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(46 × 1012 Bq) in the surface sediment was transported out 
of the area during that period.
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1 Introduction

The 2011 Tohoku Earthquake off the Pacific coast of Japan 
occurred on 11 March 2011, and the associated tsunami 
damaged the Fukushima Daiichi Nuclear Power Plant 
(FDNPP) of the Tokyo Electric Power Company (TEPCO), 
resulting in the release of large amounts of radioactive mate-
rial to the marine environment, including the seawater and 
bottom sediments. For example, the 137Cs concentration in 
seawater outside a 30-km radius from the FDNPP rose from 
a pre-accident level of 0.0011–0.0019 Bq/l to as much as 
186 Bq/l in April 2011 (Oikawa et al. 2013). Since then, the 
concentration has been decreasing as a result of the mix-
ing and migration of waters to levels almost the same as 
or slightly higher than the pre-accident level (Takata et al. 
2016).

Radioactivity in seafloor sediments has been systemati-
cally monitored by the Marine Ecology Research Institute, 
under contract with the Japanese Ministry of Education, Cul-
ture, Sports, Science and Technology (MEXT), from May 
2011 to March 2013, and with the Secretariat of the Nuclear 
Regulation Authority of Japan (NRA) from April 2013 to 
the present. Initially, there were eight monitoring stations, 
but the number has increased gradually; since May 2012, 32 
monitoring stations have been in operation off Fukushima 
and nearby prefectures. Kusakabe et al. (2013) have already 
reported monitoring results obtained during the period from 
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2011 to 13 Bq/kg in February 2016. The 137Cs abundance 
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16–1.1 years, respectively. The rate of decrease was related 
to the median sediment grain size at each station. In addi-
tion, bottom-water dynamics, through the redistribution of 
bottom sediments, may have caused spatial variability in the 
rate of decrease, whereas vertical profiles of 137Cs concen-
trations in the sediment suggest that vertical migration of 
137Cs was not a major mechanism reducing the surface 137Cs 
concentration. From September 2011 to February 2016, 
the overall halving time of 137Cs in the surface sediment 
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May 2011 to February 2012. In particular, they make the 
following points:

• Concentrations of 137Cs in the surface sediments varied 
spatially by two orders of magnitude, from 1.7 to 580 Bq/
kg.

• There was no obvious correlation between the 137Cs con-
centration and the proximity of the sampling location to 
the accident site.

• The estimated abundance of 137Cs accumulated in the 
upper 3 cm of surface sediments in the monitoring area 
was 3.78 × 1013 Bq in May 2011, and it declined subse-
quently.

• Spatial variations in the 137Cs concentration and inven-
tory depended on two main factors: the 137Cs concentra-
tion in the overlying water during the first several months 
after the accident and the physical characteristics of the 
sediments (i.e., water content and bulk density).

Several possible modes of 137Cs deposition and post-
depositional migration have been proposed. For example, 
Misumi et al. (2014) indicated that for the first several 
months after the accident, the horizontal distribution of 
137Cs in the surface sediment was related to its deposition 
and adsorption from the polluted seawater. Ambe et al. 
(2014) identified a high-concentration band with a width 
of about 20 km in the southern part of the monitoring area, 
where waters were shallower than 100 m, and showed that 
the higher concentrations were due to adsorption by fine-
grained sediment, and Otosaka and Kobayashi (2013) pro-
posed that 137Cs-enriched fine particles were transported 
offshore. Long-term monitoring of bottom waters just above 
the seafloor and field experiments carried out off the Fuku-
shima coast revealed that the combination of wave and cur-
rent action caused by meteorological disturbance was a key 
process in the transport of suspended particulate material 
(Yagi et al. 2015; Buesseler et al. 2015). On the basis of a 
numerical simulation, Higashi et al. (2015) suggested that 
the shape of the high-concentration band in the southern area 
(the “hotspot swath”) mainly reflected spatiotemporal varia-
tion in bottom shear stress between the shallow shelf (<50 m 
water depth) and the area offshore of the shelf break. These 
proposals are all based on data obtained during a relatively 
restricted time span after the accident (~1 year), so long-
term trends of 137Cs deposition and transport in the area are 
not yet known. Furthermore, the temporal trend of the 137Cs 
inventory in the monitoring area when the 137Cs profile to 
a depth of 3 cm or more is taken into account needs to be 
assessed.

Several studies have investigated the 137Cs budget in the 
sediment off Fukushima (Ambe et al. 2014; Black and Bues-
seler 2014; Otosaka and Kato 2014; Higashi et al. 2015), 
but because the sampling area and timing differed among 

these studies, it is difficult to compare the data to clarify 
the fate of FDNPP-derived 137Cs in the sediment. In the 
Irish Sea, MacKenzie et al. (1994) reported that sediment 
contaminated by radionuclides from the Sellafield nuclear 
fuel reprocessing plant is redistributed mainly with silt-sized 
sediment particles, and dissolution of 137Cs from the sedi-
ment may also play an important role in post-depositional 
migration of 137Cs (e.g., Cook et al. 1997; MacKenzie et al. 
1998). A detailed study of the horizontal distribution of 
FDNPP-derived radionuclides, especially radiocesium, and 
its temporal change is thus required.

In this study, we analyzed the MEXT and NRA moni-
toring data on radioactive Cs (134Cs, 137Cs) concentrations 
in bottom sediments collected from May 2011 to February 
2016 and evaluated the radiocesium inventory in the sedi-
ments. Then, we examined factors controlling the post-dep-
ositional migration of FDNPP-derived radioactive Cs in the 
monitoring area and the reason for the declining trend of the 
Cs inventory by considering additional relevant data such as 
sediment texture.

2  Methods

Collection of bottom sediments at a limited number of sam-
pling locations began in May 2011, and since May 2012, 
monitoring has been conducted four times a year at 32 sam-
pling stations (Fig. 1; Table S1). Note that the area within 
a 30-km radius from the FDNPP was not surveyed by this 
study. Bottom sediments were retrieved with a multiple 
corer equipped with eight plastic tubes (opening 8.2 cm in 
diameter). The top end of each tube was sealed tightly on 
retrieval so that the surface sediment was obtained intact. If 
the surface sediment was disturbed, it was discarded. The 
upper 3 cm of sediment from the eight sediment cores was 
combined and analyzed for radiocesium activity and other 
physical and chemical parameters. Occasionally, more cores 
from additional casts were used in the analysis, depending 
on the weight of the sediments obtained during the initial 
cast. We also studied vertical profiles of 137Cs and 134Cs in 
sediments in cores obtained at several selected locations. 
In particular, we studied the vertical profiles of 137Cs in 
sediment cores collected since May 2012 at nine stations. 
Because the subsampled layers used for the profile analysis 
were thinner than those used for the 3-cm surface sediment 
analyses, more cores needed to be collected to obtain verti-
cal profile samples of adequate size compared with the num-
ber needed for the surface sediment analyses; in most cases, 
subsamples from 24 cores were combined and analyzed.

