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Highlights

- Concentration of I in seabed sediment off Fukushima is reported for the first time
Deposition of the FDNPP accident-derived **°I to the seafloor was 0.36 + 0.13 GBq
Until October 2013, #| activity in sediment increased in the shelf-edge region
Remobilization of **I near the seafloor likely affected the sequential accumulation
The accident-derived **°I is considered to negligibly affect the benthic ecosystem
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Abstract

In this study, seabed sediment was collected from 26 stations located within 160 km from
the Fukushima Dai-ichi Nuclear Power Plant (FDNPP) during the 2 years which followed the
FDNPP accident of March 2011 and the concentrations of *?°l and **'Cs were measured. By
comparing the distribution of these two radionuclides with respect to their different
geochemical behaviors in the environment, the transport of accident-derived radionuclides
near the seafloor is discussed. The concentration of *°l in seabed sediment recovered from
offshore Fukushima in 2011 ranged between 0.02 and 0.45 mBq kg, with *?°1/**’Cs activity
ratios of (1.9 + 0.5) x10°® Bq Bq™. The initial deposition of *?°l to the seafloor in the study
area was 0.36 + 0.13 GBq, and the general distribution of sedimentary ?°I was established
within 6 months after the accident. Although iodine is a biophilic element, the
accident-derived '?°I negligibly affects the benthic ecosystem. Until October 2013, a slight
increase in activity of '’ in the surface sediment along the shelf-edge region (bottom depth:
200-400 m) was observed, despite that such a trend was not observed for *¥'Cs. The
preferential increase of the *?°I concentrations in the shelf-edge sediments was presumed to
be affected by the re-deposition in the shelf-edge sediments of *I desorbed from the
contaminated coastal sediment. The results obtained from this study indicate that **°1/**'Cs in
marine particles is a useful indicator for tracking the secondary transport of accident-derived

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

After the Fukushima Daiichi Nuclear Power Plant (FDNPP) accident, which occurred on
March 11, 2011, large amounts of anthropogenic radionuclides were released into the marine
environment (e.g., Buesseler et al., 2017). A majority of the radionuclides were transported
through the movement of seawater across a wide area of the North Pacific while some of the
radionuclides were deposited on the seabed of the coastal areas of northeastern Japan (e.g.,
Otosaka and Kato, 2014). Many studies related to the behavior of radionuclides on the
seafloor have focused on radiocesium (particularly **’Cs, half-life = 30.7 years), which emits
radiation to the environment. Radiocesium in surface sediments tends to decrease with an
apparent half-life of about 2 years, except in the vicinity of the FDNPP and estuaries
(Kusakabe et al., 2017; Otosaka, 2017). The rate of decrease in sedimentary radiocesium
concentration is less than that of seawater, and it indicates that the radionuclide will remain
on the seabed around Fukushima over a longer period (Otosaka, 2017). In addition to
seabed sediments, this gradual decrease in the radiocesium activity has been observed in
demersal fishes (Wada et al., 2014) and invertebrates (Sohtome et al., 2014). As the
decreasing trend in the concentration of radionuclides in the seabed sediment shows the same
trend with that in the organisms, sediments are thought to be a source of radionuclides for the
ecosystem near the seafloor (Tateda et al.,, 2015; Wang, 2016). However, the transfer
process of the radionuclides from sediments to the benthic ecosystem has not previously been
detailed.

Besides radiocesium, several nuclear fission products were released into the environment
as a result of the accident. Radioiodine is a fission product with a strong affinity for organic
matter as well as a high bioavailability (e.g., Santschi and Schwehr, 2004). Hence, ™I
(half-life = 8 days), for example, is known to be particularly important for evaluating

short-term radiation exposure during radiation accidents (e.g., UNSCEAR, 2014). In the
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FDNPP accident, ~151 PBq of ™!l has been estimated to have been released into the
environment (Katata et al., 2015); however, its activity decreased in the early stages after the
accident because of its short half-life. Hence, it is not possible to directly estimate the
extent of the impact of **'1 on the marine environment in the initial stages of the accident.
In addition, radioiodine with a long half-life, **°I (half-life = 1.57 x 10 years), was released
into the environment as a result of the accident. Assuming that **'I and *°I were released
into the environment at a specific ratio, the transport of **I in the environment after the
accident can potentially be traced. In the land area around FDNPP, the initial distribution of
31| has been reconstructed on the basis of this hypothesis (Miyake et al., 2012; Honda et al.,
2015; Muramatsu et al. 2015). In addition, '#°I has been detected from the seawater around
Fukushima after the FDNPP accident (Hou et al., 2013; Suzuki et al., 2013; Casacuberta et al.,
2017). The *?°I activity concentrations reportedly increased by about an order of magnitude
compared with concentrations before the accident (Suzuki et al., 2013), indicating that even
in the marine environment the potential of **°I for tracking accident-derived radioiodine.
Generally, the concentration of iodine in the seabed sediments is greater than that in soil
on the land (e.g., Muramatsu and Wedepohl, 1998). The major factors related to the
accumulation of iodine in the sediment include uptake from brown algae and planktons (e.g.,
Shaw, 1959); phytoplanktonic-enzyme-mediated adsorption of iodide (Price and Calvert,
1973); microbial accumulation of organo-iodine (Amachi et al., 2005); adsorption of iodate
onto oxyhydroxides (Ullman and Aller, 1985); and reduction of iodate via humic substances
followed by their adsorption on the seafloor (Francois, 1987; Schlegel et al., 2006). Each of
these processes provides strong evidence for the high bioavailability of iodine in the ocean.
From these facts, it is crucial to understand the distribution of I in the seabed
sediments around Fukushima for re-evaluating the effect of the FDNPP accident on the

marine environment, especially the benthic ecosystem. In this study, the activity



