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H I G H L I G H T S

• Cs-137 of estuary sediment impacted
by the FDNPP was measured.

• Physical and chemical properties were
measured also.

• Increasing radioactivity was observed
from surface to bottom.

• 90% of the Cs-137was strongly bound to
clay minerals in the estuary sediments.

• Cesium-137 is being transported from
contaminated paddyfields to the estuary.

G R A P H I C A L A B S T R A C T

a b s t r a c ta r t i c l e i n f o

Article history:
Received 6 October 2015
Received in revised form 22 January 2016
Accepted 23 January 2016
Available online xxxx

Editor: D. Barcelo

The migration and dispersion of radioactive Cs (mainly 134Cs and 137Cs) are of critical concern in the area sur-
rounding the Fukushima Daiichi Nuclear Power Plant (FDNPP). Considerable uncertainty remains in understand-
ing the properties and dynamics of radioactive Cs transport by surface water, particularly during rainfall-induced
flood events to the ocean. Physical and chemical properties of unique estuary sediments, collected from theKuma
River, 4.0 kmsouth of the FDNPP,were quantified in this study. Thesewere deposited after stormevents and now
occur as dried platy sediments on beach sand. The platy sediments exhibit median particle sizes ranging from 28
to 32 μm. There is increasing radioactivity towards the bottom of the layers deposited; approximately 28 and
38 Bq g−1 in the upper and lower layers, respectively. The difference in the radioactivity is attributed to a larger
number of particles associatedwith radioactive Cs in the lower part of the section, suggesting that radioactive Cs
in the suspended soils transported by surface water has decreased over time.
Sequential chemical extractions showed that ~90% of 137Cs was strongly bound to the residual fraction in the es-
tuary samples, whereas 60 ~ 80% of 137Cs was bound to clays in the six paddy soils. This high concentration in the
residual fraction facilitates ease of transport of clay and silt size particles through the river system. Estuary sed-
iments consist of particles b100 μm.Radioactive Cs desorption experiments using the estuary samples in artificial
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seawater revealed that 3.4 ± 0.6% of 137Cs was desorbed within 8 h. More than 96% of 137Cs remained strongly
bound to clays. Hence, particle size is a key factor that determines the travel time and distance during the disper-
sion of 137Cs in the ocean.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

A wide variety of radionuclides, such as 134Cs, 137Cs, 131I, and 133Xe,
were released from the Fukushima Daiichi Nuclear Power Plant
(FNDPP) (Chino et al., 2011). However, 137Cs is the nuclide of the
greatest concern, because it is a major contributor to radiation dose
with its half-life of 30.1 years. Cesium-137has a beta decaymodewithin
a short period of time (approximately two minutes) followed by iso-
meric transition to stable 137Ba. Because of this it is easily detected by
gamma-ray emission during the isomeric transition. Many researchers
have suggested that the occurrence and geochemical behavior of radio-
active Cs (mainly 134Cs and 137Cs) in the surface environment is criti-
cal to predicting its distribution and subsequent radiation exposures
(Ueda et al., 2013; Kato et al., 2012; Aoyama et al., 2012; Tazoe et al.,
2012; Kaneko et al., 2015).

Radioactive Cs supplied by the FDNPP in wet deposition was imme-
diately adsorbed onto soil particles and fixed in the top ~5 cmof surface
soil where it remains (Fujiwara et al., 2012; Teramage et al., 2014;
Mishra et al., 2015; Takahashi et al., 2015). Soluble Cs ion, regardless
of the isotope, bonds strongly to the sheet-structure of alumino-
silicates, such asweatheredmica, illite, and vermiculite due to the pres-
ence of frayed edge negatively charged sites (FES) (Sawhney, 1970;
Cremers et al., 1988; Kogure et al., 2012); thus, it is difficult to desorb
the strongly bound Cs from the clays by chemical treatment. After se-
quential chemical extraction of 137Cs sorbed to clays using ammonium
acetate, hydrogen peroxide, and nitric acid, more than 60% of the 137Cs

was retained in the insoluble fraction (Hou et al., 2003; Kozai et al.,
2012; Saito et al., 2015), which is mainly 137Cs sorbed to clays.

Regular air-craft radiation monitoring over the area within 30 km
from the FDNPP revealed that the measured radioactivity dramatically
decreased during the period from 2011 to 2012 (NRA, 2012). The de-
crease in the level of radioactivity was much greater than expected
based on the decay rates of 134Cs and 137Cs, indicating that the radioac-
tive Cs was physically mobile in the Fukushima surface environment
(Yamaguchi et al., 2014). We hypothesized this was due to erosion of
surface soil minerals with radioactive Cs by heavy rain events including
typhoons in September 2011 and in the summer of 2013; and transport
by flow into the ocean through theNatsui and SameRivers (Nagao et al.,
2013), as well as the Niida, Mano, Odaka, and Ohta Rivers (Evrard et al.,
2014) (Fig. 1). In addition, Tanaka et al. (2015) indicated radioactivity
concentration of 137Cs increased with decreasing particle size. A recent
study proposed a transportation model in which radioactive Cs moves
through rivers and ocean based on coagulation and precipitation due
to the salinity of the offshore waters (Minoura et al., 2014). Although
these conceptual model and bulk estimation of radioactive Cs flux
have been established, the nature of radioactive Cs associated with
transported soil particles remains unclear.