A portion of the wet sediment of each sample was 
packed into a 120-ml plastic bottle and saved for later 
measurement of bulk density and water content by 
the gravimetric method in the laboratory on land. The 
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remainder of each sample was dried at 105 °C, ground 
in a mortar, sieved through a screen (mesh size <2 mm), 
mixed well, and then pulverized to a homogeneous powder 
in a table-top grinder.

An aliquot of each dried sediment sample (400–600 g) 
was placed in a plastic container and analyzed by nonde-
structive gamma-ray spectrometry with a Ge detector. 
Details of the quantification of 134Cs and 137Cs activities are 
described in Kusakabe et al. (2013).

Physical characteristics of the surface sediment, in par-
ticular, grain size and organic components (loss on igni-
tion, organic carbon, and organic nitrogen), were measured 
in samples obtained at 13 different collection times from 
May 2012 to November 2015. The grain-size distribution 
of the sediment samples was assessed by a sieving analy-
sis (Japanese Industrial Standard 2009). Loss on ignition 
was measured by calculating the weight difference between 
before and after heating at 600 °C for 1 h. A CHN analyzer 
was used to measure the organic carbon and nitrogen con-
tents of the sediment.

3  Results and discussion

The concentration data for 137Cs and 134Cs in the surface 
sediments were published on the NRA website (http://radi-
oactivity.nsr.go.jp/ja/list/458/list-1.html) as soon as they 
became available. These radionuclide data, together with 
all other relevant data used in this report, are summarized 
in Supplementary Tables S1–S4.

3.1  Sedimentary setting of the monitoring area

Most sampling stations in the monitoring area are located on 
the continental shelf to slope at water depths ranging from 
~30 m (Stn. K1) to ~670 m (Stn. G4) (Fig. 1). Sediments in 
the study area had a wide variety of textures and chemical 
characteristics (Tables 1 and S3; Fig. 2). Sediment samples 
from Stns. B1, L1, and C1 were clearly distinguishable from 
the rest of the samples by their grain size distributions and 
median grain size (D50); that is, these samples were high 
in medium and coarse sand and had a larger median grain 
size, 0.75–0.88 mm, on average. In addition, the median 
grain size at Stn. J1 was relatively high on average, and its 
temporal variation, from 0.17 to 1.1 mm, was quite large 
compared with that at the other stations (Table S3); this vari-
ation may reflect fine spatial variation of texture at Stn. J1 or, 
given the shallow water depth of the station, rapid temporal 
changes due to agitation by waves and tidal currents in the 
overlying seawater. Moreover, fluvial input of particles from 
nearby rivers (i.e., Kuji River and Naka River) may have 
some impact on the distribution of particles and its tempo-
ral change in the area (Takata et al. 2015). These grain size 
characteristics may affect the temporal variation of the 137Cs 
concentration in the sediment at this station (discussed in 
Sect. 3.5).

Although physical and chemical parameters were quite 
variable among the stations (Fig. 2; Table S3), some param-
eters co-varied (Table 2). Parameters related to the physical 
texture, such as median grain size and silt and clay con-
tents, were closely correlated with biogenic parameters such 
as ignition loss and organic carbon and nitrogen contents. 
Interestingly, silt and clay contents were also correlated with 
biogenic parameters. For example, the correlation coefficient 
(r) between silt and clay contents and ignition loss was about 
0.8. The surface distribution of silt and clay contents aver-
aged over 11 observations from May 2012 to November 
2014 (Fig. 3) shows that, generally, sediments rich in fine 
particles were dominant in the southern part of the moni-
toring area, namely, at Stns. I0, I1, and J3, and to a lesser 
extent at E1, F1, and G0. At one northern station, B3, the 
silt and clay contents were substantially higher than at other 
northern stations. This result is consistent with the detailed 
studies reported by Ambe et al. (2014).

Fig. 1  Locations of sampling stations. The red star and line indicate 
the location of the Fukushima Dai-ichi Nuclear Power Plant and the 
30-km radius, respectively

http://radioactivity.nsr.go.jp/ja/list/458/list-1.html
http://radioactivity.nsr.go.jp/ja/list/458/list-1.html
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3.2  Distributions of 137Cs concentrations in surface 
sediment

We examined temporal changes of the 137Cs concentrations 
in the surface sediment to a depth of 3 cm in this study 
as well as the changes during the initial monitoring period 
(May 2011–September 2011) reported previously (Kusakabe 
et al. 2013) (Fig. 4). During the initial monitoring period, 

137Cs concentrations generally increased with time to a var-
iable degree among the stations, reaching maximum val-
ues of up to 520 (Stn. J1) Bq/kg in dry weight (Kusakabe 
et al. 2013), and they subsequently decreased. In February 
2016, they ranged from 0.8 Bq/kg at Stn. L1 to 141 Bq/
kg, at Stn. I1. In general, the geometric mean concentra-
tion decreased steadily from 47 Bq/kg in September 2011 
to 13 Bq/kg in February 2016, though the concentration at 

Table 1  Summary of sediment textures and chemical characteristics

Values are the average of 11 samples collected between May 2012 and November 2015
a  Sampling stations are listed in the order of increasing silt + clay contents
b  Median grain size
c  Ignition loss
d  Organic carbon concentration
e  Organic nitrogen concentration

Stn.a Fine 
pebbles 
(%)

Coarse sand (%) Medium 
sand (%)

Fine sand (%) Silt (%) Clay (%) D50b (mm) ILc (%) Org.  Cd (mg/g) Org.  Ne (mg/g)