104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

concentrations of *#°l in the sediments and sinking particles around Fukushima in the two
years after the FDNPP accident are reported for the first time. Sinking particles are
biological and geochemical debris that also transport pollutants to the seafloor, and provide
useful information for tracking the migration of particulate radionuclides. In this study, the
transport of the accident-derived radionuclides near the seafloor is discussed by comparison
of the distributions of ?°I and **’Cs, which are considered to exhibit different environmental

behaviors.

2 Methods
2.1 Sampling

From August 2011 to September 2013, sediment samples were collected from 26
stations (Table 1, Fig. 1), ranging from 1 to 160 km from the FDNPP, using a multiple corer
(Model 5173, RIGO Co. Ltd., Japan) or a GS submarine corer (Model 5174, RIGO Co. Ltd.,
Japan). In Stations J7, K2, K6, S2 and FS1, sediments were collected two times at intervals
of 11-14 months. Sediment samples were cut on board to a thickness of 1-3 cm (Table S1 in
supplementary materials), frozen, and brought to the laboratory on land. For Sta. J8,
sediment samples collected for about 2 years before the accident (July 2009) were also
analyzed in addition to that collected seven months after the accident (October 2011).

Sinking particles collected at Sta. FS1, which is about 100 km offshore of FDNPP, were
also analyzed. For the analysis of sinking particles, some of the archived samples collected
by Otosaka et al. (2014) were used. Hence, the data for the total mass flux are the same as
those reported by Otosaka et al. (2014). In this sediment trap experiment, sinking particles
were collected at 26-day intervals, however, to secure a sufficient amount of sample for *°|

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

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

2.2 Chemical and radiochemical analysis

The sediment samples were dried at 80 °C, crushed, passed through a 2-mm sieve, and
used for *°| analysis. The activity concentrations of radionuclides in the sediment reported
herein represents the radioactivity per kilogram of dry weight of sediment.

The analysis of 1 in the sediment was carried out according to that reported by
Muramatsu et al. (2008). Briefly, ~2 g of dried sediment samples was added to 2~4 mg of
an iodine carrier, heated at 1000°C for 20 min in a stream of oxygen in a quartz tube (25 mm
ID x 635 mm length), and the volatilized iodine was collected in a receiving solution,
comprised of a mixture of tetraethyl ammonium hydroxide (1%) and sodium sulfite (0.1%).
lodine in the receiving solution was extracted in chloroform, and molecular iodine (I,) in the
organic phase was back extracted into an aqueous phase (sodium sulfite) as iodide (I°), and
silver nitrate was added to this aqueous solution to obtain silver iodide. The obtained silver
iodide was pressed in a target and the *?°I/*"| isotopic ratio was measured with a Tandetron
accelerator mass spectrometer (JAEA-AMS-MUTSU) at the JAEA Aomori Research and
Development Center. The concentration of **I in the sample was calculated from the
1291127 isotope ratio, the amount of carrier, the amount of stable iodine (**’I) in the sample,
and the amount of sample used for the analysis.

For 2’| analysis, a 7-100 mg sediment sample was combusted in the same manner as that
carried out in the *#| analysis without the addition of the iodine carrier, and the concentration
of *?’I in the receiving solution was measured by cathodic stripping voltammetry using the
method reported by Wong and Zheng (1992). A Metrohm 797VA voltammetric stand

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

127
f 127, f 27

pro, Metrohm AG, Switzerland) was used for the measurement o The results o
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measurement include a relative uncertainty of 0.4-19% (7% on average).

A standard reference material NIST SRM 3230 (National Institute of Standard and
Technology, USA) with a'?1/**"1 = (9.85 + 0.12) x 10" was used for the standardization of
the '?°I/*"| isotopic ratios. The procedural background of ?°1/**'I (based on the

measurement of iodide carrier) was (2.37 + 0.34) x 10, which was 0.5-9.4% (2.7% on

129 129|

average) of the '2°1/*?"| signal of sediment samples. The relative error for the
concentration measurement was 0.9-5.7% (1.9% on average) of the measured value.

Gamma-ray spectrometry using a high purity germanium detector (ORTEC GEM20P4,
resolution of 1.7 keV/1.33 MeV and relative efficiencies of 29-31%) was carried out for all
samples, and the concentration of **’Cs was calculated from the photopeak counts of 661 keV.
For gamma-ray spectrometry, 40-100 g of dry sediments was used, and detectors were
calibrated using a volume radioactivity standard (MXO033U8PP, Japan Radioisotope
Association).  Under our analytical conditions (~200000 s counting), the lowest amount of
137Cs that could be determined in a sediment sample was ~27 mBg, corresponding to ~0.4 Bq
kg™,

The activities of **°I and **'Cs in the sediment and sinking particles reported herein may
also include those originating from global fallout and nuclear fuel reprocessing plants in
addition to those observed as a result of the FDNPP accident. However, to investigate the

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

sources is not made for 1?1 and **'Cs.

