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The Fukushima nuclear accident in 2011 resulted in *’Cs contamination of large areas in northeast Japan.
A watershed-scale '¥’Cs transport model was developed and applied to a forested catchment in
Fukushima area. This model considers 3’Cs wash-off from vegetation, movement through soils, and
transport of dissolved and particulate '*’Cs adsorbed to clay, silt and sand. Comparisons between
measurements and simulations demonstrated that the model well reproduced >’Cs concentrations in
the stream fed from the catchment. Simulations estimated that 0.57 TBq of *’Cs was exported from the
catchment between June, 2011 and December, 2014. Transport largely occurred with eroded sediment
particles at a ratio of 17:70:13 of clay, silt, and sand. The overall '*’Cs reduction ratio by rainfall-runoff
wash-off was about 1.6%. Appreciable '*’Cs remained in the catchment at the end of 2014. The largest
rate of 1*’Cs reduction by wash-off was simulated to occur in subwatersheds of the upper catchment.
However, despite relatively low initial deposition, middle portions of the watershed exported propor-
tionately more '>’Cs by rainfall-runoff processes. Simulations indicated that much of the transported
137¢Cs originates from erosion over hillsides and river banks. These results suggested that areas where
137Cs accumulates with redeposited sediments can be targeted for decontamination and also provided
insight into *’Cs transport at the watershed scale to assess risk management and decontamination

planning efforts.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The Fukushima Dai-ichi Nuclear Power Plant (FDNPP) accident
in 2011 released an estimated 1-2 x 10% TBq of *’Cs to the at-
mosphere (IAEA, 2011). Cesium-137 persists in the environment
because of its long half-life (30.2 years). Airborne surveys and other
studies showed that fallout radionuclides were deposited
throughout Japan and elsewhere across the world, in particular,
areas northwest of the FDNPP were heavily contaminated (MEXT,
2013; Stohl et al., 2012; Masson et al., 2011). As a consequence of
direct radiation exposure risks and potential transfer to plants and
animals through food chains (Taira et al., 2012; Kanasashi et al.,
2015; Ayabe et al., 2014; Sato et al., 2014; Harada et al., 2013), the
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transport and fate of *’Cs is a public health and environmental
management concern.

Monitoring and soil sampling efforts conducted after the acci-
dent (MEXT, 2013; Kobayashi et al., 2015; Saito et al., 2015; Sanada
and Torii, 2015) have provided information regarding patterns of
137Cs occurrence at discrete points in time. In combination with
these data, physically-based watershed models are useful to
examine ¥’Cs transport dynamics, identify sources and sinks, es-
timate future conditions, and evaluate decontamination alterna-
tives. Although various models were developed to investigate the
transport and fate of radioactive substances from nuclear accidents
in Chernobyl (Monte, 2001; van der Perk and Slavik, 2003) and
Fukushima (Yamaguchi et al, 2013; Yamaguchi et al, 2014;
Kitamura et al., 2014; Kinouchi et al., 2015; Tanaka et al., 2013),
those prior models either did not account for *’Cs interaction with
vegetation layers, or neglected *’Cs sorption to the range of par-
ticle sizes in soils, transport of the dissolved phase, and the short-
term and event-driven nature of episodic erosion and transport.
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The radionuclide transport through a catchment is governed by
two main classes of processes (Kivva and Zheleznyak, 2000): hy-
drological processes and physical-chemical processes. The former
one, which involves water flow and sediment erosion, transport
and deposition, controls 3’Cs transport at the watershed scale. In
addition to dry deposition, radiocesium is scavenged from the at-
mosphere with precipitation (Stohl et al., 2012). A large portion of
137Cs fallout was intercepted by vegetation (canopy and litter
layers) and slowly washed out over time (Shaw, 2007; Kato et al.,
2012; FAJ, 2012), particularly in forested areas. At the ground sur-
face, 13’Cs can move downward through soils with infiltrating
water or move across the landscape as particulate or dissolved
phase, and subsequently move through river systems (Takahashi
et al,, 2015; Yamashiki et al., 2014). Soil and sediment composi-
tion is an important factor because radionuclide sorption to parti-
cles is size-dependent, with preferential sorption to finer particles
because of their higher specific surface areas (He and Walling, 1996;
Tanaka et al., 2014; Yamashiki et al., 2014). Moreover, models must
be able to simulate transport dynamics with fine time steps
because extreme events periodically mobilize large quantities of
solids and associated radionuclides in very short timeframes.
Studies show that more than 60% of radiocesium exported from the
Abukuma River watershed over a 9-month period occurred in just
2 d during Typhoon Roke (September 21—22, 2011) (Yamashiki
et al, 2014), and radiocesium flux during that typhoon event
accounted for 30%—50% of the annual flux from the Natsui and
Same Rivers (Nagao et al., 2013). The physical-chemical processes of
radioactive substances mean the interaction processes between
radionuclides in dissolved form with the rocks in catchments, and
in particular, with soil particles (Kivva and Zheleznyak, 2000).
Although particulate transport is predominant (Ueda et al., 2013),
dissolved transport cannot be entirely neglected because dissolved
137Cs should be of critical importance regarding its uptake by
aquatic organisms (Sakaguchi et al., 2014; Sasaki et al., 2016).

