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ARTICLE INFO ABSTRACT

Radiocesium released by the accident at the Fukushima Dai-ichi Nuclear Power Plant in 2011 contaminated a
large land surface area. Due to the strong and size-dependent adsorption capability of soil particles to radio-
nuclides, a better understanding of erosion and transport of soil particles and identification of erosion prone
areas within watersheds are significant for contaminant management. For this purpose, we simulated soil erosion
and transport in a partially forested catchment for multiple particle size classes. Critical erosion areas were
identified by the spatial distribution of net soil erosion. Comparisons between simulated and measured sus-
pended solids concentration at multiple locations throughout the catchment demonstrated successful model
performance. For the period Mar. 12, 2011 through Dec. 31, 2014, model results indicated that 5500 tonnes of
clay, 52000 tonnes of silt, and 22000 tonnes of sand are transported from the catchment. The results showed that
soil erosion in the middle part of the catchment is greater mainly because of steep slopes and large fraction of
agricultural lands. These simulations suggest that soil decontamination of erosion-prone agricultural lands in the
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mid- catchment areas would be effective in reducing radiocesium migration with soil particles.

1. Introduction

The Tohoku earthquake in Japan occurred on March 11, 2011.
Subsequent explosions at the Fukushima Dai-ichi Nuclear Power Plant
(FDNPP) released an estimated 153 PBq **'I and 13 PBq '*’Cs to the
atmosphere between March 21 and April 5, 2011 (Chino et al., 2011).
Radionuclides were deposited onto the land surface and incorporated
into surface soils. Among all kinds of radionuclides emitted during the
accident, '7Cs will persist for the longest time because of its long half-
life. Airborne monitoring surveys show radiocesium was widely dis-
tributed across forested, agricultural, and residential areas of a large
portion of the Abukuma watershed near the FDNPP (MEXT, 2013). Soil
erosion generated by localized rainfall events and frequent typhoons is
a driving force for radiocesium transport across the landscape. Soil
particles to which radionuclides have sorbed are the transmission
media of primary concern (Yamashiki et al., 2014). Thus, soil erosion
and transport must be quantified to better understand the behavior and
fate of radiocesium at the watershed scale.

Process-based watershed soil erosion models can represent fluvial
transport associated with the detachment, transport, and deposition of
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soil particles caused by rainfall and surface flow throughout a catch-
ment (Lee et al., 2013). In recent decades, a number of soil erosion
modeling tools have been developed, including models such as
EUROSEM (Morgan et al., 1998), WEPP (Flanagan and Nearing 1995),
KINEROS (Woolhiser et al., 1990), SWAT (Srinivasan and Arnold,
1994), and DYRIM (Wang et al., 2007, 2015). Such models can be used
to identify critical erosion areas that deliver disproportionately high
amounts of sediments and associated contaminants relative to other
locations. Identification of those areas most susceptible to erosion can
aid development of mitigation strategies and evaluate the effectiveness
of best management practices to control nonpoint source pollution,
thereby providing a means to prioritize decontamination efforts and
evaluate future radiocesium transport (Kumar and Mishra, 2015; Sardar
et al., 2014; Tripathi et al. 2003; White et al. 2009; Wu and Chen, 2012,
2013).

Although modeling studies of soil erosion and radiocesium transport
for the Fukushima area were conducted after the nuclear accident,
earlier studies were limited because they either did not consider the size
distribution and differential transport of soil particles associated with
radiocesium transport (Tanaka et al. 2013; Kinouchi et al. 2015) or
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Fig. 1. Outline of the Kuchibuto River catchment (The in-
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simulated sediment-radiocesium transport at annual time-scales
(Yamaguchi et al. 2013, 2014). Transport by different particle sizes is
important because radionuclides sorption to soils is size-dependent,
with preferential sorption to finer particles that have higher specific
surface areas (He and Walling, 1996; Tanaka et al., 2014). Moreover,
soil erosion and transport through fluvial systems is episodic and varies
widely over time such that analyses on fine temporal scales are needed
to trace water-sediment-radiocesium dynamics for each event. In con-
trast, sediment measurements in prior studies were limited to a few
events or other relatively short timeframes.

Given limitations of prior studies, the objectives of this study were
to: (1) simulate soil erosion and transport processes for multiple particle
size classes; (2) calibrate and validate the model using nearly 4-year
measurements in the study catchment; and (3) identify critical erosion
areas within the catchment based on simulated spatial distributions of
soil erosion.