B1 8.3 32.9 53.8 3.5 0.8 0.746 1.2 0.49 0.09
L1 12.1 29.6 49.3 4.1 1.0 0.842 0.9 0.39 0.06
C1 9.4 36.4 48.0 2.4 1.1 0.848 1.1 0.49 0.09
J1 5.2 15.6 29.1 46.5 2.6 0.438 2.3 0.83 0.14
K1 0.2 1.1 5.5 89.7 3.2 0.162 1.5 0.79 0.14
M1 7.4 10.0 35.4 41.0 4.3 0.282 3.1 1.38 0.21
I3 0.2 3.0 36.9 48.5 5.4 8.6 0.217 2.1 2.46 0.35
G3 1.0 5.7 38.3 41.5 5.5 8.7 0.227 2.4 3.27 0.46
B5 0 0.5 23.8 57.9 8.3 9.4 0.169 2.1 3.19 0.45
MI4 0.4 2.3 43.9 34.4 9.3 9.5 0.235 2.1 2.72 0.36
C3 1.1 4.8 51.6 21.2 11.0 10.2 0.287 2.5 3.48 0.46
E5 0.2 0.5 23.7 53.9 9.9 11.9 0.163 3.4 4.94 0.65
F3 0 0.7 25.5 48.7 14.5 10.5 0.159 2.7 4.23 0.60
E3 0 0.5 16.4 56.7 15.7 10.7 0.119 2.7 3.96 0.54
H3 0 0.3 15.2 56.7 14.6 13.1 0.147 3.3 5.59 0.76
D3 0 0.8 22.7 47.3 18.1 11.1 0.135 2.6 4.62 0.62
IB2 0.1 1.2 19.1 46.5 19.7 13.3 0.134 3.2 5.21 0.59
A1 0 0.2 13.5 52.3 24.9 9.0 0.090 2.4 3.79 0.48
D1 0.4 2.0 26.5 34.5 18.6 18.1 0.130 4.0 6.57 0.85
H1 0.3 0.9 21.6 36.3 24.4 16.5 0.123 3.8 6.77 0.88
A3 0 0.1 6.3 52.2 27.6 13.8 0.083 3.2 6.21 0.83
IB4 0 0 3.1 53.8 27.2 15.9 0.091 4.2 6.80 0.78
G4 0 0.2 11.5 44.1 24.1 20.1 0.095 5.3 9.91 1.29
F1 0.4 1.0 7.8 37.6 39.2 14.0 0.071 3.9 5.80 0.77
G1 0.4 2.0 18.8 24.0 35.1 19.7 0.064 4.9 8.96 1.14
E1 0 0.3 4.0 31.1 46.9 17.7 0.061 4.8 7.18 0.93
L3 0 0 0.5 34.3 47.1 18.0 0.057 4.8 7.36 0.88
G0 0 0 0.3 29.5 49.9 20.3 0.053 5.4 7.89 1.01
B3 0 0 2.5 24.9 37.2 35.4 0.020 7.2 13.55 1.60
I0 0 0 0.2 16.4 67.1 16.3 0.045 5.2 8.57 0.87
I1 0 0 0.3 15.2 61.1 23.3 0.035 6.6 11.84 1.21
J3 0 0 0.2 5.2 54.7 39.8 0.011 9.5 21.03 2.58
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individual stations showed sporadic peaks. An exponential 
function fitted to the geometric means gives an apparent 
halving time of 2.26 years. Despite the decreasing trend 
in the monitoring area, in February 2016, all values still 
exceeded the pre-accident 5-year average level (2006–2010) 
at eight stations off Fukushima Prefecture (0.87 ± 0.41 Bq/
kg; Kusakabe et al. 2013), though not in samples collected 
near the coast in the southernmost part of the sampling area 
(Stns. K1, L1 and M1). This southernmost area is influenced 
by the Kuroshio current, which originates from a remote 

Fig. 2  Texture of the sediments. The data shown are the averages of 
samples collected from May 2012 to November 2014. See Table S2 
for details. Upper panel grain size distributions. Because the sedi-
ments from Stns. B1, L1, C1, J1, K1, and M1 contained particles 
larger than fine pebbles, their percentages sum to less than 100%. 
Lower panel median grain size at each station

Table 2  Correlation 
coefficients between chemical 
and physical characteristics of 
the sediments

silt+clay     

D50 -0.598  D50    

IL 0.814  -0.595  IL   

Org. C 0.768  -0.576  0.951  Org. C  

Org. N  0.715  -0.576  0.930  0.988  Org. N  

Water Depth 0.089  -0.330  0.326  0.418  0.473  

See Table 1 footnotes for definitions of parameter abbreviations

Fig. 3  Spatial variation of silt +  clay (grain size <0.075 mm) con-
tents. The data represent average values during May 2012–November 
2014
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Fig. 4  Temporal changes in 
surface 137Cs concentrations. 
Some data are from Kusakabe 
et al. (2013). The thick black 
line represents the geometric 
mean of the concentrations 
obtained at all stations during 
the same cruise. The mean is 
not shown before September 
2011 because the number of 
sampling stations was much 
smaller before that date

May, 2011 June, 2011 July, 2011 Sept.,  
2011 

Dec., 2011 Feb., 2012 

July, 2012 Jan., 2013 Aug., 2013 Jan., 2014 Aug., 2014 Jan., 2015 

Fig. 5  Spatial variations and temporal changes in the surface 137Cs concentration. Some data are from Kusakabe et al. (2013)
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area with minimal amounts of FDNPP-derived 137Cs, and 
the sediments at those stations also have a relatively higher 
sand content (Figs. 2, 3), a reflection of the existence of an 
intense hydrodynamic current in that area.

The declining trend of 137Cs with time in the surface sedi-
ments was spatially variable (Fig. 5). From September 2011 
to February 2012, relatively higher concentrations were found 
in two distinctive areas, one in the northern (e.g., Stns. D1 and 
B3) and the other in the southern (e.g., Stn. J1) part of the 
monitoring area. Although the concentration decreased gradu-
ally at most stations, at Stns. I0 and I1 137Cs concentrations 
decreased less than at other stations, and they were the high-
est among all stations in February 2016; the halving times of 
surface 137Cs concentrations at Stns. I0 and I1 were calculated 
to be 3.07 and 5.46 years, respectively. In addition, the whole-
core inventory at Stn. I1 decreased to a lesser extent with time 
compared to the rest of the samples (see Sect. 3.6.2).

Interestingly, the 137Cs concentration does not necessarily 
reflect the proximity of the sampling station to the FDNPP. 
Kusakabe et al. (2013) found that the average concentration 
in the surface sediment was related to both the integrated con-
centration in the overlying seawater column and the sediment 
bulk density (which correlates with grain size). Because not 
many measurements of 137Cs concentrations in seawater were 
obtained in the first several months after the accident, the find-
ings of Kusakabe et al. (2013) imply that the pathway of the 
polluted seawater along currents after the accident may be one 
of the main factors determining the initial surface distribution.