Given these considerations, the objectives of the present study
are: (1) to develop a watershed-scale transport model that con-
siders *7Cs interaction with vegetation, partitioning from dissolved
form to particles with multiple sizes, and transport at time scales
commensurate with episodic transport during large events; and (2)
apply the model to the Kuchibuto River catchment as a case study
to assess hydrological processes that control transport of radio-
cesium resulting from the FDNPP accident.

2. Model description

Our ¥Cs transport model is based on the TREX framework
(Velleux et al., 2008). TREX is a physically-based, spatially distrib-
uted, watershed-scale, rainfall-runoff, sediment transport, and
chemical transport model that features two-dimensional flow
routing overland, flow through a nest network of channels, and the
capability to simulate sediment erosion and transport with multi-
ple size classes. This type of model has been used in flood fore-
casting (England et al., 2007), soil erosion research (Rojas et al.,
2008; Ji et al., 2014), and analysis of contaminant transport and
fate (Velleux et al., 2006, 2008, 2012).

2.1. Hydrological and soil erosion and transport model

The hydrological module of TREX was derived from the work of
Julien and Saghafian (1991), Julien et al. (1995) and Julien and Rojas
(2002). The major components of the model include: rainfall,
interception and evapotranspiration, surface storage, infiltration,
subsurface and groundwater flow, and overland and channel runoff
routing (Velleux et al., 2008; Wei and Kinouchi, 2014). The Green
and Ampt equation is used to represent infiltration. Lateral and

vertical subsurface flows are calculated by a kinematic storage
model and a storage routing method, respectively. A linear reser-
voir method is used to calculate groundwater flow. Overland flow is
simulated in two dimensions using the diffusive wave approxi-
mation. In floodplain areas, water and transported constituents
(e.g. sediment, chemical substances) are transferred between the
overland plane and channel network based on the difference in
water surface elevations. Channel flow is simulated in one
dimension using the diffusive wave approximation. Manning
formulation is used to solve the overland and channel flow
equations.

The soil erosion and sediment transport module is driven by
overland and channel flows and includes processes for erosion and
deposition. Soil erosion on the upland includes rainfall splash
erosion and water flow erosion (Woolhiser et al., 1990). Splash
erosion of soils is approximated as a function of the square of
rainfall rate. Water flow erosion is a function of transport capacity.
Multiple particle size classes such as clay, silt, and sand can be
simulated (Velleux et al., 2008; Ji et al., 2014; Wei et al., submitted).
Sediment deposition is determined by the settling velocity of each
particle type (solid particles with different diameters) and its
probability of deposition.

2.2. Cesium-137 transport model

Fig. 1 shows a schematic of computations that occur in each
model cell. Initial conditions are established by dividing the '37Cs
inventory for each cell into portions that are deposited onto vege-
tation (k,) or bare soil (1-k,). During precipitation, 13’Cs trapped by
vegetation is washed off gradually (J,) and accumulates at the soil
surface, infiltrate, or be transported with overland flow depending
on its phase and runoff conditions in the cell. Cesium-137 in
overland water can be advected along with surface runoff. In the
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Fig. 1. Schematic diagram of '3’Cs migration in each computational cell. (k,, fraction of
vegetation; z;, zi;, upper and lower boundary depth of layer i, respectively; J,, '>’Cs
loss in vegetation layer; J,,s, >’Cs transport flux associated with (a) soil erosion and (b)
deposition including '*’Cs accumulation to the top soil layer when no runoff is
generated in addition to (c) dissolved '*’Cs to soil along with water infiltration; Jq,
lateral *’Cs advection with surface runoff; Jj;, dissolved ’Cs transport along with
subsurface flow, J;, **’Cs advection and dispersion in soil layers.).
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surface soil layers, the 37Cs transport flux (Jus) involves several
processes: erosion (a), deposition (b) and dissolved phase infiltra-
tion (c). The model considers 3’Cs vertical transport between soil
layers due to precipitation, soil animal activities and other factors.

2.2.1. Initial B7Cs distribution

In each computational cell, *”Cs was assumed to be distributed
in two components, i.e. vegetation layer and soil layers. The portion
of the initial '3’Cs inventory intercepted by the vegetation layer is:

Io, = kufelo (1)

The remaining portion of the initial inventory reaching the soil
matrix is:

Io, =1Io —lo, = (1 = kufo)lo (2)

where Iy is the initial 1*’Cs trapped by vegetation (Bq/m?); Iys is the
initial 13’Cs inventory in soil layers (Bq/m?); Iy is the total *’Cs
inventory at the start of the simulation as measured by airborne
survey (Bq/m?); k, is the fraction of vegetative cover in each cell
(dimensionless); and f. is the initial fraction of '*’Cs fallout trapped
in vegetation (dimensionless). Parameters in this study were
summarized in the supplementary material S.1.