In the offshore region of the Kuma River, 137Cs radioactivity associat-
ed with ocean floor sediments decreased with distance from the Kuma
River estuary in the range of 1–5 km, but increased with the distance in
the range from 10 to 20 km (TEPCO report, 2012). In order to elucidate
the chemical state of radioactive Cs, especially 137Cs, on the transported

Fig. 1.Amap showing the distribution of dose near the FDNPP. Sample locations at the Kuma River estuary and Odaka River are indicated by arrows 1 and 2. Themapwas prepared based
on the airplanemonitoring survey byMEXT inNovember 2014. Two river sediments (KumaRiver andOdaka River) and six surface soil samples (Ogi Dam, Okaki Dam, Akougi, Iitoi, Fukaya
and Maeda; arrows 3–8 in order) were collected. Detailed information on the samples were summarized in Table SI1.
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particles by a river during high-flow events, the present study investi-
gated unique sediments collected from an estuary ~4.0 km south of
the FDNPP by a variety of analytical techniques, including a sequential
chemical extraction method, scanning electron microscopy, powder X-
ray diffraction, and autoradiography. A radioactive Cs leaching experi-
ment was also completed on the same samples using artificial seawater
in order to qualitatively evaluate the occurrence and desorption process
of radioactive Cs when the soil particles associated with radioactive Cs
were transported to the ocean.

2. Experimental

2.1. Samples

Estuary sedimentswere collected from the Kuma River (1). For com-
parison, a riverbed sediment was collected from downstream in the
Odaka River (2), and six paddy soils (3–8) were collected from the con-
taminated area (Fig. 1). Paddy soils were analyzed as example of the Cs
associated with surface soils (Table Supplemental Information 1
(Table SI1)). Four estuary samples were collected from the Kuma
River that is south of FDNPP on July 3, 2014. The total length of the
Kuma River is ~25 km, and the river catchment area is about 70 km2

(Teranaka et al., 1990). The Kuma River Estuary is located ~4.0 km
south of FDNPP. Upstream of the Kuma River is the western part of
Futaba County, which includes the highly contaminated area as far as
~20 km from the FDNPP. The Kuma River bends at a right angle before
flowing into the ocean. There, the beach sand is covered with dry,
muddy sediments that form as layers with fractures (Fig. Supplemental
Information 1a (Fig. SI1a). The thickness of the layers decreased from
~2 cm with increasing distance from river (Fig. SI1b, Table SI2). Four
sampleswere collected from the layered sequence in theKumaRiver es-
tuary, as well as a beach sand sample for reference (Fig. SI2). Twenty
grams of samples were crushed and sieved with a 2 mm mesh filter
for analysis after drying the samples in our laboratory.

Six paddy soils and one riverbed sediment from the Odaka River
were collected from the surface to as deep as ~2 cm. These samples
were also sieved with 2 mm mesh filter. All analyses were performed
after August 2014. Paddy soils and the Odaka River sediments were
treated and kept as follows. Soil samples were completely air dried for
more than one week at room temperature. After drying, samples were
sieved with 2 mm mesh filter and kept in a dark room until used in
the experiment.

2.2. Sequential chemical extraction method and gamma spectrometry

A sequential extractionmethod using chemical reagentswas applied
to the samples (Tessier et al., 1979; Hou et al., 2003) in order to isolate
and quantify the radioactive Cs in each extracted fraction. All chemical
reagents were analytical grade purchased from Wako Pure Chemical
Industries Ltd., Japan. Radioactive Cs was separated into six chemical
forms: water soluble (F1), ion exchangeable (F2), carbonate binding
(F3),metal oxides binding (F4), organicmatter binding (F5) and residue
(F6). Each sample was analyzed with one replicate in this method. The
extraction procedures were as follows:

2.2.1. F1: Water soluble fraction
Five grams of the sieved soil were immersed in 100 cm3 of ultra-pure

water (pH 6.05 at 20.0 °C); and the suspensionwas shaken for 2 h using
rotary shaker at the rate of 100 rpm at room temperature (25 ± 1 °C).
The suspension was centrifuged at 3000 rpm for 10 min (Hitachi
himac CF7D2), and the supernatant was filtered through a 25 nmmem-
brane filter. Sediment of the centrifugation was rinsed by 20 cm3 ultra-
pure water to recover completely the radioactive Cs desorbed in this
procedure, and then the rinsed solution was also filtered through the
25 nmmembrane filter together with the first supernatant. After filtra-
tion, the filter was added to a bottle to with suspended particles and

colloidal substances (N25 nm). The filtrate was put into a plastic con-
tainer (U-8 screw type, AS ONE corp. JAPAN) and analyzed for 137Cs ra-
dioactivity using a gamma-ray spectrometry. The residue and the filter
were used in the next step.

