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Environmental impact statement

The accident of TEPCO’s Fukushima Daiichi Nuclear Power Plant released large amounts of
radionuclides, especially radiocesium, to the environment and has still been affecting residents
in the vicinity of the plant. However, little measurement data associated with contaminated
seabed sediments at Fukushima has been published in open literature. Since the
accident-derived radiocesium in seabed sediments are expected to remain over a decadal scale,
continuous monitoring and accurate prediction are highly recommended. In this paper, the
distributional pattern of the initial deposition of radiocesium in the surrounding regions of the
plant is outlined, and primary processes accumulating radiocesium in the seabed are assessed
based on the inventory data. This paper provides helpful information in planning of effective

monitoring as well as in estimation of the impact of the accident on the marine ecosystem.
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Abstract

Since the accident of Fukushima Dai-ichi Nuclear Power Plant (1FNPP), significant levels of
anthropogenic radionuclides have been detected from seabed sediments off the east coast of Japan. In this
paper, the approximate amount of accident-derived radiocesium in seabed sediments off Fukushima, Miyagi
and Ibaraki prefectures was estimated from a sediment integration algorithm. As of October 2011, about
half year after the accident, the total amount of sedimentary '**Cs was 0.20£0.06 PBq (decay corrected to
March 11, 2011) and more than 90% of the radiocesium was accumulated in the regions shallower than 200
m depths. The large inventory in the coastal sediments was attributed to effective adsorption of dissolved
radiocesium onto suspended particles and directly to sediments in the early post-accidental stage. Although
rivers are also an important source to supply radiocesium to the coastal regions, this flux was much lower

than that of the above-mentioned process within half a year after the accident.
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1. Introduction

On March 11, 2011, the Great East Japan Earthquake and the associated tsunami triggered the TEPCO’s
Fukushima Daiichi Nuclear Power Plant (1FNPP) accident. The accident released large amounts of
radionuclides to the environment and has still been affecting residents in the vicinity of the plant.
Monitoring surveys of the marine environment in the early post-accident stage detected significant levels of
radionuclides from seawater and seabed sediments collected at 30~180 km from 1FNPP.' Among the
radionuclides, two radioisotopes of cesium; 134Cs and '¥'Cs, have been major radionuclides that should be
monitored from a viewpoint of radiological dose assessment. While concentrations of radiocesium in
nearshore seawater decreased by two orders of magnitude within a year after the accident,™* those in seabed
sediments have not decreased remarkably.”°

Two major mechanisms are known to affect the concentration of cesium in seabed sediments. One is
the electrostatically-controlled adsorption of cesium ions (Cs*) onto the surface of clay minerals’ or within
the interlayer which leads to inner sphere complexes.® This mechanism occurs by contact of Cs* with clay
minerals. The second mechanism is the biological uptake of Cs™ into organisms and their subsequent
settling to the seabed.”"" Otosaka and Kobayashi® found that most of the accident-derived associated with
seabed sediments, and the characteristics are consistent with the low mobility of sedimentary radiocesium.
It is also indicated that the low mobility of sedimentary radiocesium correlates with elevated concentrations
of radiocesium in bottom-dwelling fishes near Fukushima.'*"

Since the accident-derived radiocesium in seabed sediments are thus expected to remain over a decadal
scale, continuous monitoring and accurate prediction are highly recommended. As the first step, it is
necessary to explain processes controlling the initial distribution of the radiocesium in seabed sediment and
the amount of the initial deposition. In order to estimate the inventory of sedimentary radiocesium,
concentrations of the radiocesium as well as the thickness that radiocesium penetrates into the sediment
needs to be understood. The upper 0-3 cm of seabed sediment is regarded as a reference layer to assess
radiological effects on the benthic ecosystem.'® Since the 1FNPP accident, much monitoring data of
sedimentary radiocesium have actually been obtained from this layer.’” These data are helpful to observe the
general distribution of radionuclides in the reference layer, but are sometimes inadequate to estimate the
amount of radionuclides in the sediment because a significant amount of radiocesium penetrates to the
deeper sedimentary layers. In this paper, an index to associate monitoring data with inventory of
sedimentary radiocesium is proposed, and the distributional pattern of the initial deposition of radiocesium in
the surrounding regions of 1FNPP is outlined. In addition, primary processes accumulating radiocesium in

the seabed are assessed based on the inventory data.

2. Methods
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2.1 Data sources

Cumulative inventories of radiocesium in seabed sediment were estimated from observation data
obtained at 44 stations (Table 1 and Fig. 1). The data consist of three datasets. Data from 13 stations
categorized as “A” in Table 1 were obtained by two sampling campaigns in August 2011 and
October/November 2011 (see subsection 2.2 for details). Since this dataset contains data obtained from
broad area of the study area (depth range: 105~1175 m) for 0~10 cm of sedimentary layers, and covers the
lack of monitoring data (category “C” data described below) for sedimentary layers below 3 cm. Seabed
sediments in the nearshore region (< 100 m depth) consist of coarse and fine sand.'” Because it is quite
difficult to observe accurate vertical profiles of the radionuclides in such sandy sediment, data on the
cumulative inventory of the radionuclides are quite limited. In this paper, we regarded cumulative
inventories obtained at seven coastal stations 70~110 km south from 1FNPP ° as representative ones of
coastal regions (category “B” in Table 1). Data from the other 24 stations, categorized “C”, were obtained
from monitoring program by the Ministry of Education, Culture, Sports, Science and Technology, Japan and
compiled by Kusakabe et al.” The category “C” dataset provides data only for upper 3 cm of the sediment.

Calculations of cumulative inventories of radiocesium are different for each data source.

2.2 Sampling

Sediment samples with category “A” stations were collected in R/V Tansei-Maru KT-11-27 cruise
(October-November 2011) and R/V Hakuho-Maru KH-11-07 cruise (August 2011) using a multiple corer.
Core samples (80 mm in diameter) were subsampled by cutting into 1 cm thickness sections on board the

ship and transferred to laboratories on land for the further processes.