2. Study area

The study area is the Kuchibuto River catchment, which is a head-
water catchment in the Abukuma River watershed (Fig. 1). High 187¢s

19

activities have been monitored in this catchment. A consequence of soil
erosion and fluvial transport, radioactive substances have been deliv-
ered to the more populated downstream regions that lead to the Pacific
Ocean. The catchment area is 137 km? with elevations that range from
200 m above sea level at the catchment outlet to 1000 m in the parts of
the catchment and an average slope of approximately 9°. The pre-
dominant land use is forest, followed by agriculture (i.e. paddy fields
and farm land), and a very small portion of urban area (Fig. 2). Four soil
types, evolved mainly from granitic parent materials, cover the catch-
ment: kuroboku soil, granitic forest soil, lowland soil, and gley soil.

3. Data collection

Spatial data includes topographic, land use, and soil properties data.
A Shuttle Radar Topography Mission (SRTM) based 90-meter Digital
Elevation Model (DEM) data was downloaded (http://glcf.umd.edu/
data/srtm/) and used to generate slope, flow direction, flow accumu-
lation, river links and sub catchment boundaries (Fig. 1). Stream
channel geometry (width, bank height, etc.) was defined as measured
by a field survey in 2013. A sandy bed was assumed for the initial
condition of stream bed materials since steep bed slopes are dominant
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Fig. 2. Land use in the Kuchibuto River catchment.
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Table 1
Parameters for sand, silt and clay.
Solid types dp (pm) G Vs (cm/s) Cr (5 B Cp(m™h) a(=) 20(m/s)
Sand(> 63 pm) 100 2.65 0.8 850 0.001 150 0.335 0.004
Silt (3-63 pm) 20 2.65 0.0385 1500 0.0035 150 0.335 0.004
Clay (< 3 um) 2 2.65 0.0004 70 0.000003 150 0.335 0.004

* Cp, a and 2, were determined by referring to Kinouchi et al. (2015), Morgan et al.(1998) and Woolhiser et al. (1990), respectively
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Fig. 3. Simulated and observed flow rates at the downstream site (top) and middle stream site (bottom).
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Table 2
Evaluation criteria of simulated flow rate.

Location Coefficient 2011 2012 2013 2014
Downstream NSE 0.93 0.69 0.91 0.80
(St. D) RSR 0.26 0.56 0.30 0.45
PBIAS —9% —18% —17% 11%
Middle stream NSE 0.96 0.62 0.80 -
(St. M) RSR 0.20 0.62 0.45 -
PBIAS 5% —10% 14% -
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Fig. 4a. SSC at the downstream site (St. D) for the event during Oct. 15-26, 2013. (SSC of
field measurement is the conversion from measured turbidity, and SSC of lab. measure-
ment is the concentration of grab water samples analyzed in the laboratory).

in this headwater catchment. Land use and soil data were obtained from
the Japan Ministry of Land, Infrastructure, Transport, and Tourism
(MLIT) (http://nlftp.mlit.go.jp/ksj/). Radar precipitation data from the
Japan Meteorological Agency (JMA) were used to specify rainfall inputs
in the model. Rainfall intensity was assumed to be uniform within a
grid cell which has 1 km spatial resolution. The native resolution of
land use and soil type data are approximately 100 m and 1000 m, re-
spectively. Those data were resampled into 90-m spatial resolution
using the majority resampling function included in ArcGIS (fractions of
each soil type remained almost the same after resampling).

Site measurements include stream discharge, suspended sediment
concentration (SSC) and solid particle size distribution (PSD). In total,
there were 18 monitoring sites in the river channel within the catch-
ment. Station D (St. D) and Station M (St. M), at the down main stream
site and middle main stream site respectively for long term water levels
and turbidity observation (Fig. 1). Water levels and turbidity have been
monitored at 10-minute intervals at these two stations since June 2011.