The initial distribution of '*’Cs concentrations in soils is given by
an exponential function of soil depth z and the initial inventory
(Takahashi et al., 2015), and can be estimated by (Kinouchi et al.,
2015):

ki,

Cer(0) = m

3)

Cep(2) = Cep(0)e ™ (4)

where C.,(0) is the *7Cs concentration at the soil surface (z = 0)
(Bq/g); Cap(z) is the 37Cs concentration at depth z (Bq/g); k is an
attenuation coefficient (1/m); ps is soil dry bulk density (kg/m>);
and zp is the depth interval of measurements used to determine
137¢Cs concentrations in the soil (= 0.05 m).

Thus, the average concentration in each soil layer of the model
is:

Zi1

Copi=ps——— Cop(2)dz 5

chi pszi+l . b(2) (5)
Zi

where Cgp is the 137¢Cs concentration in the soil layer i (Bq/m?); and

zi, ziy1 are the upper and lower boundary depths of layer i,

respectively.

2.2.2. Cesium-137 loss from the vegetation layer

Radiocesium retained in the vegetation layer is lost by radio-
active decay and processes such as weathering by rainfall, wind,
dew, translocation, and other factors. This decrease after decay
correction is known as field loss and is time-dependent reduction
described by a rapid initial loss followed by a slower loss (Milbourn
and Taylor, 1965; Chadwick and Chamberlain, 1970; Madoz-
Escande et al.,, 2005; Fraley et al., 1993). Loffredo et al. (2014) re-
ported that field loss of *’Cs in Fukushima was strongly influenced
by rainfall. In the present study, we assumed that *’Cs loss from
vegetation has fast and slow components and can be modeled by a
double exponential model (Ertel et al., 1989; Loffredo et al., 2014).
Field loss of *’Cs from the vegetation layer was estimated as:

b= kvAsinCp (6)

where J, is 137Cs loss from the vegetation layer (Bq/s); As is surface
area of a computational cell (m?); i, is net rainfall intensity (mm/s);
and G, is the ¥’Cs inventory loss per net rainfall (Bq/m?/mm),
which is calculated as:

Cp:Cul Ioc1 (ri/\fe—/lft + /\Seflst) (7)
+ T2 12

where C, is a coefficient (1/mm); 1, is the ratio between 137¢s in-
ventory for slow and fast loss (= 0.22) (Loffredo et al., 2015); Arand
As are constants for fast and slow loss, respectively (1/s); t is the
elapsed time from the initial condition. Cesium-137 storage in the
vegetation layer is updated over time as:

Ic,tz = Ic,tl */J_Tvsﬁt (8)

where I. is 137Cs storage in the vegetation layer (Bq/m?); subscripts
t; and t, refer to the beginning and end of the time periods for
numerical integration, respectively, and /\t is the numerical inte-
gration time step (s).

2.2.3. Cesium-137 phases in water

Cesium-137 transport and interactions depend on chemical
phase. Radionuclide partitioning between water and suspended
matter is generally described in terms of a distribution coefficient
that is expressed as the ratio of concentrations in the particulate
and dissolved phase (Sheppard et al., 2009; Ueda et al., 2013). The
distribution coefficient of ¥7Cs is defined as:

1
fi=——F—— 9)
1+ 3N maKyp
mnpkK
fon b (10)

1+ ZL] mpKy

where f; is the fraction of *’Cs in the dissolved phase (dimen-
sionless); fpn is the fraction of *’Cs in the particulate phase asso-
ciated with solid particle n (dimensionless); K, , is the distribution
coefficient of chemical to solid particle n (m3/kg); m, is the con-
centration of solid particle n (kg/m3); and n is the index for each
solid particle type simulated. Three types of solid (i.e. clay, silt and
sand), to which ’Cs adsorbed, are considered in this study.

2.24. Cesium-137 transport in overland flow

Cesium-137 in overland flow in each cell is supplied from
field loss of the vegetation layer and eroded sediments from the
underlying soil matrix. Depositing solids carry particulate *’Cs
to the soil matrix. Dissolved *’Cs infiltrates into the soil matrix.
For periods when no overland flow is generated, 1*’Cs washed
from vegetation accumulates in the top soil. Overland flow
transports 3’Cs from cell to cell in the lateral direction. The
mass balance of 3’Cs in the water column of the overland plane
is calculated by:

0Cc.ov _]v +Jws — 4Ja
ot Vi (an)