2.3 Analysis of radiocesium and sediment properties

After being transferred to the laboratory on land, sediment samples were dried at 105°C, crushed, and
the coarse fractions were removed using a 2 mm sieve.'® Powdered sediment samples were filled and
sealed in a plastic container.

Specific gamma-rays of '**Cs (604 and 795 keV) and “'Cs (661 keV) were measured using a coaxial
Ge detector (ORTEC GEM20P4, 1.7 keV/1.33 MeV of resolution and 29~31% of relative efficiencies).
The "*Cs/'*’Cs counting ratio with the least contribution from summing effects was estimated by
measurement of a soil sample collected in Fukushima after the FDNPP accident at a distance (~20 cm) from
the detector. By comparing this ratio with that measured under the same conditions for the sample in
contact with the detector, the contribution due to cascade summing of 134Cs was then estimated for each
detectors used in this study, and corrected for all samples. Specific gamma-rays of *'’Pb (46.5 keV) and

?“Pb (352 keV) were measured using a low-energy photon detector (ORTEC LOAx-51370/20P, 625
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keV/122 keV of resolution). Activities of the excess->'"Pb (*'°Pb,,) were calculated by subtracting 214pp
activities from the *'°Pb activities on the assumption that the supported *'°Pb from **°Ra is equal to *'*Pb.
Gamma detectors were calibrated using standard material (MX033US8PP, Japan Radioisotope Association,
Tokyo). Under our analytical conditions (36,000~200,000 seconds counting), the lowest amount of B4cs
and "’Cs that could be determined in a sediment sample was ~87 mBq and ~73 mBq, corresponding to ~5
Bg/kg and ~4 Bg/kg, respectively.

Concentrations of radiocesium reported in the following sections are represented as Bg/kg by dry
weight. For all sediment samples, water content and dry bulk density were measured with a given volume
of plastic tube. The organic matter content was determined by the loss of ignition method: the samples
were heated in a muffle furnace at 500°C for 24 hours. Size distribution of sediment was measured using a

laser diffraction particle size analyzer (Shimadzu SALD-2000J).

2.4 Data analysis

Since it is estimated that *’Cs was also discharged to the ocean by the 1FNPP accident with a uniform
Bics/¥Cs activity ratio (0.99+0.03, as of March 11, 2011),2 both **Cs and '*’Cs should be concerned.
Both radionuclides had been released to the environment by nuclear weapon testing, operation of spent
nuclear fuel reprocessing plants or accidents of nuclear facilities."** At the time of the outbreak of 1FNPP
accident, slightly but significant amount of '*'Cs (half-live: 30.1 years) originates from such past incidents
remained in seabed sediments near Fukushima, and '*Cs (half-live: 2.06 years) was undetectable.” In order
to estimate the amount of radiocesium derived from the 1FNPP accident in the seabed sediment, we report

data of **

Cs as representative radiocesium with few influence of the other sources.

With regard to category “A” stations, inventory of sedimentary radiocesium in each sub-sample was
calculated by multiplying the radiocesium concentration with the bulk density (see Appendix). By
cumulating the radiocesium inventories to 10 cm layer, cumulative inventory of sedimentary radiocesium at
each station was estimated. Based on the inventory data, F,.; values, defined as the proportion of **Cs
inventory in the upper 3 cm to the cumulative inventory in the sediment core, were estimated.

In this paper, activities data were normalized (decay-corrected) to March 11, 2011 to estimate the total

amount of sedimentary radiocesium from various data sources.

3. Results and discussion
3.1 Vertical distribution of radiocesium in sediment

Vertical changes in **Cs concentration and sediment properties (bulk density, *'°Pb,,, and organic matter
content) at three representative stations (J7, J8 and FS1) are shown in Fig. 2 (a)~(c). Three patterns of the

13*Cs profile were found in this study, and the lateral distribution of the three patterns is shown in Fig. 2 (d).
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Sediment at Sta. J7 mainly consisted of sand (Table 1). A discontinuous surface of 219pp, . was found at
3-4 cm layer (indicated “A” in Fig. 2(a)), and slightly lower content of manganese indicated reductive
characteristics of the layer. The "**Cs concentrations in sediment decreased exponentially with increasing
depth, and most of **Cs was accumulated between the surface and the boundary layer. Sediments
characterized by such profiles (categorized as Pattern I) distributed over a wide area of this study (Fig. 2(d)).
It can be considered that the boundary layer was formed by the earthquake and the following tsunami in
March 2011, and accident-radiocesium was permeated into the upper layers of the boundary.

In Sta J8, at least two boundaries were found and significant **Cs concentrations were distributed across
the boundaries (Fig. 2(b)). This characteristics of s profile, categorized as “Pattern II”’, was observed at
stations located the south of 1FNPP (Fig. 2(d)). A significant accumulation of anthropogenic heavy metals,
such as zinc, was observed near the lower boundary layer (indicated “C” in Fig. 2(b)). It is likely that the
“C” layer is also attributable to the earthquake and tsunami, and '**Cs was diffused to the deeper layers of the
sediment in the early post-accident stage. Large earthquake and the following tsunami caused high
turbulence in the water on the seafloor. The median diameter of surface sediment at this station was 40 pm.
Even if we assume a calm condition (slowest sinking) and general hydrographical parameters,”' estimated
sinking rates would be in the order of 10* m/s. Therefore, if the fine particles were resuspended in the
bottom waters, it would take several days to weeks to resettle to the seabed. This timescale is sufficient for
the accident-derived radionuclides to adsorb onto the suspended particles in the water column.

In Sta. FS1, no disturbance of the sedimentary layer was observed (Pattern III). Such a characteristic
was found in the offshore regions, and all of '**Cs was accumulated in the upper 3 cm layers (Fig. 2(c)). In

the offshore stations, '**

Cs would be supplied into the sedimentary layers across the sediment-water interface
and diffused to the deeper layers of the sediment.