In many cases, the deviation of the 137Cs concentration 
in the sediments at each sampling station from the temporal 
geometric mean was greater than the pre-accident concentra-
tion variation (ca. 50%). The 137Cs concentration has been 
reported to vary spatially within a small area. For example, 
137Cs concentrations of six sediment sampling casts per-
formed at the same station (Stn. D1) in a single day showed 
wide variability (170–580 Bq/kg), even though for each cast 
the concentration was measured after combining the sedi-
ments from the eight individual cores (Kusakabe et al. 2013). 
Thornton et al. (2013a), who developed a gamma ray spec-
trometer that measures in situ radionuclide distributions in 
the surface sediment with high spatial resolution (<10 m), 
reported high concentration anomalies over distances from a 
few meters to a few hundred meters and demonstrated that the 
distribution of the anomalies was associated with meter-scale 
features of the bottom topography. So-called Cs balls, which 
are particles with a diameter of a few micrometers contain-
ing extremely high 137Cs concentrations (0.66–3.27 Bq/par-
ticle), were released into the air by the accident (Adachi et al. 
2013). Recently, Ikenoue et al. (2017) have hypothesized 
that consistently high but variable concentrations of 137Cs 
in zooplankton collected from the waters off Fukushima and 
nearby prefectures, compared with concentrations in the 
ambient seawater, are mainly attributable to the presence of 

137Cs-enriched particles. Although Cs balls or 137Cs-enriched 
particles have not yet been reported in marine sediments, it is 
possible that the concentration variability in sediments might 
be at least partially due to the presence of such particles. The 
high temporal variability of the 137Cs concentrations at each 
station (Fig. 4), despite the overall declining trend, may thus 
reflect spatial variations within a relatively small area related 
to bottom topography and the presence of particles contain-
ing extremely high 137Cs concentrations.

3.3  Distributions of 134Cs concentrations in surface 
sediment

The distribution of 134Cs in the surface sediments should 
mimic that of 137Cs because the initial 134Cs/137Cs ratio at 
the time of the accident was 1 (e.g., Aoyama et al. 2012; 
Buesseler et al. 2012). Differences in the distributions of the 
two isotopes arise because of the shorter half-life of 134Cs 
and the presence of 137Cs fallout. Temporally, the 134Cs/137Cs 
ratios decreased with time in parallel with the radioactive 
decay curve (Fig. 6, black line), which takes into account 
the decays of both 134Cs and 137Cs, but in general the data 
points were below the curve owing to the influence of global 
fallout. In particular, data from sediments with relatively low 
concentrations of FDNPP-derived 137Cs, such as the data 
from Stns. A1, B5, E5, K1, L1, and M1, deviated from the 
line; above all, the data from Stn. M1 showed the largest 
deviation, reflecting the fact that this station, the southern-
most (Fig. 1), was least affected by the accident, as described 
in Sect. 3.2. The 134Cs and 137Cs concentrations in the bot-
tom water (i.e., about 100 m above the seafloor) were also 
measured during the NRA monitoring project. Interestingly, 
the bottom water 134Cs/137Cs ratios at the southern stations 
(e.g., K1, L1, L3, and M1) showed the largest deviations 
from the theoretical decay curve among the stations (Takata 
et al. 2016). This result implies that relatively less polluted 
water intruded from outside the monitoring area, most likely 
from the south. Nevertheless, the 134Cs/137Cs ratio in sedi-
ment showed a notably large deviation from the decay curve 
only at Stn. M1, and it approached the curve over time. This 
result suggests that the 137Cs in the sediment right after the 
accident was dominated by 137Cs of fallout origin with lit-
tle 134Cs and that Stn. M1 subsequently received additional 
134Cs and 137Cs inputs that compensated for the decay of 
134Cs, so that the ratio eventually converged to the calcu-
lated decay curve. Such additional inputs might have been 
derived from allochthonous particulate matter with a higher 
134Cs/137Cs ratio, probably from the north, where the sedi-
ments were more polluted. The delayed arrival of 134Cs (as 
well as 137Cs) at Stn. M1 may be circumstantial evidence 
for the transport of radiocesium by particles, because the 
lateral transport of 134Cs in seawater would be much faster 
than the lateral transport of particulate matter, which likely 
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would involve repeated cycles of suspension, deposition, and 
resuspension.

3.4  Vertical distributions of 134Cs and 137Cs

We studied the vertical distribution of 137Cs from May 2012 
to October 2015 at nine stations (Fig. 7; Table S4). Although 
the surface concentration of 137Cs varied by two orders of 
magnitude among the sampling sites, the concentration pro-
files were similar, except at Stn. J1; that is, the concentra-
tions decreased downward below the surface mixed layer 
or subsurface vertical maximum. At Stn. J1, the sand con-
tent, which was the highest among the nine stations (Fig. 2), 
prevented the corer from retrieving cores long enough to 
observe the overall vertical 137Cs concentration profile. In 
the cores from Stns. B3, E1, G4, I1, and J3, 137Cs was pre-
sent at a depth of 20 cm, and 134Cs was also detected at that 
depth, except at Stn. J3 (Table S4).

Just as the surface 137Cs concentration decreased with 
time, the concentrations in intermediate and deeper layers 
also tended to decline, but to a variable extent. The pen-
etration depth of 137Cs in the sediments, however, generally 
remained almost the same during the sampling period (May 
2012–October 2015). Without considering lateral transport 
of resuspended sediment, Black and Buesseler (2014) esti-
mated the halving time of surface 137Cs due to vertical mix-
ing to be 0.4–26 years. If vertical mixing and downward 
diffusion were the dominant mechanisms controlling the 
decrease in the surface concentration, then the Cs concentra-
tion in the intermediate and deeper layers, as well as down-
core penetration of Cs, should increase with time, but our 

results show no such increase. The fact that the whole-core 
inventory of 137Cs also decreased with time in most core 
samples (see Sect. 3.6.2) suggests that the effect of verti-
cal migration of Cs on the vertical Cs profile was minimal. 
Only at Stn. E1 did the 137Cs concentration show an obvious 
increase in intermediate or deeper layers (Fig. 7). Sediment 
mixing by burrowing animals (Seike et al. 2016) may be 
responsible for this increase, but quantitative clarification 
of the role of biological activity in the temporal change of 
137Cs distributions requires further study.

3.5  Spatiotemporal change of surface 137Cs abundance

The declining trend of the surface 137Cs concentration 
(and its abundance) at each station varied spatially. To 
compare secondary remobilization during the last 5 years 
(May 2011–February 2016), surface abundance in May 
2012, when data became available from all 32 sampling 
stations, was normalized to 1. Then, we plotted the normal-
ized abundances at each station, together with median grain 
size data, against time (Fig. 8). During the initial moni-
toring period (May 2011–August 2011), the abundances 
increased with time, peaking at different times depending 
on the station, and then decreased with time to the end of 
the monitoring period; this pattern was similar to the pat-
tern of the temporal concentration changes (Fig. 4). The 
rate of decrease varied considerably among the stations. At 
stations C1, B1, and L1, for example, surface abundance 
decreased by a factor of tens from May 2011 to February 
2016. In general, the rate of decrease appeared to be related 
to the sediment grain size; during the initial monitoring 

Fig. 6  Temporal change of 
the 134Cs/137Cs ratio in surface 
sediments. Some data are 
from Kusakabe et al. (2013). 
The black line represents the 
theoretical decay curve, under 
the assumption of an initial ratio 
of 1 on 11 March 2011. Colored 
symbols show data that deviate 
from the curve seemingly in the 
figure; other data are shown by 
thin brown lines 
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period, larger median grain sizes (D50 >0.4 mm) were 
evenly distributed over a wide range of normalized abun-
dances (left side of Fig. 8). Subsequently, 137Cs abundances 
decreased more steeply in sediment characterized by larger 
D50 values. This result implies that the main mechanism 
lowering the 137Cs surface abundance was transport by 
relatively small, resuspended particles. This mechanism is 
especially valid for sediments such as those at C1, L1, B1, 
and J1, which were characterized by a high sand content 
and large D50 values (Fig. 2; Table 1). It is intuitively rea-
sonable to expect smaller resuspended sediment particles 
to be more mobile, but this expectation was not necessar-
ily met at all stations (Fig. 8). We therefore examined the 
relationship between D50 and the rate of decrease further.