2.3 Suspension experiment
To understand the adsorption/desorption characteristics of **°| between the sediment and
seawater, a suspension experiment was carried out. In the experiment, sediment samples

collected from Stations NPO (bottom depth: 18 m) and NO3 (302 m) were selected as
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representatives for the vicinity of FDNPP (sand with low organic matter) and a shelf-edge
area (fine sand with high organic matter), respectively.

In this experiment, ~2 kg (in wet weight) of the sediment was suspended in 20 L of
artificial seawater and allowed to settle for 70 days with aeration. Before suspension and
immediately after the sampling, pore water in the sediment was removed as much as possible
by centrifugation (4400 g, 5 min). The water phase was sampled after 0.125, 7, 14, 21, 35,
29 and 70 days from the suspension, filtered through a glass fiber filter (Whatman, GF/F),
and the concentrations of *?°l and *?l in the water were measured by the method reported by
Suzuki et al. (2008). The experiment was performed in duplicate.

As the water samples for ?°| measurement at each time step (1L each) were collected
from the same system, the sediment to water ratio varied from 1:10 to 1:6. This change in
the solid-liquid ratio is expected to lead to an overestimation of the concentration of *#°l in
the aqueous phase ~1.6 times at the end of the experiment. However, the correction for the
concentration was not performed because this experiment was carried out to compare the
adsorption/desorption characteristics depending on sediment properties rather than to

quantitatively determine the adsorption/desorption rate.

3 Results
3.1 Distribution of *?°1 and **’Cs in the surface sediment

Figure 2 shows the distributions of the activity concentrations of **° and *'Cs in the
surface (a 0-1 cm or a 0-3 cm layer) sediment.  Although the sediment samples in this study
were conducted from 2011 to 2013, the results are shown together for all observation dates to
reveal the general distribution characteristics. The highest **I concentration of 0.952 mBq
kg™ was observed in January 2013 at Sta. K2 (bottom depth of 272 m), which was located

158 km south of FDNPP. At observation point J8, the concentration of *?°l in surface
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sediment in October 2011 was 0.189 mBq kg™. As the concentration at Sta. J8 before the
accident (July 2009) was 0.08 mBq kg™, the concentration of *?° in the surface sediment at
Sta. J8 was more than doubled as a result of the accident. At Sta. J8, the concentration of
137Cs was 98.8 Bq kg in 2011; this concentration was more than 200 times the value before
the accident (<0.4 Bq kg™) (Table S1). These results revealed that the effect of *#°I on the
seafloor caused by the FDNPP accident was less than **’Cs.  Relatively, high concentrations
of *°I and **"Cs were observed in the vicinity of and to the south of FDNPP. Especially in
2011, #I/**"Cs ratio exhibited a proportional relationship (Fig. 3), and the relationship

between *?°I and **’Cs concentrations was expressed by the following equation (1).

[#1] = 0.0019 x [*¥'Cs] + 0.035 (1)

where, [*?1] and [**¥'Cs] are **I concentration (mBq kg™) and **'Cs concentration (Bq kg™)
in surface sediment, respectively. Although the data of sinking particles were not included
in Eq. (1), the relationship between the concentrations of *°I and *Cs in the sinking
particles in 2011 is also in approximate agreement with the regression line (Fig. 3).

The I concentration did not show a significant relationship with the *2’I concentration
(r <0.20) (Table S1). As a strong positive correlation was observed between **’I and the
organic matter content (r = 0.94, n = 31, data calculated for the core-top sediments of all
stations including the revisit observations), *’I was considered to be bound to organic matter.
In contrast, the low correlation between *?°I and **’I revealed the unsteady supply of '#°I to
the seafloor at a shorter timescale less than that for the circulation of organic matter.
Generally, the *I/**"Cs in the surface sediment increased from 2011 to 2013. Such a high
1291/137Cs ratio after 2012 was not observed near the FDNPP, while it was remarkable in the

area that is at a certain distance (i.e. 100-160 km) away from FDNPP (Fig. 4a). However,

10



229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

2563

even at areas more than 80 km away from FDNPP, a high *#1/**'Cs ratio was not observed at
stations with seafloor depths less than 100 m, such as Sta. S2 (93 m depth, **°I/**’Cs = 0.0026
mBq Bg™) and J11 (84 m depth, **°I/**’Cs = 0.0012 mBq Bq™), and a high **1/**Cs ratio was
observed in the shelf edge area (bottom depth = 200-400 m) (Fig. 4b).

In addition, the increased '2°1/**'Cs ratio was observed in the seabed sediments in
offshore stations around a depth of 1000 m. In 2011, the **I/**’Cs ratio in the offshore area
was slightly greater than that in the coastal waters, and the extent of the **°I/*’Cs increase

was less than that in the shelf-edge areas.

3.2 Vertical change in **°I and **’Cs activity concentrations

Figure 5 shows the vertical distributions of concentrations of *#°1 and **’Cs in sediments
at six stations. Excluding that observed in Sta. NPO, a high radionuclide concentration was
observed in the surface layer, which generally decreased with increasing depth. At Sta. NPO,
which is located about 2 km from the FDNPP, a relatively high radionuclide concentration
was observed in the deep sedimentary layer; these radionuclides are thought to have
accumulated immediately after the accident. At other stations where the bottom depth was
greater than 100 m, the radionuclides accumulated in the upper 10 cm of the sediment.
There was little difference in general characteristics of the vertical distribution between %I
and *'Cs. However, at the offshore stations with low radionuclide activities, **°1/**'Cs was
greater than those in coastal areas, and the ratio increased with increasing sediment depth.
In other words, sediments that had experienced a greater effect as a result of the FDNPP
accident exhibit lower *°1/*’Cs ratios.