21
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These measurements are surrogates for flow rate and SSC. Water levels
were monitored using a pressure-transducer and were converted to flow
rates using a rating curve. Turbidity was monitored by an optical sensor
(MacVan Analite turbidity meter, 3000-NTU). Turbidity meter output
(in mV) was converted to SSC (in g/1) based on a relationship between
turbidity and laboratory analyses of SSC in stream water samples col-
lected by Kinouchi et al. (2015), Yoshimura et al. (2015) and other data
collected by researchers at the University of Tsukuba. Additional data
to define the relationship between turbidity and SSC were obtained
from SSC and turbidity measurements performed as part of this study
(JFE-Advantec Infinity turbidity meter). During March and October
2013, suspended solid particle-size distributions were monitored at the
downstream site using a Sequoia Scientific LISST-Streamside meter to
measure the volume of 24 particle size classes ranging in diameter from
1.89 to 386.38 um. The mass fraction of each size class was estimated
from the measured volume fraction assuming a particle density of
2.65 kg/1. Thus, the SSC of each solid type can be determined from total
SSC by multiplying it by mass fraction of each size class. Furthermore,
SSC and flow rate were used to estimate the flux of each particle size
class.

4. Methods

The Two-Dimensional Runoff Erosion and Export (TREX) watershed
model (Velleux et al., 2008), which was derived from the earlier C-
ASC2D framework (Julien et al., 1995; Johnson et al., 2000), is an
event-based, distributed model that can simulate hydrological pro-
cesses, soil erosion, and chemical transport at the watershed scale. Wei
and Kinouchi (2014) improved the TREX framework to simulate
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Fig. 4b. Total SSC at the downstream site (St. D) and the middle stream site (St. M) for
the event during Sep. 20-24, 2011.

continuous hydrologic processes. The major components of the hydro-
logical 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). Overland flow is simulated in two dimensions using
the diffusive wave approximation. In floodplain areas, water and
transported constituents (e.g. sediment) 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. Methods to simulate soil erosion and
transport in the model are described as follows.

4.1. Soil erosion and transport for the overland plane

The governing equation for upland soil erosion and transport is
expressed as
OAC, | 3Cq, N 9Cq,
ot 0x dy

e+ ey &)
where, A is the cross-sectional area of the overland flow (m?), C; is
suspended sediment concentration in overland flow (kg/m3), Qx> qy are
the unit discharge in x- or y-directions (m?/s), respectively, e; is splash
erosion by rainfall (kg/s/m); ey is net erosion by water flow (kg/s/m).
Splash erosion of soils can be approximated as a function of the square

of the rainfall rate as described by Woolhiser et al. (1990).
es = (1—ky,)wp, Cre~ i} ©)

where, k, is the fraction of vegetative cover in each cell (dimensionless);
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w is cell size (m); ps is solid density (kg/mg); i, is net rainfall intensity
(m/s); h is surface water depth (m); and Cy, Cy, are coefficients (s/m, 1/
m).

Erosion by water flow is the function of transport capacity:

€p = aWwvs (Cm_cs)

3)

where, a is coefficient, when it is net deposition (C,, < Cj), a equals to
1, otherwise, it is determined according to soil cohesion (Morgan et al.,
1998). v; is solid settling velocity (m/s), C,, is total sediment transport
capacity (kg/m®). The Engelund and Hansen (1967) equation is used to
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calculate C,,:

0.05p, th
Cp=p— |2 ys—0
" TdG-DY g ( ’ 0] @

where, Sy is friction slope (dimensionless); i is flow velocity(m/s); Qo is
the threshold unit stream power (m/s); d, is solid diameter (m); G is
particle specific gravity (dimensionless), g is gravitational acceleration
(m/s?). Because C,, was developed for experimental flow conditions
(e.g. streams, flumes) that differ from the shallow surface runoff, the
coefficient 3 was used as a calibration factor to adjust total sediment
transport capacity.

4.2. Sediment erosion and transport in a River channel

The governing equation for sediment erosion and transport in a
river channel is expressed as:

0AC, 9Cq,
o R |
dt e 5)

— (]c_vacs) Csb
Py (©)

where Cg, is concentration of sediment at the bottom boundary (in the
bed) [kg/m3], which is updated according to mass balance in each time
step, Vv, is flow velocity [m/s], pp is bulk density of bed sediments [kg/
m?], J. is sediment transport capacity areal flux [kg/m?2/s], which is
calculated by:

T

v, Cy
A 7

C, is concentration of entrained sediment particles at the transport
capacity (kg/m®), and calculated by:

I =

Fig. 6. Comparison of SSC for (a) clay, (b) silt and
(c) sand at the downstream site (St. D) during the
period of model validation.
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where, v, is critical velocity for erosion in the channel (m/s), R is
hydraulic radius of flow (m).

