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Abstract

This paper describes watershed modeling of catchments surrounding the Fukushima Dai-ichi Nuclear
Power Plant to understand radio-cesium redistribution by water flows and sediment transport. We
extended our previously developed three-dimensional hydrogeological model of the catchments to
calculate the migration of radio-cesium in both sediment-sorbed and dissolved forms. The simulations
cover the entirety of 2013, including nine heavy rainfall events, as well as Typhoon Roke in September
2011. Typhoons Man-yi and Wipha were the strongest typhoons in 2013 and had the largest bearing
on radio-cesium redistribution. The simulated **'Cs discharge quantities over the nine events in 2013
are in good agreement with field monitoring observations. Deposition mainly occurs on flood plains
and points where the river beds broaden in the lower basins, and within dam reservoirs along the rivers.
Differences in 1¥'Cs discharge ratios between the five basins are explained by differences in the initial
fallout distribution within the basins, the presence of dam reservoirs, and the input supply to
watercourses. It is possible to use these simulation results to evaluate future radioactive material
distributions in order to support remediation planning.
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Reports watershed modeling and **’Cs transport calculations in eastern Fukushima.
Results cover Odaka, Ukedo, Maeda, Kuma and Tomioka River basins surrounding
Fukushima Dai-ichi.

Simulations are of 2011 Typhoon Roke and nine rainfall events over 2013.

Gives reasons for differences in discharge amounts between the different basins.
Reports datasets of water, sediment and **’Cs discharge to the Pacific Ocean over the
events.



1. Introduction

The magnitude 9.0 earthquake and subsequent tsunami on 11 March 2011 instigated the
Fukushima Dai-ichi Nuclear Power Plant (FDNPP) accident followed by the release of radionuclides
into the environment (Katata et al., 2012; Terada et al., 2012; Kobayashi et al., 2013; Buesseler, 2014).
Substantial endeavors have been paid to monitoring the distribution and fate of the radionuclides in
the environment in order to comprehend human exposures to radiation and the effects on agriculture,
forests, rivers and oceans in the region (Chartin et al., 2013; Gonze et al., 2014; Saito et al., 2014;
Yoshimura et al., 2014; Takahashi et al., 2015).

Radioactive material was deposited on a wide range of land types after the accident. Based on
learning after the Chernobyl accident, Onishi et al. (2007) recommended predicting contamination
migration in the environment using simulations to assist in the design of countermeasures. In particular
they recommended simulating the transport of radionuclides both dissolved in surface water flows and
via transport in the soil-sorbed form by erosion and sediment redistribution. The results can then input
into considerations for remediation and recovery, decisions to resume agricultural activities and
reutilize irrigation systems, and for radiation protection purposes.

Previously some watershed scale simulations of soil erosion, sediment movement, and radio-
cesium migration in Fukushima Prefecture were reported (Yamaguchi et al. (2014); Kitamura et
al. (2014); Kinouchi et al. (2015); Mori et al., (2015)). Yamaguchi et al. (2014) and Kitamura et
al. (2014) calculated soil loss and 3’Cs discharge for 14 river basins in eastern Fukushima using an
empirical model, the Soil And Cesium Transport (SACT) model, which can cover broad areas
(5432 km? in Kitamura et al.; 2014). Kinouchi et al. (2015) simulated the Kuchibuto River catchment
(140 km?) using a physically-based distributed hydrological and sediment erosion model, and Mori et
al. (2015) studied the 15 km? Hokkawa Dam catchment using integrated watershed modeling.

Two complementary modeling approaches for watersheds include using simple, empirical models
with minimal parameters to describe the data, or employing complex approaches capturing the
underlying physical processes of the watershed. A risk of the former approach is that the model may
lack sufficient complexity to describe the watershed dynamics, and physical interpretation of
empirically fitted parameters can be difficult (Abbott et al., 1986). An issue with the latter however is
that over-parameterization can lead to equifinality, creating uncertainty in the results (Beven, 1989).
Our approach to these issues in our studies of Fukushima basins has been to employ both empirical
(Kitamura et al., 2014) and physics-based models (Kitamura et al., 2016), coupled with targeted field
monitoring (Saegusa et al., 2016), to deduce the dynamics of radio-cesium redistribution within the
basins.

We previously developed a 3D model for five basins surrounding FDNPP in order to simulate
water and sediment transport using a complex physics-based watershed simulation code (Kitamura et
al., 2016). The five catchments studied comprise of forest, farmland and surface water systems such
as rivers, lakes, dam reservoirs and ground water systems. In this paper we extend our previous study
to calculate quantities of radio-cesium migration.