The ?°I/**"Cs ratio in the surface sediment at Sta. J7 increased to approximately two

times in 2013 (0.01 mBq Bq™) compared to that in 2011 (0.0046 mBq Bg'). The

concentration of **Cs in this layer was 57-62 Bq kg™, which was 60 times greater than the

11
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averaged **'Cs concentration before the accident in this area (0.87 + 0.41 Bq kg™: Kusakabe,
2013). This result indicated that sediments in this station had been strongly affected by the
FDNPP accident. In addition, this result suggested that particles with a relatively high **I
concentration had accumulated near the sediment surface in the period between the two
observation days. Although the extent of the accumulation was small, the preferential

accumulation of ?°I in the surface sediments was also observed at Sta. NP3 in the

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

3.3 and **'Cs in sinking particles

Figure 6 shows the temporal changes in the total mass flux and activity concentration of
29| and **'Cs in sinking particles observed at Sta. FS1. As the total mass flux and *¥'Cs
concentration have been reported in the study by Otosaka et al. (2014), only their main
features have been briefly described. The total mass flux was ~400 mg m™? d* from August
to December 2011, and then two maxima were observed in January-March 2012 and in
May-June 2012.  Contrary to the total mass flux, a high concentration of **’Cs in the
sinking particles of 184-243 Bq kg® from August 2011 to January 2012 was observed.
After January 2012 with increasing mass flux, the *¥’Cs concentration decreased to 41-85 Bq
kg™.

The concentrations of ?°I in sinking particles were ~0.6 mBq kg™ in 2011 and then
decreased to 0.2-0.3 mBq kg™ in 2012. The concentrations of **°I and **¥'Cs exhibited
similar temporal changes, but the variation of the **°I concentration was less than that of the

129|/57Cs ratio is greater in 2012, showing a maximum in

37Cs concentration. Hence, the
February 2012 with the observation of the maximum total mass flux. Subsequently, the
129]/137Cs for the sinking particles decreased, but it remained at a higher level compared with

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

12
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3.4 Suspension experiment

During the suspension experiment, the concentration of **°I in the aqueous phase varied
between 0.03 and 0.63 puBq L™ for Sta. NPO and between 0.005 and 0.054 puBq L™ for Sta
NO3 (Fig. 7). Both systems exhibited the lowest concentration immediately (3 h) after the
suspension and the highest concentration after 7 days. The transfer rate of **I from the
sediment to the aqueous phases on day 7 was ~3% for Sta. NPO and ~1% for Sta. N0O3. At
the nearshore station NPO in the vicinity of FDNPP, the **I concentration was almost
constant from day 7 to day 72. On the other hand, at Sta. NO3 in the shelf-edge area, the
concentration of **°I in the aqueous phase decreased at a rate of about 0.03 + 0.01 day™ from

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

4 Discussion
4.1 Effect of accident-derived *?°I on the seabed

The regression line between the I and *¥'Cs concentrations in 2011 showed an
intercept (0.035 + 0.024 mBq kg, Fig. 3). The concentration of **'Cs in the sediment off
Fukushima (<30 km from the coast) in 2010 is reported to be 0.87 + 0.41 Bq kg™ (Kusakabe
etal., 2013). The pre-accident **’Cs concentration is extremely less than the variation range
of *¥'Cs in Fig. 3; hence, almost all of the **'Cs observed from the sediment originates from
FDNPP. Accordingly, the intercept in Fig. 3 can be considered as the concentration of *#|
in the sediment before the FDNPP accident. The global fallout as a result of the
atmospheric nuclear weapon tests and nuclear facility operations, especially nuclear fuel
reprocessing plants, can be considered as the major sources of *?°| to the marine environment
before the FDNPP accident (e.g., Snyder et al., 2010).

The concentration of %I in the sediment collected from Sta. J8, which is located

13
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offshore of the spent nuclear fuel reprocessing facility in Tokai-mura, before the accident was
0.08 mBq kg™. A slightly higher **°I concentration has been reported in the areas around
this facility (e.g., Muramatsu et al., 2008). The concentration of *?°l concentration in the
surface sediment collected from Sta. J8 is slightly greater than the average ?°I concentration
for the sediments collected from the surrounding sea area (i.e., the intercept in Fig. 3: 0.035
0.024 mBq kg™).

Although the **°I concentration before the accident apparently changed depending on the
sediment characteristics, assuming that the concentration of **| in the sediment before the
FDNPP accident was 0.035 mBq kg™, the contribution of accident-derived **°I in the surface
sediment in 2011 was estimated to be 19% (Sta. K6) to 93% (Sta. J6). The mean %I
contribution values for the coastal (depth <200 m), shelf-edge (water depth 200-400 m), and
offshore (water depth 400-1000 m) regions in 2011 are 87% (n = 7), 71% (n = 4), and 81% (n
= 6), respectively. This result indicated that the majority of the observed *?°I in the sediment
was released from FDNPP.  From these results, *°I and **’Cs, which determine the slope of
regression line in Fig. 3, can be considered to originate from FDNPP.

