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1. Introduction

The Tokyo Electric Power Company Holdings 
(TEPCO) Fukushima Daiichi Nuclear Power Station 
(FDNPP) released a large amount of radioactive Cs into 
the environment following the 2011 Great East Japan 
Earthquake and Tsunami. The released radioactive Cs was 
deposited over wide land and sea areas (Hirose, 2016; 
Mishra et al., 2019). The amount of 137Cs released from 
the FDNPP has been reported to be 18 PBq (Katata et al., 
2015). In particular, the 137Cs inventory of seabed 
sediments shallower than 100 m is 0.16 PBq (Otosaka & 
Kato, 2014) and tends to be higher in coastal areas 
(Kusakabe et al., 2013). The 137Cs inventory of surface 
sediments shallower than 100 m decreased by 27% 
annually from 2011 to 2015 (Otosaka, 2017). While the 
radioactive Cs concentration in coastal seabed sediments 
has been decreasing yearly, seabed sediments with 
relatively high radioactive Cs content have been observed 
locally (NRC, 2018). Radioactive Cs in seabed sediments 
is strongly adsorbed on fine sediment particles and has a 
low elution rate to seawater (Otosaka & Kobayashi, 
2013). Therefore, it is suggested that seabed sediment 
functions as a sink for radioactive Cs in marine 
environments. Previous sampling of seabed sediments 
has been as shallow as the layer to approximately 20 cm 
from the surface (Arita et al., 2014; Ambe et al., 2014). It 
is difficult, however, to evaluate the 137Cs inventory of 

Summary of Radioactive Cs Dynamics Studies in Coastal Areas and 
Assessment of River Impacts

Toshiharu MISONOU*, Tadahiko TSURUTA, Takahiro NAKANISHI and Yukihisa SANADA

Remote Monitoring Research Group, Fukushima Environmental Monitoring Division, Japan Atomic Energy Agency 
45-169 Sukakeba, Kaibama, Haramachi-ku, Minamisouma-shi, Fukushima, 975-0036, Japan

*E-mail: misono.toshiharu@jaea.go.jp

Abstract
A large amount of radioactive Cs was released into the environment from the Fukushima Daiichi nuclear 

power plant (FDNPP) following the 2011 Great East Japan Earthquake. Nine years have passed since this 
accident, and the radioactive Cs concentration in seabed sediments has decreased. The behavior of radioactive 
Cs in coastal areas, however, is complicated due to the influence of rivers, waves and so on. The Japan Atomic 
Energy Agency has conducted several studies at the mouth of the Ukedo River. Here, we review previous 
studies and evaluate the impact of the radioactive Cs supplied by rivers using a sediment trap. In this study, a 
mooring system consisting of a sediment trap was installed in the Ukedo River estuary near the FDNPP in 
2017. The results showed 137Cs flux in winter accounting for 60% of the annual flux. This suggests that 
mobilization of radioactive Cs in the coastal area is primarily due to resuspension and not river discharge.

Key words :  estuary, Fukushima Daiichi nuclear power plant accident, resuspension, sinking particle,  
Ukedo River

seabed sediments, because information concerning 
radioactive Cs in the depth direction has been insufficient. 
Therefore, it is important to collect deep cores and 
analyze the amount of radioactive Cs with depth.

As mentioned above, the coastal area is expected to 
be a dynamic area with respect to radioactive Cs even 
several years after the accident because of the impact of 
riverine 137Cs discharge. For evaluating the future 
distribution of radioactive Cs throughout the entire sea 
area, it is important to predict radioactive Cs distribution 
in the estuary. Therefore, in this paper, we first review 
several studies conducted by the Japan Atomic Energy 
Agency (JAEA) in the Ukedo River estuary. In addition, 
to determine the relationship between seafloor sediments 
and radioactive Cs supplied from rivers, we focused on 
evaluating the amount of radioactive Cs from rivers and 
sinking particles collected using sediment traps (Fig.1).

2.  Distribution of Radioactive Cs in  
the Ukedo River Estuary

JAEA has conducted several studies focusing on the 
behavior of radioactive Cs in the Ukedo River area since 
2012. From calculation of the amount deposited using 
data from the 4th Airborne Monitoring Survey (MEXT, 
2011), the amount of radioactive Cs deposited in the 
Abukuma River basin (578 TBq) and the Ukedo River 
basin (536 TBq) is almost the same. However, the 
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catchment area of the Ukedo River is 1/10 that of the 
Abukuma River, meaning that the concentration of 
radioactive Cs supplied to the ocean by the Ukedo River 
is much higher than that supplied by the Abukuma River 
(Sakuma et al., 2019a). Therefore, the Ukedo River likely 
has a large impact on the surrounding coastal area.