The deposition flux in the river channel is expressed as a mass rate
of particle removal from the water column over time and the con-
centration of sediment particles:
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Jo = WVsPdep Cs (10)
where Py, is probability of deposition (dimensionless) (Gessler 1965,
1967, 1971).

For this study, the spectrum of soil particles was simulated as three
size classes: sand (> 63 pum), silt (3-63 pm) and clay (< 3 um). The
model separately calculated the transport of soil particles in each class
and did not consider interactions between particles. Representative
diameters for particles within each size class are shown in Table 1. Fall
velocities calculated according to Stokes’ law and which are expected to
represent upper bounds for discrete particle settling.
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4.3. Model evaluation criteria

In this study, three metrics Nash-Sutcliffe Efficiency (NSE), RMSE-
observation standard deviation ratio (RSR), and Percent bias (PBIAS)
(Moriasi et al. 2007) were used to evaluate simulation results. For a
monthly time step, Moriasi et al. (2007) proposed that simulations can
be judged as “satisfactory” when NSE > 0.50, RSR < 0.70, and
|PBIAS| < 25% for streamflow and when |PBIAS| is < 55% for sedi-
ment. As the model evaluation time period increases, more stringent
acceptability criteria may be warranted. However, the performance
metrics and criteria suggested by Moriasi et al. (2007) served as an
established point of reference and were used to evaluate the accept-
ability of model results for this study. It should be noted that NSE and
RSR metrics depend on the absolute values of differences in the timing
and magnitudes of measurements and model results and even small
differences between measured and simulated peak flows or concentra-
tions will lead to lower skill assessment scores for a model. In contrast,
the |PBIAS| metric is less sensitive to differences in timing and mag-
nitude because it depends on the sum of signed differences in mea-
surements and model results.

5. Results and discussion
5.1. Parameter calibration

Hydrological parameters have been measured or calibrated and
validated in previous studies (Kinouchi and Musiake, 2008; Wei and
Kinouchi, 2014). In this study, data of flow rate was obtained for the
period from Jun. 21, 2011 13:00 until Oct. 7, 2013 16:00 at St. M and
Dec. 31, 2014 24:00 at St. D. Comparisons between measured and si-
mulated flow rates for these periods are shown in Fig. 3. Table 2 shows
the three evaluation criteria for flow rates in 2011-2014. Because
NSE = 0.62, RSR < 0.62, and |PBIAS| < 18% at St. M and St. D for all
four years, the simulated flow rates were acceptable to simulate soil
erosion and transport. For soil erosion, the parameters Crin Eq. (2) and
B in Eq. (4) were calibrated based on sensitivity analysis. The flood on
Oct. 16, 2013 was firstly used to calibrate the model parameters Crand
B for clay, silt and sand separately, and several candidate combinations

25

were obtained. The data of total SSCs during the flood on Sep. 22, 2011
(the biggest typhoon event) was used to select the best combination of
Cr and B although SSCs for each particle size class was not obtained
(Table 1). Instantaneous PSDs were typically measured on an hourly
basis at St. D, although data were not obtained during some periods due
to equipment problems. SSCs of water grab samples were also used for
comparison. Figs. 4(a) and (b) compare simulated and measured SSCs
for these calibration periods. Figs. 5(a) and (b) show comparison of
simulated and measured SS fluxes for the calibration events.

5.2. Model validation

SSCs of each particle size class measured at St. D for a period in
2013 were used for model validation (Fig. 6). Comparisons of simulated
and measured total SS fluxes at St. D for eight individual flood events
were also made for validation (Fig. 7). Furthermore, water samples
were collected from multiple sites throughout the catchment (Fig. 1)
during two flood events in Oct. 2013 for validating the model perfor-
mance to account for the spatial and temporal variation of SSCs for each
particle size class (Fig. 8). Simulated SSCs for the flood event on Oct. 6,
2014 agree well with measurements. SSCs for the flood on Oct. 14,
2014 were overestimated in general, although SSCs were under-
estimated at St. 3 and St. 5. A possible reason for these differences can
be explained by the earlier or delayed time to peak in simulated SSCs at
these sites, which results in larger or smaller simulated SSCs, respec-
tively.

