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ARTICLE INFO ABSTRACT

Keywords: Radiocesium was released to the North Pacific coastal waters by the accident at the Fukushima Dai-ichi Nuclear
Radlo“ismm Power Plant (1FNPP) of the Tokyo Electric Power Company (TEPCO) in March 2011. Since the radiocesium in
F“(lj‘_uShlma the sediment off Fukushima was suggested as a possible source for the transfer of this radionuclide through the
Se 1me.nt benthic food chain, we conducted numerical simulations of 13’Gs in sediments off the Fukushima coast by using a
Numerical model L. . . . .

Bioavailability model which incorporates dynamic transfer processes between seawater and the labile and refractory fractions in

sediment particles. This model reproduced the measured temporal changes of 137Cs concentration in seabed
surface sediment off Fukusima coasts, by normalizing the radiocsium transfer between seawater and sediment
according to the particle diameter sizes. We found that the %7Cs level in sediment decreased by desorption
during the first several months after the accident, followed by a reduction in the labile fraction until the end of
2012. The apparent decrease of the total radiocesium level in surface sediment was estimated to occur at rates of
approximately 0.2 y~! within a 20 km distance from the 1FNPP. The comparison of '3’Cs level decreases in the
demersal fish and the simulated temporal labile fraction in fine sediment demonstrated that the consideration of
radiocesium transfer via sediment is important for determining the 137Cs depuration mechanism in some
demersal fish.

1. Introduction

Radiocesium, 1%4Cs (half-life 2.06 yr) and *’Cs (half-life 30.2 yr),
was released to the Pacific coastal waters by the accident of the
Fukushima Dai-ichi Nuclear Power Plant (1IFNPP) of the Tokyo Electric
Power Company (TEPCO) on March 2011. From 0.1 to 2.0% of the
radiocesium introduced into the coastal waters was adsorbed to the
marine sediment off Miyagi, Fukushima, Ibaraki prefectures during
2011 (Kusakabe et al., 2013). After 2012, the 137Cs concentrations in
coastal shelf sediment off Fukushima decreased gradually (Otosaka,
2017; Kusakabe et al., 2017; Takata et al., 2017) and were similar within
a 30 km radius distance from 1FNPP (NRA, 2019). The radiocesium in
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marine sediment particles was understood as being irreversibly bound
by entering the clay mineral lattice (Fuller et al., 2015), however, the
137Cs in sediment collected during 2011 was shown to be present in an
organically bound fraction off Fukushima (Otosaka and Kobayashi,
2013; Ono et al., 2015). Since the radiocesium in the sediment off
Fukushima was suggested as a possible source for the transfer of this
nuclide through the benthic food chain (Wang et al., 2016; Tateda et al.,
2016; Bezhenar et al., 2016), it is important to evaluate the bioavailable
radiocesium concentration in bottom sediment following the Fukushima
accident. For this estimation, it is also necessary to consider the particle
size effect on the radiocesium level in sediments (Cundy and Croudace,
1995). This is because the '%7Cs activities in the sediments off
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Fukushima showed a spatially heterogeneous distribution being deter-
mined mainly by two factors. 1) the spatiotemporal variation of the
137Cs activities in the overlying bottom water caused by point release
from the source and higher deposition close to the 1FNPP than in the
area far offshore; 2) the particle size composition in sediment in which
the 1%7Cs was adsorbed to a greater degree in sediment particles of
smaller size (Ambe et al., 2014; Black and Buesseler, 2014; Misumi et al.,
2014; Fukuda et al., 2018). Additionally, fine sediment particle resus-
pension and lateral transport to deeper regions was thought to be
affecting the radiocesium levels in coastal sediment (Kusakabe et al.,
2017).