N N
Jws = As <Z Urch,lfpb,n - Z vseCe.oufpn — ViCc.ovfd> (12)
n=1 n=1

]a = (A(‘Ux + A(;Uy + A(ﬂ/f) CC,DI/ (13)
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where Ce,oy is the total 137Cs concentration in the water column (Bq/
m>); Jus is the 137Cs transport flux associated with erosion, depo-
sition, and dissolved *’Cs infiltration to the top soil layer, which
also includes 3Cs accumulation by washing-off from vegetation
when no overland flow is generated (Bq/s); A\Jq is the net flux,
which is the difference of 13’Cs lateral flowing out (J;) and flowing
in the computation cell; Cap,; is the total '3’Cs concentration in the
first soil layer (Bq/m?); Ac and A; are the cross-sectional area in the
flow direction and surface area, respectively (m?); fpn is the par-
ticulate 137Cs fraction in the water column associated with particle
type “n” (dimensionless); fyp.n is the particulate '3Cs fraction in the
first soil layer associated with particle type “n” (dimensionless),
which is also calculated by Eq. (10); vy, vse, and v; are soil erosion,
deposition, and water infiltration velocities, respectively (m/s); vy,
vy, and vrare flow velocity in the x- or y-direction and between the
overland plane and channel (floodplain), respectively (m/s); and V,
is the volume of water (m>).

2.2.5. Cesium-137 transport in river channels

Cesium-137 can be transported from the overland plane to the
channel network (or vice versa) with water flow in the floodplain.
The ¥7Cs transport processes in the river channel are analogous to
those in overland areas:

aCcch > S As
Frani vrCep chfpbn — Z vseCe chfpn Voo
n=1 n=1 w (14)
A A
+ Ufcc,m;v—c - VchAchV_C
w w
ac, N - A
gl;,ch = vseCecnfpn — Z Vrchﬁchfpb.,n:| VS (15)
n=1 n=1 s

where C,,¢ is the total 37Cs concentration in the water column of
the river channel (Bq/m>); Cep,cn is the total '3’Cs concentration in
the underlying sediment (Bq/m?); vy is flow velocity in the x-di-
rection in the river channel (m/s), and vy is the flow velocity be-
tween the overland plane and channel (floodplain) (m/s).

2.2.6. Cesium-137 in soils and sediments

Particulate 3’Cs in the topmost soil or sediment layer can be
transported with particles as erosion and deposition occurs. Dis-
solved 37Cs will be transported into the surface soil layer with
infiltrating water and move through deeper soils layers with sub-
surface flow. The mass balance for soil and sediment layers is
calculated by

0Cehi  —Jws + As; — Al
ot Vs (16)

where i is the layer index of the soil/sediment bed; V; is the volume
of the soil/sediment layer (m?®); /\Jsi is the net 137¢s vertical
advection and dispersion flux in soil layer i (Bq/s). The vertical
advection and dispersion flux (Js,;) from soil layer is calculated by:

E
Jsi=As (Uadvccb,i ~ 4z (ch,i - chj+1)) (17)

where Vg, is 3’Cs vertical advection velocity (m/s); E is 7Cs
dispersion coefficient (mz/s); Ceb,is Ceb,iv1 are the 137¢s concentra-
tion in the soil layers i and i+1, respectively; and /\z is thickness of
the soil layer i. Similarly, AJj; is the net dissolved *’Cs lateral
transport along with subsurface flow in soil layers (Bq/s):

Jii =AcCep ifap (18)

where v is the lateral flow velocity from soil (m/s), and fyp is the
dissolved 37Cs fraction in the soil or sediment layer (dimension-
less), which is calculated by Eq. (10).

The only transformation process in the model is radioactive
decay, which was simulated as exponential decay over time ac-
cording to the half-life (i.e. 30.2 y).

In this study three scenarios were simulated to clarify effects of
different factors on radioactive substances transport in a forested
watershed: scenario 1 considered the effect of vegetation and 3’Cs
downward movement; scenario 2 and scenario 3 only considered
one of them respectively.

3. Study area and data

The study area is the Kuchibuto River catchment, a forested
catchment with an area of 137 km? in headwaters of the Abukuma
River watershed that is located about 33—49 km northwest of the
FDNPP (Fig. 2). Upstream areas of the catchment are within the
exclusion zone established near the FDNPP.

A SRTM-based 90-m Digital Elevation Model (DEM) was
downloaded (http://glcf.umd.edu/data/srtm/) and used to generate
slope, flow direction, flow accumulation, river links and sub
catchments (Fig. 3). River channel geometry (width, bank height,
etc.) was defined as measured by a field survey. Elevations range
from 200 m to 1000 m and the average slope is about 9.19°.

Land use and soil data were obtained from the Japan Ministry of
Land, Infrastructure, Transport, and Tourism (MLIT) (http://nlftp.
mlit.go.jp/ksj/). There are three predominant land use classes in
the catchment: forest, cropland, and paddy field (Fig. 4). Four
predominant soil types derived from granitic parent materials
cover the catchment: Andosol soil (Kuroboku soil), granitic forest
soil, lowland soil, and gley soil. Land use and soil properties have
been estimated as part of a previous study (Kinouchi and Musiake,
2008). The native resolution of land use and soil type data are about
100-m and 1000-m, respectively. Land use and soil type data were
downscaled to 90-m resolution using the majority resampling
method within ArcGIS software. Use of a 90-m grid resolution was
the result of a balance between the native resolution of data
describing site topography, soils, and land use, computational
burden, and the potential for introducing bias during model
parameterization. Although categorical data for soil type and land
use can be upscaled or downscaled without significant bias, topo-
graphic and soil erosion parameters may become less reliable at
substantially coarser grid resolutions (Rojas et al., 2008).