A long record of measurements was collected at St. D and St. M. For
2011-2014, the |PBIAS| value for total SS flux at those stations was less

Table 3
Evaluation criteria of simulated total SS flux.

Location Coefficient 2011 2012 2013 2014
Downstream NSE 0.91 0.22 0.85 0.57
(St. D) RSR 0.30 0.89 0.39 0.65
PBIAS —4% —5% —5% 33%
Middle stream NSE 0.90 - - -
(St. M) RSR 0.32 - - -
PBIAS —5% - - -
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Fig. 9. Comparison between simulated and observed accumulative
total SS export from Jun. 21, 2011 to Dec. 31, 2014.
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than 33% (Table 3). During 2012, NSE and RSR acceptability criteria
were not satisfied as a consequence of differences in the timing and
magnitude of peak sediment concentrations during some events. This
was not unexpected because NSE and RSR metrics depend on the ab-
solute value of differences between measurements and model results.
However, the |PBIAS| value for this period was only 5%, indicating that
the model is in close agreement with measurements over time. As
shown in Fig. 9, simulated total SS transported from the downstream
site was 78273 tonnes (t) and is in very close agreement with measured
transport (about 81646 t) during the Jun. 21, 2011 to Dec. 31, 2014
monitoring period. From these comparisons of SSCs, fluxes and masses,
overall model performance was judged to be acceptable. Our simulation
results also show from Mar. 12, 2011, when the accident began, to Dec.
31, 2014, an estimated about 5530 t of clay, 51879 t of silt, 22339 t of
sand were eroded from the Kuchibuto River catchment and transport
downstream to the Abukuma River (Fig. 9) . Overland flows have a
smaller transport capacity (C,,) for sand relative to silt. Thus, the mass
of sand transported was smaller than silt. Although the transport ca-
pacity of clay is larger, the fraction of clay available for transport is
small (i.e., supply is limited), so the mass of clay transported was
smallest.

5.3. Sediment budget

Soil erosion and transport processes from Jan. 1, 2011 to Dec. 31,
2014 were simulated. Fig. 10 shows the mass balance of SS transport in
the catchment for simulation period. Over these four years, the simu-
lated sediment budget indicates that 84632 t of SS was delivered from
upland areas to river channels and 80313 t was transported out of the
catchment. A relatively small mass of solids was within the channel at
the end of the simulations, with 4316 t deposited to the channel bed

12/2/14

and 3t remaining in suspension. An appreciable amount of sediment
deposited onto river bed and was largely comprised of sand, re-
presenting roughly 12% of total sand inflow. Because their settling
velocity is low, the deposition flux of finer sediments is generally small
and relatively little of material eroded from the catchment deposits. In
contrast, sands have much higher settling velocities and readily deposit
in river channels. Consequently, the “erosion—deposition-resuspension”
sequence that occurs for sand transport is different than the “erosion
and direct transport” sequence that occurs for clay (Fig. 10). The same
phenomenon also occurs in upland areas, where eroded sand mainly
deposited on hillsides near the source of erosion. In contrast, clay can
be transported for long distances before settling out of suspension such
that what clay deposition occurs is largely limited to the floodplain near
the river (Fig. 11).

5.4. Critical erosion area identification

The sediment yield was about 155 t/km?/y and is within the range
of values estimated in other studies. Based on simulations for 2004 and
2005, Itoshiro et al. (2014) estimated that the annual sediment yield
was about 100-200 t/km?/y from tributaries of the Abukuma River
watershed. Although weathered granitic material covers most of the
Kuchibuto River catchment and other tributary catchments in the
western Abukuma River watershed, other factors (e.g., land use) may
contribute to soil erosion and transport variations in those catchments.
Even within the Kuchibuto River catchment, the sediment yield from
different areas varies. According to our simulated results in Table 4, the
Middle main stream area supplied more sediment to river channel per
unit area (approximately 178 t/km?/y), while the sediment yield (net
erosion) or sediment supply ratio (SSR) for the upper main stream area
was smaller than the middle portion of the catchment (i.e. the Tributary

Fig. 10. Mass balance of SS transport in the catchment

lay: 5560 .
Inflow o (unit: t).
silt: 53483
(84632) sand: 25589
clay: 0
Suspended sediment sl 2
sand: 1
Outflow clay: 5560
clay: 0 (80313) silt: 52248
Deposited sediment silt: 1233 sand: 22505
(4316) sand: 3083