We determined the rate of decrease at each station start-
ing from September 2011 or May 2012, depending on 
when data were available, by fitting an exponential func-
tion to the abundance data. Because the data were highly 

variable temporally, for the reasons mentioned in Sect. 3.2, 
we eliminated data that deviated from the fitted regression 
line by more than 50% and then fitted the function again to 
the remaining data to determine the rate of decrease and 
the correlation coefficient of the regression line. We used 
a cutoff of 50% because the average 137Cs concentration in 
the sediment off Fukushima during the 5 years before the 
accident varied by about 50% (Kusakabe et al. 2013). The 
calculated rates of decrease ranged from 1.1 × 10−4/day (Stn. 
IB2) to 1.7 × 10−3/day (Stn. L1); these values are equivalent 
to halving times of 16 and 1.1 years, respectively (Fig. 9). 
The correlation coefficients (r) for the regression curves 
(Fig. 9, color scale) show that at stations where the rate of 
decrease was smaller than 5 × 10−4/day, the correlation was 
poor (r < 0.5). This result suggests that the abundance of 
137Cs at such stations varied but did not decrease consist-
ently, probably owing to sporadically occurring cycles of 
deposition and removal of 137Cs in the area. Interestingly, 

Fig. 7  Vertical profiles of 137Cs concentrations in the sediments at nine stations. Note that the scale of the horizontal axis differs, depending on 
the concentration range in each core
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these stations were mostly in the southern part of the 
100–200 m isobath zone (except for Stn. B5). If decreases 
and increases of 137Cs in the surface sediment were con-
trolled dominantly by desorption and adsorption of dissolved 

Cs in seawater, highly variable temporal changes would not 
have been observed because the 137Cs concentration in the 
bottom water did not change significantly over at least the 
last 3 years (2012–2015) (Takata et al. 2016). Therefore, 

Fig. 8  Temporal changes in 
normalized surface abundances. 
The average median grain size 
of the sediments is superim-
posed on the normalized surface 
abundance at each sampling 
time. The samples mentioned in 
the text have colored lines 

Fig. 9  Relationship between 
the rate of decrease of 137Cs 
surface abundance and median 
grain size. The color scale 
shows the correlation coefficient 
(r) of the regression curve used 
to derive the rate of decrease
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we inferred that resuspension and deposition were the main 
mechanisms responsible for the redistribution of surface 
137Cs.

A puzzling feature of Stn. B3 is that, although its sedi-
ment D50 value was one of the smallest (Table 1; Fig. 2), 
its 137Cs removal rate was among the highest (Fig. 9). If 
vigorous resuspension and lateral transport of sediment had 
accelerated the surface removal there, then the D50 value 
should have been higher, absent the persistent addition of 
less-contaminated small particles. Trawl fishing (e.g., Huang 
1982) may have caused resuspension of bottom sediments 
and led to lateral transport of sedimentary 137Cs. However, 
trawling has been conducted not only in this area but in other 
areas as well, so such an artifact may be least likely to be 
the main cause for the steep decline of 137Cs abundance. The 
situation at Stn. B3 with respect to 137Cs removal thus needs 
to be studied further.

Stn. B5 is located outside of Sendai Bay, near where 
tsunami deposits (Ikehara et al. 2014) and turbidity (Nogu-
chi et al. 2012) resulting from the 2011 earthquake were 
observed. That sedimentary environment may account for 
the relatively low and highly variable removal rate of 137Cs 
at Stn. B5.

3.6  Abundance of 137Cs

3.6.1  Abundance of 137Cs in surface sediments

Kusakabe et al. (2013) calculated the abundance of 137Cs 
in the surface sediments of the study area from the aver-
age of the measured abundances at the stations and the area 

covered by the stations (22,177 km2). However, the sampling 
locations were not distributed evenly; because they were 
more densely distributed in the area closer to the FDNPP, 
the abundance calculated by Kusakabe et al. (2013) was 
somewhat biased by samples with higher concentrations 
collected in a relatively small area. Thus, we re-evaluated 
the abundance using a different approach and additional data 
as follows. The region of interest for the calculation, within 
which all of the sampling stations are located, is bounded by 
38°40′N, 35°20′N, and the 800-m depth contour. First, we 
excluded the area within a radius of 30 km from the FDNPP 
from the calculation. Then, we partitioned the remainder of 
the study region into Voronoi polygons, with the bounda-
ries of each polygon drawn such that they were equidistant 
between neighboring sampling stations (Fig. 10, inset). The 
total area, that is, the sum of the areas of the Voronoi poly-
gons, was 25,171 km2.

We calculated the total 137Cs abundance in surface 
sediment in the study area by a summation of the abun-
dance in each polygon, which was determined from 
the area of the polygon containing each station and the 
abundance at that station (Fig. 10). The total amount of 
137Cs in the surface 3 cm of sediment was calculated to 
be 4.57 × 1013 Bq in September 2011; it decreased with 
time to 1.09 × 1013 Bq by February 2016. The abundance 
of 137Cs in the surface sediment in the monitoring area 
was thus reduced by 76% in 4.5 years. As we stated in 
Sect. 3.5, surface 137Cs concentrations peaked around 
the fall of 2011; therefore, we regarded the calculated 
abundance in September 2011 as the highest abundance 
ever in the monitoring area. The total amount of 137Cs 

Fig. 10  Temporal changes in 
137Cs abundance in surface 3 cm 
of the sediments in the monitor-
ing area. See the text for details 
of the calculation. T1/2 repre-
sents the halving time of the 
surface 137Cs abundance. The 
inset map shows the polygons 
used to calculate the abundance
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discharged directly into the ocean from the FDNPP has 
been estimated to be 3.6 ± 0.7 × 1015 Bq (Tsumune et al. 
2013; Aoyama et al. 2016). Therefore, at least 1.3% of the 
directly discharged 137Cs was deposited in the area shal-
lower than 800 m depth. The overall 137Cs inventory in the 
sediment must be significantly higher than the calculated 
surface abundance values owing to the presence of 137Cs 
at greater depth in the sediment column (see Sect. 3.6.2) 
and inside the 30-km radius from the FDNPP.