The distribution of seabed sediments (silt, fine to 
medium sand, coarse sand to granules, bedrock, and 
artifacts) in the Ukedo River estuary has been 
investigated using two methods, depth measurements and 
acoustic soundings (Tsuruta et al., 2017). The surface 
area ratios of bedrock and seabed sediments are 65% to 
35% (the total area investigated was about 30 km2), 

respectively (Fig. 2). Sediment accumulation is restricted 
to the area south of the Ukedo fishing port in two 
elongated zones. Fine to medium sand (with a surface 
ratio of 24%) is the main constituent of the seabed 
sediment. Fine sediment containing a large amount of 
clay minerals (such as silt) is thought to have high 
radioactive Cs concentrations (Bostick et al., 2002), but 
the proportion of fine sediments (≦0.064 mm) was found 
to be only 0.4%. From results of core sampling of seabed 
sediments using vibrocoring techniques (to a maximum 
depth of 100 cm), an inventory of radioactive Cs in the 
Ukedo River estuary sediment was made (Tsuruta et al., 
2017). Figure 3 shows the relationship between 137Cs 

Fig. 2  Predicted seabed sediment map (Tsuruta et al, 2017). Location of FDNPP and Ukedo River estuary.

Fig. 1  Positioning of this study.
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inventory and water depth. The results obtained from 
January to March 2014 at the mouth of the Ukedo River 
(Tsuruta et al., 2017) are compared with the results of 
Otosaka and Kato (2014) (sampling period from 2011 to 
2012) and Black and Buesseler (2015) (sampling period 
from 2012 to 2013). The 137Cs inventory in the shallow 
area (water depth: < 30 m) is remarkably larger than that 
offshore. This suggests that the 137Cs distribution near the 
estuary, where the basin has a high level of radioactive 
contamination, is significantly affected by discharged 
137Cs from the Ukedo River.

A secular change in the 137Cs concentration in seabed 
sediments has been reported (Sanada et al., 2018). An in 
situ measurement of the radioactive Cs concentration in 

seabed sediments has been attempted by focusing on 
unmanned surface vehicle technology (Rathour et al., 
2015) to enable continuous and wide-area monitoring. 
The distribution of radioactive Cs concentrations in the 
seabed sediments was measured using an unmanned 
observation ship, Windy3S, at the mouth of the Ukedo 
River seven times from October 2015 to October 2017 
(Sanada et al., 2018; Fig. 4). In the measurement area set 
in the estuary, the 137Cs concentration in the surface layer 
tended to differ for each observation period. Also, the 
137Cs inventory tended to decrease over time. This was in 
good agreement with the physical decay of 137Cs. There 
are also reports that radioactive Cs has been detected 
relatively deep in sediments (Tsuruta et al., 2017). These 

Fig. 3  Relationship between 137Cs inventory and water depth (Tsuruta et al., 2017).

Fig. 4  Contour maps of 137Cs concentrations in sea sediment (surface) near the Ukedo River estuary (Sanada et al., 2018).
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results suggest that radioactive Cs remains in the 
measurement area. Therefore, it is suggested that there is 
a high possibility of local sediment movement near the 
estuary.

The discharge of 137Cs from the Ukedo River was 
estimated using a tank model and L-Q equation (Sakuma 
et al., 2019a). The release of 137Cs in the six months 
following the FDNPP accident to the Ukedo River 
accounted for approximately half of the total in the 
subsequent period (approximately six years). After the 
accident, 10 TBq (from the Ukedo and Takase rivers) of 
137Cs was supplied to the Ukedo River estuary (Table 1). 
The 137Cs inventory of seabed sediments in the Fukushima 
coastal area (≦100 m) in 2011 was 160 TBq (Otosaka & 
Kato, 2014), so the influence of the Ukedo River cannot 
be ignored.

3.  Evaluation of Radioactive Cs Flux in the 
Ukedo River Estuary

3.1 Materials and Methods
We installed a sediment trap to investigate the 

migratory behavior of sinking particles, which affect the 
distribution of radioactive Cs in seabed sediments. Study 
points were set up at the mouth of the Ukedo River, 
which is located approximately six kilometers from the 
FDNPP (Fig. 5(a)). Our targets were points where studies 
of the topographical shape and core sampling of the 
seabed sediments had been performed for a previous 
report (Tsuruta et al., 2017). Because southward flow is 
predominant along the Fukushima Prefecture coast (Yagi 
et al., 2013), we selected the area around Line 2 (Fig. 
5(a)) on the south side of the Ukedo River. Line 2 
includes flat and depressed terrain. Depressions tend to 
contain high levels of radioactive Cs (Thornton et al., 

Fig. 5  (a) Bathymetric map and vibrocoring sampling points (Tsuruta et al., 2017). The black circle shows where the sediment trap was installed 
(St.B). (b) Water depth along Line 2. The solid line shows the surface of the seafloor, and the green range represents the distribution of 
seabed sediments (Tsuruta et al., 2017). (c) The sediment trap was installed 1.5 m above the sea floor using the mooring system.