* Inflow = Outflow + Suspended sediment + Deposited sediment
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Fig. 11. Simulated net erosion and deposition of (a) clay, (b) silt and (c) sand, from the
land surface for the period during Jan. 1, 2011 and Dec. 31, 2014. Negative value means
erosion.

and the Middle main stream areas). It indicates the middle portion of
the catchment which suffers more serious soil erosion, can be identified
as critical erosion areas. The SSR for sub-catchment in the critical
erosion areas, such as sub-catchment No. 16, No. 19, No. 17, No. 8, No.
13, No. 20, No. 21, No. 4, No. 5, and No. 11 (Fig. 12), were more than
the average sediment yield for the whole catchment (i.e. 155 t/km?/y).
Spatial distributions of net erosion and deposition of clay, silt and sand
as shown in Fig. 11 also have the same spatial trend.

Multi-site measurements confirm this finding. Based on the
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empirical mass budget for measurements in 2011, approximately 56%
of sediment and 64% of water generated in the entire catchment passed
the St. M and was transported downstream. This indicates that the
upper portion of the catchment produced and delivered less sediment
than areas further downstream, which generated roughly 44% but only
36% of the flow.

The topographic and land use characteristics are major controlling
factors for the sediment yield of most small mountainous rivers
(Milliman and Syvitski, 1992; Shi et al., 2014). Our simulation results
also suggest that sub-catchments with large agricultural land fraction
and steep slopes tend to supply more sediment, while the simulated
results include more complicated situations (Table 4). A large SSR was
calculated for sub-catchment No. 4, mainly because of steep slope
dominating over the sub-catchment although the fraction of agri-
cultural land is small. The fraction of agricultural land of sub-catchment
No.20 is slightly higher than that of sub-catchment No.15. However,
SSR of No. 20 is more than triple of SSR of No.15. The reason can be
partly explained by the volume of surface flow per computational cell in
each sub-catchment during the simulation period (Table 4), since more
surface flow indicates the larger transport capacity (C,). There are
exceptional cases that are difficult to explain by these factors. For ex-
ample, the fraction of agricultural land and surface flow volume are
smaller in sub-catchment No. 5 than No. 12, but SSR is larger by about
30% than that of No. 12, probably because higher sediment con-
nectivity is achieved in sub-catchment No. 5 due to small catchment
size and the direct link of eroding surfaces to streams (De Vente and
Poesen, 2005). In Fig. 13 we can see, in the middle portion of the
catchment, slopes are very steep. Areas with slopes greater than 15° are
rare in upper portions of the catchment but occur much more frequently
in the middle part. In our simulations, the SSR in areas with slopes
greater than 15° was 412 t/km%/y and 116 t/km?/y in other areas.
Slope has a substantial effect on sediment transport capacity, e.g.
steeper slopes generally correspond to larger friction slopes (Sp) and
consequentially larger transport capacities (C,,). Thus, areas with steep
slopes are generally more erosion-prone. Our results show that the SSR
in agricultural lands was about 343 t /km®/y, which is much larger than
for other land use types (e.g. approximately 64t /km?/y in forested
area). The fraction of vegetation (k,) in forested lands is usually larger
than in agricultural lands. Another factor is flow generation. In forested
areas subsurface flow rather than overland flow is expected to be pre-
dominant. This combination of factors acts to limit rainfall splash and
hydraulic erosion in forested areas, whereas farmland and paddy field
land uses supply and deliver more sediment. From upstream to down-
stream areas, the increasing portion of agricultural land intensifies soil
erosion (Fig. 2 and Fig. 11).