An exponential function fitted to the data from Septem-
ber 2011 to February 2016 yielded the following equation:

where t is the number of days after the accident (after 11 
March 2011). We calculated the environmental halving time, 
including the physical decay of 137Cs, in the surface sedi-
ment in the monitoring area to be 2.32 years. The calculated 
value should be regarded as an upper limit because the cal-
culation assumed that persistent input of 137Cs to the sedi-
ments, such as possible transport from the area close to the 
FDNPP and/or by rivers from the land, was negligible during 
the period considered. Using a three-box model consisting 
of the surface and bottom water and the bottom sediment, 
Watabe et al. (2013) evaluated the halving time of 137Cs in 
the surface sediment using data obtained from 1983 to 2010, 
before the accident, at eight sampling stations located about 
30 km or more from the FDNPP and from the Fukushima 
Dai-ni Nuclear Power Plant (11 km south of the FDNPP). 
The removal rate of 137Cs from the sediment at each station 
was calculated to range from 1.2 × 10−4/day to 5.8 × 10−3/
day; the halving time of 137Cs in the surface sediment before 
the accident based on the geometric mean of the rates was 
2.22 years. Even though this calculation by Watabe et al. 
(2013) is based on a data set obtained at only eight sites with 
quite large variation and their model includes removal rates 
of 137Cs from the sediments and its input rates to the sedi-
ments as well, their halving time estimated from the removal 
rates agrees reasonably with ours.

By applying the pre-accident average concentration to 
the entire area of this study and the average water content 
and bulk density to each polygon, we estimated the abun-
dance of 137Cs in the surface sediment before the accident 
as follows:

>30 km from the FDNPP: 6.9 × 1011 Bq.
<30 km: 0.5 × 1011 Bq.
total: 7.4 × 1011 Bq.

Admittedly, this pre-accident surface inventory is based 
on an oversimplified calculation, but it is reasonable to infer 
that the accident increased the surface 137Cs abundance in 
the sediments by two orders of magnitude.

(1)137Cs (Bq) = 4.50 × 1013 × exp(−0.000818t),

3.6.2  Whole‑core 137Cs inventory

We next calculated the 137Cs inventories and their temporal 
changes in the nine vertical profiles (Figs. 7, 11a). As can 
be predicted from the concentration variations, the invento-
ries varied spatially by two orders of magnitude. In general, 
they decreased with time. While the surface concentration of 
137Cs at Stn. I1 was the highest among all stations in Febru-
ary 2016 (see Figs. 4, 5), its whole-core inventory was also 
the highest among the cores studied.

The temporal trends of the whole-core inventory did 
not necessarily resemble the surface abundance trends. 
For example, among the nine stations, the highest rate of 
decrease in surface abundance, by a factor of 10, was at Stn. 
B3 from September 2012 to February 2016 (Fig. 8), whereas 
the whole-core inventory at that station changed by only a 
factor of two. This difference is probably attributable to the 
preferential removal of 137Cs from the surface, where it was 
more abundant than it was at depth.

3.6.3  Overall 137Cs inventory in the monitoring area

The presence of 137Cs in the sediment vertical profiles below 
the surface 3 cm, as shown by this (Fig. 7) and other studies 
(e.g., Ambe et al. 2015), suggests that the total sedimentary 
inventory in the monitoring area must be higher than the 
surface abundance. Because data on whole-core invento-
ries are available from only nine stations, to estimate the 
whole-core inventory at other stations, we used the fraction 
of the whole-core inventory contained in the surface 3 cm 
of sediment, F0–3 (Otosaka and Kato 2014). We therefore 
examined the temporal changes in the whole-core inventory 
and in the F0–3 values at the nine stations (Fig. 11). As men-
tioned in Sect. 3.6.2, the whole-core inventory decreased 
with time to a variable extent at the nine stations (Fig. 11a). 
F0–3 values also showed wide variability among stations, 
ranging from <0.1 to >0.8 (Fig. 11b). In general, at sta-
tions where the water depth was greater, 137Cs was more 
concentrated in the surface sediments than it was at stations 
where the water depth was shallower; in other words, 137Cs 
penetrated more deeply into the sediments at shallower water 
depths, probably owing to agitation of the surface sediment 
by vigorous movement of the overlying water by waves and 
tidal currents. We also observed that temporal changes in 
the F0–3 values showed different trends among the stations 
(Fig. 11b), but the cause of those differences is not clear. 
The data for the inventory calculation are based on samples 
obtained by 2–3 sampling casts, each consisting of 16–24 
sampling tubes; thus, these data should be relatively less 
sensitive to local spatial changes such as those shown by 
Thornton et al. (2013b). The temporal changes of F0–3 may 
reflect dynamic features of the bottom sediment, such as 
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deposition and removal of contaminated surface sediments. 
Future study is needed to clarify the reasons for the observed 
temporal changes of F0–3.

To estimate the total 137Cs inventory in the sediments 
of the entire monitoring area, it is necessary to modify Eq. 
(1) to take account of the F0–3 value, although, as Otosaka 
and Kato (2014) have pointed out, this seems to be impos-
sible because the F0–3 value is determined by multiple 
mechanisms. Overall, although F0–3 varied over a wide range 
(Fig. 11b), it varied over a relatively smaller range from 0.2 
to 0.4 in sediments from shallower water depths (0–200 m). 
Because most 137Cs derived from the FDNPP accident was 
in sediments at water depths of 0–200 m, we used 0.3 as 
a representative F0–3 value. Thus, by dividing Eq. (1) by 
F0–3 (i.e., 0.3), we reformulated the calculation of the 137Cs 

inventory in the monitoring area (excluding the area within 
a radius of 30 km from the accident site) as follows:

It is not easy to estimate the inventory of 137Cs within a 
30-km radius from the power plant. TEPCO has been col-
lecting bottom sediments and measuring radionuclides since 
right after the accident, but their method of retrieving sedi-
ments is different from that used in this study. According to 
Inatomi and Kusakabe (unpublished), who have attempted 
to use TEPCO’s data to estimate the surface abundance of 
137Cs inside a 30-km radius from the FDNPP, the temporal 
trend of surface abundance within that radius seems to be 
not as linear as the trend at sites outside of the 30-km radius 
(see Fig. 10). Instead, the trend inside the 30-km radius 

(2)137Cs (Bq) = 15 × 1013 × exp(−0.000818t).