The initial distribution of radiocesium in sediments around Fukushima has been
suggested to be established by the adsorption of dissolved radiocesium in contaminated water
onto the seabed (Otosaka and Kato, 2014; Misumi et al., 2014). In addition, the degree of
the initial deposition of radiocesium on surface sediments varies with various sediment
properties, including particle size (Ambe et al., 2014) and organic matter content (Ono et al.,
2015). The result that the *°I/*’Cs in the surface sediment in 2011 generally remains
within a certain range revealed similar characteristics for *°1 and **'Cs in terms of the initial
deposition on the sediment.

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

was observed on April 6, 2011 (Oikawa et al., 2013). As mentioned above, the main

14
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deposition of the radionuclides to the seafloor was also presumed to occur around this time.
In the early period after the FDNPP accident, **'Cs concentrations exceeding 1000 Bq kg™
were detected from the surface sediments (e.g., Otosaka, 2017). By the application of a
37Cs concentration of 1000 Bq kg™ in Eq. (1), the calculated concentration of *#°l in this area
increased to ~2 mBq kg™. In addition, the initial deposition of *¥'Cs on the seafloor in the
area where the majority of *’Cs was deposited (35.5-38.5°N, 140.5-142.5°E) as of October
2011 has been estimated to be 0.19 £ 0.05 PBq (Otosaka and Kato, 2014). As the slope of
the regression line in Fig. 3 (0.0019 £ 0.0005) can be regarded as the activity ratio between
129 and B'Cs (**1/'Cs, in mBq Bq™) deposited on sediment after the FDNPP accident, by
multiplying **°I/**Cs by the total **’Cs amount, the total amount of *°I in 2011 in the area
can be estimated as 0.36 = 0.13 GBg.

Among the radioiodine released by the FDNPP accident, **!1 is particularly important for
evaluating the initial radiation dose. The atomic ratio of I to *°I (3*4/**°I) in the
environment after FDNPP has been reported as 3.2 x 10 on March 15, 2011 (Miyake et al.,
2012). Considering radioactive decay, the *'I/"®°| atomic ratio was 4.7 x 10° and the
activity ratio was 3.4 x 10® (Bq mBq™) on April 6, 2011. By multiplying the *31/*%|
activity ratio by the maximum 21 concentration in the sediment (2 mBq kg™), the
concentration of *!1 in the surface sediment near Fukushima increased to ~7 x 10° Bq kg™ at
maximum.

As an example of the approximate radiation dose assessment, if *!1 in the contaminated
sediment were to decrease by radioactive decay, and furthermore, 100 g (in wet weight) of
fish with the same concentration of **' as sediments were to be daily ingested for a year, the
effective dose would be calculated as ~0.2 mSv year™. This value is sufficiently low from
the viewpoint of dose assessment. In addition, the effective dose of **°I under the same

condition was less than 1 x 107 Sv year™, which is negligible. Hence, this paper focuses on
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tracking the transport of accident-derived radionuclides near the seafloor and not on the dose

assessment.

4.2 Tracking the transport of FDNPP accident-derived **I near the seafloor
4.2.1 Processes affecting the activity of *?1 in surface sediments

In the shelf-edge region off Fukushima, from 2011 to 2013, the **I/**’Cs in the seabed
sediments increased (Figs. 3 and 4). This increase in the ?1/**'Cs in the shelf-edge
sediment was remarkable especially in the sediment surface layer (Fig. 5). Such an increase
in *°1/*¥"Cs was not observed in the coastal area near the FDNPP.  In this study, in 2011 and
2013, observations at the three revisited shelf edge stations, J7 (218 m), K2 (274 m), and K6
(300 m), respectively, were conducted: the *?°I concentration at all stations significantly
increased. The increase in the inventory of **°I in surface layer (0-1 cm) sediments was 1.4
mBq m™ for Sta. J7, 6.0 mBq m™ for Sta. K2, and 0.92 mBq m™ for Sta. K6. The increase
rate of ?° was 2.4 mBq m year™ on average (arithmetic mean). Assuming that the shelf
edge area (200-400 m depths) of this study is 4.6 x 10° km? (Otosaka and Kato, 2014), the
concentration of *?°| increases by 11 MBq per year in this area. Although this amount is
only 3% of the total ***I amount accumulated in the seabed sediments after the FDNPP
accident (0.36 GBq), a preferential transport of *?I to the shelf-edge area is suggested to have
occurred.

The selective increase in the concentration of '?°| at the shelf-edge sediment surface is
caused by the (1) preferential supply of *?°I from rivers, (2) selective removal of *?°| from the
water column and its sedimentation, (3) accumulation of **°I on the sediment surface by early
diagenesis, and (4) transport of *?I-enriched particles near the seafloor. In the following

subsections, the effect of these four processes is discussed.
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4.2.2 Preferential supply of **I from rivers

The Sendai Bay, which is located in the northern part of the study area in this paper, is
affected by the flux of the Abukuma River (Yamashiki et al., 2014; Kakehi et al., 2016),
which accounts for the majority of the riverine input in the survey area. According to a
survey conducted by Honda et al. (2015) and Matsunaka et al. (2016), the ?°I/**’Cs of the
surface soil from the catchment area from these rivers has been reported as 0.0002-0.0006
mBq Bq™. Information regarding the suspended particulate *?°l in the Abukuma River is not
available, but the *?°I/**’Cs of the suspended particles in the Tomioka River (Fukushima
Pref) is 0.0004-0.0007 mBq Bg™ (Nakanishi, unpublished data), and environmental
conditions are similar to those from the soils of Abukuma River catchment areas. The ratio
of 12°1/*¥Cs that can be supplied from land was one order of magnitude less than the value of
the seabed sediments.