Table 1  137Cs discharge ratio from different catchments (Sakuma et al., 2019a).

River 137Cs discharge (TBq) and discharge ratio (%)
11 March 2011 – 27 September 2011 11 March 2011 – 31 December 2017

Abukuma 18 TBq (3.1%) 25 TBq (4.3%)
Odaka 0.12 TBq (0.34%) 0.27 TBq (0.75%)
Ukedo 3.2 TBq (0.89%) 6.3 TBq (1.8%)
Takase (Ukedo River tributary) 1.6 TBq (0.88%) 3.7 TBq (2.0%)
Maeda 1.0 TBq (1.1%) 1.9 TBq (2.0%)
Kuma 0.91 TBq (1.0%) 2.0 TBq (2.3%)
Tomioka 0.25 TBq (0.64%) 0.55 TBq (1.4%)
Total of 13 rivers in Fukushima coastal regiona 11 TBq (0.79%) 23 TBq (1.7%)
a    Estimated using catchment137 Cs inventory at each other catchment in the Fukushima coastal region and the average137 Cs discharge ratio from six river 

basins such as the Odaka, Ukedo, Takase, Maeda, Kuma, and Tomioka Rivers.
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2013), but they also suggest that sediment migration 
might be restricted. Since depressions are a characteristic 
place, we chose the area around No. 13 on the flat part 
and moored the earth and sand trap (Fig. 5 (b)).

We installed the mooring system shown in Fig. 5(c) 
at the study points (N 37.46866°, E141.0614°, water 
depth: 16 m). The mooring system was equipped with a 
sediment trap (SMC-7S500, NiGK Corporation, Japan). 
During high water periods such as typhoons, sinking 
particles were collected each day (measurement interval 
of one day). Table 2 summarizes the sampling period for 
the sediment trap. The 500-ml collection bottles in the 
sediment trap were pre-filled with 3.5% NaCl solution to 

prevent backflow of the sinking particles.
The sinking particles were separated from the 

seawater using a centrifuge (CR22N, Hitachi, Japan). 
Centrifugation was performed for 20 min at 3,000 rpm, 
and the supernatant was discarded. To remove the salt 
from the sample, deionized water was added to the 
remaining sample, which was then stirred and 
centrifuged. This process was repeated three times. The 
centrifuged sinking particles were dried at 105°C for 
24 h, homogenized and then placed in a U-8 container. 
The radioactive concentration of 137Cs in the sinking 
particles was determined via gamma-ray spectrometry 
using a high purity germanium detector (GMX40P4-76, 
ORTEC, USA). The measurement times were from 
3,600 s to 302,400 s. The activity concentrations of 137Cs 
in the samples were decay-corrected to the sampling date. 
The 137Cs flux was obtained by multiplying the mass flux 
of the sinking particles by the 137Cs concentration.

3.2 Results
The eight sediment trap observations from February 

2017 to November 2017 collected 55 sinking particle 
samples. The mass fluxes and 137Cs concentrations of the 
sinking particles are shown in Fig. 6. Mass flux showed a 

Table 2   Sampling period and measurement intervals of the 
sediment trap system

Sampling period Number of samples measurement pitch
 2017/2/4 – 2/10 7

1day

 2017/3/8 – 3/14 7
 2017/6/6 – 6/12 7
 2017/8/22 – 8/28 7
 2017/8/31 – 9/6 7
 2017/9/22 – 9/28 7

2017/10/13 – 10/18 6
 2017/10/27 – 11/2 7

Fig. 6   Mass flux and 137Cs concentration data gathered in this study. Sediment trap observations were conducted 
eight times in 2017. The black points show the 137Cs concentration (dry). The bars show the mass flux.
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large fluctuation range of 0.68–850 g m−2 day−1 and tended 
to be high from winter to spring (February to June). High 
mass fluxes were seen in September, which were thought 
to be due to typhoons (Sanvu) and low pressure. The 137Cs 
concentrations varied from 91 to 7,900 Bq kg−1 and 
tended to increase from summer to autumn (August to 
November).

