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Highlights 27 

 Concentration of 
129

I in seabed sediment off Fukushima is reported for the first time 28 

 Deposition of the FDNPP accident-derived 
129

I to the seafloor was 0.36 ± 0.13 GBq 29 

 Until October 2013, 
129

I activity in sediment increased in the shelf-edge region  30 

 Remobilization of 
129

I near the seafloor likely affected the sequential accumulation 31 

 The accident-derived 
129

I is considered to negligibly affect the benthic ecosystem 32 
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Abstract 34 

In this study, seabed sediment was collected from 26 stations located within 160 km from 35 

the Fukushima Dai-ichi Nuclear Power Plant (FDNPP) during the 2 years which followed the 36 

FDNPP accident of March 2011 and the concentrations of 
129

I and 
137

Cs were measured.  By 37 

comparing the distribution of these two radionuclides with respect to their different 38 

geochemical behaviors in the environment, the transport of accident-derived radionuclides 39 

near the seafloor is discussed.  The concentration of 
129

I in seabed sediment recovered from 40 

offshore Fukushima in 2011 ranged between 0.02 and 0.45 mBq kg
-1

, with 
129

I/
137

Cs activity 41 

ratios of (1.9 ± 0.5) ×10
-6

 Bq Bq
-1

.  The initial deposition of 
129

I to the seafloor in the study 42 

area was 0.36 ± 0.13 GBq, and the general distribution of sedimentary 
129

I was established 43 

within 6 months after the accident. Although iodine is a biophilic element, the 44 

accident-derived 
129

I negligibly affects the benthic ecosystem. Until October 2013, a slight 45 

increase in activity of 
129

I in the surface sediment along the shelf-edge region (bottom depth: 46 

200-400 m) was observed, despite that such a trend was not observed for 
137

Cs.  The 47 

preferential increase of the 
129

I concentrations in the shelf-edge sediments was presumed to 48 

be affected by the re-deposition in the shelf-edge sediments of 
129

I desorbed from the 49 

contaminated coastal sediment. The results obtained from this study indicate that 
129

I/
137

Cs in 50 

marine particles is a useful indicator for tracking the secondary transport of accident-derived 51 

materials, particularly biophilic radionuclides, from the coast to offshore areas. 52 

  53 
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1 Introduction 54 

   After the Fukushima Daiichi Nuclear Power Plant (FDNPP) accident, which occurred on 55 

March 11, 2011, large amounts of anthropogenic radionuclides were released into the marine 56 

environment (e.g., Buesseler et al., 2017).  A majority of the radionuclides were transported 57 

through the movement of seawater across a wide area of the North Pacific while some of the 58 

radionuclides were deposited on the seabed of the coastal areas of northeastern Japan (e.g., 59 

Otosaka and Kato, 2014).  Many studies related to the behavior of radionuclides on the 60 

seafloor have focused on radiocesium (particularly 
137

Cs, half-life = 30.7 years), which emits 61 

radiation to the environment.  Radiocesium in surface sediments tends to decrease with an 62 

apparent half-life of about 2 years, except in the vicinity of the FDNPP and estuaries 63 

(Kusakabe et al., 2017; Otosaka, 2017).  The rate of decrease in sedimentary radiocesium 64 

concentration is less than that of seawater, and it indicates that the radionuclide will remain 65 

on the seabed around Fukushima over a longer period (Otosaka, 2017).  In addition to 66 

seabed sediments, this gradual decrease in the radiocesium activity has been observed in 67 

demersal fishes (Wada et al., 2014) and invertebrates (Sohtome et al., 2014).  As the 68 

decreasing trend in the concentration of radionuclides in the seabed sediment shows the same 69 

trend with that in the organisms, sediments are thought to be a source of radionuclides for the 70 

ecosystem near the seafloor (Tateda et al., 2015; Wang, 2016).  However, the transfer 71 

process of the radionuclides from sediments to the benthic ecosystem has not previously been 72 

detailed.   73 

   Besides radiocesium, several nuclear fission products were released into the environment 74 

as a result of the accident.  Radioiodine is a fission product with a strong affinity for organic 75 

matter as well as a high bioavailability (e.g., Santschi and Schwehr, 2004).  Hence, 
131

I 76 

(half-life = 8 days), for example, is known to be particularly important for evaluating 77 

short-term radiation exposure during radiation accidents (e.g., UNSCEAR, 2014).  In the 78 
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FDNPP accident, ~151 PBq of 
131

I has been estimated to have been released into the 79 

environment (Katata et al., 2015); however, its activity decreased in the early stages after the 80 

accident because of its short half-life.  Hence, it is not possible to directly estimate the 81 

extent of the impact of 
131

I on the marine environment in the initial stages of the accident.  82 

In addition, radioiodine with a long half-life, 
129

I (half-life = 1.57 × 10
7
 years), was released 83 

into the environment as a result of the accident.  Assuming that 
131

I and 
129

I were released 84 

into the environment at a specific ratio, the transport of 
131

I in the environment after the 85 

accident can potentially be traced.  In the land area around FDNPP, the initial distribution of 86 

131
I has been reconstructed on the basis of this hypothesis (Miyake et al., 2012; Honda et al., 87 

2015; Muramatsu et al. 2015).  In addition, 
129

I has been detected from the seawater around 88 

Fukushima after the FDNPP accident (Hou et al., 2013; Suzuki et al., 2013; Casacuberta et al., 89 

2017).  The 
129

I activity concentrations reportedly increased by about an order of magnitude 90 

compared with concentrations before the accident (Suzuki et al., 2013), indicating that even 91 

in the marine environment the potential of 
129

I for tracking accident-derived radioiodine.   92 

Generally, the concentration of iodine in the seabed sediments is greater than that in soil 93 

on the land (e.g., Muramatsu and Wedepohl, 1998).  The major factors related to the 94 

accumulation of iodine in the sediment include uptake from brown algae and planktons (e.g., 95 

Shaw, 1959); phytoplanktonic-enzyme-mediated adsorption of iodide (Price and Calvert, 96 

1973); microbial accumulation of organo-iodine (Amachi et al., 2005); adsorption of iodate 97 

onto oxyhydroxides (Ullman and Aller, 1985); and reduction of iodate via humic substances 98 

followed by their adsorption on the seafloor (Francois, 1987; Schlegel et al., 2006).  Each of 99 

these processes provides strong evidence for the high bioavailability of iodine in the ocean.   100 

