculation are 
described by Takata et al. (2016). In May 2011 (2 
months after the accident), we estimated a 137Cs 
inventory of 283 TBq in this region, equivalent to 

Fig.8   Cs-137 concentrations in sediment samples ( 0–3 cm 
depth) collected from 15 coastal marine regions 
(including each of the four sampling stations in each 
region) adjacent to commercial nuclear power plants 
over the period 1983–2015. ND = not detected and 
therefore not plotted. Vertical bars indicate counting 
errors (1σ). 

FDNPP 

The northwestern North Pacific 

Fig.6   Area used to calculate the 137Cs inventory in seawater 
(light blue area); circles indicate the 27 stations used 
for this calculation. Data taken from a report by Takata 
et al. (2016).
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waters. Data taken from a report by Takata et al. 
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approximately 1.5–1.8% of the total amount of 137Cs 
that entered the ocean as a result of the accident 
(approximately 15.5–18.5 PBq; Aoyama et al., 2016) 
(Fig. 7). Our estimated inventory of 283 TBq is over 
two orders of magnitude higher than the pre-accident 
inventory of 1.1 TBq, but the inventory declined by an 
order of magnitude to 14.9 TBq over the subsequent six 
months (May–October 2011). From October 2011 to 
February 2015, the inventory fell to 1.89 TBq, thus 
approaching the pre-accident level; however, relatively 
high concentrations of 134Cs and 137Cs are still being 
recorded at nearshore stations, and thus continuous 
monitoring remains a priority.

Cs-137 in sediments offshore of commercial nuclear 
power plants
 Temporal variations in 137Cs concentrations in 
sediments over the period 1983–2015 are presented in 
Figure 8. Concentrations of 137Cs are highly 

heterogeneous in sediments because of the changes in 
range of grain sizes and the surface areas of sediment 
particles; for example, Cs tends to accumulate more in 
muddy sediments than in sandy sediments. As such, 
137Cs concentrations were slightly higher in the 
predominately muddy sediments off Hokkaido, Niigata, 
and Fukui prefectures than in the sandy sediments that 
are more common in other regions (Oikawa et al., 
2013b). Cesium-137 levels in sediments have, however, 
generally declined slightly since 1983; even the 
Chernobyl accident, which raised 137Cs concentrations 
in surface waters for a year, had no effect on sediment 
concentrations (Oikawa et al., 2013b). We estimated 
the 5-year (2006–2010) average 137Cs concentration in 
sediments to be 2.1 Bq/kg-dry (range: 0.72–8.0 Bq/kg-
dry).

Cs-137 in sediments following the FDNPP accident
 Sampling of the seabed began in May 2011, two 

Fig.9  Cs-137 concentrations in sediment samples (0–3 cm depth). 
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months after the FDNPP accident, with subsequent 
sampling conducted at 2- to 3-month intervals. 
Concentrations of 137Cs were highest at each station in 
September 2011 (8.0–580 Bq/kg-dry), with almost all 
samples having concentrations exceeding the 5-year 
pre-accident average (2.1 Bq/kg) for coastal regions of 
Japan. However, concentrations declined exponentially 
during 2011–2016.
 Spatiotemporal variations in 137Cs concentrations 
from May 2011 to January/February 2016 are shown in 
Figures 9 and 10. Concentrations varied considerably 
with sampling date over the fi rst half-year, but there 
was generally much less temporal variation in 
concentrations. There was no obvious correlation 
between 137Cs concentration and the proximity of the 
sampling location to the accident site; for example, the 
lowest 137Cs concentrations occurred off Miyagi 
Prefecture in the north and off Chiba Prefecture in the 
south (stations A1, A3, L1 and L3). Close proximity of 
a sampling station to FDNPP did not necessarily result 

in a high 137Cs concentration; between May and July 
2011, when sampling was restricted to areas relatively 
close to the coast, concentrations were higher at the 
northern stations (e.g., B1, C1 and D1) than at the other 
stations, and they were also consistently high at stations 
D1, E1, G0, I0, I1 and J1 (Kusakabe et al., 2013). High 
concentrations (100–200 Bq/kg-dry) were subsequently 
observed at stations D1, E1, G0, I0 and I1. In contrast, 
concentrations at station B3, in Sendai Bay, exhibited a 
decreasing trend, thought to be caused by the lateral 
transport of surface-layer 137Cs down through the water 
column and into the bottom sediments, and/or because 
of bioturbation of sediments (Kusakabe, 2014).
 Despite sporadic peaks at each station, the 
geometric mean of the 137Cs concentration has decreased 
steadily, from 47 Bq/kg in September 2011 to 13 Bq/kg 
in January/February 2016. Cs-137 penetrates sediments 
to depths beyond 3 cm from the sediment surface, and 
thus may have been transported from the surface layers 
(Black and Buesseler, 2014; Buesseler, 2014; Otosaka 

Fig.10   Temporal variations in 137Cs concentrations in sediment samples (0-3 cm depth) collected from the seabed of the 
marine monitoring area offshore of the FDNPP. Bold (black) line indicates the geometric mean value of all 
measurement points collected during each sampling cruise.
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and Kato, 2014). Desorption/dissolution of 137Cs from 
sediments is believed to occur at a much lower rate than 
adsorption does; concentrations would therefore 
decrease more slowly in sediments than in seawater. 
For this reason, monitoring of radiocesium levels in 
marine sediments should remain a top priority.
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