2.2.2. F2: Ion exchangeable fraction
One hundred cubic centimeters of 1.0 mol dm−3 NH4OAc adjusted

to pH 8.0 was added to the residue of F1. The following incubation, cen-
trifugation, and first filtration processes were performed in the same
manner as the F1 fraction described above. The first residue was rinsed
by 20 cm3 of 1.0 mol dm−3 ammonium acetate (pH 8.0) and then cen-
trifuged at 3000 rpm for 10 min. The supernatants were filtered using a
25 nmmembrane filter, and filtrates were put into a U-8 container then
analyzed by a gamma spectroscopy. The filter was added to the residue
and the mixture was used in the third step.

2.2.3. F3: Carbonate binding fraction
One hundred cubic centimeters of 1.0 mol dm−3 NH4OAc was ad-

justed to pH 5.0 and added to the residue of F3. The suspension was
shaken for 6 h at room temperature. The reacted solution was centri-
fuged at 3000 rpm for 10 min, and the supernatant was filtered using
a 25 nm membrane filter. The residue was rinsed with 20 cm3 of
1.0 M NH4OAc (pH 5.0) then centrifuged at 3000 rpm for 10 min. The
supernatants were filtered together, and mixed with the residue and
used in the fourth step. The filtrates were analyzed using gamma
spectroscopy.

2.2.4. F4: Metal oxides binding fraction
The residue was put into a 500 cm3 glass media bottle with 100 cm3

of ultrapure water. In this stage, all the filters were removed. Then, the
100 cm3 of 0.04 mol dm−3 hydroxylamine hydrochloride in 25 v/v%
acetic acidwas adjusted to pH 2.0 and added to the residue. Themixture
was stirred for 6 h at 95 ± 5 °C using a magnetic stirrer. In this process,
the screw cap of the glass bottle was slightly closed to avoid the loss of
water through evaporation, but not to increase the bottle pressure. After
cooling the bottle with running water, the suspension was put into a
250 cm3 plastic bottle followed by the centrifugation at 3000 rpm for
10 min. The supernatant was filtered using a 25 nm membrane filter.
The residue was rinsed with ultrapure water, and the suspension was
centrifuged at 3000 rpm for 10 min. The filtrates were put into a U-8
container and analyzed by a gamma spectrometry. The residue and
membrane filter were put into the glass bottle again to be used for the
next step.

2.2.5. F5: Organic matter binding fraction
Twenty cubic centimeters of 30% H2O2 solution adjusted to pH 2.0

with nitric acid was added to the glass bottle containing the residue of
F4. In this stage, all the filters were removed from the glass bottle. The
suspension was stirred for 6 h at 95 ± 5 °C using hot stirrer. During
the incubation, 100 cm3 of the hydrogen peroxide solutionwas gradual-
ly and carefully added so that the solution did not bubble over from the
bottle. After cooling the bottle to room temperature by exposure to run-
ningwater, the reacted solutionwas put into a plastic bottle followed by
centrifugation at 3000 rpm for 10 min. The supernatant was filtered
using a 25 nmmembrane filter. Then, the 100 cm3 of 3.2mol dm−3 am-
monium acetate in 20 v/v% nitric acid solution adjusted to pH 2.0 was
added to the centrifugation residue. This suspension was incubated for
one hour at room temperature at the rate of 100 rpm using a rotary
shaker. The incubated solution was centrifuged at 3000 rpm for
10 min, and the supernatant filtered using a 25 nm membrane filter.
The residuewas rinsedwith 20 cm3 of ultra-purewater and then centri-
fuged at 3000 rpm for 10 min. The supernatant was also filtered with
the membrane filter. The filtrate was put into a U-8 container and
then analyzed by a gamma spectrometry, while the residue was further
treated in the next step.
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2.2.6. F6: Residue
All of the F5 residue was rinsed with ultra-pure water on the 25 nm

membrane filter to desalinate the extractants. Then, the residuewas put
into a U-8 container and then completely dried at 60 °C in a thermostat-
ic oven for 48 h to obtain the dry mass of the residue. After drying, the
radioactivity was measured by a gamma spectrometry.

2.2.7. Gamma spectrometry
The radioactivity of 134Cs and 137Cs in the six fractions obtained from

the sequential extraction were analyzed using a gamma spectrometer
equipped with a low background type germanium detector (EG&G
ORTEC Ltd., GMX30200, JAPAN). Radioactivity of 134Cs and 137Cswasde-
duced using a spectrum analyzing software (SEIKO EG&G Ltd., Gamma
Studio, JAPAN). The geometric efficiency and energy calibration of
the gamma spectrometer were completed using the mixed standard
isotope solutions (MX033MR) purchased from Japan Radioisotope
Association (JRIA).