Radar precipitation data from the Japan Meteorological Agency
(JMA) was used to specify rainfall inputs. During simulations,
rainfall was read every 30 min on a 1 km x 1 km grid, which is the
native resolution of radar data. Flow and suspended sediment (SS)
concentration have been measured at the downstream site and at
the middle stream site (Fig. 2) since June 21, 2011 (Kinouchi et al.,
2015; Yamashiki et al., 2014). Water samples from river sites and
sediments trapped by time-integrated samplers (Phillips et al.,
2000) were collected at the downstream site during a certain
period (one to several weeks), and measurement results of part of
samples has been published by Kinouchi et al. (2015). In this study,
137Cs concentrations of the remaining samples were measured in a
lab with a high-purity germanium gamma-ray well detector
(GCW2022S, Canberra—Eurisys, Meriden, USA.) equipped with an
amplifier (PSC822, Canberra, Meriden, USA.), and a multichannel
analyzer (DSA1000, Canberra, Meriden, USA). The counting effi-
ciency was calibrated using standard gamma sources: 21°Pb and
137Cs (EG-CUSTOM, Isotope Products Laboratories, USA), 24'Am,
109¢d, and '>2Eu (EG-CUSTOM, Eckert and Ziegler Isotope Products,
USA) with different sample heights, and the analytical accuracy was
certified via a World-Wide Proficiency Test by IAEA (IAEA, 2007). A
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Fig. 2. '¥7Cs distribution in the Kuchibuto River catchment. (1 and 2 indicate downstream and mid-stream sites, respectively. DEM: http://glcf.umd.edu/data/srtm/; 137Cs distri-
bution: MEXT, 2013).
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Fig. 3. Topographic characteristics of the Kuchibuto River catchment.
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Fig. 4. Land use in the Kuchibuto River catchment (Land use: http://nlftp.mlit.go.jp/ksj/).

July 2, 2011 airborne survey (MEXT, 2013) (Fig. 2) was used to
define the initial 1*’Cs distribution for simulations.

Parameters related to hydrological and soil erosion and trans-
port processes were measured or calibrated in previous studies
(Kinouchi and Musiake, 2008; Wei and Kinouchi, 2014; Wei et al.,
submitted).

Several parameters in the model were determined based on
prior field studies in this catchment. Distribution coefficients of
137Cs (Kg4,) were set in Table 1 based on measurements in the
Kuchibuto River (Fan et al., 2014). Ten layers, each with a thickness
of 5 mm, were used to characterize 13’Cs distributions in the soil
profile. The attenuation coefficient (k) and vertical advection ve-
locities and dispersion coefficients (vqq, E) varied according to land
use type (Table 2) (Takahashi et al., 2015; JAEA, 2014). The area of
the other land use types such as built-up land and water body are
very small; thus, the 1*’Cs in those areas assumed to be zero. A
survey conducted by Forestry and Forest Products Research Insti-
tute (FFPRI) and Forestry Agency of Japan (FAJ) reported that about
20% of radiocesium was already in the soil matrix in the vegetation

Table 1
Ky value for different solids (ml/g).

Clay (<3 pm) Silt (3—63 pm) Sand (>63 pm)
1062 1069 1058

Table 2

Parameters related to land use type.
Land use k (1/cm) Vaay (Cm/year) E (cm?/year)
Paddy field 0.7 0.04 0.006
Cropland 1.2 0.04 0.006
Forest 0.6 0.09 0.016

k, vaay and E were determined by referring prior field measurements (Takahashi
et al., 2015; JAEA, 2014).

area by early August and September 2011 (FAJ, 2012). Thus, the
fraction of 13’Cs trapped by vegetation in vegetation-covered areas
(fc) was set as 0.8 in our study. The parameters C, and Ar were
calibrated to match measurements during June to September 2011,
when rainfall is frequent and '3’Cs loss from vegetation is expected
to be most prevalent (Table 3).

4. Results and discussion

The simulation period was June 21, 2011 to December 31, 2014.
Three metrics were used to evaluate simulated flow rates and SS
fluxes (Moriasi et al., 2007): Nash-Sutcliffe Efficiency (NSE), Root
Mean Square Error standard deviation ratio (RSR), and Percent bias
(PBIAS). The NSE, RSR and PBIAS for flow rate at the downstream
sites were 0.88, 0.34 and —6%, respectively and for SS flux were
0.81, 0.44 and 4%, respectively (Fig. 5). Simulated water volume and
total SS load (Fig. 6) were also in close agreement with measure-
ments at the downstream sites for the simulation period.