Fig. 11  a Temporal changes 
in the 137Cs inventory in the 
sediment column at nine sites. 
b Temporal changes in the 
surface-to-whole-inventory ratio 
(F0–3) of 137Cs at the nine sites
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seems to show three phases: during the initial phase, the 
137Cs inventory decreased rapidly; this phase was followed 
by a phase during which the removal slowed; then, during 
the third phase, 137Cs increased. By using Eq. 2 and Inatomi 
and Kusakabe’s estimate, we estimated that the inventory 
in the entire monitoring area, including the area inside the 
30-km radius, decreased from 230 × 1012 Bq in September 
2011 to 54 × 1012 Bq in February 2016 (see Table 3 for 
details).

The calculated inventory for September 2011 accounted 
for about 6.4% of the direct release (3.6 × 1015 Bq; Tsu-
mune et al. 2013; Aoyama et al. 2016). Another pathway by 
which 137Cs can reach the monitoring area is atmospheric 
input. The inputs to the near-FDNPP oceanic area, includ-
ing both direct release and atmospheric input, have been 
estimated to be 11–27 × 1015 Bq, though the uncertainty 
is quite large owing to sparseness of the data set (Bailly du 
Bois et al. 2012; Charette et al. 2013; Rypina et al. 2013). 
Therefore, the percentage of 137Cs in the sediments relative 
to the total amount of 137Cs transported to the monitoring 
area in September 2011 is probably substantially lower than 
6.4%. MacKenzie et al. (1994) suggested that about 10% of 
the 137Cs released from the Sellafield nuclear fuel reprocess-
ing plant is taken up by Irish Sea sediment. If it is true that 
the Fukushima sediments contain a much lower fraction of 
sedimentary 137Cs than the Irish Sea sediments, the reason 
may be the differences in the sedimentary environment and 
the temporal pattern of 137Cs input into the Irish Sea. In 

particular, the interaction of the Sellafield discharges into the 
Irish Sea with fine-grained seafloor sediment (the Sellafield 
“mud patch”) can explain the 10% retention (MacKenzie 
et al. 1998). In addition, 137Cs was first released from the 
Sellafield plant in the 1960s, and the release has contin-
ued to the present, with variable annual quantities. The Cs 
concentration in the polluted water off Fukushima dropped 
by three orders of magnitude in a half year, a decrease that 
is attributable to the rapid exchange of coastal water with 
relatively uncontaminated open-ocean water. In contrast, Cs 
remains in solution in the Irish Sea for up to a year. Thus, 
the persistently high concentration of 137Cs in the Irish Sea 
water also leads to higher uptake by sediment there than off 
Fukushima.

Several attempts have been made, by different methods 
and for various areas and time periods, to estimate the 137Cs 
inventory off Fukushima (Table 3). Ambe et al. (2014) esti-
mated the 137Cs inventory in the sediments to be 7.06 × 1013 
Bq as of July 2012 outside a 20-km radius from the FDNPP 
and in the area bounded by 36°20′N, 37°50′N, 141°30′W, 
and the 500-m depth contour. Otosaka and Kato (2014) 
estimated the 134Cs inventory in the sediment by using data 
obtained during October–November 2011 and in October 
2012. Here, we used their estimate to recalculate the 137Cs 
inventory to be 2.0 × 1014 Bq as of October 2011 in the area 
bounded by 35°40′N, 38°30′N, and the 800-m depth contour 
(25.5 × 103  km2), which approximately corresponds to the 
sampling area in this study (Table 3). Using several data 

Table 3  Inventory of 137Cs in sediments

a  Inventory was calculated based on the data obtained during the period or at the time in the leftmost cell
b  Temporal change of the inventory is shown for the period in the leftmost cell

Sampling period/time Boundaries Area  (103  km2) 137Cs  (1012 Bq) Remarks References

2006–2010 35°20′N, 38°40′N
800 m depth contour

26.6 0.74a 5-year average before the 
accident

Surface 3 cm

This study

End of 2011 140.4–144.0°E
35.2–39.0°N

140 100a Based on a numerical simula-
tion for surface 3 cm

Higashi et al. (2015)

400a Surface 10 cm
3200a Entire sediment

Jul. 2012 Outside a 20 km radius
36°55′–37°45′N
<141°30′E

7.2 71a Ambe et al. (2014)

Oct. 2011 35°40′N, 38°30′N,
800 m depth contour

25.5 200a Otosaka and Kato (2014)

Jun. 2011–Sept. 2013 35°30′N, 38°30′N
800 m depth contour

24.1 120a Black and Buesseler (2014)

Sept. 2011–Feb. 2016 35°20′, 38°40′N
800 m depth contour,
outside the 30 km radius

25.2 46–11b Surface 3 cm This study

Sept., 2011–Oct. 2012 35°20′N, 38°40′N
800 m depth contour

26.6 230–117b Estimated using Eq. (2) and 
data from Inatomi and 
Kusakabe (unpublished)

Oct. 2012–Feb. 2015 117–58b

Feb. 2015–Feb. 2016 58–54b
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sources for a wider area than that of this study, Black and 
Buesseler (2014) calculated 137Cs inventories in four zones 
off Fukushima for the period from June 2011 to Septem-
ber 2013. For this comparison, we selected three zones that 
when combined have an area of 24.1 × 103  km2, which is 
close to the area of this study, and recalculated the inven-
tory in those zones to be ~1.2 × 1014 Bq. If the assumptions 
behind these calculations are taken into account, along with 
the fact that the data used were derived from different data 
sources obtained sometimes as much as a year apart, during 
which a significant temporal change would have occurred, 
the estimated inventories agree reasonably with our results. 
In contrast, Higashi et al. (2015) performed a numerical 
simulation by which they estimated the sedimentary 137Cs 
inventory to be 3.2 × 1015 Bq. Even though the area covered 
by the simulation (1.4 × 105  km2) is much greater than that 
of this study (2.7 × 104  km2), their estimated inventory is 
too high, almost equivalent to the total amount of 137Cs dis-
charged directly from the FDNPP. Further study is needed 
to determine the reason for this high estimate.

3.7  Redissolution of sedimentary 137Cs 
from the sediments

As we indicated in Sect. 3.5, resuspension and subsequent 
lateral transport may play the most important role in reduc-
ing the 137Cs inventory in the sediment. Even so, the pos-
sibility that 137Cs is redissolved from the sediment into the 
water column cannot be ruled out. The redissolution of 137Cs 
from contaminated sediment has been reported, especially 
in the Irish Sea. For example, MacKenzie et al. (1998) have 
suggested that up to 77% of the 137Cs originally contained 
in the surface (<10 cm depth) sediment, and about 15% of 
that in deeper layers, was lost by redissolution between the 
late 1970s and 1992. Cook et al. (1997), by a mass balance 
calculation in that area, have estimated the halving time of 
the loss of Sellafield-derived 137Cs from the sediment by 
dissolution to be 23 years. Cesium is well known to have a 
strong affinity to clay (e.g., Nyffeler et al. 1984; Turner et al. 
1993; Børretzen and Salbu 2002), and the behavior of clay-
bound Cs should be the same as that of the clay particles. 
Possible pathways for the release of sedimentary Cs include 
desorption and ion exchange. Otosaka and Kobayashi (2013) 
performed a sequential extraction experiment with sediment 
collected off Ibaraki Prefecture, south of Fukushima Prefec-
ture, and evaluated the contributions of the surface-adsorbed 
and organic matter-bound 137Cs to be less than 5% and about 
20%, respectively, of total 137Cs. Their result indicates that 
organic material can be a major reservoir of labile 137Cs. In 
addition, the results of a dissolution experiment in which 
contaminated sediment was placed in uncontaminated sea-
water showed that more than 85% of the 137Cs remained in 
the sediments after 30 days (Otosaka and Kobayashi 2013). 