Among the sampling stations of this study, Sta. J11 and J12 are located in the central part
(106 m) and the margin (374 m) of Sendai Bay. Although observations were made at both
stations in 2013, an elevated *#°1/*¥'Cs observed in other stations was not observed, and the
ratio was less than that in the other areas. Considering that the stations in the Sendai Bay
receive a larger input of fluvial particles with a lower ?1/*¥'Cs, it is consistent that a low
1291/137Cs is observed from the seafloor of these stations.

In the first year after the FDNPP accident, the amount of **’Cs deposited on the
catchment area where suspended particles can be supplied to the study area is estimated to be
2450 TBq (Evrard et al., 2015). In addition, the authors estimated that 1% at maximum of
the deposited **'Cs on the catchment flowed in the first one year. Accordingly, in 2011, the
inflow rate of **'Cs to the area of this study area has been estimated at 25 TBq year” at a
maximum. By multiplying the **'Cs inflow rate by the above-mentioned **°I/**’Cs (~0.0007

mBq Bq™), the inflow rate of particulate *°I carried by the rivers was estimated at 18 MBq
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year™ at a maximum.

The amount of **°I supplied from the rivers is similar as that of the secondary
accumulated *#°1 (11 MBq year™) to the shelf edge area. Considering the fact that most of
the particles flowing from the rivers are accumulated at about 10 km from the estuary
(Kakehi et al., 2016), I may not be sufficiently accumulated over the shelf-edge region
greater than 100 km away from the estuary.

In addition, the fluvial particles with a low **1/**'Cs activity ratio did not show
agreement with the increasing trend of '?I/*'Cs in the shelf-edge sediments. The
desorption of *’Cs from fluvial particles in the brackish water (Takata et al., 2015; Kakehi et
al., 2016) may promote an increase in the *?°I/**'Cs of suspended particles. However, to
explain the *?°I/**’Cs for the *I-enriched sediments in the shelf-edge area (> 0.005 mBq
Bq™), more than 80% of **'Cs in the fluvial particles (***I/**’Cs = ~0.0007 mBq Bq™) needs

to be desorbed, which is practically difficult.

4.2.3 Selective removal of *°I from the water column and sedimentation

Figure 8 shows the temporal changes of the *¥'Cs and '#1 activity concentrations, as
well as *°I/"*'Cs in the surface seawater in a 30-150 km radius from the FDNPP, which
covers the shelf-edge of the study area. The highest concentrations of **°I and *’Cs in the
surface seawater were observed in April 2011, followed by a more rapid decrease compared
to radioactive decay, and these concentrations remained at a slightly higher level than that
before the accident in mid-2012 (Fig. 8a and b). This result indicates that, as of 2012,
radionuclides originating from the FDNNP accident are present in the surface seawater of the
study area. Although a marginal amount of radionuclides was observed in comparison with
that supplied to the ocean immediately after the accident, the continued outflow of polluted

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

The ?°I/**"Cs in the seawater has increased over time following an initial decrease of
more than two orders of magnitude due to the FDNPP accident; in 2012, the ratio was greater
than that before the accident (Fig. 8c). Inside the FDNPP facility in 2012, the removal of
radiocesium from the stagnant water in the facility was reinitiated, and part of the processed
water was recirculated for cooling the reactor (TEPCO, 2018). With the commencement of
the multi-nuclide removal facility operation in March 2013, the removal of **°I from the
contaminated water is thought to have been accelerated. Considering this situation, the
1291/13Cs ratio of the contaminated water that was recirculating through the plant may have
possibly increased until March 2013. In fact, a high *?°1/**’Cs ratio has also been observed
from the surface seawater collected in the vicinity of FDNPP from 2012 to 2013 (Casacuberta
etal., 2017).

The *#| flux associated with the deposition of “freshly-produced” sedimentary particles

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

Frize = [llsw x CF x BMF x f )

Here, Fii2, [***1]sw, CF, and BMF denote the sinking flux of **1 (Bq m? year™),
concentration of **1 in the seawater (uBq L™), concentration ratio between the seawater and
phytoplankton (L kgwer'), and the mass flux of biogenic particles (the sum of biogenic opal,
biogenic carbonate, and organic matter) (kQary m? year™?), respectively. The representative
concentration of ?°l in the surface seawater (0.2 pBq L™: Fig. 8) was taken as the value of
[*®1]sw, and the recommended CF value was 800 L kgwet™ (IAEA, 2004). With regards to
the BMF valug, an annual mean value of 0.094 kggy m™ year™, was calculated from the total

particle flux observed for the offshore station FS1 (Table S2) and the concentration of the
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biogenic component in each period (Otosaka et al., 2014). f is a coefficient obtained by
multiplying the wet to the dry weight ratio of the biogenic particles (10: Sladecek and
Sladeckova, 1963) and the ratio for the mass accumulation rate of the shelf edge to the
offshore (4: Otosaka and Kato, 2014), and which was set as 40. As a condition to apply the
CF, the concentration of the target element in the living organisms and the ambient seawater
needs to be at equilibrium.  The actual site was not in equilibrium but in the transition period
of 1°I from seawater to organisms, F.12o would be overestimated.