In this study, almost all of the accident-derived radiocesium was observed in the layers upper 10 cm.
Although significant concentrations of **Cs were detected at 10 cm layers at Sta. K2, the proportion of **Cs
below the 10 cm layers is expected to less than 5% of the total *'Cs inventory in the station. In the
following subsections, we estimate a total amount of **Cs in sediment by integrating '**Cs inventory from
the surface to 10 cm layers.

Relationship between Fj.; values and bottom depth is shown in Fig. 3. The F,_; values were less than
0.5 in the nearshore regions (<100 m depth), indicating that more than half of the radiocesium was
accumulated into sedimentary layer deeper than 3 cm.

Fy 5 values in the offshore (water depth: 100~400 m) and hemiplegic (>400m) regions ranged 0.78+0.16
and 0.93+0.14, respectively. Although the F,; values generally increased toward offshore regions, a
proportion of radiocesium was accumulated in the deeper layers of sediment. It is difficult to simplify F_;

values with a specific parameter because the value is controlled by various factors such as bulk density of
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sediment, radiocesium concentration in the bottom water, bottom current, and bioturbation. As mentioned
above, the Fy.; values are also affected by sedimentary processes attributable to the earthquake and tsunami.
Nevertheless, at least for the nearshore and offshore regions in this study area, results in Fig. 3 indicate that

representative F_; values can be applied to obtain an inventory of sedimentary radiocesium.

3.2 Lateral distribution of radiocesium inventory in seabed sediment

Estimated '**Cs inventories in the seabed sediment observed in October and November 2011 are shown
in Table 1 and Fig. 4. As described in the subsection 2.2, data shown in this figure consists of three groups.
Within the three groups, data from Otosaka and Kobayashi,® categorized as “B” in Table 1, are "**Cs
inventories accumulated to the 10 cm sedimentary layer. Since radiocesium penetrates to more than 10 cm
depths in the nearshore sediments, these data might be an underestimate of the “total” inventories. Data

obtained from 24 stations, categorized as “C” in Table 1, are estimated with the following equation (1).

I= Co.gXﬁ/Fo.g, (1)

where, [ is the cumulative '**Cs inventory in sediment (Bq/m®), Cy.; is the '**Cs concentration in upper 3 cm
layer (Bq/kg), and & is the dry bulk density (kg/L).” As shown in Fig. 3, radiocesium permeates into the
deeper layers of the coastal sediment, and this enhances uncertainty of F,.; values. We thus did not include
monitoring data at the nearshore (<100 m) stations in the category “C” dataset although much data had been
obtained from the coastal region.’

As uncertainty of F,._; values is determined as the 95% confident interval, uncertainties of '**Cs inventory
for category “C” data propagate to #30%. Uncertainties of cumulative **Cs inventory for “A” and “B”
categories, less than £10%, are smaller than those of category “C” data. ~Although it would be inappropriate
to summarize datasets with different data qualities, all data are summarized in Fig. 4 in order to overview the
distribution of **Cs inventories in the study area.

Fig. 4 clearly shows that inventories of '**Cs are remarkably higher in the coastal and nearshore regions
at the latitudinal range between 35°40° N and 38°30° N. In this region, the Tsugaru Warm Current flows

southward and the Kuroshio Current flows northward along the coast.”**’

Both currents merge and flow
eastward around 36°N~38°N. At least in the surface waters, contaminated seawater affected by 1FNPP
hardly flows southward across 38°N.**  Distribution of **Cs inventories in seabed sediment (Fig. 4) showed
a similar pattern to the simulation result of radiocesium-contained seawater at the early post-accident

»27 From these results, it can be considered that '**Cs deposition to sediment associates with

stage.
transport of contaminated seawater from 1FNPP.

In Figs. 5 (a) and (b), cumulative 134Cs inventories in seabed sediment between 35°40° N and 38°30° N
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are plotted against the bottom depth and distance from 1FNPP, respectively. These figures indicate the
following findings:

- In this region, cumulative inventories of '**Cs in seabed sediment can be expressed as a function of
bottom depth rather than that of distance from 1FNPP. The "**Cs inventories decreased exponentially
with increasing bottom depth.

- The decreasing rate of the **Cs inventory was lowered in the open ocean. A remarkable change was
observed around 200 m depths.

- By extrapolating the relationship to the offshore, '**Cs inventory approached to an insignificant level
(i.e., detection limits) at 1400~1500 m depths.

The relationship between '**Cs inventory and the bottom depth was defined as Egs. (2) and (3).

I,=41356 x ¢~ 001632 (z<200m: 7 = 0.72) (2)

I,=3412 x 000307z (z>200m: ¥ = 0.57) 3)

where, I is the '*'Cs inventory in sediment per unit area (Bq/m?®) at bottom depth z (m). Since the
relationship between '**Cs inventory and bottom depth changes at 200 m depth (Fig. 5a), two equations were
defined here. Data obtained from the “marginal” region (bottom depth: 200+20 m) were applied for both
equations.

The distributional pattern of “*Cs in seabed sediment indicates that accumulation processes of
radiocesium to the seabed were different between coastal regions and open ocean. Due to the higher
concentration in the coastal regions of dissolved radiocesium in seawater, higher probabilities are expected to
adsorb radiocesium to the coastal sediment. As shown in Fig. 3, radiocesium penetrates into the deeper
layers of coastal sediments, and it is considered that mobility of the accident-derived radiocesium in
sediment is low.® In the offshore region, on the other hand, contaminated seawater hardly affects directly to
the seabed. Consequently, more **Cs can be accumulated in the coastal sediments compared with offshore

regions.