In this study, we determined the dynamic transfer parameters of
radiocesium between seawater and sediment particles of different size
by the measured temporal '*’Cs concentrations in seawater and shore
sediment collected during April to September 2011 in the southern
Fukushima area. In the numerical model, we include the labile and re-
fractory fraction of radiocesium content in sediment particles to
reconstruct the changes in temporal levels during the initial period after
the accident. After determining the dynamic transfer parameters for
radiocesium between seawater and sediment, we calculated the tem-
poral 137¢s levels in sediment particles of different size by a numerical
simulation model (Misumi et al., 2014). We verified the simulation re-
sults with the measured '*’Cs concentrations in bulk and fine sediment
particles (<150 pm) collected at study sites and those found in benthos
and the stomach contents of demersal fish. Then we reconstructed the
temporal 137Cs levels in bottom sediment at the monitoring stations of
the TEPCO and the Fukushima Prefecture according to the particle size
composition of both sites. Finally, we discuss the possibility of the labile
fraction contribution to temporal changes of >’Cs concentrations in the
demersal fish reported by TEPCO (2019).

2. Material and methods
2.1. Sampling and measurement of field samples

2.1.1. Sediment collections for analyses

Four types of sediment samples were collected from the study site
(Fig. 1). 1) Coastal shore sediment was collected from St. 4 to St. 6
during April 2011 to Sep. 2011. Sediment samples were freeze-dried and
sieved through 1000, 600, 300, 150 and 38 pm mesh sizes of metal
netting. 2) Seabed sediment was collected using a multiple core sam-
pling device at St. A, B, C and I02 during the Research Cruises UM-13-05
(Umitaka-maru) and SY-13-10 (Shinyo-maru) operated by Tokyo Uni-
versity of Marine Science and Technology during May and October
2013. 3) Seabed sediment was also collected using a core sampler (RIGO
5176) and Ekman bottom sampler (RIGO 5141) at T-S1, T-S8, T-S7
during 2013-2015. The top surface samples (0-1 cm) were freeze-dried
and similarly sieved. 4) Sediment in the digestive system of benthos
were collected by on board incubation (24-48 h, 6 °C) of heart urchin
Echinocardium cordatum and sea cucumbers Molpadidae. The benthos
samples were collected by a bottom dredge net from St. A, B, C, and I02.
Particle size of all of the samples were confirmed as <150 pm by sieving.
5) Sediment in the digestive system of demersal fish was separated from
stomachs of the slime flounder Microstomus achne and marble flounder
Pleuronectes yokohamae, in which the sediment amount was found in
stomach as being significantly greater than those in olive flounder
stomach (Fig. S1). The stomach samples of the above two demersal fish
were provided by TEPCO from stations T-S1 to T-S8 after the fish were
monitored for radionuclide levels. To evaluate the possibility of the
contribution of sediment for radiocesium transfer to biota (Wang et al.,
2016), several fine and bulk sediment samples were used to quantify the
labile '%7Cs concentration by measuring the exchangeable fraction
derived by extraction with 1M NH4Cl followed by H,0, digestion
(modified method from Cundy and Croudace, 1995) as a bioavailable
component which passes through the digestive tract.
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Fig. 1. Study sites (St) and the monitoring stations of TEPCO (T-S) and
Fukushima Prefecture (S-, T-). Geographic coordinates of study sites are shown
in Tables S2-S5.

2.1.2. Radiocesium analysis

The sediment samples were transferred to 100 ml polystyrene con-
tainers, and radioactive cesium was measured by gamma-spectrometry
(Ge-detector GR2519, Inspector, 2000; CANBERRA). The counting ef-
ficiency of the sample was calibrated and determined using calibration
software (ISOCS, Genie 2000; CANBERRA) and a set of standard gamma
volume sources (MX033U8PP, JRIA). Radiocesium concentrations in the
trace amounts of sediment in the digestive system of benthos, stomachs
of demersal fish, and sieved fine sediment particles were analyzed in the
underground ultra-low-level radioactivity measurement facility of
Kanazawa University. Measurement times were adjusted to obtain a
standard deviation from the counting statistics less than 5%.

2.2. Analysis by model simulation

2.2.1. Model and simulation

We used the dynamic model which has simulated the temporal '*’Cs
activities in seabed sediment (Misumi et al., 2014). In this study, we
newly defined the labile and refractory fraction of *’Cs in our numerical
calculations. The labile fraction is considered to be exchangeable mostly
as the organic components on the surface of sediment particles, while
the refractory fraction is assumed to be an irreversible component such
as 1%7Cs strongly bound in the clay mineral lattice of the sediment par-
ticle. Although we did not consider radiocesium 1) burial by bio-
turbation and 2) suspended particle settling/resuspension followed
lateral transport in this model, these two contributions to the radio-
cesium amount in the surface sediment layer were elucidated with the
apparent decrease rate ADR, which includes the above factors affecting
the observed decrease rate of the total radiocesium concentration.