The radioactivity concentration of each fraction was calculated as
follows;

137Cs radioactivity concentrationðBq g−1Þ
¼ Radioactivity of each fraction ðBqÞ

=dry weight of initial soil sample used in the experiment ðgÞ

ð1Þ

2.3. Powder X-ray diffraction

Samples for the powder X-ray diffractionwere groundwith an agate
mortar for 20 min. The major mineral assemblage of the soils were
identified by using a powder X-ray diffraction equippedwith a Cu target
(Cu-Kα) and a reflected beam monochromator (RIGAKU corp.,
MultiFlex, JAPAN). The voltage and current were 40 kV and 40 mA.
The scan range was from 3° to 63° with the scanning speed of
1° min−1 of 2θ and with the step interval of 0.02°.

2.4. Microscopic analysis

A piece of the platy sediment was mounted in the liquid polymer
resin, and the mixture was solidified under reduced pressure using a
vacuum pump overnight. The sample-mounted resin was cut in a verti-
cal direction by using a microcutter (Maruto). The cross section was
polished using a polishing sheet with decreasing roughness steps
down to 1 μm of diamond sheet. The polished specimen was analyzed
using a scanning electron microscopy (SEM, SHIMADZU SS-550)
equipped with energy dispersive X-ray spectroscopy (EDX). The SEM
specimen was coated with carbon using a carbon coater (SANYU SC-
701C) to ensure conductivity prior to observation. The EDX analysis
was completed using a 15 kV acceleration voltage.

2.5. Size analysis

Soil samples were roughly loosened by hand and then used for
the size analysis by using a laser diffraction particle size analyzer
(SHIMADZU corp., SALD-3100, Japan); 0.30 g of sample was dispersed
into 100 cm3 tap water and stirred thoroughly for ten minutes using a
magnetic stirrer. The suspensionwas added to the analyzer to reach op-
tical diffraction intensity. After sonicating the solution for five minutes,
the measurement was repeated three times for each sample. A disper-
sant was not used.

2.6. X-ray fluorescence spectroscopy

Elemental composition of bulk soil samples was determined using
an energy dispersive X-ray spectrometer (Shimadzu corp., EDX-720,
Japan) based on a fundamental parameter method (Afonin et al.,

1992; Borkhodoev, 2002). The collimator diameter was set to 5 mm.
The accelerating voltage was set to 50 kV for the determination of all
the elements measured in this study. Themeasurement was performed
for the 100 s of detection time under atmospheric conditions without
spinning the sample. The elemental compositions were calculated to
be oxides and normalized to 100% in total. It was difficult to detect Na
and Mg due to the low sensitivity of the detector. Instead, Na and Mg
contents were semi-quantitatively determined to be a few wt% as
oxides. The samples were analyzed with 3 replicates for each sampling
point.

2.7. Autoradiography

The platy sediments weremounted in resin and analyzed by autora-
diography in order to visualize the distribution of radioactive Cs. The
cross section described above was covered with plastic wrap, faced on
the imaging plate (GE healthcare, BAS IP series 20 × 25 cm), and ex-
posed for 24 h in a lead-shielded block. The imaging plate was scanned
using an imaging plate reader (GE healthcare, FLA 9500) with the reso-
lution of 50 μm. Autoradiographywas also performed for the F6 fraction
residue of estuary sample C after the sequential chemical extraction.

2.8. Desorption experiment of 137Cs in a simulated seawater

A desorption experiment of radioactive Cs was performed using ar-
tificial seawater in order to examine the process of 137Cs release to the
ocean. The artificial seawater was purchased fromWako Pure Chemical
Industries (JAPAN, Daigo's Artificial Seawater SP for Marine Microalgae
Medium), and the chemical composition is given in Table SI3. The pH of
the artificial seawater was 6.8. The 0.80 g of the powdered estuary sam-
plewasmixedwith 40 cm3 of artificial seawater and incubated for 2 h at
room temperature on a rotary shaker at 100 rpm. Then, the suspension
was centrifuged at 3000 rpm for 10 min, and the supernatant was fil-
tered by a 25 nm membrane filter. The filtrate was put into a U-8 con-
tainer and analyzed by gamma spectrometry. The residual soil was
used for the next leaching treatment. The treatment was repeated ten
times, and total desorbed 137Cs was calculated based on the measured
137Cs radioactivity.

3. Results

3.1. Characterization of the estuary samples

The particle size distribution of estuary sample A is shown in Fig. SI3.
Themedian value of particle sizewas determined to be ~32 μm. Since the
other samples B, C, and D revealed similar size distribution to that of the
sample A, their median values are presented in Table SI2 (28 to 32 μm).

X-Ray diffraction patterns of estuary sediments A-D and beach sand
are shown in Fig. 2a. The major components are quartz, feldspars and
clays. Pattern focusing on the low angle from 3° to 16° (Fig. 2b) revealed
the presence of clays with d-spacings of 7.1, 10.1 and 14.3 Å in the estu-
ary samples, but little of these phases were detected in the beach sand
(Fig. 2b). The proportion of the major mineral compositions showed
no variation from the river to the beach.