The key features of this study are that it covers five of the most highly contaminated catchments
in terms of radio-cesium deposition density in Fukushima Prefecture. The catchments surround
FDNPP and total 674 km? in area. We employed a fine resolution simulation mesh to determine the
local areas with high radio-cesium accumulation. By considering five basins together, we could
contrast each basin to determine the important factors controlling radio-cesium redistribution within
each basin. The main results are datasets of cesium discharge information for each basin under floods
with varying intensity. The datasets could be used to evaluate future radioactive cesium distributions,
re-evaluate of the amount of radio-cesium dispersed and deposited on the land surface following the
FDNPP accident, or to provide boundary conditions for more detailed river simulations or ocean
models.

2. 3D hydrogeological structure model

The simulations are conducted on a 3D hydrogeological model of the study area, which covers
the Odaka, Ukedo, Maeda, Kuma and Tomioka River basins (Kitamura et al., 2016; Fig. 1). The
dominant land uses in the area are forests, rice paddies, crop fields and buildings, covering 60%, 22%,
7%, and 5% of the area, respectively. The physical characteristics, land use and *¥’Cs contamination
level of each basin are summarized in Table 1. The Ukedo basin consists two main rivers, the Ukedo
and the Takase, and a large dam reservoir, the Ogaki Dam, which lies 22 km upstream of the Ukedo
River mouth.

The model divides the region using a 3D mesh into different grid-blocks. Water, sediment and
radio-cesium flows are evaluated between the different blocks in the model. The spacing of the mesh
varies to account for topographical features. The mesh takes a fine structure around rivers and their
neighboring grid regions, which are important areas to resolve sediment and fluid transport. The mesh
is coarser over the forests, and locations far from rivers, for computational efficiency. The horizontal
resolution of the mesh cells varies between 10-250 m (average 70 m). The mesh structure is shown in
Fig. 2.

The ground was discretized into 28 layers of varying thickness to account for variations between
geological strata of the subsurface. At ground level three surface soil layers can be eroded by rainfall
impact or surface water flows, or added to by sediment deposition. The upper surface soil layer is 2 cm
thick, with a 10 cm layer followed by an 18 cm layer beneath. In the initial state of the simulation all
of the radio-cesium inventory is spread homogenously within the top 2 cm surface soil layer. This
represents a reasonable approximation to the true depth distribution of radio-cesium within soil, which
is typically exponential (Matsuda et al., 2015) with around 60~95% of the inventory within 2 cm from
the surface.

Overland water flows occur in a layer termed the surface layer, which lies above the top surface
soil layer. Eroded sediment is transported suspended within the overland flows in the surface layer.
Likewise radio-cesium is transported within the surface layer in both the sediment-sorbed and
dissolved forms. An air layer above tops the model. The total number of grid-blocks created was
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4,224,000.

The hydrogeological structure of the 3D grid-block system (geology/deposit type, etc.) was
assigned based on geological maps produced by the Geological Survey of Japan (2012) (see Kitamura
etal., 2016). These data were used to initiate various parameters in the model, such as bedrock effective
porosity and intrinsic permeability (Supplementary Table 1) for the subsurface layers.

Each grid-block in the surface soil layers was assigned a land use type (e.g. urban, paddy field)
or land cover (e.g. forest) based on data published by the Ministry of the Environment (1986) and
Ministry of Land, Infrastructure, Transport and Tourism (2006). The intrinsic permeability and
effective porosity parameters for these grid-blocks are shown in Supplementary Table 2.

The soils within each grid-block of the surface soil layers were modeled with grain diameters of
0.001 mm, 0.01 mm, 0.1 mm, 0.3 mm, 1.0 mm, and 5.0 mm, respectively. We developed the grain size
distribution for each type of land use and land cover (Supplementary Table 3) based on previous studies
of basins in Japan (Mori et al., 2015).

Supplementary Fig. 1 shows how the relative permeability and the capillary pressure of the
surface soil layers and subsurface grid blocks changes as a function of the water saturation within the
grid block. Both these factors affect the flow of air and water underground in the model. The curves
are based on van Genuchten’s formulation (van Genuchten, 1980). The parameters in this model were
fitted based on experimental data from the Japan Nuclear Cycle Development Institute (1999),
Kinouchi and Watanabe (2011) and the Japan Institute of Construction Engineering (2012).