The prognostic equation for the 1%7Cs activity in surface sediment is
thus written as follows:
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dCqurr(0/dt = K™ Cyae(®) = K™ Couer (- K™} Cyurt (© — ACoure® (1)

dCinner(t)/dt = kinner 1 Csurf(t) - }\Cinner(t) (2)
dCsed(t)/dt = dCsul‘f(t)/dt + dCinner(t)/dt (3)
KT = S = 1 3/R p) ¢ (1 = p) )

where Courf(t), Cinner(t) and Ceeq(t) are 137Cs activity in labile, refractory
fractions and total content in sediment particles at time t (d), respec-
tively; Cyae(t) is activity in bottom seawater at time t (d); k**; and k*"*f,
(d™1) respectively represent kinetic coefficients for adsorption onto and
desorption from the surface of sediment particles off Fukushima by
referring to the experimental values ((0.17-0.23)/(0.09-012) d™! as
adsorption/desorption rate constants Oughton et al., 1997; Rudjord
et al., 2001); R is the radius of the sediment; ps is sediment bulk density
given as 1.7 g cm ™3, p is the porosity given as 0.6 (Misumi et al., 2014),
and A is the decay constant of *7Cs. The kinetic coefficient k¥ can be
represented as the product of the exchange surface S with the exchange
velocity  given as 35 mm d~! (Perianez, 2008). In this study, the
adsorption and desorption rate k*; and k"', were finally determined
from observed temporal 1*’Cs concentration changes at St. 4 to 6 with
fitting the simulated levels by a least squares method using a dimen-
sionless correction factor ¢ (0.01, 0.03, and 0.15 for St.4, 5, and 6,
respectively, (Perianez, 2008; Misumi et al., 2014). The phase exchange
rate constant k™"; 0.0003 d~! was determined by the experimental
values ranging from 0.0003 to 0.001 d~! (Rudjord et al., 2001) with
fitting the resultant ratio of Cgyf(t)/Csed(t) to the reported temporal ratio
of exchangeable fraction (20% by Otosaka and Kobayashi (2013) for
2011 and 1-14% by Ono et al. (2015) for 2015). In the simulations,
Cwat(t) was externally set and Cs.q was obtained by solving Equations (1)
and (2). Using the data of Aoyagi and Igarashi (1999) and Ambe et al.
(2014), the median particle diameters of surface sediment at each grid in
the simulated area were determined.

We simulated the 17Cs activities in the surface sediment layer off the
Fukushima coast from 1 March 2011 to 30 September 2018 by using the
simulated '*7Cs activities in bottom waters (Cwat) generated by the
ROMS model (Tsumune et al., 2012, 2013) and solving Equations (1)
and (2). The horizontal resolution of both the sediment and ocean
models was 1 km. Initial ¥’Cs activity in the surface sediment was
assumed to be 1.0 Bq kg’1 (NRA, 2019). The '¥7Cs input assumed a
scenario for direct release that started on 26 March 2011, followed by
the different release rate curves until September 2018.

2.2.2. Published data sets of seawater, sediment and demersal fish

For verification of the simulated result of the *’Cs concentrations in
bottom seawater and surface sediment from stations T-S1 to T-S8 within
20 km distance from 1FNPP (TEPCO, 2019), the data reported by NRA
(2019) during May 2012 to August 2017 and February 2012 to
September 2018, respectively were used. Among TEPCO monitoring
stations, the data number of T-S2 was not sufficient to cover the study
period 2011-2018, thus they were not used. Concerning the early period
2011-2012, the data were only collected outside of 30 km radius area,
therefore we verified the simulation result by using the observed *’Cs
concentration in sediment at three monitoring stations (Fukushima
Prefecture, 2018) in which the data for seawater and sediment were
compiled for the northern (S-1) and southern (T-17-1, T-18) stations off
Fukushima (Fig. 1). To complement the data for 137Cs concentration in
fine particle and bulk surface sediment, the reported data for T-S8, T-S7
(Ono et al., 2015), St. A, B, C, 102 (Fukuda et al., 2018) were also used.
The reported monitoring data for the 1¥Cs concentrations in muscle of
the demersal fish slime flounder, Microstomus achne (TEPCO, 2019),
were used for the correlation analysis comparing those data with the
radiocesium concentrations in the sediment.
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3. Results