From these facts, it is crucial to understand the distribution of 
129

I in the seabed 101 

sediments around Fukushima for re-evaluating the effect of the FDNPP accident on the 102 

marine environment, especially the benthic ecosystem.  In this study, the activity 103 
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concentrations of 
129

I in the sediments and sinking particles around Fukushima in the two 104 

years after the FDNPP accident are reported for the first time.  Sinking particles are 105 

biological and geochemical debris that also transport pollutants to the seafloor, and provide 106 

useful information for tracking the migration of particulate radionuclides.  In this study, the 107 

transport of the accident-derived radionuclides near the seafloor is discussed by comparison 108 

of the distributions of 
129

I and 
137

Cs, which are considered to exhibit different environmental 109 

behaviors. 110 

 111 

2 Methods 112 

2.1 Sampling 113 

From August 2011 to September 2013, sediment samples were collected from 26 114 

stations (Table 1, Fig. 1), ranging from 1 to 160 km from the FDNPP, using a multiple corer 115 

(Model 5173, RIGO Co. Ltd., Japan) or a GS submarine corer (Model 5174, RIGO Co. Ltd., 116 

Japan).  In Stations J7, K2, K6, S2 and FS1, sediments were collected two times at intervals 117 

of 11-14 months.  Sediment samples were cut on board to a thickness of 1-3 cm (Table S1 in 118 

supplementary materials), frozen, and brought to the laboratory on land.  For Sta. J8, 119 

sediment samples collected for about 2 years before the accident (July 2009) were also 120 

analyzed in addition to that collected seven months after the accident (October 2011).   121 

Sinking particles collected at Sta. FS1, which is about 100 km offshore of FDNPP, were 122 

also analyzed.  For the analysis of sinking particles, some of the archived samples collected 123 

by Otosaka et al. (2014) were used.  Hence, the data for the total mass flux are the same as 124 

those reported by Otosaka et al. (2014).  In this sediment trap experiment, sinking particles 125 

were collected at 26-day intervals, however, to secure a sufficient amount of sample for 
129

I 126 

analysis, samples from three periods were combined and analyzed as those collected between 127 

August 2011 and January 2012 due to the low mass flux (Table S2).  The mixing ratio of the 128 
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sample in these periods was adjusted to the ratio of the total mass flux.   129 

 130 

2.2 Chemical and radiochemical analysis 131 

   The sediment samples were dried at 80 ºC, crushed, passed through a 2-mm sieve, and 132 

used for 
129

I analysis.  The activity concentrations of radionuclides in the sediment reported 133 

herein represents the radioactivity per kilogram of dry weight of sediment.   134 

The analysis of 
129

I in the sediment was carried out according to that reported by 135 

Muramatsu et al. (2008).  Briefly, ~2 g of dried sediment samples was added to 2~4 mg of 136 

an iodine carrier, heated at 1000°C for 20 min in a stream of oxygen in a quartz tube (25 mm 137 

ID × 635 mm length), and the volatilized iodine was collected in a receiving solution, 138 

comprised of a mixture of tetraethyl ammonium hydroxide (1%) and sodium sulfite (0.1%).  139 

Iodine in the receiving solution was extracted in chloroform, and molecular iodine (I2) in the 140 

organic phase was back extracted into an aqueous phase (sodium sulfite) as iodide (I
-
), and 141 

silver nitrate was added to this aqueous solution to obtain silver iodide.  The obtained silver 142 

iodide was pressed in a target and the 
129

I/
127

I isotopic ratio was measured with a Tandetron 143 

accelerator mass spectrometer (JAEA-AMS-MUTSU) at the JAEA Aomori Research and 144 

Development Center.  The concentration of 
129

I in the sample was calculated from the 145 

129
I/

127
I isotope ratio, the amount of carrier, the amount of stable iodine (

127
I) in the sample, 146 

and the amount of sample used for the analysis.   147 

For 
127

I analysis, a 7-100 mg sediment sample was combusted in the same manner as that 148 

carried out in the 
129

I analysis without the addition of the iodine carrier, and the concentration 149 

of 
127

I in the receiving solution was measured by cathodic stripping voltammetry using the 150 

method reported by Wong and Zheng (1992).  A Metrohm 797VA voltammetric stand 151 

(Metrohm AG, Switzerland) with a hanging mercury drop electrode (Multi-Mode Electrode 152 

pro, Metrohm AG, Switzerland) was used for the measurement of 
127

I.  The results of 
127

I 153 



8 

measurement include a relative uncertainty of 0.4-19% (7% on average).   154 

A standard reference material NIST SRM 3230 (National Institute of Standard and 155 

Technology, USA) with a
 129

I/
127

I = (9.85  0.12)  10
-13 

was used for the standardization of 156 

the 
129

I/
127

I isotopic ratios.  The procedural background of 
129

I/
127

I (based on the 157 

measurement of iodide carrier) was (2.37 ± 0.34) × 10
-13

, which was 0.5-9.4% (2.7% on 158 

average) of the 
129

I/
127

I signal of sediment samples.  The relative error for the 
129

I 159 

concentration measurement was 0.9-5.7% (1.9% on average) of the measured value. 160 

Gamma-ray spectrometry using a high purity germanium detector (ORTEC GEM20P4, 161 

resolution of 1.7 keV/1.33 MeV and relative efficiencies of 29-31%) was carried out for all 162 

samples, and the concentration of 
137

Cs was calculated from the photopeak counts of 661 keV.  163 

For gamma-ray spectrometry, 40-100 g of dry sediments was used, and detectors were 164 

calibrated using a volume radioactivity standard (MX033U8PP, Japan Radioisotope 165 

Association).  Under our analytical conditions (~200000 s counting), the lowest amount of 166 

137
Cs that could be determined in a sediment sample was ~27 mBq, corresponding to ~0.4 Bq 167 

kg
-1

. 168 

The activities of 
129

I and 
137

Cs in the sediment and sinking particles reported herein may 169 

also include those originating from global fallout and nuclear fuel reprocessing plants in 170 

addition to those observed as a result of the FDNPP accident.  However, to investigate the 171 

mixing of the radionuclides from different sources, the correction of such “pre-accident” 172 

sources is not made for 
129

I and 
137

Cs.   173 

 174 

2.3 Suspension experiment 175 

To understand the adsorption/desorption characteristics of 
129

I between the sediment and 176 

seawater, a suspension experiment was carried out.  In the experiment, sediment samples 177 

collected from Stations NP0 (bottom depth: 18 m) and N03 (302 m) were selected as 178 
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representatives for the vicinity of FDNPP (sand with low organic matter) and a shelf-edge 179 

area (fine sand with high organic matter), respectively.   180 

In this experiment, ~2 kg (in wet weight) of the sediment was suspended in 20 L of 181 

artificial seawater and allowed to settle for 70 days with aeration.  Before suspension and 182 

immediately after the sampling, pore water in the sediment was removed as much as possible 183 

by centrifugation (4400 g, 5 min).  The water phase was sampled after 0.125, 7, 14, 21, 35, 184 