3.3 Total amount of sedimentary '**Cs in seabed sediment off Fukushima

f 1**Cs accumulated in

Considering the distributional patterns of **Cs in sediment, the total amount o
sediment in the study area, where remarkable deposition was observed (indicated by dashed line in Fig. 4),
was estimated. Applying the relationship between '**Cs inventory and bottom depth (Egs. (2) and (3)) to

Eq (4), **Cs inventories were integrated for eight depth ranges listed in Table 2.
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L,= -t f: 1z dz. 4

(b-a)

L.y (Bq/mz) is the mean "**Cs inventory per unit area at a depth range between a (m) and b (m).
Amount of '*Cs in each depth range (Bq) was calculated by multiplying /,., by the bottom area of the
corresponding depth range. As topography data, the 1 minute Gridded Global Relief Data (ETOPO2v2)**

f '**Cs amounts at the eight depth ranges was regarded as the total '**Cs

were used here. The sum o
inventory in seabed sediment in the study area.

This estimation does not include data in the area within a 20 km radius from 1FNPP due to restriction of
entrance for research vessels into the area in the early post-accidental stage. From observations in October

2011, TEPCO reported that concentration '**

Cs in seabed sediments within 20 km radius ranged between 9
and 918 Bg/kg-wet (194 Bq/kg-wet in average; n=10)*. Applying a conversion factor from wet- to
dry-based concentration for this region (1.4), > the averaged “'Cs in sediment is calculated to be 271
Bg/kg-dry. This concentration is about twice as those at coastal stations listed in Table 1 (119 Bg/kg in
average, n=7). Sea area within the 20 km radius from 1FNPP (6.3x10° m?) corresponds to 1.8% of the total
area in Table 2 (3.5x10' m?). Accordingly, the seabed sediments within the 20 km radius may raise total
*Cs amount by 4%. Although TEPCO also reported that more than 2000 Bg/kg-wet of **Cs was detected
from seabed sediment adjacent to 1FNPP (< lkm from the facility),”’ the area is quite limited.
High-resolution observations, carried out within 20 km radius from 1FNPP using an in-situ gamma detector,
found that such a high concentrations of radiocesium is unevenly distributed with the size between several

32,33 . 134 . :
=7 Because the expected increase of ~'Cs amount is much smaller than uncertainty of

and tens of meters.
1*Cs inventories estimated by Eqs. (2) and (3), we applied them for all areas including the area within the 20
km radius.

The total **Cs amount in sediment was estimated to be 2.0+0.6x10"* Bq (Table 2). It is estimated that
[3.5~3.6]x10" Bq of "*'Cs was discharged directly from the 1FNPP facility to the ocean.”*® Kobayashi et
al.” estimated that the cumulative deposition of ’Cs from the atmosphere to the ocean surface between
March and July 2011 was 7.4x10" Bq.  Since '**Cs/"*'Cs released by the accident is about 1.0 (as of March
11, 2011),” initial supply of **Cs to the North Pacific is calculated to be 11x10"° Bq. From these results,
about 2% of the initial supply of **Cs to the ocean is accumulated in the seafloor.

Ito et al.”> estimated that the amount of sedimentary '*'Cs in the Japan Sea (a marginal sea in the
western North Pacific) consists of 3.8% of the total amount of '*’Cs (including dissolved and sedimentary
"7Cs) in the sea. Most of the “'Cs was supplied by global fallout and the following lateral transport
between 1950s and 2000s.  Although the spatial and temporal scales are different from the 1FNPP’s case, it

is reasonable that several % of radiocesium is accumulated to the seafloor.
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3.4 Accumulation processes of radiocesium to sediment in the coastal region

134Cs is accumulated on the coastal

Results in Table 2 also indicate that more than 90% of sedimentary
region (<200 m). The accumulation of **Cs was remarkable especially in the nearshore (<100 m) regions.
In order to understand the dominant factors controlling the initial deposition of radiocesium to the seabed, it
is important to outline the accumulation processes in the coastal regions. In the following subsections,
potential amounts of **Cs supplied to the coastal sediment are estimated for three dominant processes as
follows: (1) riverine input of radiocesium; (2) biological uptake and sinking to the seabed, (3) adsorption of
dissolved radiocesium onto the surface of suspended particles/sediment. The integration period for the

estimation is from March 23 (the day when the first significant concentration of accident-derived

radionuclides was observed from seawater) to October 31, 2011.

3.4.1 Riverine input of radiocesium

Compared to a saltwater system, accumulation of radiocesium in particulate materials is more efficient
in a freshwater system.”® Unfortunately, little is known about radiocesium concentration in the suspended
materials in river water at the post-accident stage of the 1FNPP accident. In addition, for most rivers
flowing into this study area, stations used for observations of the flow rates as well as water levels had not
been operating due to the damage from the tsunami that occurred on March 11, 2011.

Yamaguchi et al.”’ compiled monitoring data of radiocesium in soil, and estimated that 1.5 PBq of '**Cs
was accumulated on land within 80 km radius from 1FNPP until July, 2011. By time-series observations of

at contaminated watersheds in Fukushima, it was estimated that ~0.5% of the accident-derived radiocesium

38 134
1.

in the watersheds was discharged during 201 From these parameters, the amount of ~"Cs supplied from

rivers to the Pacific coast until the end of October 2011 is calculated to be 7.5x10'> Bq (Fig. 6). This

134

amount is much smaller than amount of sedimentary **Cs in the coastal region (<200 m: 1.9+0.6x10" Bq,

Table 2). In general, radiocesium supplied in a watershed is accumulated in the riverbed,” and the riverine

. . . . . 38,40
transport of radiocesium to estuaries mainly occurs during flood events.

Typhoon “Roke” in
September 2011 actually induced a large suspended flux to the study area, but no significant increase of
radiocesium inventories in coastal sediment was observed.® This result indicates that such a sporadic
supply of suspended '**Cs within half a year after the accident was smaller than the above-mentioned
estimation. However, continuous monitoring of the riverine input of radiocesium to the coastal regions is
highly recommended considering that watersheds in the surrounding regions of 1FNPP accumulated high

levels of radiocesium.