The estimated Fii0 was ~0.6 mBg m? year®. Despite the overestimation, the
accumulation of *#1 in the surface sediments of the shelf margin (2.4 mBq m™ year™) cannot
be explained, indicating that this process does not lead to the accumulation of *?°I on the

seafloor of the shelf margin.

4.2.4 Accumulation of *°I on the sediment surface by early diagenesis

lodine in the sediment mainly originates from the organic fraction, which is desorbed as
iodide (I") because of the decomposition of organic matter under anoxic conditions (e.g.,
Farrenkopf and Luther I, 2002). In oxidative seawater, an enzyme, e.g., iodide oxidase,
which is related to the initial degradation of plankton cells in oxidative seawater, stimulates
the oxidation of iodide to molecular iodine (I) or hypoiodous acid (HOI’), which exhibits a
high affinity for organic matter (Price and Calvart, 1973). Recent studies have demonstrated
that bacteria extracted from marine sediments produce HOI" with a high efficiency (e.g.,
Amachi et al., 2005). Some aerobic bacteria have been known to oxidize iodide to I,
(Gozlan and Margalith, 1973). Consequently, the desorbed iodide can be concentrated on
the oxic sediment surface (Kennedy and Elderfield, 1987).

The desorption of *¥'Cs from the seabed has also been pointed out from the mass

balance of *'Cs in the seabed near Fukushima (Otosaka, 2017), the culture experiment of
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benthos (Wang et al., 2016), and simulation by an ecosystem model (Tateda et al., 2013;
2015). As described in Section 4.1, the behavior of **'Cs and **°I in sediments is not
considerably different, and **I is considered to be desorbed and diffused in the pore of the
sediments. Indeed, from the results obtained from suspension experiments (Fig. 7), a small
percentage of 2’| migrates from the sedimentary phase to the aqueous phase after several
days, regardless of the sediment properties, also indicative of the desorption of *?°l from the
sediment in this study area.

The accumulation of dissolved matter on the oxic sediment surface is expected to be
noticeable in highly redox-sensitive elements such as manganese (Mn). At Sta. J7 where the
concentration of *#1 in the surface sediment was remarkably high among the stations of this
study, the concentration of Mn in the surface sediment was 797 ppm. This value is similar
to those in sub-surface layers (1-10 cm; 730 ppm on average), with no evidence for the
remarkable enrichment of Mn in the core top. Even in the other shelf-edge stations, the
concentration of Mn in the surface sediment was around 400-700 ppm, and no remarkable
oxidation layer as observed in the pelagic ocean was observed. From these results, the
enrichment of *?°I to the shelf-edge sediment surface caused by early diagenesis is not a

major process affecting the preferential accumulation of **°I in this region.

4.2.5 Transport of **| enriched particles

The maximum *#1/**’Cs for the sinking particles collected at 100 km offshore of FDNPP
was observed in winter (Fig. 6¢). In this period, the mass flux sharply increased and this
high flux was not caused by the sinking of biogenic particles produced in the surface layer
but by the resuspension of surface sediments near the station or lateral transport of coastal
sediments (Otosaka et al., 2014). These results indicated that the resuspended particles in

seawater may be laterally transported while selectively incorporating *#1 into the particles.
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The nearshore sediments around Fukushima are mainly comprised of medium/coarse sand
(Aoyagi and Igarashi, 1999). In the area in which the water depth is less than the nearshore
wave base (~30 m), the disturbance of surface sediments can occur during heavy weather
(e.g., Otosaka, 2017). Even with the occurrence of resuspension, the extent of horizontal
transport of such sandy sediment is limited because of the rapid sinking of sand particles.
On the other hand, components dissolved in the pore water of the sandy sediments in the
nearshore region can sufficiently diffuse into the overlying water as a result of the
disturbance.

The desorption of **°I from the sediment to the pore water is also evident from the
results obtained by the suspension experiment (Fig. 7). In other words, the nearshore
sediment around Fukushima is thought to function as a source of ?°I to the seawater on the
seabed. Compared with the nearshore station NP0, the median grain size and organic matter
content of the shelf-edge station NO3 is about half and 3 times, respectively. In the
suspension experiment, **’I once desorbed from the sediment of NO3 was removed from the
water phase at a rate of ~3% per day (probably absorbed on the sedimentary phase) and
reached equilibrium in ~40 days. On the other hand, sediments of Sta. NPO did not exhibit a
remarkable adsorption during the experiment for at least 70 days. This difference between
the two stations is presumably related to the large specific surface area and high organic
matter content of the shelf edge sediment.

As mentioned above, iodide-**°I which is desorbed from the seabed is mildly oxidized to
iodate-'°1 as a result of biotic and abiotic effects. Concurrently with such a gradual
oxidation process, iodate-**°I is thought to be reduced to reactive hypoiodous acid by a
reaction on the humic substance surface (Francois, 1987; Schlegel et al., 2006) or an enzyme
reaction by nitrate reductase present in aerobic organisms (Tsunogai and Sase, 1969). The

adsorption of iodate-*°I to oxyhydroxides in suspended particles (Ullman and Aller, 1985)
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has also been considered to be an effective mechanism to generate **°I-enriched particles near
the seafloor.