29 and 70 days from the suspension, filtered through a glass fiber filter (Whatman, GF/F), 185 

and the concentrations of 
129

I and 
127

I in the water were measured by the method reported by 186 

Suzuki et al. (2008).  The experiment was performed in duplicate.   187 

As the water samples for 
129

I measurement at each time step (1L each) were collected 188 

from the same system, the sediment to water ratio varied from 1:10 to 1:6.  This change in 189 

the solid-liquid ratio is expected to lead to an overestimation of the concentration of 
129

I in 190 

the aqueous phase ~1.6 times at the end of the experiment.  However, the correction for the 191 

concentration was not performed because this experiment was carried out to compare the 192 

adsorption/desorption characteristics depending on sediment properties rather than to 193 

quantitatively determine the adsorption/desorption rate. 194 

 195 

3 Results 196 

3.1 Distribution of 
129

I and 
137

Cs in the surface sediment 197 

Figure 2 shows the distributions of the activity concentrations of 
129

I and 
137

Cs in the 198 

surface (a 0-1 cm or a 0-3 cm layer) sediment.  Although the sediment samples in this study 199 

were conducted from 2011 to 2013, the results are shown together for all observation dates to 200 

reveal the general distribution characteristics.  The highest 
129

I concentration of 0.952 mBq 201 

kg
-1

 was observed in January 2013 at Sta. K2 (bottom depth of 272 m), which was located 202 

158 km south of FDNPP.  At observation point J8, the concentration of 
129

I in surface 203 
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sediment in October 2011 was 0.189 mBq kg
-1

.  As the concentration at Sta. J8 before the 204 

accident (July 2009) was 0.08 mBq kg
-1

, the concentration of 
129

I in the surface sediment at 205 

Sta. J8 was more than doubled as a result of the accident.  At Sta. J8, the concentration of 206 

137
Cs was 98.8 Bq kg

-1
 in 2011; this concentration was more than 200 times the value before 207 

the accident (<0.4 Bq kg
-1

) (Table S1).  These results revealed that the effect of 
129

I on the 208 

seafloor caused by the FDNPP accident was less than 
137

Cs.  Relatively, high concentrations 209 

of 
129

I and 
137

Cs were observed in the vicinity of and to the south of FDNPP.  Especially in 210 

2011, 
129

I/
137

Cs ratio exhibited a proportional relationship (Fig. 3), and the relationship 211 

between 
129

I and 
137

Cs concentrations was expressed by the following equation (1). 212 

 213 

[
129

I] = 0.0019 × [
137

Cs] + 0.035   (1) 214 

 215 

where, [
129

I] and [
137

Cs] are 
129

I concentration (mBq kg
-1

) and 
137

Cs concentration (Bq kg
-1

) 216 

in surface sediment, respectively.  Although the data of sinking particles were not included 217 

in Eq. (1), the relationship between the concentrations of 
129

I and 
137

Cs in the sinking 218 

particles in 2011 is also in approximate agreement with the regression line (Fig. 3).   219 

The 
129

I concentration did not show a significant relationship with the 
127

I concentration 220 

(r <0.20) (Table S1).  As a strong positive correlation was observed between 
127

I and the 221 

organic matter content (r = 0.94, n = 31, data calculated for the core-top sediments of all 222 

stations including the revisit observations), 
127

I was considered to be bound to organic matter.  223 

In contrast, the low correlation between 
129

I and 
127

I revealed the unsteady supply of 
129

I to 224 

the seafloor at a shorter timescale less than that for the circulation of organic matter.  225 

Generally, the 
129

I/
137

Cs in the surface sediment increased from 2011 to 2013.  Such a high 226 

129
I/

137
Cs ratio after 2012 was not observed near the FDNPP, while it was remarkable in the 227 

area that is at a certain distance (i.e. 100–160 km) away from FDNPP (Fig. 4a).  However, 228 
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even at areas more than 80 km away from FDNPP, a high 
129

I/
137

Cs ratio was not observed at 229 

stations with seafloor depths less than 100 m, such as Sta. S2 (93 m depth, 
129

I/
137

Cs = 0.0026 230 

mBq Bq
-1

) and J11 (84 m depth, 
129

I/
137

Cs = 0.0012 mBq Bq
-1

), and a high 
129

I/
137

Cs ratio was 231 

observed in the shelf edge area (bottom depth = 200-400 m) (Fig. 4b).   232 

In addition, the increased 
129

I/
137

Cs ratio was observed in the seabed sediments in 233 

offshore stations around a depth of 1000 m.  In 2011, the 
129

I/
137

Cs ratio in the offshore area 234 

was slightly greater than that in the coastal waters, and the extent of the 
129

I/
137

Cs increase 235 

was less than that in the shelf-edge areas.   236 

 237 

3.2 Vertical change in 
129

I and 
137

Cs activity concentrations  238 

Figure 5 shows the vertical distributions of concentrations of 
129

I and 
137

Cs in sediments 239 

at six stations.  Excluding that observed in Sta. NP0, a high radionuclide concentration was 240 

observed in the surface layer, which generally decreased with increasing depth.  At Sta. NP0, 241 

which is located about 2 km from the FDNPP, a relatively high radionuclide concentration 242 

was observed in the deep sedimentary layer; these radionuclides are thought to have 243 

accumulated immediately after the accident.  At other stations where the bottom depth was 244 

greater than 100 m, the radionuclides accumulated in the upper 10 cm of the sediment.  245 

There was little difference in general characteristics of the vertical distribution between 
129

I 246 

and 
137

Cs.  However, at the offshore stations with low radionuclide activities, 
129

I/
137

Cs was 247 

greater than those in coastal areas, and the ratio increased with increasing sediment depth.  248 

In other words, sediments that had experienced a greater effect as a result of the FDNPP 249 

accident exhibit lower 
129

I/
137

Cs ratios.   250 

The 
129

I/
137

Cs ratio in the surface sediment at Sta. J7 increased to approximately two 251 

times in 2013 (0.01 mBq Bq
-1

) compared to that in 2011 (0.0046 mBq Bq
-1

).  The 252 

concentration of 
137

Cs in this layer was 57-62 Bq kg
-1

, which was 60 times greater than the 253 
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averaged 
137