Chemical composition of the estuary sediment obtained by XRFmea-
surements is summarized in Table 1. As inferred from XRD results, all es-
tuary sediments were mainly composed of Si, Al, Fe, and K, which are
typical constituents of aluminosilicates such as biotite, K(Mg,
Fe)3[AlSi3O10](OH,F)2 and vermiculite, (Mg, Fe, Al)3[(Al,
Si)4O10](OH)24H2O. The data was utilized to calculate weathering index
of the sample. The chemical index of alteration (CIA):

ðCIAÞ ¼ 100 $ ½Al2O3=ðAl2O3 þ CaO þ Na2O þ K2OÞ' ð2Þ

was used to characterize the estuary samples (Nesbitt and Young, 1982;
Price and Velbel, 2003). Na2O was not included in the calculation,
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because Na2O was not analyzed by XRF. The modified CIA indices of the
estuary samples ranged from82.0 to 84.2. The CIA index indicates the ex-
tent of the weathering of rock in the river basin. The values were only

slightly different among the estuary samples. Because the difference of
the CIA index among the samples collected from the same river basin is
typically less than 10% (Borges and Huh, 2007; Vuba et al., 2013), the
source of the estuary sediments was the same.

Vertical sectional SEM images of the polished estuary specimens C
(Fig. SI4a) and D (Fig. SI4b) showed that the platy particles are prefera-
bly oriented parallel to the layered texture in larger deposit. An enlarged
image revealed that a biotite grain was partially weathered on the edge
(Fig. SI4c). In both samples C and D, the particle size was ≲100 μm and
submicron-sized particles with various contrast formed aggregates as
large as ~20 μm (indicated by arrows in Fig. SI4d). Elemental maps of
a portion of sample D (Fig. SI4e) revealed that aluminosilicates such as
mica, clays and feldspar were dominant, and Fe-oxides and Mn-oxides
were present as minor components. Soluble radioactive isotopes
would adsorb to these oxides in the sequential extraction procedure.
Marine-delivered elements, such as Cl and S (as sulfate), were not de-
tected, indicating that these estuary samples were transported only by
river water that was not mixed with seawater.

3.2. Distribution of the radioactive Cs in the estuary sediments

The digital photograph and autoradiograph of the cross section of
the estuary sample C molded in resin are shown in Figures SI5a and b,
respectively. Because the Kuma River estuary was hit by the tsunami
that occurred on March 11, 2011, it is assumed that all estuary sedi-
ments formed before the earthquakewere removed. A randomdistribu-
tion of radioactive Cs particle was observed in the autoradiograph. All
cross section samples also showed the heterogeneous distribution of
radioactivity with higher density near the bottom, indicating that the
radioactivity is heterogeneous and has declined with time. Gamma
spectrometry of the bulk samples revealed the peaks of 134Cs, 137Cs,
and 40K (data not shown), and the radioactivity of 40K was about 30
times less than that of 137Cs, confirming that the dark spots in
Fig. SI5b represent the location of radioactive 134Cs and 137Cs.

In order to obtain undisturbed distribution of theparticles associated
with radioactive Cs, all of the estuary samples were mechanically
split and the unpolished flat surface were analyzed by autoradiog-
raphy. A larger number of particles were associated with radioactive
Cs found in the lower portion of the sediment column, as compared
with the upper portion (Fig. SI5c). On the other hand, sample D showed

Fig. 2. (a) Powder X-ray diffraction patterns of four estuary samples and beach sand. (b) A
diagram enlarged the region with lower 2 theta angle. The diffraction peaks derived from
sheet silicates, i.e., 7.2, 10.1 and 14.3 Å are emphasized by dashed lines. Qtz: quartz; Ab: al-
bite;Or: orthoclase; An: anorthite;Ms:muscovite; Brt: barite;Mag:magnetite; Tr: tremolite.

Table 1
Chemical composition of the estuary sediment samples analyzed by XRF. Sodium andMg were not included in the analysis because of the extremely low sensitivity of detector. The ele-
mental compositionswere calculated to beoxides and normalized to 100% in total. TheCIA index represents themodifiedCIA index calculated by100× [Al2O3/(Al2O3+CaO+K2O)] based
on Nesbitt and Young (1982). Na2O was excluded in the calculation. STD in this table indicates one sigma standard deviation of three replication.