3.4.2 Biological uptake of radiocesium and sinking to the seabed

A significant levels of the accident-derived radiocesium was detected from lower trophic levels of
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25,41

marine biota such as zooplankton. It is well known that such biogenic materials are considered as a

carrier of the radionuclides.”"'

Concentration factors (CF), the relative concentration in biota to that of the ambient seawater, is widely
used as a parameter in modeling interactions between the living organisms and seawater of an
element/nuclides. By using a recommended CF values (100 L/Kg for Cs)'® and '**Cs concentration in
seawater, '~'Cs concentration in biogenic particles under equilibrium conditions can be estimated. As
shown in Fig. 7, 3%Cs concentrations in surface seawater decreased with time,* and an averaged
concentration of the '*'Cs concentration between March and October 2011 within 100 km radius from
1FNPP was about 3 Bg/L. As the recommended CF value is based on wet weight of organisms or particles,

42,43 134 . . .
) %, averaged ~"Cs concentration of biogenic

considering the water content of the materials (c.a. 90%
particles is estimated to be 2,800 Bg/kg by dry weight.

An annual mean mass flux of sinking particles observed by a sediment trap experiment carried out from
August 2011 to July 2012 at Sta. K8 is 0.5 g/m*/d (observed at 100 m above the bottom: Otosaka,
unpublished data). As a 219pp-based mass accumulation rate at coastal stations (Stas. J7, J9, K1 and K9)
was about 1~15 times higher than the offshore station K8, the mass flux in the coastal regions is estimated to
be ~7.5 g/m*/d. Assuming that 80% of sinking particles consists of biogenic materials,* the downward flux
of the biogenic particles is calculated to be ~6.0 g/m*/day.

From these parameters and the area of the coastal region, 1.5x10'° m* (<200 m depth, Table 2),
cumulative amount of **Cs supplied to the coastal seafloor by sinking biogenic particles until the end of
October 2011 is calculated to be ~6x10"° Bq (Fig. 6). This amount is approximately equivalent to 35% of

134

the amount of sedimentary ~"Cs in the coastal region. It can be concluded that sinking of biogenic particles

is a minor mechanism to accumulate radiocesium to the coastal seafloor.

3.4.3 Adsorption of dissolved radiocesium to suspended particles and seabed sediment

Concentrations of radiocesium in seawater increased in the three months after the accident, and
decreased by two orders of magnitude in the next three months (Fig. 7). In these periods, radiocesium
concentrations in the seabed sediment also increased over three orders of magnitude, but decreased only one
order.™® These results indicate that, although surface waters actually have direct affected on the seabed, a
seawater-sediment equivalent of radiocesium has not been established in half a year after the accident.
Nevertheless, in a closed system, seawater-sediment equivalent of radiocesium can be established within
several days,” and desorption of radiocesium from sediment is quite slow.® Contacting of the bottom
waters with the seabed sediments over in half a year after the accident can lead to efficient adsorption of
radiocesium to the sediment.

As described in subsection 3.1, sediment surface was disturbed by tsunami and a large amount of

10
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suspended particles existed in the coastal region over a few months after March 11, 2011. Repeated
aftershocks would affect on the redistribution of the sediments. We therefore can consider that these
processes also enhanced particle-seawater interactions and accumulation of radiocesium in the seabed
sediment.
For the estimation the amount of adsorption of "**Cs onto seabed, the following scenarios controlling
initial deposition of radiocesium to the seabed can be assumed;
- An equilibrium between the bottom water and seabed sediment was established through the
sediment-water interface,
- An equilibrium between the contaminated seawater and suspended particles was also established and
the suspended particles settled to the seabed, and

- Both processes accumulated '**

Cs in sedimentary layer with 1 cm in thickness.

Based on these assumptions, potential amount of '**Cs deposition is estimated using typical parameters
such as, distribution coefficient (K;) between sediment and seawater (3,500 L/kg)lg, and bulk density of
sediment (0.5~1.5 kg/L: Appendix). Concentration of '**Cs in the bottom water was calculated by the '**Cs
concentration in the surface water (Fig. 7) and C/C, values (Fig. 8). The C./Cy is defined as a ratio of e
concentration in seawater at water depth z (m) to that in the surface water, and the values were about 1 in the
coastal waters (<200m depth: Fig.8). We here adopted 0.1 as C/C, with a lower estimation, and obtained
0.3 Bg/L as an averaged '**Cs concentration in the bottom water.

Estimated amount of '**Cs accumulation per unit area of sediment ranges 5.2x10° and 1.6x10* Bg/m”.
As the area of the coastal region (<200 m depth) is 1.5x10'" m* (Table 2), the total amount of '**Cs supplied
by this process is estimated to be 8x10"°~ 2x10'* Bq (Fig. 6). It is reported that processes such as diffusion
of bottom water across the seawater-sediment interface, bioturbation, and turbulence of the sediment surface

46-48 Therefore, the total amount

can accumulate radionuclides in the middle layers (~10 cm) of sediment.
estimated here might be underestimated. Nevertheless, this amount adequately supports the total inventory
in the coastal region (Table 2: 1.9x10"* Bq), and this process is a more reasonable process to accumulate

radiocesium to the seabed.

5. Summary

With respect to radiocesium released by the accident of 1FNPP, distributional patterns and their
accumulation processes in the surrounding region of the plant are summarized as follows;

Sedimentation of the accident-derived radiocesium mainly occurred in the region off Fukushima,
Miyagi and Ibaraki prefectures (35.7°N~38.5°N). As of November 2011, 0.2 PBq of '**Cs, corresponding
to about 2% of the accident-derived '**Cs discharged to the marine environment, was accumulated in the

seabed sediment.