5.5. Implication for '3”Cs migration

Sediment transport processes determine sediment-bound '*’Cs mi-
gration. The '*’Cs inventory in Fig. 1 shows that the northern part of
the Kuchibuto River catchment was more seriously contaminated,
especially the upper main river catchment, where decontamination is
needed. However, our finding suggests that soil decontamination ac-
tions in mid- catchment critical erosion areas are also needed to reduce
soil erosion induced **”Cs transport downstream to the Abukuma River.
Although **7Cs is less enriched in coarser particles relative to clays, the
greater transport potential of silts and sands in this part of the catch-
ment means that '*’Cs is more likely to be eroded and eventually
transported out of the catchment. The larger deposition areas shown in
Fig. 11 represent candidate areas for further field surveys and efforts to
control *7Cs transport. Kinouchi et al. (2015) reported the 137¢Cs ac-
tivity of sediments collected using a time-integrated sampler at St. D.
Based on the reported '*”Cs activities, we estimate that the cumulative
sediment-bound *”Cs transported through the river system (the mass of
sediment multiplied by the '*”Cs activity of sediment) was 346 GBq for
the period during Jun.2011-Dec.2012. The distribution of %7Cs
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Table 4
Sediment erosion in each sub-catchment.
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Location Sub. No. Area Average slope Fraction of steep Fraction of Volume of surface water flow out of Mass of sediment SSR
(km?) angle () slope (> 15°) (%) agricultural land (%) a computational cell (10*m®) supply (t) (t/km?/y)
7 2.8 8.30 6 40 3.29 721 64
Middle mainstream 16 3.8 10.89 22 48 4.99 5162 337
(178 t/km?/y) 19 12.4 10.53 18 25 6.62 10990 222
17 3.8 13.28 36 25 4.32 3064 203
8 3.9 9.56 8 34 2.99 2958 188
13 8.7 10.85 24 24 4.67 6224 179
20 6.0 5.68 0 51 6.77 4250 178
21 8.4 8.66 9 37 4.32 5392 160
18 5.7 5.21 0 61 5.49 3098 136
14 6.7 7.72 5 40 2.85 3384 127
15 4.2 6.08 1 48 4.53 846 50
Upper mainstream 3 10.9 8.61 7 24 2.79 6190 142
(160 t/km?/y) 1 5.5 9.75 12 20 4.00 2719 123
2 5.3 8.24 4 26 5.92 2006 95
9 4.7 7.96 4 40 4.88 1757 94
6 7.8 10.08 16 15 4.32 2595 83
Tributary 4 3.1 12.88 34 4 3.52 2592 206
112 t/km?/y) 5 4.1 10.84 20 20 3.55 3025 183
11 11.7 9.61 17 37 2.83 8488 181
12 10.5 10.85 21 34 4.18 5997 142
10 6.8 7.08 3 41 3.57 3174 116
All - 137 9.21 13 32 4.3 84631 155

The values are italicized if average slope angle = 10°, fraction of steep slope = 16% and fraction of agricultural land = 25%, respectively.

s Stream link

| 44 | Sub-catchment No.
I~ —!" and boundary

SSR (tkm?ly)
— ——EtE TS 50 340
0 1,250 2,500 5,000 .

Fig. 12. Sediment supply ratio (SSR) in each sub-catchment.

strongly depends on the initial amount deposited by fallout whereas soil
erosion occurs irrespective of the distribution of 1*’Cs. Moreover, the
washoff of *’Cs from forest canopy plays a significant role in **’Cs
transport (Kinouchi et al., 2015). Given the prevalence of forested lands
in this area, additional research is needed to provide more detailed
assessments regarding the transport and fate of '3”Cs and other radio-
active substances in Fukushima region.

6. Summary and conclusions

Soil erosion and transport processes in the Kuchibuto River catch-
ment were simulated for the four-year period Jan. 1, 2011 to Dec. 31,
2014, using the TREX watershed model. Simulated flow rates were
found to be acceptable in comparison to measurements for 2011-2014
over the catchment. The correspondence between simulated and mea-
sured SS concentrations of water grab samples for multiple sites for
flood events and SS concentrations, fluxes and mass at the stations
during 2011-2014 demonstrates that model simulations are acceptable.
Simulation results also indicate that between Mar. 12, 2011 and Dec.
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Fig. 13. Slope distribution of the Kuchibuto River catchment.

31, 2014, approximately 5500 t of clay, 52000 t of silt, 22000 t of sand
were eroded and transport to the Abukuma River. Model results also
indicate that critical erosion areas are located in the middle portion of
the catchment, where slopes are steeper and the primary land use is
agricultural. Our study suggests that decontamination of soils located in
critical erosion areas in the middle portion of the Kuchibuto River
catchment would be needed to reduce '*’Cs transport to the Abukuma
River. The results of this study are useful for understanding radiocesium
transport at the watershed scale and ultimately for assessing environ-
mental risks.
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