3.1. Temporal change of 1¥’Cs concentration in shore sediment particles
of different size

The '¥7Cs concentrations in shore sediment particles of different
diameter sizes at St. 4 to St. 6 (Table S1) are shown in Fig. 2. The 137¢cg
concentrations in bulk samples (Table S2) are also shown. The 137¢g
concentrations in bulk sediment at shore stations in southern Fukushima
were elevated to approximately 1k Bq kg-dry ! at St. 4 and St. 5. In
contrast, at St. 6 the measured concentration was a maximum at
approximately 30 Bq kg-dry . Concerning the *’Cs activity in sedi-
ment particles of different size, the concentration increased from
approximately 1k to 100k, 1k to 10k Bq kg-dry~! associated with a
particle diameter size decrease from 1 mm to 0.019 mm at St. 4 and St. 5,
respectively. The radioactivity increase with a decrease in particle size
from several tens to 100 Bq kg-dry~! was also evident at St. 6.

The temporal changes of the 137Cs radioactivity in sediment particles
were reconstructed with simulation by solving equations (1)-(4), using
the calculated seawater levels (Fig. S2) derived by ROMS (Tsumune
et al., 2012, 2013). The simulated levels in sediment, derived by the
normalization of radiocesium transfer with particle size, was verified by
the measured concentration in particle of each size at three stations. The
result verified the model capacity to generate valid result (r*> = 0.84, p <
0.01, XLSTAT, Fig. S3). The simulated level demonstrated that the
maximum '¥’Cs activity in sediment particles of 0.019 mm diameter at
St. 6 was approximately 1k Bq kg-dry ! at locations where the quantity
of sample was not sufficient to obtain the measured concentration. For
the bulk sediment, the temporal changes of the measured *’Cs con-
centrations at St. 4 to 6 were almost explainable by the simulated
radiocesium levels using a median particle size as the observed values of
0.9, 0.4, and 0.8 mm for the St. 4, St. 5, and St.6, respectively, according
to the grain size compositions.

3.2. Measured '37Cs concentrations and the simulated levels in sediment
particles off Fukushima

The relation of the simulated 13”Cs levels in bottom sediment and the
measured temporal '*’Cs concentrations in bulk surface sediment of all
studied sites (St A, B, C and 102, Table S3) and the observed concen-
trations (T-S1, T-S3 to T-S8, T-S7, T-S5, S-1, T-17-1, T-18) are shown in
Fig. 3-a). The simulated and the measured ' Cs concentrations in fine
particles (diameter < 150 pm) are also shown in Fig. 3-b). The simulated
result derived with median particle size of each studied station repro-
duced the observed 1¥7Cs concentration of bulk surface sediment suffi-
ciently (p < 0.001), while the observed levels exhibited wide variation
compared to the simulated level, resulting in the determination coeffi-
cient of r? = 0.52. The result of fine particle was similar in that the
correlation between the simulated level and the measured concentration
was significant (p < 0.001), however the determination coefficient =
0.32) was smaller than that for the result of bulk sediment. In general,
the simulated temporal levels in bulk surface sediment were compatible
with the observed '*’Cs concentrations in collected surface sediment.
The simulated levels for fine particles were comparable with the
measured concentrations in fine sediment particles, while demon-
strating larger variation.

The '*7Cs concentrations in sediment found in digestive system of
benthos (Table S4) and demersal fish (Table S5) were evaluated as not
being significantly different from the *’Cs concentration in the fine
particles of bottom surface sediment (Table S3)(t-test, EXSTAT), hence,
those were considered as compatible to the fine bottom sediment.