11
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More than 90% of the sedimentary radiocesium was accumulated in the coastal regions with water
depth shallower than 200 m depth. It can be inferred that the primary process that derived the preferential
accumulation of radiocesium to the coastal seafloor was adsorption of dissolved radiocesium to suspended
particles or the sediment surface. This process is attributable to advection of contaminated seawater near
the seabed of the regions during the post-accident stage within half a year after the accident.

Although downward transport of particulate radiocesium by biogenic particles seems to be a minor
process in the coastal region, it might play a significant role in the offshore region. Remineralization and/or
lateral transport of sedimentary radiocesium will become primary processes in redistributing of the
radiocesium in the future.

As a process accumulating radiocesium to the seabed in the coastal regions, supply of radiocesium
through rivers would not be significant at least in the post accidental stage. Nevertheless, continuous

monitoring of the land-sea fluxes of radiocesium is highly recommended.
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Figure captions

Fig. 1
Fig. 2

Fig. 3
Fig. 4

Fig. 5

Fig. 6

Fig. 7

Fig. 8

Sampling stations

Vertical changes in bulk density, 21%pp_ ., organic matter content and '3Cs concentration at (a) Sta. J7,
(b) Sta.J8, and (c) Sta.FS1. Fig.(d) shows lateral distribution of the three sedimentary patterns. In
Fig. (d), open triangles, closed triangles, and crosses indicate stations at where sedimentary pattern I,
II and IIT was observed, respectively. See text for the sedimentary patterns.

Fy.; values as a function of bottom depth.

Distribution of sedimentary '**Cs. 1In this paper, the “total” amount of sedimentary '**Cs was
estimated for the area inside the dashed line.

134Cs inventories as a function of (a) bottom depth and (b) distance from 1FNPP. Data are obtained
in October and November 2011, except for two offshore data obtained in August 2011. Activities
are decay corrected to March 11, 2011.  Solid lines in Fig. (a) indicate regression lines between the
two parameters for continental shelf (<200 m) and the outer (>200 m) regions. Dashed line
indicates lowest level of significant '**Cs inventory estimated from detection limit of gamma
counting.

Expected accumulation processes of radiocesium in the coastal region. Total amount denotes

1*Cs amount from Om to 200m (Table 2).  See text for estimated **Cs supply with each

cumulative
process.
Temporal change in '**Cs concentration in surface seawater within 100 km radius from 1FNPP.
Data are from Oikawa et al.*, and decay-corrected to March 11, 2011. Horizontal lines indicate
representative values used in the calculation in subsection 3.3.2.

Vertical distribution of the C/C, value. Data are from Oikawa et al. (2013)* obtained within 100
km radius from 1FNPP, and decay-corrected to March 11, 2011. The C/C, value is defined as a

ratio of '**Cs concentration in seawater at water depth z to that in the surface. Horizontal line

indicates the representative value used in the calculation in subsection 3.3.3 (C/C, =0.1).

Table captions

Table 1

Locations of sampling station, **Cs and '*'Cs inventories, F,.; values, and sediment properties.

Table 2 Table 2 Amount of sedimentary '**Cs in the North Pacific between 35°40° N and 38°30° N
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568 Table 1 Locations of sampling station, B¢s and Cs inventories, Fy3 values, and sediment properties.

Page 28 of 32

Station 2:$pling North latitflde East longit.ude Depth IC);? . Seiimegt 134¢s irzwentory ¢ ey irzlventory ¢ Fps° Org. matter Wentworth size class ¢
Deg Min Deg Min m gory patern kBg/m kBg/m %

K1 2011/11/1 36 0 140 53 105 A 1 252 + 0.04 257 + 0.03 0.383 4.8 Fine sand

K9 2011/10/31 36 60 141 18 158 A 1 461 =+ 0.04 467 + 0.04 0.89 3.7 Coarse silt

7 2011/10/31 36 48 141 15 220 A 1 230 + 0.04 223 + 0.03 0.85 2.7 Medium sand

J9 2011/10/31 36 17 140 54 225 A 1T 094 =+ 0.03 1.04 + 0.02 057 38 Fine sand

K2 2011/11/1 36 0 141 1 273 A 1T 0.84 =+ 0.05 0.90 + 0.02 063 4.9 Very fine sand

K6 2011/10/29 37 20 141 40 300 A I 0.87 + 0.03 0.90 + 0.02 093 3.7 Fine sand

J6 2011/10/31 36 46 141 24 497 A 1 216 = 0.03 2.09 + 0.03 092 9.7 Coarse silt

K7 2011/10/29 37 20 141 50 501 A I 048 + 0.02 046 + 0.02 1.00 7.4 Very fine sand

K3 2011/11/1 35 60 141 10 597 A 1 028 =+ 0.02 031 + 0.02 1.00 9.3 Coarse silt

J8 2011/10/31 36 17 141 7 708 A 1T 0.65 =+ 0.03 0.71 + 0.02 0.65 13.5 Coarse silt

FS1 2011/8/3 37 20 142 10 992 A m 0.05 =+ 0.01 0.10 + 0.01 1.00 11.2 Coarse silt

K8 2011/10/29 37 19 142 12 1047 A 1 0.08 =+ 0.01 0.10 + 0.01 1.00 13.6 Coarse silt

FS5 2011/8/5 36 0 141 20 1175 A 1 022 =+ 0.01 0.21 + 0.01 091 13.0 Coarse silt

S4 2011/10/27 36 46 140 47 26 B N/A 189 £+ 08 19.1 + 0.8 0.15 33 Very fine sand / Fine sand

S2 2011/10/27 36 35 140 44 35 B N/A 124 £+ 05 12.1 + 05 0.23 5.6 Coarse silt - Granule

S3 2011/10/27 36 41 140 47 47 B N/A 133 + 0.5 13.3 + 05 0.28 3.6 Fine sand / Medium sand