Sample A Sample B Sample C Sample D

Contents/wt% STD/% Contents/wt% STD/% Contents/wt% STD/% Contents/wt% STD/%

SiO2 63.96 0.96 62.13 2.04 63.84 1.21 61.62 2.09
Al2O3 21.41 3.59 23.15 2.33 21.49 3.94 23.35 2.13
Fe2O3 7.46 2.39 7.67 1.99 7.58 2.19 8.09 2.15
CaO 2.40 0.52 2.38 0.48 2.51 0.55 2.35 0.49
K2O 2.12 0.42 2.10 0.30 2.21 0.47 2.05 0.35
SO3 1.47 0.95 1.38 0.76 1.19 0.58 1.36 0.87
TiO2 0.72 0.16 0.75 0.14 0.77 0.20 0.76 0.13
MnO 0.21 0.07 0.21 0.05 0.21 0.06 0.23 0.06
BaO 0.17 0.15 0.16 0.14 0.06 0.11 0.13 0.11
ZrO2 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00
SrO 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.01
ZnO 0.02 0.01 0.02 0.01 0.02 0.01 0.01 0.01
CuO 0.02 0.01 0.02 0.00 0.02 0.01 0.01 0.01
Rb2O 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.01
As2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Br 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Y2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
V2O5 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
RuO2 0.00 0.00 0.00 0.00 0.05 0.08 0.00 0.00

CIA index 82.6 ± 0.2 83.8 ± 0.1 82.0 ± 0.2 84.2 ± 0.1
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homogeneous distribution of the particle associated with radioactive
Cs. In order to quantitatively evaluate the vertical distribution of the
particles associated with radioactive Cs, the platy estuary samples A–C
were horizontally divided into two plates: ~1 cm from bottom and the
rest from the upper portion. Sample D was analyzed without separa-
tion. As summarized in Table SI4, the 137Cs radioactivity concentra-
tion of lower layer was ~38 Bq g−1, while that of upper layer was
~28 Bq g−1. The ratio of radioactivity concentration of upper to lower
layers was ~0.7.

3.3. Sequential extraction of radioactive Cs in estuary sediments

The 137Cs concentration of four estuary samples varied from 28.1 to
37.5 Bq g−1 and that of a beach sand sample collected from the bottom
of an estuary sediment was 3.70 Bq g−1. Physical property and radioac-
tive cesium concentration of the samples are summarized in Table SI2.
Since the gamma spectrometry for 134Cs exhibits values with less accu-
racy due to presence of the sum peaks of 134Cs, 137Cs radioactivity was
used for quantification and the following discussion on the chemical
form of the radioactive Cs in the estuary samples. Fig. 3 shows the re-
sults of sequential extraction on four estuary sediments as compared
with those of one river sediment and six surface soils. The 137Cs radioac-
tivity of water soluble fraction (F1)was below the detection limit for all
samples, while that of F6-residual fraction of estuary and riverbed sed-
iments was as high as ~90% of the total 137Cs radioactivity. The F6 frac-
tion corresponds to an insoluble form of radioactive Cs left after the
series of extractions. Radioactive Cs in this faction is present as a form
rigidly bound to clays and/or the frayed edge sites of weathered mica.
In the estuary samples, the 137Cs activities of the other fractions
(F1 ~ F5) were less than 5% of the total 137Cs. On the other hand, the
F6 fraction of surface soils was less than 85%, and Fukaya sample exhib-
ited the lowest value of 62% of the total 137Cs radioactivity. An autora-
diographic image of estuary sample C, which was dried residue after
sequential extraction, confirmed that the highly radioactive particles
remained as the insoluble form even after the entire extraction process
(Fig. SI6).

3.4. Desorption experiment in simulated seawater

Estuary sediment leached 10 times used in the desorption experi-
ment were not affected by seawater prior to the experiment, since
NaCl distribution, which is derived from sea salt, was minimal in the
sample (Fig. SI4e). In the desorption experiment, the total cumulative
137Cs radioactivity (Bq g−1) leached to the solution was calculated
after each desorption treatment as summarized in Table SI5. Initial
137Cs radioactivity in 0.8 g of the estuary sample was 23.9 Bq and

3.4 ± 0.6% of total 137Cs was desorbed from the soil sample in average
(12 replicates) after the fourth cycle of desorption treatments, which
corresponds to six hours of the total incubation time. After the third
leaching treatment, the total amount of the desorbed 137Cs remained
constant and the radioactive Cs did not further desorb into the artificial
seawater, even after 1 month.