Ono et al. (2015) estimated that the ratio of the organic-
bound 137Cs inventory to the total 137Cs inventory in the 
sediment off Fukushima ranges from 2.4 to 13.9%, with 
an average ratio (± standard deviation) of 5.7 (±2.9) %. 
Because we found a good correlation between ignition loss 
(≈ organic material) and silt and clay contents (the main 
medium of redistribution of sedimentary 137Cs) (Table 2), 
a part of the organic material was transported as particles. 
Nevertheless, 137Cs associated with organic material could 
potentially be desorbed and dissolved from the sediments.

A mass balance calculation of 137Cs in the water off 
Fukushima has shown that the 137Cs concentration in sea-
water outside of a 30-km radius from the FDNPP jumped 
from a pre-accident value of ~1.6 mBq/l to ~200 Bq/l in 
approximately 1 month and then decreased by three orders 
of magnitude (i.e., to ~0.1 Bq/l) by 6 months after the acci-
dent (Oikawa et al. 2013). However, the rate of decrease 
of the concentration subsequently fell, probably because 
of the continued release of 137Cs from the FDNPP, with 
the result that the concentration was still higher than the 
pre-accident level even 4 years after the accident. Kanda 
(2013) calculated that the continued 137Cs release averaged 
9.3 × 1010 Bq/day in summer 2011 and 8.1 × 109 Bq/day 
in summer 2012. By a different approach, Tsumune et al. 
(2013) calculated similar post-accident release rates. If these 
estimates were affected by the dissolution of 137Cs from the 
sediment, how much of the 137Cs in seawater would have 
been derived from sediment? Takata et al. (2016), by using 
the fraction (15%) of 137Cs released from sediment obtained 
experimentally by Otosaka and Kobayashi (2013), estimated 
that the rate of 137Cs release from sediments decreased from 
0.38 × 1012 to 0.14 × 1012 Bq/6 months in the 4 years after 
the accident in the area where the water depth was less 
than 300 m (~12,000 km2). Thus, the cumulative amount 
of 137Cs released from the sediment during those 4 years 
was estimated to be ~3 × 1012 Bq. If only the removal 
of 137Cs from surface sediment in 4.5 years (~3.5 × 1013 
Bq; see Sect. 3.6.1) is considered, the estimated dissolu-
tion amount is one order of magnitude lower than the total 
removal amount. Takata et al. (2016) regarded 15% as the 
upper limit for the fraction of released 137Cs, because Oto-
saka and Kobayashi (2013) performed their experiment with 
relatively fresh sediments, which tend to release more 137Cs 
than sediment aged for, say, a few years or more. Therefore, 
the amount of 137Cs dissolved from the sediment may have 
been negligible in the monitoring area, at least during the 
period of monitoring (~5 years so far).

These results seem to be contradictory to the results of 
studies done in the Irish Sea (e.g., MacKenzie et al. 1998; 
Cook et  al. 1997), which indicated that dissolution of 
137Cs from the sediment is possible. Even if dissolution of 
137Cs occurred in our monitoring area with a halving time 
of 23 years, the value calculated by Cook et al. (1997), it 
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would not be detectable in our monitoring results owing to 
the overwhelmingly high removal by resuspension. The dif-
ference between the two regions may be attributable to the 
differences in the input mode and the oceanographic set-
ting. Although the Sellafield plant has been releasing 137Cs 
and other radionuclides since the 1950s at a variable rate, 
most radionuclides from the FDNPP were released in a short 
period (~1 month). Further, the Irish Sea is a semi-enclosed 
sea, whereas the FDNPP faces the open ocean.

4  Concluding remarks

Five years of monitoring (May 2011–February 2016) of 
radioactivity in marine sediments revealed the spatiotem-
poral variation of 137Cs concentrations in the surface sedi-
ments. By almost a year after the accident, the 137Cs con-
centration in the surface sediments varied spatially by two 
orders of magnitude, probably reflecting variability in the 
sources of 137Cs to the area, such as the movement patterns 
of contaminated water and atmospheric plumes. Since then, 
the concentration has been decreasing with time to a variable 
extent. Accordingly, the 137Cs inventory in the sediment at 
each station has decreased as well. The overall inventory 
in the monitoring area, excluding the area within a 30-km 
radius from the FDNPP, decreased from September 2011 to 
February 2016 with a halving time of 2.3 years. Resuspen-
sion of bottom sediment and subsequent lateral transport 
appears to be the primary candidate mechanism of temporal 
change of 137Cs in the sediment. In other words, small, rela-
tively mobile sedimentary particles such as silt, clay, and 
organic particles have been removed from the surface sedi-
ment and transported to areas with less bottom shear, where 
they have accumulated. Some 137Cs in the monitoring area 
has been resuspended and transported to outside the area, 
and some has been re-deposited within the area, with the 
result that both the spatial distribution of 137Cs and temporal 
changes in 137Cs are heterogeneous.

As a mechanism of 137Cs removal from the sediments, the 
possibility of 137Cs dissolution from the sediments into the 
water column cannot be excluded. However, a mass balance 
calculation (Takata et al. 2016) and our inventory calculation 
results suggest that dissolution of 137Cs from the sediment 
may not have contributed significantly to the 137Cs budget in 
the sediment. Although studies in the Irish Sea have shown 
redissolution of 137Cs from sediments to be an important 
mechanism (e.g., MacKenzie et al. 1998; Cook et al. 1997), 
different 137Cs behaviors in the two regions are attributable 
to differences in the input mode and in the oceanographic 
setting between them.

The results reported here are based mainly on data 
obtained from outside a 30-km radius from the FDNPP. 

Within that radius, the 137Cs concentration is assumed 
to be higher. Although we presented rough estimates for 
the 137Cs budget in sediment of the entire area around the 
FDNPP, including within the 30-km radius, evaluation of 
the overall inventory of FDNPP-derived 137Cs in sediment 
and its temporal change, utilizing data collected close to 
the accident site and taking account of subsequent second-
ary input to the area such as from rivers, is left for future 
work.
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