Cs concentration before the accident in this area (0.87 ± 0.41 Bq kg
-1

: Kusakabe, 254 

2013).  This result indicated that sediments in this station had been strongly affected by the 255 

FDNPP accident.  In addition, this result suggested that particles with a relatively high 
129

I 256 

concentration had accumulated near the sediment surface in the period between the two 257 

observation days.  Although the extent of the accumulation was small, the preferential 258 

accumulation of 
129

I in the surface sediments was also observed at Sta. NP3 in the 259 

semi-offshore area (117 m depth) and Sta. FS1 in the hemipelagic area (992 m depth).   260 

 261 

3.3 
129

I and 
137

Cs in sinking particles 262 

Figure 6 shows the temporal changes in the total mass flux and activity concentration of 263 

129
I and 

137
Cs in sinking particles observed at Sta. FS1.  As the total mass flux and 

137
Cs 264 

concentration have been reported in the study by Otosaka et al. (2014), only their main 265 

features have been briefly described.  The total mass flux was ~400 mg m
-2

 d
-1

 from August 266 

to December 2011, and then two maxima were observed in January-March 2012 and in 267 

May-June 2012.   Contrary to the total mass flux, a high concentration of 
137

Cs in the 268 

sinking particles of 184-243 Bq kg
-1

 from August 2011 to January 2012 was observed.  269 

After January 2012 with increasing mass flux, the 
137

Cs concentration decreased to 41-85 Bq 270 

kg
-1

.   271 

The concentrations of 
129

I in sinking particles were ~0.6 mBq kg
-1

 in 2011 and then 272 

decreased to 0.2-0.3 mBq kg
-1

 in 2012.  The concentrations of 
129

I and 
137

Cs exhibited 273 

similar temporal changes, but the variation of the 
129

I concentration was less than that of the 274 

137
Cs concentration.  Hence, the 

129
I/

137
Cs ratio is greater in 2012, showing a maximum in 275 

February 2012 with the observation of the maximum total mass flux.  Subsequently, the 276 

129
I/

137
Cs for the sinking particles decreased, but it remained at a higher level compared with 277 

that in 2011 until June 2012 when the observation was terminated.   278 
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 279 

3.4 Suspension experiment 280 

During the suspension experiment, the concentration of 
129

I in the aqueous phase varied 281 

between 0.03 and 0.63 μBq L
-1

 for Sta. NP0 and between 0.005 and 0.054 μBq L
-1

 for Sta 282 

N03 (Fig. 7).  Both systems exhibited the lowest concentration immediately (3 h) after the 283 

suspension and the highest concentration after 7 days.  The transfer rate of 
129

I from the 284 

sediment to the aqueous phases on day 7 was ~3% for Sta. NP0 and ~1% for Sta. N03.  At 285 

the nearshore station NP0 in the vicinity of FDNPP, the 
129

I concentration was almost 286 

constant from day 7 to day 72.  On the other hand, at Sta. N03 in the shelf-edge area, the 287 

concentration of 
129

I in the aqueous phase decreased at a rate of about 0.03 ± 0.01 day
-1

 from 288 

day 7 to day 49, and this concentration remained constant until day 72.   289 

 290 

4 Discussion 291 

4.1 Effect of accident-derived 
129

I on the seabed 292 

The regression line between the 
129

I and 
137

Cs concentrations in 2011 showed an 293 

intercept (0.035 ± 0.024 mBq kg
-1

, Fig. 3).  The concentration of 
137

Cs in the sediment off 294 

Fukushima (<30 km from the coast) in 2010 is reported to be 0.87 ± 0.41 Bq kg
-1

 (Kusakabe 295 

et al., 2013).  The pre-accident 
137

Cs concentration is extremely less than the variation range 296 

of 
137

Cs in Fig. 3; hence, almost all of the 
137

Cs observed from the sediment originates from 297 

FDNPP.  Accordingly, the intercept in Fig. 3 can be considered as the concentration of 
129

I 298 

in the sediment before the FDNPP accident.  The global fallout as a result of the 299 

atmospheric nuclear weapon tests and nuclear facility operations, especially nuclear fuel 300 

reprocessing plants, can be considered as the major sources of 
129

I to the marine environment 301 

before the FDNPP accident (e.g., Snyder et al., 2010).   302 

The concentration of 
129

I in the sediment collected from Sta. J8, which is located 303 
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offshore of the spent nuclear fuel reprocessing facility in Tokai-mura, before the accident was 304 

0.08 mBq kg
-1

.  A slightly higher 
129

I concentration has been reported in the areas around 305 

this facility (e.g., Muramatsu et al., 2008).  The concentration of 
129

I concentration in the 306 

surface sediment collected from Sta. J8 is slightly greater than the average 
29

I concentration 307 

for the sediments collected from the surrounding sea area (i.e., the intercept in Fig. 3: 0.035 ± 308 

0.024 mBq kg
-1

).   309 

Although the 
129

I concentration before the accident apparently changed depending on the 310 

sediment characteristics, assuming that the concentration of 
129

I in the sediment before the 311 

FDNPP accident was 0.035 mBq kg
-1

, the contribution of accident-derived 
129

I in the surface 312 

sediment in 2011 was estimated to be 19% (Sta. K6) to 93% (Sta. J6).  The mean 
129

I 313 

contribution values for the coastal (depth <200 m), shelf-edge (water depth 200-400 m), and 314 

offshore (water depth 400-1000 m) regions in 2011 are 87% (n = 7), 71% (n = 4), and 81% (n 315 

= 6), respectively.  This result indicated that the majority of the observed 
129

I in the sediment 316 

was released from FDNPP.  From these results, 
129

I and 
137

Cs, which determine the slope of 317 

regression line in Fig. 3, can be considered to originate from FDNPP.   318 

The initial distribution of radiocesium in sediments around Fukushima has been 319 

suggested to be established by the adsorption of dissolved radiocesium in contaminated water 320 

onto the seabed (Otosaka and Kato, 2014; Misumi et al., 2014).  In addition, the degree of 321 

the initial deposition of radiocesium on surface sediments varies with various sediment 322 

properties, including particle size (Ambe et al., 2014) and organic matter content (Ono et al., 323 