3. Simulation method and parameters

In order to simulate *’Cs redistribution within surface water flows, subsurface fluid flows (air
and water), we utilized the General-purpose Terrestrial fluid-Flow Simulator (GETFLOWS) code
(Mori et al., 2014; 2015). Papers by Tosaka et al. (2000, 2010) and Mori et al. (2014; 2015) describe
the details of GETFLOWS simulation code. The governing equations this code solves for fluid,
sediment and radio-cesium transport are given in Mori et al. (2015).

The code models the effects of precipitation and evapo-transpiration on surface water flows
(Harmon, 1961). The boundary conditions for the simulations were informed by meteorological data,
including precipitation quantities measured by radar and at 8 weather stations over the periods
simulated. During periods of heavy rain, we used radar AMeDAS data as precipitation inputs (JMA,
2011; 2013). Air temperature (5 stations), sunshine hours (5 stations), average wind velocity (5
stations) and relative humidity (3 stations) data were used to calculate evapo-transpiration. Manning’s
roughness coefficients, describing the resistance of the ground surface against surface water flows, are
listed for each land use or vegetation type on the surface grid-blocks in Supplementary Table 4 (MLIT,
2014).

For sediment transport GETFLOWS simulates raindrop-induced soil detachment (Torri et al.,
1987), including the effects of interception by forest canopies (Brandt, 1990), and direct erosion by
surface water flows (Morgan et al., 1998; Kabir et al., 2011; Govers, 1990). Supplementary Table 5
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lists model input parameters relating to rain-splash erosion, such as canopy height and coverage,
broken down by land use and vegetation type. Supplementary Table 6 lists detachability indices for
different soil types under rainfall impact and soil cohesive strengths affecting surface flow induced
erosion.

The parameters chosen for our simulations (Supplementary Tables 1-6) were identical to those
used in a previous GETFLOWS study of Fukushima basins (Kitamura et al., 2016). All parameters in
Kitamura et al. (2016) were taken from literature values (Mori et al., 2015), with the exception of the
soil detachability indices (Supplementary Table 6) and the parameters ¢ and # affecting the transport
capacity (TC) of sediment within surface water flows. These three parameters were tuned to correct a
test simulation which overestimated the suspended sediment concentrations at low water flow rates at
the Yaguno monitoring station on the Ukedo River. No further parameter tuning was undertaken for
this study.

Radio-cesium is transported absorbed upon sediment particles or dissolved in water flows. The
main input parameters concerning radio-cesium transport are shown in Table 2. Of particular
importance is the initial inventory distribution in the study area, and the distribution coefficient, K,
which describes the desorption of radio-cesium from soil particles into water. High Kg indicate low
dissolution of radio-cesium from soil into water flows. We applied Kq value to sediment particles with
grain diameter 0.3 mm and below. No radio-cesium was attached to grains over this size. Radio-cesium
transport between soil layers occurs in the dissolved form by advection of groundwater, mechanical
dispersion and molecular diffusion. Table 2 list the parameters for the mechanical dispersion and
molecular diffusion components of the model.

Radio-cesium redistribution within the simulation periods were calculated as follows:

Step 1) Ten year average meteorological conditions are applied continuously until the equilibrium
states of surface and sub-surface water flows are achieved.

Step 2) The sediment exchange layers of the model are introduced below the land surface, and water
flow and sediment flows are simulated concurrently to equilibrate sediment flows using
the same meteorological conditions as Step 1.

Step 3) Temporal rain conditions (e.g. typhoon conditions) are applied to the quasi-equilibrium states
of water and sediment flow achieved by Step 2. The resulting water and sediment flows
under flood conditions are simulated concurrently.

Step 4) Finally the radio-cesium distribution is initiated on the surface of the study area based on the
Second Airborne Monitoring Survey (as shown in Fig. 1). Adsorption and desorption to
sediments are simulated to trace the radio-cesium movement.

The simulation periods were Typhoon Roke in September 2011 and between January 2013 and
December 2013. Nine heavy rainfall events occurred within this 2013 period, including four typhoons.
The intensity of the different rainfall events can be seen in Fig. 3, which shows the total precipitation
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over the events broken down for each river basin.

4. Results and model validation
4.1 Surface and subsurface water flows

To validate the water flow component of the model we compared the simulation results for the
water discharge rate with measurements taken at monitoring stations on the Odaka, Ukedo, Takase,
Maeda, Kuma and Tomioka Rivers. The comparisons cover both periods of ambient flow conditions
and during various rainfall events in 2013. Supplementary Fig.2 shows the correlation of the
predictions with the field measurements, from which we confirmed satisfactory performance of the
water flow component of the model.