3.2.1  Differences in 137Cs Flux between Coastal and 
Offshore Regions

137Cs flux was calculated by multiplying the mass 
flux by the 137Cs concentration. Figure 7 shows the sum of 
the 137Cs fluxes for each observation period. The 137Cs 
fluxes varied from 18 to 550 Bq m−2 day−1 and had large 
fluctuations during each observation period. The 137Cs 
flux of the sinking particles was compared to the 
minimum–maximum values reported in offshore regions 
(depth: 873 m) 100 km away from the FDNPP. The 
offshore results indicated that the 137Cs flux ranged from 
9.4×10−4 to 9.8×10−2 Bq m−2 day−1 (Otosaka et al., 2014). 
There was a difference of several orders of magnitude 
between the coastal and offshore 137Cs fluxes. Even 
though these results cannot be unequivocally compared 
because of the different collection periods and mooring 
positions of the sediment trap, it is thought that the 137Cs 
flux near the coast is higher than that offshore.

3.2.2  Estimation of the Origin of the Sinking 137Cs Flux
We examined variations in mass flux and 137Cs 

concentrations to estimate the origin of 137Cs fluxes. The 
relationship between mass flux and 137Cs concentration 
was found by linear regression analysis. The correlation 
coefficient and P-value were found to be 0.01 and 0.43, 
respectively (Fig. 8). The quantitative correlation between 
the mass flux and the concentration of 137Cs is considered 
to be low. On the other hand, Spearman’s rank order 
correlation coefficient (Hogg & Craig, 1978) was − 0.71. 
Therefore, it is thought that mass flux and radioactive Cs 
concentration tend to have a negative relationship. As 
described in Section 3.2, the 137Cs concentration of 
sinking particles tended to increase from summer to 
autumn. In particular, the maximum 137Cs concentration 

was observed in November. According to a report 
presenting measured particulate 137Cs concentrations in 
the Ukedo River on October 27, 2017, the 137Cs 
concentration was 24.7 Bq g−1-dry. This was under high 
flow conditions (Nakanishi & Sakuma, 2019). Therefore, 
it is suggested that the river flow increases from summer 
to autumn (August to November), and the amount of 
radioactive Cs inflow from the land area also increases. 
In contrast to river discharge, the mass flux in the 
sediment trap experiment tended to be high from winter 
to spring (February to June) when the 137Cs concentration 
was low. In winter, sediment discharge from the Ukedo 
River tended to decrease (Sakuma et al., 2019b). It has 
been reported that seabed sediments containing 
radioactive cesium are resuspended in winter and 
transported offshore (Otosaka et al., 2014). Moreover, 
resuspension due to waves has been reported in a coastal 
area (Yagi et al., 2015). Therefore, it is thought that 
seabed sediments with low 137Cs concentrations were 
collected in the sediment trap due to resuspension caused 
by waves in winter. The 137Cs flux obtained from the 
observations was divided into winter to spring (February 
to June) and summer to autumn (August to November). 
As a result, the 137Cs flux in winter was found to be about 
1.5 times that in summer. The contribution of winter 137Cs 
flux to the annual 137Cs flux was 60%, suggesting that 
resuspension had a significant impact in coastal areas.

3.2.3 Estimation of Annual Cs Deposition
The annual total deposition of 137Cs estimated from 

the observation results of 137Cs flux was 11.4 kBq m−2. 
The 137Cs inventory of the seabed sediments sampled in 
2014 was 72 kBq m−2 (Tsuruta et al., 2017). The 
contribution of 137Cs flux of sinking particles to the seabed 
sediments was about 16% (including river inflow and 
seabed sediment resuspension). It has been reported that 
rates of desorption and resuspension of seabed sediments 
range from 0 –29 % (Otosaka, 2017), and the results of 
this study are also within that range.

It will be necessary to consider diffusion into 

Fig. 7  Total value of 137Cs flux for each sampling period.
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seawater and the possibility of leaching of radioactive Cs 
by seawater in future studies. It will also be necessary to 
consider the balance of radioactive Cs supplied via rivers, 
and determining the contribution of sediment deposition 
and resuspension by acquiring sinking particles and data 
on seabed sediments and sea conditions will be important.

4. Summary

We obtained the following conclusions from a 
review of previous studies in the Ukedo River area and 
the results of measuring radioactive Cs concentrations of 
sinking particles caught in a sediment trap.
•  The radioactive Cs concentration in seabed sediments 

shows a decreasing trend. However, the location of 
the peak value of the radioactive Cs concentration 
tends to change. In addition, the results of the 137Cs 
inventory during each observation period were 
consistent with the physical decay of 137Cs, suggesting 
that the radioactive Cs flowing in from the river is 
moving locally near the estuary (Sanada et al., 2018).

• The 137Cs flux in winter to spring (February to June) 
is 60% of the annual flux, suggesting that 
resuspension plays a significant role in coastal areas.

• The total annual deposition of 137Cs in 2017 is 
estimated to have been 11.4 kBq m−2. The 137Cs 
inventory of seafloor sediments sampled in 2014 was 
72 kBq m−2 (Tsuruta et al., 2017), and the 
contribution of subsiding particles to the seafloor 
sediments was about 16%.
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