2015).  The result that the 
129

I/
137

Cs in the surface sediment in 2011 generally remains 324 

within a certain range revealed similar characteristics for 
129

I and 
137

Cs in terms of the initial 325 

deposition on the sediment.   326 

In the region around Fukushima, the maximum radionuclide concentration in seawater 327 

was observed on April 6, 2011 (Oikawa et al., 2013).  As mentioned above, the main 328 
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deposition of the radionuclides to the seafloor was also presumed to occur around this time.  329 

In the early period after the FDNPP accident, 
137

Cs concentrations exceeding 1000 Bq kg
-1

 330 

were detected from the surface sediments (e.g., Otosaka, 2017).  By the application of a 331 

137
Cs concentration of 1000 Bq kg

-1
 in Eq. (1), the calculated concentration of 

129
I in this area 332 

increased to ~2 mBq kg
-1

.  In addition, the initial deposition of 
137

Cs on the seafloor in the 333 

area where the majority of 
137

Cs was deposited (35.5-38.5°N, 140.5-142.5°E) as of October 334 

2011 has been estimated to be 0.19 ± 0.05 PBq (Otosaka and Kato, 2014).  As the slope of 335 

the regression line in Fig. 3 (0.0019 ± 0.0005) can be regarded as the activity ratio between 336 

129
I and 

137
Cs (

129
I/

137
Cs, in mBq Bq

-1
) deposited on sediment after the FDNPP accident, by 337 

multiplying 
129

I/
137

Cs by the total 
137

Cs amount, the total amount of 
129

I in 2011 in the area 338 

can be estimated as 0.36 ± 0.13 GBq.   339 

Among the radioiodine released by the FDNPP accident, 
131

I is particularly important for 340 

evaluating the initial radiation dose.  The atomic ratio of 
131

I to 
129

I (
131

I/
129

I) in the 341 

environment after FDNPP has been reported as 3.2 × 10
-2

 on March 15, 2011 (Miyake et al., 342 

2012).  Considering radioactive decay, the 
131

I/
129

I atomic ratio was 4.7 × 10
-3

 and the 343 

activity ratio was 3.4 × 10
3
 (Bq mBq

-1
) on April 6, 2011.  By multiplying the 

131
I/

129
I 344 

activity ratio by the maximum 
129

I concentration in the sediment (2 mBq kg
-1

), the 345 

concentration of 
131

I in the surface sediment near Fukushima increased to ~7 × 10
3
 Bq kg

-1
 at 346 

maximum.   347 

As an example of the approximate radiation dose assessment, if 
131

I in the contaminated 348 

sediment were to decrease by radioactive decay, and furthermore, 100 g (in wet weight) of 349 

fish with the same concentration of 
131

I as sediments were to be daily ingested for a year, the 350 

effective dose would be calculated as ~0.2 mSv year
-1

.  This value is sufficiently low from 351 

the viewpoint of dose assessment.  In addition, the effective dose of 
129

I under the same 352 

condition was less than 1 × 10
-7

 Sv year
-1

, which is negligible.  Hence, this paper focuses on 353 
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tracking the transport of accident-derived radionuclides near the seafloor and not on the dose 354 

assessment.   355 

 356 

4.2 Tracking the transport of FDNPP accident-derived 
129

I near the seafloor 357 

4.2.1 Processes affecting the activity of 
129

I in surface sediments 358 

In the shelf-edge region off Fukushima, from 2011 to 2013, the 
129

I/
137

Cs in the seabed 359 

sediments increased (Figs. 3 and 4).  This increase in the 
129

I/
137

Cs in the shelf-edge 360 

sediment was remarkable especially in the sediment surface layer (Fig. 5).  Such an increase 361 

in 
129

I/
137

Cs was not observed in the coastal area near the FDNPP.  In this study, in 2011 and 362 

2013, observations at the three revisited shelf edge stations, J7 (218 m), K2 (274 m), and K6 363 

(300 m), respectively, were conducted: the 
129

I concentration at all stations significantly 364 

increased.  The increase in the inventory of 
129

I in surface layer (0-1 cm) sediments was 1.4 365 

mBq m
-2

 for Sta. J7, 6.0 mBq m
-2

 for Sta. K2, and 0.92 mBq m
-2

 for Sta. K6.  The increase 366 

rate of 
129

I was 2.4 mBq m
-2

 year
-1

 on average (arithmetic mean).  Assuming that the shelf 367 

edge area (200-400 m depths) of this study is 4.6 × 10
3
 km

2
 (Otosaka and Kato, 2014), the 368 

concentration of 
129

I increases by 11 MBq per year in this area.  Although this amount is 369 

only 3% of the total 
129

I amount accumulated in the seabed sediments after the FDNPP 370 

accident (0.36 GBq), a preferential transport of 
129

I to the shelf-edge area is suggested to have 371 

occurred. 372 

The selective increase in the concentration of 
129

I at the shelf-edge sediment surface is 373 

caused by the (1) preferential supply of 
129

I from rivers, (2) selective removal of 
129

I from the 374 

water column and its sedimentation, (3) accumulation of 
129

I on the sediment surface by early 375 

diagenesis, and (4) transport of 
129

I-enriched particles near the seafloor.  In the following 376 

subsections, the effect of these four processes is discussed. 377 

 378 
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4.2.2 Preferential supply of 
129

I from rivers 379 

The Sendai Bay, which is located in the northern part of the study area in this paper, is 380 

affected by the flux of the Abukuma River (Yamashiki et al., 2014; Kakehi et al., 2016), 381 

which accounts for the majority of the riverine input in the survey area.  According to a 382 

survey conducted by Honda et al. (2015) and Matsunaka et al. (2016), the 
129

I/
137

Cs of the 383 

surface soil from the catchment area from these rivers has been reported as 0.0002-0.0006 384 

mBq Bq
-1

.  Information regarding the suspended particulate 
129

I in the Abukuma River is not 385 

available, but the 
129

I/
137

Cs of the suspended particles in the Tomioka River (Fukushima 386 

Pref.) is 0.0004-0.0007 mBq Bq
-1

 (Nakanishi, unpublished data), and environmental 387 

conditions are similar to those from the soils of Abukuma River catchment areas.  The ratio 388 

of 
129

I/
137

Cs that can be supplied from land was one order of magnitude less than the value of 389 

the seabed sediments.   390 

Among the sampling stations of this study, Sta. J11 and J12 are located in the central part 391 

(106 m) and the margin (374 m) of Sendai Bay.  Although observations were made at both 392 

stations in 2013, an elevated 
129

I/
137

Cs observed in other stations was not observed, and the 393 

ratio was less than that in the other areas.  Considering that the stations in the Sendai Bay 394 

receive a larger input of fluvial particles with a lower 
129

I/
137

Cs, it is consistent that a low 395 

129
I/

137
Cs is observed from the seafloor of these stations.   396 

In the first year after the FDNPP accident, the amount of 
137

Cs deposited on the 397 

catchment area where suspended particles can be supplied to the study area is estimated to be 398 