Temporal *’Cs levels over time during 2011-2018 in bulk bottom
surface sediment reconstructed at the TEPCO monitoring stations are
shown in Fig. 4-a), and those from north and south of Fukushima Pre-
fecture (S-1, T-17-1, and T-18) are shown in Fig. 4-b). The simulated
result demonstrated that the 137Cs levels in the surface layer of the sea-
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Fig. 2. Measured 137Cs concentrations (@) over time in shore sediment particles of different diameters size and bulk sediment at St. 4 to St. 6 shown with the

simulated levels (gray dotted lines).

bed along the Fukushima coastal area increased from 10 Bq kg-dry ! to
1000 Bq kg-dry ! during 2011 following the slow decrease to 10 Bq kg-
dry~! until 2018. The simulated level during 2011 was confirmed, since
the assessment including the most dynamic period resulted in a good
agreement with the observed temporal 137Cs concentrations (p <0.001)
from the data collected during 2011 (S-1, T-17-1, T-18).

The apparent depuration rate (ADR) of '*’Cs concentration in bot-
tom sediment within a 20 km radius area of the TEPCO monitoring
stations, was derived by fitting the simulated decrease ratio to observed
temporal change by a least square method with 95% confidence limit
(Fig. S4). The derived ADRs were 0.23, 0.39, 0.12 and 0.20 y’1 at T-S3
(p < 0.001), T-S4 (p < 0.001), T-S7 (p < 0.01), and T-S5 (p < 0.05),

respectively. For the reference, the ADR for T-S1 and T-S8 were calcu-
lated as 0.07 and 0.19 y* (p > 0.05).

3.3. Simulated 37Cs levels of labile and refractory fractions in fine
sediment particles

The simulated total *’Cs levels in fine sediment with those in the
labile and the refractory fraction at TEPCO monitoring stations are
shown in Fig. 5. The measured 1375 concentrations in 1) sediment from
the surface layer, 2) those found in the stomach contents of slime
flounder collected at each of the monitoring stations are shown as an-
alogues, and 3) concentration derived as the exchangeable fraction, are
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also shown. The reported concentration of the 13’Cs in fine particles and
the exchangeable organic fraction reported by Ono et al. (2015) are
additionally shown. The measured '*”Cs concentrations for fine surface
sediment particles during 2013 were higher (100-1000Bq kg-dry!) at
T-S3, T-S4 and T-S8 in the water near the 1FNPP, than those (10-100 Bq
kg-dry™1) at T-S1, T-S7, and T-S5 north and south of the 1FNPP. Simu-
lated 137Cs levels in the fine particles decreased gradually, and those
were comparable with the measured temporal '3’Cs concentrations at
T-S8 and T-S7, and with the reported values (Ono et al., 2015). Overall
temporal change trend was similar to the decrease of radiocesium levels
in the bulk surface sediment as shown in Fig. 4-a). The simulated *7Cs
levels in refractory fractions were evaluated to increase during the first
year, and were estimated as being the dominant fraction in the total
radiocesium content of fine particles after 2012.

Concerning the '*’Cs concentrations in the exchangeable fraction,
the measured concentrations in sediment of T-S1 and T-S8 were higher
than the simulated levels, whereas they were comparable with the
observed concentrations at T-S8 (Ono et al., 2015) during 2012. The
simulated 137Cs levels in the labile fraction in fine particles were eval-
uated as rapidly decreasing by approximately two orders of magnitude
until 2012, while exhibiting a slower decrease between 2013 and 2018
than occurred from 2011 to 2012. The calculated ratios of labile fraction
to the total 3’Cs level in sediment from monitoring stations (Tables S3
and S4), and the ratio from the reported values were within a range of
0.01-0.25, which were comparable with the temporal ratio derived from
simulation in this study (Fig. S5).
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3.4. Relation of 137Cs concentration in demersal fish and sediment

The relation of the temporal changes of the 137Cs concentrations in 1)
bulk surface sediment, 2) muscle of slime founder, associated with 3) the
simulated '3’Cs levels in the labile fraction at T-S1, T-S3, T-S8, T-S7, T-
S5 are shown in Fig. 6. The fitting curves for each decreased ratio of the
above three cases are also shown. Analysis of correlation of the temporal
decrease ratio of '*’Cs concentrations between the demersal fish and the
labile fraction in sediment were significant (r2 = 0.54-0.81, P < 0.001)
at all of the above TEPCO monitoring stations. In contrast, those be-
tween the '¥’Cs concentration in bulk sediment and in fish were not
correlated (p > 0.05).