S5 2011/10/27 36 46 140 54 75 B 1T 107+ 04 10.1 + 04 0.48 6.4 Very fine sand

S8 2011/10/27 36 30 140 47 75 B 1 160 =+ 0.7 154 + 0.6 0.23 34 Very fine sand / Fine sand

S7 2011/10/27 36 35 140 51 90 B I 693 + 028 6.56 + 02 0.73 6.5 Very fine sand

S6 2011/10/27 36 41 140 54 95 B 1T 578 + 022 556 + 02 0.66 6.6 Very fine sand

MEXT-I1  2012/10/25 36 45 140 57 929 C N/A 76 £ 1.9 8.0 + 14 N/A No data No data

MEXT-GO 2012/10/22 37 5 141 8 107 C N/A 137 + 34 13.0 + 23 N/A No data No data

MEXT-B3  2012/10/18 38 5 141 29 118 C N/A 216 £ 54 21.3 + 38 N/A No data No data

MEXT-D1 2012/10/18 37 35 141 22 124 C N/A 10.1 + 25 10.6 + 19 N/A No data No data

MEXT-C3  2012/10/18 37 45 141 29 133 C N/A 4.5 + 1.1 4.6 + 0.8 N/A No data No data

MEXT-H1 2012/10/23 36 55 141 8 134 C N/A 47 + 12 4.7 + 0.8 N/A No data No data

MEXT-E1  2012/10/19 37 25 141 23 135 C N/A 110 =+ 26 11.0 + 20 N/A No data No data

MEXT-G1 2012/10/23 37 5 141 15 141 C N/A 55 + 14 54 + 1.0 N/A No data No data

MEXT-F1 = 2012/10/19 37 15 141 22 142 C N/A 40 =+ 1.0 4.2 + 0.8 N/A No data No data

MEXT-L3 2012/10/13 35 45 141 11 171 C N/A 12 + 03 1.2 + 02 N/A No data No data

MEXT-I3  2012/10/25 36 55 141 11 184 C N/A 1.3 + 03 1.4 + 02 N/A No data No data

MEXT-A1 2012/10/17 38 30 141 51 209 C N/A 023 + 006 024 + 0.04 NA No data No data

MEXT-G3 2012/10/23 37 5 141 29 210 C N/A 14 + 03 1.4 + 03 N/A No data No data

MEXT-al  2012/10/17 38 15 141 51 214 C N/A 0.80 + 020 0.81 + 0.15 NA No data No data

MEXT-K2 2012/10/13 36 5 140 57 215 C N/A 12 + 03 1.2 + 02 N/A No data No data

MEXT-D3 2012/10/19 37 35 141 36 224 C N/A 24  + 0.6 2.5 + 05 N/A No data No data
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MEXT-E3  2012/10/22 37 25 141 36 232 C N/A 3.0 + 038 32 + 06 N/A No data No data
MEXT-H3 2012/10/24 36 55 141 22 232 C N/A 1.8 + 05 1.9 + 03 N/A No data No data
MEXT-F3  2012/10/23 37 15 141 36 236 C N/A 3.1 + 08 32 + 06 N/A No data No data
MEXT-J2  2012/10/26 36 25 140 57 291 C N/A 1.3 + 03 1.3 + 03 N/A No data No data
MEXT-A3 2012/10/17 38 30 142 5 483 C N/A 025 =+ 0.07 0.26 + 0.06 N/A No data No data
MEXT-E5 2012/10/22 37 30 142 0 533 C N/A 0.18 =+ 0.05 0.20 + 004 NA No data No data
MEXT-J3  2012/10/25 36 25 141 4 570 C N/A 1.1 + 03 1.2 + 02 N/A No data No data
MEXT-G4 2012/10/24 37 0 141 45 664 C N/A 1.1 + 03 1.1 + 03 N/A No data No data

569  *See Method section for detail.

570 ®See subsection 3.1 for detail.

571 ‘ Decay corrected to March 11, 2011.

572 4Data of size class are on the surface sediment.
573 N/A: Data not available.

27



Environmental Science: Processes & Impacts

Table 2 Amount of sedimentary '**Cs in the North Pacific between 35°40° N and 38°30° N

Depth range Area

34 *
Cs amount

m km’ % Bq %
0-100 7.9x10° 22 [1.6 +0.5] x10™ 81
100-200 6.6x10° 19 [2.6 +0.8] x10" 13
200-400 4.5%10° 13 [4.3 +1.8] x10" 2.9
400-600 3.5%x10° 9.9 [2.6 +1.1] x10" 1.7
600-800 3.0x10° 8.6 [1.2 +£0.5] x10" 0.8
800-1000 3.1x10° 8.8 [6.9 +2.8] x10"! 0.4
1000-1200 2.9%x10° 8.1 [3.4 + 1.4] x10" 0.2
1200-1500 3.8x10° 11 [2.2 +0.9] x10"! 0.1
Total 3.5x10* 100 [2.0 £0.6] x10™ 100

*Decay corrected to March 11, 2011. Uncertainty is based on 95% confidence interval with relationship

between **Cs inventories in sediment and water depth (Fig. 3).
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Appendix. Concentrations of **Cs, '*’Cs and *'°Pb,, and bulk density of sediment.