2450 TBq (Evrard et al., 2015).  In addition, the authors estimated that 1% at maximum of 399 

the deposited 
137

Cs on the catchment flowed in the first one year.  Accordingly, in 2011, the 400 

inflow rate of 
137

Cs to the area of this study area has been estimated at 25 TBq year
-1

 at a 401 

maximum.  By multiplying the 
137

Cs inflow rate by the above-mentioned 
129

I/
137

Cs (~0.0007 402 

mBq Bq
-1

), the inflow rate of particulate 
129

I carried by the rivers was estimated at 18 MBq 403 
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year
-1

 at a maximum.  404 

The amount of 
129

I supplied from the rivers is similar as that of the secondary 405 

accumulated 
129

I (11 MBq year
-1

) to the shelf edge area.  Considering the fact that most of 406 

the particles flowing from the rivers are accumulated at about 10 km from the estuary 407 

(Kakehi et al., 2016), 
129

I may not be sufficiently accumulated over the shelf-edge region 408 

greater than 100 km away from the estuary.   409 

In addition, the fluvial particles with a low 
129

I/
137

Cs activity ratio did not show 410 

agreement with the increasing trend of 
129

I/
137

Cs in the shelf-edge sediments.  The 411 

desorption of 
137

Cs from fluvial particles in the brackish water (Takata et al., 2015; Kakehi et 412 

al., 2016) may promote an increase in the 
129

I/
137

Cs of suspended particles.  However, to 413 

explain the 
129

I/
137

Cs for the 
129

I-enriched sediments in the shelf-edge area (> 0.005 mBq 414 

Bq
-1

), more than 80% of 
137

Cs in the fluvial particles (
129

I/
137

Cs = ~0.0007 mBq Bq
-1

) needs 415 

to be desorbed, which is practically difficult.   416 

 417 

4.2.3 Selective removal of 
129

I from the water column and sedimentation  418 

Figure 8 shows the temporal changes of the 
137

Cs and 
129

I activity concentrations, as 419 

well as 
129

I/
137

Cs in the surface seawater in a 30-150 km radius from the FDNPP, which 420 

covers the shelf-edge of the study area.  The highest concentrations of 
129

I and 
137

Cs in the 421 

surface seawater were observed in April 2011, followed by a more rapid decrease compared 422 

to radioactive decay, and these concentrations remained at a slightly higher level than that 423 

before the accident in mid-2012 (Fig. 8a and b).  This result indicates that, as of 2012, 424 

radionuclides originating from the FDNNP accident are present in the surface seawater of the 425 

study area.  Although a marginal amount of radionuclides was observed in comparison with 426 

that supplied to the ocean immediately after the accident, the continued outflow of polluted 427 

water from the FDNPP facilities has been inferred to continue until 2012 as reported by 428 
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Kanda (2013). 429 

The 
129

I/
137

Cs in the seawater has increased over time following an initial decrease of 430 

more than two orders of magnitude due to the FDNPP accident; in 2012, the ratio was greater 431 

than that before the accident (Fig. 8c).  Inside the FDNPP facility in 2012, the removal of 432 

radiocesium from the stagnant water in the facility was reinitiated, and part of the processed 433 

water was recirculated for cooling the reactor (TEPCO, 2018).  With the commencement of 434 

the multi-nuclide removal facility operation in March 2013, the removal of 
129

I from the 435 

contaminated water is thought to have been accelerated.  Considering this situation, the 436 

129
I/

137
Cs ratio of the contaminated water that was recirculating through the plant may have 437 

possibly increased until March 2013.  In fact, a high 
129

I/
137

Cs ratio has also been observed 438 

from the surface seawater collected in the vicinity of FDNPP from 2012 to 2013 (Casacuberta 439 

et al., 2017).   440 

The 
129

I flux associated with the deposition of “freshly-produced” sedimentary particles 441 

derived from biological production in the ocean surface can be simplified below.    442 

 443 

  FI-129  = [
129

I]SW × CF × BMF × f   (2) 444 

 445 

    Here, FI-129, [
129

I]SW, CF, and BMF denote the sinking flux of 
129

I (Bq m
-2

 year
-1

), 446 

concentration of 
129

I in the seawater (µBq L
-1

), concentration ratio between the seawater and 447 

phytoplankton (L kgwet
-1

), and the mass flux of biogenic particles (the sum of biogenic opal, 448 

biogenic carbonate, and organic matter) (kgdry m
-2

 year
-1

), respectively.  The representative 449 

concentration of 
129

I in the surface seawater (0.2 µBq L
-1

: Fig. 8) was taken as the value of 450 

[
129

I]SW, and the recommended CF value was 800 L kgwet
-1

 (IAEA, 2004).  With regards to 451 

the BMF value, an annual mean value of 0.094 kgdry m
-2

 year
-1

, was calculated from the total 452 

particle flux observed for the offshore station FS1 (Table S2) and the concentration of the 453 
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biogenic component in each period (Otosaka et al., 2014).  f is a coefficient obtained by 454 

multiplying the wet to the dry weight ratio of the biogenic particles (10: Sladecek and 455 

Sladeckova, 1963) and the ratio for the mass accumulation rate of the shelf edge to the 456 

offshore (4: Otosaka and Kato, 2014), and which was set as 40.  As a condition to apply the 457 

CF, the concentration of the target element in the living organisms and the ambient seawater 458 

needs to be at equilibrium.  The actual site was not in equilibrium but in the transition period 459 

of 
129

I from seawater to organisms, FI-129 would be overestimated. 460 

The estimated FI-129 was ~0.6 mBq m
-2

 year
-1

.  Despite the overestimation, the 461 

accumulation of 
129

I in the surface sediments of the shelf margin (2.4 mBq m
-2

 year
-1

) cannot 462 

be explained, indicating that this process does not lead to the accumulation of 
129

I on the 463 

seafloor of the shelf margin. 464 

 465 

4.2.4 Accumulation of 
129

I on the sediment surface by early diagenesis 466 

Iodine in the sediment mainly originates from the organic fraction, which is desorbed as 467 

iodide (I
-
) because of the decomposition of organic matter under anoxic conditions (e.g., 468 