4. Discussion

The dynamic transfer parameters for radiocesium between seawater
and sediment particles were determined in this study, derived by the
measured temporal changes of the 3’Cs concentrations in seawater and
shore sediment particles which were measured along southern coast of
the 1FNPP during the six months after the accident. The dynamic radi-
ocesium transfer parameters were identical to those which have been
previously reported (Oughton et al., 1997; Rudjord et al., 2001; Peri-
anez, 2008; Misumi et al., 2014), and the derived adsorption rate con-
stant was confirmed to be applicable to the bottom sediment particles of
the coastal area within 20 km distance from the 1FNPP. In contrast, the
labile (exchangeable) fraction ratio was initially given as 1.0 in this
study, compared to the organic fraction fixed ratio of 0.2 in the previous
two year’s evaluation for the radiocesium inventory in the sea-bed off
Fukushima (Misumi et al., 2014). Therefore, the results demonstrate
that the desorption of radiocesium from sediment was generated as
being more rapid during several months (Figs. 2 and Fig. 4-a), b)) than
those reported for the area outside of the 20 km radius from the 1FNPP
(Misumi et al., 2014). Reconstructed rapid depuration of radiocesium
from sediment during the initial phase is understood as being desorption
from sediment particles as a result of the rapid decrease of radiocesium
activity in seawater (Fig. S6).

After late 2011, the simulated refractory fraction was evaluated as
being dominant in the radiocesium content of the sediment particles
(Fig. 5), because the labile fraction decreased gradually which resulted
in the decreasing rate of depuration of the *’Cs content from bulk
sediment as observed in Fig. 4-a), b). In this study, the refractory fraction
required approximately a half year to become dominant. This result
from the offshore Fukushima sediments agreed with the laboratory
result using '34Cs tracer in seawater and sediment in an experimental
tank (Oughton et al., 1997), and believed to be as aging effect which
determines the chemical form of radiocesium in the sediment layer.

After the refractory fraction became dominant, the ADR was derived
for understanding the observed slow decrease of radiocesium content in
sediment after 2012. Among the selected stations, there was consider-
able variation of the observed '%’Cs concentrations in bulk sediment
after 2012, e.g. T-S3, T-S4, T-S5. One possible factor believed to cause
the variation was the heterogeneity of radiocesium distribution in the
sea-floor off Fukushima which was noted to be related to the fine scale
topography, e.g. location of the mud deposition area (Thornton et al.,
2013). Thus, the observed variation could be caused by heterogenous
distribution of fine sediment within a monitoring station. In addition,
137Cs-enriched particle (CSEP) were found in sediment (Ikenoue et al.,
2018) which had possibility to elevate the observed high concentration
anomalies. Though the observed variation may be affected by the above
mentioned factors, the derived ADRs as a range of 0.12-0.39 y!
confirmed the radiocesium removal by approximately 20% annually
from the surface layer of the coastal sea-bed of Fukushima. Since the
bottom sediment in the studied area are sandy (median grain sizes:0.13
to 0.46, Ambe et al., 2014), the resuspension and seaward transport of
fine particles (Kusakabe et al., 2017) is considerable and is a possible
driving factor. Another possibility is bioturbated vertical mixing
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between surface and deeper sediment layers as observed at some near-
shore sampling stations (Otosaka et al., 2014; Otosaka, 2017; Fukuda
et al., 2018). Since the sediment composition is stable, therefore a
plausible mechanism to compensate for the possibility of transported
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fine particles in the coastal seabed is suggested to originate from a
supply of discharged fine particles from rivers, an occurrence that was
noted in the northern portion of the Fukushima area (Nagao et al.,
2013). After the concentration in the initially contaminated sediment
was decreased, the introduction of terrigenous particles with high
radiocesium contents may become a possible delay factor in affecting
radiocesium inventory changes in these coastal bottom sediments in the
future.