4.1. Cesium-137 concentration at monitoring sites

Measured and simulated time-integrated particulate 37Cs
concentrations are presented in Fig. 7. Model results (shown as
scenario 1) and measurements are in reasonable agreement except
during November 2011 to March 2012, when particulate *7Cs
concentrations were underestimated. One possible cause is Aeolian
transport and dry ¥’Cs deposition. That period coincided with

Table 3
Parameters related to field loss.
Cy A As
0.05 35x 1072 0.5 x 1073

As was cited from Loffredo et al. (2015).
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Fig. 5. Flow rates and total suspended sediment flux (TSS) at the downstream site (the
regression lines were closed to the line y = x, representing good agreements of
simulated and measured data).

winter and early spring, when winds are stronger than in other
seasons. Strong winds could have transported '3’Cs from elsewhere
in the watershed or from more heavily contaminated areas closer to
Fukushima, and increased 3’Cs levels in the river. In addition to
wind speed, transport with winds and dry deposition is influenced
by factors such as wind direction, surface wetness. Concentrations

= == Measured SS mass
Simulated SS mass

Measured discharge volume
Simulated discharge volume

cumulative discharge volume (x 10% m3)
-

6-6-11 12-23-11 7-10-12

1-26-13

of SS were also relatively small during this period and particulate
137¢s concentrations would be sensitive to this dry >’Cs deposition
during that period. However, this underestimation bias in the
model is negligible in terms of the annual *’Cs load estimate
because less than about 3% of annual *’Cs load was transported
from the catchment during November 2011 to April 2012 (Fig. 8).
Over the period June 2011 to November 2013, the simulated total
137Cs load of 0.45 TBq was quite close to the measured load of 0.44
TBq.

Instantaneous water samples from the river stations were
collected during a storm on October 16, 2013, from which SS con-
centrations and particulate *’Cs concentrations were measured.
Measured and simulated particulate *’Cs concentrations associ-
ated with different grain size fractions were plotted and compared
with simulated data in Fig. 9. During the simulation period, the
ratio of particulate 3’Cs flowing from the catchment carried by
clay, silt, and sand was 17:70:13, respectively, whereas the ratio of
flux for clay, silt, and sand was 7:65:28, respectively. Although some
modeling studies were conducted in the Kuchibuto River catch-
ment and other watersheds (Yamaguchi et al., 2014; Kitamura et al.,
2014; Kinouchi et al., 2015; Tanaka et al., 2013), they did not provide
such information, which possibly is useful for contamination con-
trol and understanding effects of radioactive substances on aquatic
ecosystem.

Particulate 13’Cs concentrations in the Kuchibuto River
decreased rapidly from June to September 2011 and then became
relatively stable (Fig. 7). The fluctuation of the 3’Cs concentration
in Fig. 7 reflects the common processes of watershed wash-off of
atmospherically deposited radionuclides. At short time scales,
watershed *7Cs losses increase after heavy rainfalls, floods, and
snowmelts. However, at long time scales (e.g. year), watershed
wash-off losses generally decrease with time (Garcia-Sanchez,
2008). The concentration of *’Cs at the downstream of the
Kuchibuto River was about 1-10 Bq/g at the end of 2014 (Fig. 7). In
contrast, pre-accident *’Cs levels in soils at two sites in Fukushima
were 0.558 x 1073 to 48.4 x 1073 Bq/g (Matsunaka et al., 2016).
Therefore, it implies that, more than 3 y later, *’Cs concentration in
the Kuchibuto River was still 100 times higher than before the
accident.

&
cumulative SS mass (x 10%1t)

8-14-13 3-2-14 9-18-14

Date (month-day-year)

Fig. 6. Cumulative discharge volume and suspended sediment (SS) mass during the simulation period at the downstream site.

Scenario 1: includes '>’Cs wash-off from vegetation and downward movement through soils.

Scenario 2: includes '3’Cs downward movement through soil but excludes *’Cs wash-off from vegetation with all '3’Cs adsorbed by surface soil particles.
Scenario 3: includes '3’Cs wash-off from vegetation but excludes '*’Cs downward movement through soil layers.



28 L. Wei et al. / Journal of Environmental Radioactivity 171 (2017) 21-33

50 1w A A L UL R LR Rt o v LTI AR R ERRTER TR CRTRARTY e 0
|'¥ T lll T 1 l|’|[|'|1 l[ Ty lll“ II]HI ’[' Il ! 1|f”|||” TIMe e |

& 45 5
g 40 L.
= <
g 3 15 g
E g 20 £
s B Precipitation Measured Scenario 1 Scenario 2 Scenario 3 o
S 3
s 25 25 3
S 5
g = 30 E
Ly Q
=15 35 E
5 10 H I —I_I 40
8 [ ————
5 5 L % 45
A

0 50

6-6-11 9-14-11 12-23-11 4-1-12 7-10-12 10-18-12 1-26-13 56-13 8-14-13 11-22-13

Date (month-day-year)

Fig. 7. Comparison of simulated and measured particulate '>’Cs concentration for three scenarios: downstream site (Data in this figure was listed in supplementary table S2.1).