Farrenkopf and Luther III, 2002).  In oxidative seawater, an enzyme, e.g., iodide oxidase, 469 

which is related to the initial degradation of plankton cells in oxidative seawater, stimulates 470 

the oxidation of iodide to molecular iodine (I2) or hypoiodous acid (HOI
-
), which exhibits a 471 

high affinity for organic matter (Price and Calvart, 1973).  Recent studies have demonstrated 472 

that bacteria extracted from marine sediments produce HOI
-
 with a high efficiency (e.g., 473 

Amachi et al., 2005).  Some aerobic bacteria have been known to oxidize iodide to I2 474 

(Gozlan and Margalith, 1973).  Consequently, the desorbed iodide can be concentrated on 475 

the oxic sediment surface (Kennedy and Elderfield, 1987). 476 

The desorption of 
137

Cs from the seabed has also been pointed out from the mass 477 

balance of 
137

Cs in the seabed near Fukushima (Otosaka, 2017), the culture experiment of 478 
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benthos (Wang et al., 2016), and simulation by an ecosystem model (Tateda et al., 2013; 479 

2015).  As described in Section 4.1, the behavior of 
137

Cs and 
129

I in sediments is not 480 

considerably different, and 
129

I is considered to be desorbed and diffused in the pore of the 481 

sediments.  Indeed, from the results obtained from suspension experiments (Fig. 7), a small 482 

percentage of 
129

I migrates from the sedimentary phase to the aqueous phase after several 483 

days, regardless of the sediment properties, also indicative of the desorption of 
129

I from the 484 

sediment in this study area.   485 

The accumulation of dissolved matter on the oxic sediment surface is expected to be 486 

noticeable in highly redox-sensitive elements such as manganese (Mn).  At Sta. J7 where the 487 

concentration of 
129

I in the surface sediment was remarkably high among the stations of this 488 

study, the concentration of Mn in the surface sediment was 797 ppm.  This value is similar 489 

to those in sub-surface layers (1-10 cm; 730 ppm on average), with no evidence for the 490 

remarkable enrichment of Mn in the core top.  Even in the other shelf-edge stations, the 491 

concentration of Mn in the surface sediment was around 400-700 ppm, and no remarkable 492 

oxidation layer as observed in the pelagic ocean was observed.  From these results, the 493 

enrichment of 
129

I to the shelf-edge sediment surface caused by early diagenesis is not a 494 

major process affecting the preferential accumulation of 
129

I in this region. 495 

 496 

4.2.5 Transport of 
129

I enriched particles 497 

The maximum 
129

I/
137

Cs for the sinking particles collected at 100 km offshore of FDNPP 498 

was observed in winter (Fig. 6c).  In this period, the mass flux sharply increased and this 499 

high flux was not caused by the sinking of biogenic particles produced in the surface layer 500 

but by the resuspension of surface sediments near the station or lateral transport of coastal 501 

sediments (Otosaka et al., 2014).  These results indicated that the resuspended particles in 502 

seawater may be laterally transported while selectively incorporating 
129

I into the particles.  503 
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The nearshore sediments around Fukushima are mainly comprised of medium/coarse sand 504 

(Aoyagi and Igarashi, 1999).  In the area in which the water depth is less than the nearshore 505 

wave base (~30 m), the disturbance of surface sediments can occur during heavy weather 506 

(e.g., Otosaka, 2017).  Even with the occurrence of resuspension, the extent of horizontal 507 

transport of such sandy sediment is limited because of the rapid sinking of sand particles.  508 

On the other hand, components dissolved in the pore water of the sandy sediments in the 509 

nearshore region can sufficiently diffuse into the overlying water as a result of the 510 

disturbance.   511 

The desorption of 
129

I from the sediment to the pore water is also evident from the 512 

results obtained by the suspension experiment (Fig. 7).  In other words, the nearshore 513 

sediment around Fukushima is thought to function as a source of 
129

I to the seawater on the 514 

seabed.  Compared with the nearshore station NP0, the median grain size and organic matter 515 

content of the shelf-edge station N03 is about half and 3 times, respectively.  In the 516 

suspension experiment, 
129

I once desorbed from the sediment of N03 was removed from the 517 

water phase at a rate of ~3% per day (probably absorbed on the sedimentary phase) and 518 

reached equilibrium in ~40 days.  On the other hand, sediments of Sta. NP0 did not exhibit a 519 

remarkable adsorption during the experiment for at least 70 days.  This difference between 520 

the two stations is presumably related to the large specific surface area and high organic 521 

matter content of the shelf edge sediment. 522 

As mentioned above, iodide-
129

I which is desorbed from the seabed is mildly oxidized to 523 

iodate-
129

I as a result of biotic and abiotic effects.  Concurrently with such a gradual 524 

oxidation process, iodate-
129

I is thought to be reduced to reactive hypoiodous acid by a 525 

reaction on the humic substance surface (Francois, 1987; Schlegel et al., 2006) or an enzyme 526 

reaction by nitrate reductase present in aerobic organisms (Tsunogai and Sase, 1969).  The 527 

adsorption of iodate-
129

I to oxyhydroxides in suspended particles (Ullman and Aller, 1985) 528 
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has also been considered to be an effective mechanism to generate 
129

I-enriched particles near 529 

the seafloor. 530 

From these results, a part of 
129

I in the sediment was desorbed from the sandy nearshore 531 

sediment and incorporated into suspended particles comprising high organic matter content, 532 

followed by the accumulation of the 
129

I-enriched suspended particles on shelf-edge sediment 533 

surface.  Charette et al. (2013) reported that the exchange rate of the coastal seawater around 534 

Fukushima after the FDNPP accident was around 30 days.  As the value was obtained for 535 

surface water, the bottom waters circulate for a longer (months to years) timescale.  This is a 536 

reasonable timescale for the desorption of 
129

I from the nearshore region and re-accumulation 537 

on the shelf edge sediments.   538 

For FDNPP-derived 
137

Cs in sediments, more than 80% of the initial deposition has been 539 

estimated to occur in coastal areas with a depth less than 100 m.  A majority of the 
129

I 540 

deposited in the sediment immediately after the accident (0.36 GBq) can also be presumed to 541 

have deposited in the coastal zone.  A few percentage of sedimentary 
129

I in the coastal area 542 

are desorbed from the seabed and redeposited in the shelf-edge region, which is sufficient to 543 

serve as a source of increased 
129

I (11 MBq) in the shelf-edge region. This process can most 544 

consistently explain the secondary transport of 
129

I at the shelf area.   545 

 546 

5. Conclusion 547 

After the FDNPP accident in March 2011, some of the radioiodine released to the 548 

environment was deposited on the seabed.  The concentrations of 
131

I and 
129

I in sediments 549 

were estimated to increase to ~7 kBq kg
-1

 and 0.2 mBq kg
-1

, respectively.  Although iodine 550 

is a highly biophilic element, the effective dose by the accident-derived radioiodine was 551 

negligible.  The initial deposition of 
129

I to the seafloor was estimated to be 0.36 ± 0.13 552 

GBq.   553 
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Between 2011 and 2013, 
129