Concerning the labile radiocesium fraction in sediment, it is impor-
tant because of its effect on the radionuclide bioavailability and subse-
quent transfer via active sediment ingestion by some demersal fish e.g.
slime founder. Since the fine sediment particle layer is known to be rich
in organic matter (<5%, Ambe et al., 2014) with a comparatively larger
radiocesium content (<20%, Otosaka and Kobayashi, 2013; Ono et al.,
2015), the fine particle contribution to the radiocesium transfer through
the benthic food chain can be substantial (Wang et al., 2016; Tateda
et al., 2016). In this study, the ratio of the exchangeable '3’Cs concen-
trations in sediment were found to be within a range of 0.05-0.23 during
2013-2015. By the simulation, the labile fraction is evaluated as
decreasing and is understood to be finally converted to a refractory
fraction (Cundy and Croudace, 1995; Oughton et al., 1997). Assuming
the labile radiocesium fraction in sediment is bioavailable, the
compatibility of the measured ¥’Cs concentrations in fine sediment
found in the digestive system in benthos and demersal fish, with those in
fine surface sediment (Fig. 5), suggests that this pathway as being is
substantial for the delay of radiocesium depuration in active sediment
feeding demersal fish. The positive correlation between the time series
data of the 137Cs concentrations in the muscle of slime flounder and the
labile fraction level in fine sediment (Fig. 6), supports the contribution
of a bioavailable fraction of '*’Cs in the sediment. If the exchangeable
radiocesium ratio remained stable ratio e.g. 0.1, being an analogue to
the radiocesium level in bulk sediment, the radiocesium depuration in
slime flounder should be similar to the '*Cs decrease ratio in bulk
sediment. However, it was shown that the depuration curves were not
comparable with those of the total 3’Cs concentrations in bulk surface
sediment. Therefore, the labile radiocesium fraction in sediment as
shown in Fig. 5 is equally important in playing some role in affecting
radiocesium depuration from demersal fish off Fukushima.

Concerning the other controlling factors, such as seawater and prey
organisms, the '¥’Cs transfer from seawater to fish is not thought to be
substantial after 2013 (Ishimaru et al., 2019) even in fish inhabiting
waters close to the 1FNPP. In contrast, the transfer coefficient of radi-
ocesium from sediment to benthic polychaetes was evaluated as <0.03
(Ono et al., 2015) and some radioactivity was retained in polychaetes
after sediment ingestion (Shigenobu et al.,, 2015). Therefore, the
bioavailable radiocesium in prey organisms has to be assessed through a
detailed analysis of the radiocesium content in soft parts and detritus. In
particular, the radiocecium transfer from radiocesium-rich interstitial
water to detritus and benthos is considered as being potentially
important.

The radiocesium transfer through the ingestion of benthic organisms
by demersal fish is not yet well clarified. To obtain a through under-
standing of this transfer process, further study is needed to identify the
mechanisms determining radiocesium levels in demersal fish by making
a quantitative comparison of radionuclide transfer via both benthos
ingestion and entrained sediment.

5. Conclusion

We conducted numerical simulations of *’Cs concentrations in
sediments off the Fukushima coast by using a model which incorporates
dynamic adsorption/desorption processes of radiocesium to/from sedi-
ment particles as forms of the labile and refractory fractions. The model
reproduced the measured temporal changes of 1*7Cs activities in surface
sediment off Fukushima coastal waters, by normalization of the radi-
ocsium transfer between seawater and sediment in relation to the
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particle diameter sizes. We found that the *’Cs levels in sediment
decreased more rapidly during the initial months after the accident,
followed by a decrease of the labile fraction until the end of 2012. The
apparent decrease of the total radiocesium level in surface sediments
was estimated to occur at rates of approximately 0.2 y~! within 20 km
distance from the 1FNPP. The comparison of the decrease of '%Cs
concentrations in the demersal fish and the simulated labile fractions in
sediment demonstrate that the consideration of 1*”Cs transfer via sedi-
ment is essential for determining the radiocesium depuration mecha-
nism in some demersal fish.
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