4. Discussion

4.1. Physico-chemical properties of the estuary sediment

Estuary samples collected in the present study provided a unique
opportunity to evaluate chemical forms of radioactive Cs transported
during flood events. It was assumed that the slightly elevated area of
the beach (~1m) accumulated flood sediment because river water cov-
ered this area during the flood events. It was difficult to specify date and
number of the flood event along the Kuma River; however, there are ev-
idence of multiple flood events from our results in addition to the other
study near the Kuma River (Nagao et al., 2013; Yamashiki et al., 2014):
(i) the dried platy sediments can be easily cleaved along the horizontal
bedding planes in the middle of the layers even though the mineral as-
semblage with a slight gap (indicated by black arrows in Fig. SI4a and
b) and the particle size distribution revealed that there is no change of
the size distributions of sediment particles between the upper and
lower layers as revealed by SEM analysis (Fig. SI4a and b), suggesting
that the particle settling rapidly occurred a few times without a sorting
process; and, (ii) thedistribution of particles associatedwith radioactive
Cs is very different between the cleaved plates without size fraction-
ation. A large number of particles associatedwith radioactive Cs are con-
centrated in the lower portion of the samples A through C (Fig. SI5c),
whereas much fewer particles bound to radioactive Cs were present
in the upper layer. Sample D exhibited a low concentration of radio-
active Cs particles similar to that in the upper layer of samples A–C
(Table SI4). Considering the slightly higher location for collection of
sample D when compared to that samples A–C, it is likely that the
sediment particles in the sample D correspond to the upper portion of
the other samples. Thus, it is anticipated that the estuary sediments
formed from suspended soils containing a large number of particles as-
sociated with radioactive Cs after March 11, 2011, followed by another
flooding event in which fewer particles bound to radioactive Cs were
transported. Indeed, the modified CIA index of sample D is different
from that of the samples A–C, indicating that the chemical composition
is slightly different between the former and latter flooding events. We
infer that the radioactive Cs flux aftermultiple flood events dramatically
decreased with time since 2011, which is consistent with the previous

Fig. 3.A summary of the results of sequential chemical extractions giving the proportion of thedifferent chemical forms of 137Cs radioactivity in the estuary samples from theKumaRiver as
compared with that in riverbed sediment from the Odaka River and six surface soils. All the measurement errors of the gamma spectrometry were less than 0.1%.
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study reporting the radioactivity concentration of the suspended soils
decreased with time (Sakaguchi et al., 2015).

Themedian value of particle size and the size distribution of particles
in the four estuary samples ranged from 28 to 32 μm and 5–100 μm, re-
spectively (Fig. SI3), which is in good agreement with the size deter-
mined from the SEM images. In the laser diffraction particle size
analyzer, particle diameter is determined based on the Mie scattering
theory in laser diffraction (Mie, 1908). Thus, in principle, the particle
or aggregate that exhibits the same laser diffraction characteristics of
an ideal sphere is considered to have the same diameter of the ideal
spherical particle, meaning that the irregular particle shape (Fig. SI4a
and b) might result in a wider distribution of the measured particle
size of the estuary samples. The size range in the estuary sample is com-
parable to or slightly greater than that previously reported (3 to 63 μm)
for the suspended soil in the Abukuma River and the Kuchibuto River in
Fukushima, which are tributaries of the Abukuma River (Sakaguchi
et al., 2015). The flooded river water should have transported larger-
sized particles than the normal suspended soils, which might result in
the slightly larger size range.

4.2. Behavior of 137Cs in the estuary sediment

Ninety percent of 137Cs in estuary sediment was bound to the resid-
ual fraction that is mainly composed of sheet silicates and clays with
10 or 14 Å d-spacings. Even after the series of sequential extraction
treatments, the distribution of 137Cs appeared unchanged andheteroge-
neous (Fig. SI6), indicating that the 137Cs is transported as clay particles.
Cesium-137 can be strongly bound to sheet silicates, especially at the
frayed edge site (FES) (Sawhney, 1970; Cremers et al., 1988; Qin et al.,
2012; Hirose et al., 2015; Yamada et al., 2015), because the FES rigidly
incorporates dehydrated Cs ions into the cation sites that are of compa-
rable ionic size in the negatively charged inter-layers (Kogure et al.,
2012; Fuller et al., 2015).

The proportion of 137Cs bound to sheet silicates (F6) in the estuary
samples (Kuma) and riverbed sample (Odaka) was greater than that
in the soil samples (Fig. 3), which implies that the total 137Cs in the re-
sidual component (F6) increased in the estuary sediments assuming
that the soil samples represent those from the contaminated area in
Fukushima prefecture. The increase in F6 fraction in the estuary and
the river-bed sediments could be a result of several processes. One is
the enrichment of small particles (silt size) in the estuary and the
river-bed sediments comparedwith the soil samples during transporta-
tion through the river system. Indeed, Tanaka et al. (2015) proposed
the size redistribution of particles associated with the radioactive Cs
during the physical transport process through the Abukuma River in
Fukushima. Because the amount of clay minerals is enhanced in the
silt size fraction, it is likely that the re-distribution of particle size oc-
curred in the Kuma River system, resulting in the higher F6 values of es-
tuary sediments compared with that of surface soils. In fact, the estuary
sediment did not reveal any large particles (N100 μm) (Fig. S3).