I was selectively deposited on the surface sediment of the 554 

shelf-edge area further away from the FDNPP.  The re-deposition of the 
129

I desorbed from 555 

the contaminated coastal sediment to the shelf-edge sediments was presumed to be dominant 556 

process affecting the selective accumulation of 
129

I. 557 

Although further discussion is required for verification, the results of this study 558 

suggested that 
129

I/
137

Cs in the seabed sediments and marine particles are useful indicators for 559 

evaluating the secondary transport in the coast-offshore systems.  In particular, it is expected 560 

to be effective for tracking the transport of highly bioavailable radionuclides near the seabed. 561 

 562 
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Table 1  Stations for sediment coring  735 

Station  Latitude Longitude Depth Distance
*
 Sampling date 

 (°N) (°E) (m) (km) (year/month/day) 

J6 36.766 141.405 499 80 2011/10/31 

J7 36.800 141.250 218 72 2011/10/31; 2013/1/13 

J8 36.284 141.117 709 127 2009/7/18; 2011/10/31 

J9 36.283 140.900 223 127 2011/10/31 

K1 36.000 140.883 102 159 2011/11/1 

K2 36.000 141.017 272 158 2011/11/1; 2013/1/13 

K3 36.000 141.167 597 158 2011/11/1 

K6 37.334 141.668 300 57 2011/10/29; 2013/1/13 

K7 37.334 141.834 501 71 2011/10/29 

K8 37.317 142.192 1053 103 2011/10/29 

K9 36.998 141.300 158 53 2011/10/31 

S2 36.590 140.731 35 96 2011/10/27; 2013/2/14 

S3 36.679 140.788 47 85 2011/10/27 

S4 36.768 140.788 26 76 2011/10/27 

S5 36.768 140.899 75 74 2011/10/27 

S8 36.502 140.788 75 105 2011/10/27 

FS1
**

 37.333 142.167 992 100 2011/8/2; 2012/7/20 

FS5 36.000 141.333 1175 160 2011/8/3 

J11 38.088 141.485 121 84 2013/1/14 

J12 38.000 142.000 374 106 2013/1/16 

N03 36.500 141.000 302 102 2013/9/9 

NP3 37.410 141.297 117 23 2013/9/10 

NP1 37.415 141.175 54 12 2013/9/10 

NP2 37.417 141.102 28 6 2013/9/11 

NP0 37.422 141.060 18 2 2013/9/11 

NPE2 37.502 141.087 22 10 2013/9/11 

* 
Distance from FDNPP 736 

**
Sinking particles were also collected with sediment trap 737 

 738 

  739 
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Figure Captions 740 

 741 

Fig. 1  Sampling locations. Open and filled circles indicate stations observed in 2011 and 2012/2013, 742 

respectively.  Open squares indicate stations observed in both sampling periods. 743 

 744 

Fig. 2  Distribution of (a) 
129

I and (b) 
137

Cs in the surface sediment. Activities of 
137

Cs are 745 

decay-corrected to March 11, 2011. 746 

 747 

Fig. 3  Relationship between the activity concentration of 
129

I and 
137

Cs in the surface sediment and 748 

sinking particles. Dotted line indicates the regression line based on the sediment data sampled in 749 

2011. 750 

 751 

Fig. 4  (a) 
129

I/
137

Cs in the surface sediment relative to the distance from FDNPP, (b) 
129

I/
137

Cs in the 752 

surface sediment relative to the bottom depth.  Shaded area in Fig. (b) represents shelf edge 753 

(water depth 200-400 m) region. 754 

 755 

Fig. 5  Vertical distribution of the concentration of 
129

I (left, mBq kg
-1

), concentration of 
137

Cs (center, 756 

Bq kg
-1

), and activity ratio of 
129

I/
137

Cs (right, mBq Bq
-1

 × 10
3
) in sediment.  Filled and open 757 

circles indicate data observed in 2011 and 2012/2013, respectively.  Arrows in panels for Sta. J8 758 

indicate activity concentration in surface (0-1 cm) sediment observed before the FDNPP accident 759 

(July 2009). 760 

 761 

Fig. 6  Time series of the (a) total mass flux, (b) 
129

I and 
137

Cs activity concentrations, and (c) 762 
129

I/
137

Cs activity ratio for the sinking particles collected from an offshore station, FS1. Dotted 763 

line in Fig. (a) indicates original data before mixing of the sample.   764 

 765 

Fig. 7  Results obtained from the suspension experiment.  Two stations were selected for the 766 

experiment; (a) about 2 km offshore of FDNPP (Sta NP0), and (b) shelf edge at 102 km southeast 767 

of FDNPP (Sta. N03).  Error bar shows the range of the duplicate experiment. 768 

 769 

Fig. 8  Time series of the activity concentrations of (a) 
137

Cs and (b) 
129

I in the surface seawater.   770 

Figure (c) shows the activity ratio of 
129

I/
137

Cs.  The 
129

I/
137

Cs ratio from March to May 2011 771 

was calculated from values reported by Tokyo Electric Power Co. and the Ministry of Education, 772 

Culture, Sports, Science and Technology.  As the radioiodine concentration was reported for 
131

I, 773 

the 
131

I activity was converted to this 
129

I activity by the method described in section 4.1.  The 774 
131

I and 
137

Cs data was obtained from the JAEA Database for Radioactive Substance Monitoring 775 

Data (https://emdb.jaea.go.jp/emdb/en/).  The 
129

I/
137

Cs activity ratio after June 2011 was 776 

calculated from the 
129

I concentration observed by Suzuki et al. (2013) and this study and 
137

Cs 777 

concentration observed by Oikawa et al. (2013) and Kaeriyama et al. (2014) (see Table S3 for 778 

details).  Analysis of 
129

I in seawater of this study followed the method of Suzuki et al. (2013).  779 

Horizontal arrows indicate the level before the accident.  Dotted line in Fig. (c) indicates the 780 

mean 
129

I/
137

Cs activity ratio in sediment in 2011.  Vertical lines indicate the boundary of the 781 

year.   782 
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