4.2. Effects of vegetation and downward movement in soils

Differences between scenarios 1-3 in Fig. 7 illustrate the rela-
tive importance of these processes. When wash-off from vegetation
is not included in the model, simulated particulate 3’Cs concen-
trations in the river are substantially lower than measured, during
early stages of the simulation (scenario 2). This result confirms the
speculation that leaching of radiocesium from the forest canopy
probably played a significant role in transport of this radionuclide
to the stream from the catchment during the initial period
(Kinouchi et al., 2015).

Due to excluding the effect of downward migration, scenario 3
showed higher values than scenarios 1 and 2, and the differences
increased over time. The trend of the differences implies that the
necessity of inclusion of '*’Cs downward movement through soil in
models depends on time scale of simulation. If a very short period is
studied, '*’Cs downward movement through soil can be ignored.
On the contrary, if the 13’Cs downward movement is not included
for a long-term simulation (e.g. 30 y), '3’Cs transport from the
catchment probably is overestimated.

4.3. Assessment of '3’Cs transport pathways

Fig. 10 shows 7Cs transport in the vegetation—soil—river
components for scenario 1. During the simulation period, *’Cs field

400

Cumulative 137Cs export (GBq)

0 -

loss from the vegetation layer was about 2.36 TBq (2), and 4.85 TBq
of 137Cs remained in the layer at the end of the simulation. In our
simulation, the retention ratio of the vegetation layer was 59% in
mid-August, 2011, which was similar to the results of field study
during the same period by Kato et al. (2012). They reported thatin a
coniferous forest in Tochigi Prefecture, Japan, an estimated 60% of
the total deposited '3’Cs remained in the forest canopy 5 months
after the accident. A portion of the field loss was considered as a
supplement to the top soil layer, and the remaining portion was
transported to rivers along with water flow and eroded sediments.
About 0.59 TBq 3’Cs was transported from upland regions to river
channels (4), most of which was exported from the catchment in a
particulate phase. During the 3.5-y study, the '*’Cs reduction rate
by wash-off was 1.24 GBq/km?/y, and the reduction ratio was 1.6%
(Table 4). The amount of 3’Cs that stored in river sediments was
very small, about 4% of the total inflowing 3’Cs from upland areas.
The natural radioactive decay was about 2.82 TBq (1+3+5). Thus,
the 1¥7Cs reduction mainly depended on radioactive decay. If we
consider ¥7Cs reduction by natural radioactive decay, the total loss
of 137Cs was 3.39 TBq (1+3+5+6), which indicates that about 90%
137Cs remained in the catchment. Simulated results from Mori et al.
(2015) in the Hokkawa Dam watershed also showed most of the
137¢s fallout still remained within the watershed boundary at the
end of 2013. This might be a common feature for most watersheds
without decontamination works in Fukushima.

- = = Measured 137Cs export
Simulated 137 Cs export for scenario 1

6-6-11 11-3-11 4-1-12 §-29-12

1-26-13  6-25-13

11-22-13 4-21-14 9-18-14

Date (month-day-year)

Fig. 8. Cumulative '*’Cs transport at the downstream site. (The measured *’Cs export during the period Nov. 2011 ~ Apr. 2012 was about 14 GBq).
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Fig. 9. Comparison of simulated and observed instantaneous '>’Cs concentration of
suspended sediment (SS) at the downstream site and middle stream site. (Sampling
time was 8:50, 13:00, 11:30, 14:00, 16:00 on Oct. 16 2013 respectively. Labeled numbers
represent relative percent differences of simulated and measured >’Cs concentration.
For the measurement: clay (<2.7 pm), silt (2.7—63 um) and sand (63—132 pum). Data in
this figure was listed in supplementary table S2.1).

44. Spatial patterns of >’Cs transport

Fig. 11 shows the spatial distribution of *’Cs transport in each
model grid cell. Areas with the largest net loss of 13’Cs are hillsides

Initial condition

and areas near river banks (Fig. 3). As a result of sediment depo-
sition, 137Cs accumulated near the source of eroded areas, which
may be considered as 3’Cs “hotspots” and can be targeted as areas
for future decontamination. The spatial identification of 37Cs
transport shown in the Fig. 11 should be helpful for developing
various decontamination strategies in this catchment.

The catchment was divided into 21 subwatersheds within Arc-
GIS software to analyze the spatial variation of '*’Cs transport. The
137¢Cs reduction rate and reduction ratio by rainfall—runoff for these
subwatersheds were calculated and summarized in Table 4 and
appear in Fig. 12 and Fig. 13, respectively. The 3’Cs reduction rate
demonstrates that the 3’Cs inventory in the upper part of the
catchment decreased faster than that in the other areas, which
corresponds to the initial 13’Cs distribution (Fig. 2). In contrast, the
137Cs reduction ratio of the subwatersheds in the middle portion of
the catchment was higher.