Environmental Science: Processes & Impacts

. Sampling ~ Layer 13*Cs concentration” 137Cs concentration” 1%y, concentration Bulk density
Station date 5
cm Bg/kg Bq/kg Bq/kg g/cm
K1 2011/111 0-1 159 + 2 193 + 2 413 =+ 12 0.71
1-2 450 = 13 560 = 13 335 + 30 1.08
2-3 59 £ 07 77 = 0.7 243+ 28 1.20
3-4 173 £+ 0.9 231 = 09 286 =+ 22 1.16
4-5 38 £ 07 58 £ 06 269 =+ 19 1.22
5-6 41 = 0.6 55 £ 06 278 + 22 1.26
6-7 24 £+ 06 37 £ 06 238 =+ 22 1.30
7-8 <0.9 1.6 = 05 227 + 19 1.30
8-9 1.7 £ 05 25 £ 05 227 + 27 1.33
9-10 <0.9 <0.7 210 =+ 22 1.32
K9 2011/10/31  0-1 16 + 1 144 + 1 224 + 9 1.07
1-2 926 + 14 114 =+ 1 371 + 48 1.27
2-3 68.0 + 1.3 823 + 14 146 + 45 1.33
3-4 251 + 09 290 = 1.0 343+ 44 1.32
4-5 58 + 09 81 %= 1.0 326 =+ 44 1.32
5-6 <0.9 68 = 08 286 =+ 44 1.29
6-7 <0.9 <0.9 123 =+ 44 1.25
J7 2011/10/29  0-1 556 + 1.1 619 = 09 239 + 9 1.09
1-2 483 + 10 490 = 09 295 + 14 1.23
2-3 284 + 09 280 = 07 281 =+ 12 1.31
3-4 126 + 09 16.8 = 0.7 184 + 12 1.31
4-5 53 & 09 6.0 = 07 299 12 1.32
5-6 39 £ 09 82 = 07 275 + 12 1.28
6-7 46 + 09 67 = 07 203 + 13 1.24
7-8 <0.9 48 = 0.6 114 =+ 11 1.30
8-9 <0.8 26 £ 07 94 =+ 11 1.40
J9 2011/10/31  0-1 244 + 11 298 = 12 291 =+ 9 0.86
1-2 178 + 1.0 238 = 1.0 394 + 34 0.98
2-3 48 + 07 83 £ 0.1 429 + 27 1.05
3-4 25 + 07 48 = 07 429 + 26 1.08
4-5 6.1 + 038 84 £ 08 410 =+ 35 1.07
5-6 121+ 09 154 = 08 457 + 26 1.05
6-7 103 + 08 131 + 08 437 = 26 1.05
7-8 <1.1 <0.9 352 + 22 1.10
K2 2011/11/1 0-1 202 + 1.6 289 = 13 382 =+ 11 0.79
1-2 124 + 15 174 + 13 472 + 18 0.87
2-3 178 + 1.3 246 = 12 407 + 15 0.90
3-4 56 + 14 93 £ 1.1 406 + 15 0.94
4-5 <1.2 36 £ 12 350 =+ 16 0.98
5-6 47 + 13 53 £ 11 363 + 15 1.00
6-7 89 + 20 40 £ 10 314 £ 15 1.02
7-8 <1.1 <0.9 184 =+ 15 1.05
8-9 53 £ 13 27 £ 1.1 175 + 14 1.50
9-10 <1.0 43 + 1.1 127 + 14 1.18
K6 2011/10/29  0-1 175 = 09 222 + 10 264 =+ 11 0.93
1-2 314 £+ 13 393 + 1.0 182 =+ 7 1.00
2-3 167 + 09 204 + 09 206 =+ 8 1.07
3-4 42 = 07 53 + 07 167 =+ 7 1.13
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J6

K7

K3

I8

K8

FS1

FS5

2011/10/31

2011/10/29

2011/11/1

2011/10/29

2011/10/29

2011/8/1

2011/8/2

4-5
0-1
1-2
2-3
3-4
4-5
5-6
0-1
1-2
2-3
3-4
0-1
1-2
2-3
0-1
1-2
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10
0-1
1-2
2-3
3-4
0-1
1-2
2-3
3-4
4-5
0-1
1-2
2-3
3-4
4-5
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<l1.1
178

108

76.3

20.9
<22

<22
4222

20.9
<1.1
<1.2
59.5
<1.6

<1.6
83.6

19.9
234
8.4
12.6
13.2
10.0
<28
<2.6
<27
11.3
7.7
<14
<13
10.3
2.7
<1.6
<1.1
<0.9
54.1
6.6
3.8
3.2
<1.2

+

H+

I+

I+

H+

+ + + + K

H+

I+

H+

I+

[

H+

2.5
2.1

1.8
1.6

32

6.0
2.1
2.0
2.0
22
1.6
1.5

1.3
1.5

0.8
1.0

1.4
1.1
0.9
0.6

2.4
213
132
84.6
22.1
6.2
<1.8
56.2
18.2
<0.9
<1.0
73.6
<13
<13
97.4
29.7
26.3
15.5
159
152
12.0
<23
4.6
7.5
15.8
114
<12
<l.1
11.0
5.8
3.0
4.0
<0.8
58.4
8.9
2.3
4.1
<1.0

+ + + K+ K

I+

I+

I+

H+

+ + + K+ K+

H+

+ + K

H+

+ I+

I+

+

H+

0.7

2.4
23
1.7

2.0
1.5

2.7

5.8
2.2
1.9
1.8
22
1.5
1.5

1.4
1.3
2.5
1.0

22
1.5
0.9
1.1

1.6
0.9
0.7
0.5

156
934
748
686
571
458
466
666
262
311
120
1064
563
238
1204
1748
1566
1349
1417
1135
999
824
752
595
1089
627
347
136
961
956
827
565
404
1420
ND
1175
564
223

+F + + + + +F +F + + +F +F K+ K+ HF HF+FHFKFFEFFHFBFEFEFBFRFFE B+ FBF B+ O+

+

+

I+

41
45
39
35
36
17
15
14
14
27
43
43
24
35
36
45
51
19
19
19
19
19
34

16
15
28
26
19
15
12
39

29
27
27

1.09
0.36
0.49
0.58
0.67
0.77
0.81
0.50
0.85
1.07
1.00
0.38
0.74
0.74
0.24
0.29
0.35
0.39
0.40
0.44
0.43
0.42
0.45
0.44
0.25
0.48
0.82
0.90
0.30
0.40
0.47
0.67
0.79
0.26
0.34
0.40
0.56
0.60

*Activities are decay corrected to sampling date
Uncertainties are given 1-sigma counting errors

ND: No data
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