From these results, a part of **°l in the sediment was desorbed from the sandy nearshore
sediment and incorporated into suspended particles comprising high organic matter content,
followed by the accumulation of the ***I-enriched suspended particles on shelf-edge sediment
surface. Charette et al. (2013) reported that the exchange rate of the coastal seawater around
Fukushima after the FDNPP accident was around 30 days. As the value was obtained for
surface water, the bottom waters circulate for a longer (months to years) timescale. This is a
reasonable timescale for the desorption of **| from the nearshore region and re-accumulation
on the shelf edge sediments.

For FDNPP-derived **'Cs in sediments, more than 80% of the initial deposition has been
estimated to occur in coastal areas with a depth less than 100 m. A majority of the '*°|
deposited in the sediment immediately after the accident (0.36 GBq) can also be presumed to
have deposited in the coastal zone. A few percentage of sedimentary *?°l in the coastal area
are desorbed from the seabed and redeposited in the shelf-edge region, which is sufficient to

serve as a source of increased **1 (11 MBq) in the shelf-edge region. This process can most

consistently explain the secondary transport of **°I at the shelf area.

5. Conclusion

After the FDNPP accident in March 2011, some of the radioiodine released to the
environment was deposited on the seabed. The concentrations of **I and **I in sediments
were estimated to increase to ~7 kBq kg™ and 0.2 mBq kg™, respectively. Although iodine
is a highly biophilic element, the effective dose by the accident-derived radioiodine was
negligible. The initial deposition of **°I to the seafloor was estimated to be 0.36 + 0.13

GBag.
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Between 2011 and 2013, **°I was selectively deposited on the surface sediment of the
shelf-edge area further away from the FDNPP.  The re-deposition of the *?°I desorbed from

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

process affecting the selective accumulation of *#°l.

Although further discussion is required for verification, the results of this study
suggested that *°I/**'Cs in the seabed sediments and marine particles are useful indicators for
evaluating the secondary transport in the coast-offshore systems. In particular, it is expected

to be effective for tracking the transport of highly bioavailable radionuclides near the seabed.
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Table 1  Stations for sediment coring

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 2011/1111
K2 36.000 141.017 272 158 2011/11/1; 2013/1/13
K3 36.000 141.167 597 158 2011/1111
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
NO3 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 37417 141.102 28 2013/9/11
NPO 37.422 141.060 18 2013/9/11
NPE2  37.502 141.087 22 10 2013/9/11

" Distance from FDNPP

“Sinking particles were also collected with sediment trap
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Figure Captions

Fig.

Fig.

Fig.

1 Sampling locations. Open and filled circles indicate stations observed in 2011 and 2012/2013,
respectively. Open squares indicate stations observed in both sampling periods.

2 Distribution of (a) "I and (b) **'Cs in the surface sediment. Activities of *'Cs are
decay-corrected to March 11, 2011.

3 Relationship between the activity concentration of *°l and **'Cs in the surface sediment and
sinking particles. Dotted line indicates the regression line based on the sediment data sampled in
2011.

Fig. 4 (a) *1/™'Cs in the surface sediment relative to the distance from FDNPP, (b) **I/**'Cs in the

surface sediment relative to the bottom depth. Shaded area in Fig. (b) represents shelf edge
(water depth 200-400 m) region.

Fig. 5 Vertical distribution of the concentration of '*I (left, mBq kg'*), concentration of **'Cs (center,

Fig.

Fig.

Fig.

Bq kg?), and activity ratio of **1/**'Cs (right, mBq Bq™ x 10%) in sediment. Filled and open
circles indicate data observed in 2011 and 2012/2013, respectively. Arrows in panels for Sta. J8
indicate activity concentration in surface (0-1 cm) sediment observed before the FDNPP accident
(July 2009).

6 Time series of the (a) total mass flux, (b) **°I and **¥'Cs activity concentrations, and (c)
1291/%%7Cs activity ratio for the sinking particles collected from an offshore station, FS1. Dotted
line in Fig. (a) indicates original data before mixing of the sample.

7 Results obtained from the suspension experiment. Two stations were selected for the
experiment; (a) about 2 km offshore of FDNPP (Sta NPO0), and (b) shelf edge at 102 km southeast
of FDNPP (Sta. N03).  Error bar shows the range of the duplicate experiment.

8 Time series of the activity concentrations of (a) **’Cs and (b) ®I in the surface seawater.
Figure (c) shows the activity ratio of **I/**'Cs. The **I/**’Cs ratio from March to May 2011
was calculated from values reported by Tokyo Electric Power Co. and the Ministry of Education,
Culture, Sports, Science and Technology. As the radioiodine concentration was reported for *!1,
the **! activity was converted to this **I activity by the method described in section 4.1. The
) and *¥'Cs data was obtained from the JAEA Database for Radioactive Substance Monitoring
Data (https://emdb.jaea.go.jp/emdb/en/). The *°I/**'Cs activity ratio after June 2011 was
calculated from the '#°1 concentration observed by Suzuki et al. (2013) and this study and **Cs
concentration observed by Oikawa et al. (2013) and Kaeriyama et al. (2014) (see Table S3 for
details). Analysis of *°I in seawater of this study followed the method of Suzuki et al. (2013).
Horizontal arrows indicate the level before the accident. Dotted line in Fig. (c) indicates the
mean #°1/"*'Cs activity ratio in sediment in 2011. Vertical lines indicate the boundary of the
year.
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