The other possible factor is desorption and re-adsorption of radioac-
tive Cs to the clay minerals that is the component of F6 fraction. A small
component of the water soluble fraction (F1) remained in the soil sam-
ples, whereas this fraction in the estuary sediments was less than the
detection limit. This indicates that the small amount of radioactive Cs
loosely bound as F1 fraction in the soil was released to the surrounding
water, and/or re-sorbed onto clay minerals in the residual fraction (F6).
The proportion of ion exchangeable fraction (F2) decreased in the estu-
ary sediments as shown in Fig. 3. It is commonly known that Cs bound to
clay minerals hardly desorbs in cationic solutions with typical con-
centrations of natural waters (Yoshikawa et al., 2014; Sakaguchi et al.,
2015; Mishra et al., 2015). Thus, it can be inferred that the dissociation
of 137Cs from F2–F5 should not occur during the transport through the
river; however, the estuary sediments might have experienced various
processes including interaction with the river water, physical abrasion
of the mineral surfaces, and multiple wet/dry cycles before and/or

after transportation, which can change the ionic strength in the pore
water.

4.3. Implication for 137Cs desorption from the suspended soil particles in the
ocean

Considering that the estuary sample is representative of the bulk
of material transported to the ocean during flooding events, the results
of desorption experiments provide insight into the fate of suspended
particles associated with 137Cs in the ocean. First, the artificial seawater
in the present experiment was refreshed every 2 h to simulate an
infinitely large volume of seawater. These results suggest that 3.4% of
137Cs was desorbed in the artificial seawater within 8 h, but re-
adsorption onto sheet silicates is negligible when 137Cs desorbed in sea-
water is diluted by stable Cs in seawater. Takata et al. (2015) also exam-
ined the desorption process of radioactive Cs in filtered seawater and
estimated that up to 0.75 ~ 6.6% of radioactive Cs desorbed within
seven days, which is consistentwith the desorbed proportion estimated
in the present study. Thus, the proportion of desorption-ready fraction
of 137Cs in seawater determined in the present study can be used to es-
timate the amount of soluble and particulate forms of radioactive Cs in
the ocean. Based on a report by Yamashiki et al. (2014) estimating
5.74 TBq of 137Cs discharged into the Pacific Ocean from Abukuma
River during August 2011 to May 2012, the total amount of soluble
137Cs can be calculated to be 0.21 TBq during the period, while
5.53 TBq of 137Cs remained bound to clay particles.

The desorbed 137Cs (3.4 ± 0.6%) in the seawater is in good agree-
ment with the proportion of the ion exchangeable fraction (F2), 3.3 ±
0.4% (n = 4). Because of the high Na ion concentration in seawater
(see Table SI3), Na ion must play a similar role to that of ammonium
ion, exchanging with Cs ion. In general, the ion exchangeable fraction
corresponds to the form weakly bound to planer sites or edge sites of
sheet silicates (Dzene et al., 2015), and the Na ion can barely exchange
with Cs ion in the interlayer (Liu et al., 2003). Although a few theoretical
studies based on first principle calculations have proposed that single
Na ion can replace a single Cs ion at the edge of the interlayer
(Okumura et al., 2013), this requires that Na ion overcome a significant
energy barrier to the diffusion and replacement of tightly bound Cs ion
in the interlayer of sheet silicate. Thus, such desorption processes occur
at an extremely slow rate or never happen at all in very dilute Cs con-
centrations. Indeed, the desorbed Cs ion in solution remained constant
over the period of the present experiment, indicating that the large por-
tion of 137Cs N96% is tightly bound to the clays andwill remain attached
to these particles in the ocean. Therefore, the behavior of radioactive Cs
in the oceanic water is mainly governed by physical processes such as
Stokes' law and marine parameters including the current velocity in
the near coastal region (Honda et al., 2013). Since transport of particles
associated with radioactive Cs in the ocean is one of the dominant mi-
gration processes, the size of the suspended particles is a key factor in
determining the retention time and the lateral and vertical distribution
of radioactive Cs in the ocean.

5. Conclusion

Four estuary sediment samples from Kuma River that were the re-
sult of the accumulation of suspended soils after multiple storm events
following the tsunami, were investigated utilizing a variety of bulk and
micro-analytical techniques. Kuma River Estuary sediments weremain-
ly composed of quartz and aluminosilicates such asmica, clays, and feld-
spar in the size range of 5–100 μm. Radioactive Cs was distributed
heterogeneously as particulates. Radioactivity concentration of the
upper layer in the sequence of flood deposits was ~30% less than the
lower layer, suggesting lesser amounts of particles associated with ra-
dioactive Cs were transported in river water during storm events with
the passage of time. As compared with paddy soils, the estuary samples
had a larger proportion (~90%) of the 137Cs tightly bound to weathered
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mica and clays. This observation is attributed to two possible processes:
first is the selective transportation of fine clay particles associated with
radioactive Cs and then deposition on the river and/or estuary, second is
the desorption of the other chemical form such as ion exchangeable
fractions and possible re-adsorption to clays prior to the deposition.
Based on desorption experiments, we suggest that for soils suspended
and transported in river water, approximately 3.4% of 137Cs, corre-
sponding to the ion exchangeable fraction, is available within 8 h.
Most of the 137Cs remains bound to clays after transported to the
ocean; thus, the migration and distribution of radioactive Cs depend
mainly on the size, shape and density of the particles, and the interac-
tion of these particles with coastal currents.
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