Spatial variations in *’Cs contamination and soil erosion affect
the 137Cs reduction rates and ratios. Particulate *’Cs eroded from
soils is the main source of *’Cs in the water flow. Not surprisingly,
areas with the most severe soil erosion had the greatest *’Cs re-
ductions (Table 4). Although soil erosion in the upper catchment
was of smaller magnitude, */Cs concentrations of eroding soil
particles from those areas were higher. Higher concentration in-
dicates a larger amount of '*Cs per unit of eroded sediment.
Consequently, the 3’Cs reduction rate in those heavily contami-
nated subwatersheds was higher. This contrast supplies more in-
formation on '¥’Cs transport behavior beyond the field station
observations. Undoubtedly, the '*’Cs reduction rate was higher in
the upper stream areas. Nevertheless, decontamination works in
the critical 13’Cs-adsorbed sediment erosion zone including sub-
watersheds 8, 11, 16 and 20 in the middle portion of the catchment
are also urgently needed, particularly for assessment of long-term
radiocesium risks.

5. Summary and conclusions

In this study, a watershed-scale *’Cs transport model was
developed based on the TREX framework and applied to the

Final condition
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@, '¥Cs radioactive decay in the vegetation layer;
®, '¥Cs loss from the vegetation layer;

®, "¥"Cs radioactive decay from ground surface;

@, "¥Cs transport from the upland to the river;

®, ¥7Cs radioactive decay in the river;

®, '¥Cs transport out of the catchment from outlet;
@, net incoming of '*’Cs in the soil layers because of
rainfall-runoff (@ - @);

M, and AM,, *"Cs amount and '*'Cs change in the vegetation
layer, respectively;

M,,andAM,, *’Cs amount and '¥'Cs change in the river,
respectively;

Myand AM,, *¥’Cs amount and **'Cs change in the soil,
respectively;

AM,'¥Cs change in the catchment;

Fig. 10. Simulated *’Cs distribution in vegetation-soil- river and mass balance of *’Cs transport during the simulation period (units: TBq).
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Table 4
Simulated Cesium-137 and suspended sediment (SS) delivery from upland area to the river.
Subwaters-hed No. Deposited 3’Cs (TBq) 137Cs reduction Reduction rate Reduction ratio (%) SS delivery
(GBq) (GBq/km?[y) (t/km?|year)

1 2.37 40.0 2.06 1.70 123
2 1.95 28.1 1.52 145 95
3 5.27 92.3 242 1.76 142
4 0.86 111 1.01 1.28 206
5 1.15 159 1.09 1.38 183
6 5.78 54.9 2.00 0.98 83
7 0.82 9.5 0.96 117 64
8 0.89 19.8 1.44 2.18 188
9 117 19.2 1.18 1.67 94
10 1.61 295 1.24 1.80 116
11 247 58.9 143 2.38 181
12 2.14 384 1.04 1.79 142
13 1.69 2438 0.81 1.50 179
14 1.84 259 1.11 1.38 127
15 0.80 6.7 0.46 0.83 50
16 0.71 20.0 1.49 2.82 337
17 0.65 11.7 0.89 1.83 203
18 1.01 215 1.08 2.08 136
19 1.90 14.7 0.34 0.75 222
20 0.79 235 1.13 291 178
21 1.23 26.7 0.90 2.15 160
Total 37.12 5929 1.24 1.60 155

Subwatersheds are shown in Fig. 12.

Kuchibuto River catchment. Our simulations indicate that between
June, 2011, and December, 2014, the overall *’Cs reduction was
3.39 TBq. Approximately 90% of the initial 13’Cs inventory remained
in the watershed at the end of 2014. Relative to its initial inventory,
137Cs associated with vegetation was subject to the largest reduc-
tion, with approximately 30% of the radiocesium initially present
being redistributed elsewhere and a small portion lost by radio-
active decay. Approximately 75% of the radiocesium washed off
vegetation was incorporated into surface soils, where it is largely
available for transport with soil particles as they erode, particularly
silts. An estimated 4.85 TBq of *’Cs remained in vegetation at the
end of 2014 and washoff will continue to contribute to radiocesium

export for several decades. Over the 3.5-year period, 0.57 TBq of
137Cs was exported from the catchment, primarily by wash-off and
soil erosion with a clay, silt, and sand ratio of 17:70:13, respectively.
The average *’Cs reduction rate by rainfall-runoff wash-off was
1.24 GBq/km?/y, corresponding to 1.6% of the initial radiocesium
inventory of the watershed. Cycles of erosion and redeposition
driven by large rainfall events are expected to continue to transport
radiocesium from upland areas to more populated areas down-
stream. These simulations indicate areas within the watershed
where radiocesium accumulates, providing a tool that could be
used to evaluate risk management alternatives such as targeted
decontamination.

= River

01 0.1GBq

0 1,250 2,500

5000

Fig. 11. Simulated spatial distribution of '*’Cs dynamics on the upland regions in the case of scenario 1. Negative values indicate decreases in *’Cs.
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Fig. 12. Simulated spatial distribution of '*’Cs reduction rate by wash-off in the case of scenario 1: June 2011—December 2014.
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Fig. 13. Simulated spatial distribution of *’Cs reduction ratio by wash-off in the case of scenario 1: June 2011—December 2014.
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