GETFLOWS calculates water flows on both the land surface and through the subsurface on the
static 3D model of the basins. Information on watercourse locations are not provided a priori to the
simulation code. Supplementary Fig. 3 shows streamlines of surface and subsurface water flows over
the study area under ambient states of the river basins. The surface water flows propagate through the
actual locations of river channels in the study area, showing the simulation is correctly calculating
drainage patterns through the basins. It can also be seen that the subsurface water flows drain into the
surface channels. Supplementary Fig. 4 show the subsurface water table contours, which correctly
follow the land topography. Supplementary Fig.5 shows the recharge and discharge fluxes of
groundwater through the land surface in the study area. Between 2-4 mm/d of surface water drains to
become groundwater across the study area to the west of the Futaba fault (Supplementary Fig. 5(a)).
On the alluvial lowlands to the east of the Futaba fault, there is a relatively smaller recharge flux of 0-
2 mm/d. The discharge of groundwater takes place mainly within the river channels (Supplementary
Fig. 5(b)).

The results for the total water discharge from the Odaka, Ukedo, Maeda, Kuma and Tomioka
rivers to the Pacific Ocean over 2011 Typhoon Roke and the nine rainfall events in 2013 are shown in
Table 3. Also included are total ocean discharges for 2013, as well as the total water inflow to the
Ogaki Dam Reservoir over the same periods. These results are shown graphically in Fig. 4.

4.2 Sediment flow during floods

Previously Kitamura et al. (2016) compared simulation and monitoring results for suspended
sediment concentrations at two monitoring stations above the Ogaki Dam Reservoir. The simulations
for both stations predicted the sediment concentration to good agreement with the observations during
September 2013 flood events.

Table 4 and Fig. 5 show the total mass of sediment discharge to the ocean for the five main rivers
over the different simulation periods. It also includes the result for sediment inflow to the Ogaki Dam.
The locations where soil tends to be eroded and sediment depositions occur can be seen in Fig. 6,
which shows the results of the Typhoon Roke simulation.



4.3 Radio-cesium migration

The main results of this study are reported in Table 5 and Fig. 7. These show the total 3'Cs
discharge to the ocean via the five river mouth, and the 3’Cs inflow to the Ogaki Dam Reservoir, over
the simulation periods. Figure 8 shows the net change in *’Cs inventory occur Typhoon Roke across
the study area. The general trend is that radio-cesium is eroded from the surface across much of the
study area, thus lowering the inventory. Radio-cesium accumulates in specific locations within the
basins, such as within dam reservoirs, along river beds and on flood plains within the river channels in
the lower basins.

To validate the radio-cesium transport component of the simulation model, we compared
simulation and monitoring results for radio-cesium concentrations (total of suspended and dissolved
components) at the two monitoring stations (Hirusone and Yaguno) above the Ogaki Dam Reservoir
(Fig. 9). The simulation results at both stations predict radio-cesium concentrations to good agreement
with the observations obtained during two typhoons in 2013 (TRAAO, 2014).

We also compared the simulation results for **’Cs discharge totals through monitoring stations
on the Takase and Odaka rivers to measurements from 2013 (JAEA, 2014). For the Takase River, the
total 13'Cs discharge through the monitoring station 2 km upstream from the river mouth over the first
four rainfall events in 2013 was 30 GBq. The simulation result of 58 GBq through the same
monitoring point is consistent with this. Similarly, 8 GBq of discharge past the monitoring station on
the Odaka River 5 km upstream of the mouth was observed for January to November 2013, while the
total simulation result for the major rainfall events during this period was 30 GBg. These simulation
results fall within the uncertainty ranges of the observations.

5. Discussion
5.1 Trends of radio-cesium discharge to the ocean for different rainfall intensities

The radio-cesium discharge to the ocean in each event depends on the intensity of the rainfall.
Figure 10 shows the correlation between total precipitation over each event and the amount of
sediment and *’Cs export to the Pacific Ocean from each river basin. In general, the higher the
precipitation amount over the event, the larger the sediment and **’Cs export.

Figure 10(b) shows clear differences between the amount of *3’Cs export to the ocean from the
different basins for a given precipitation quantity. The cause of these differences between the basins
are explored in the following section.

5.2 Transport of dissolved and solid phase radio-cesium

The relative importance of the dissolved and sediment-sorbed methods of radio-cesium transport
depends on river flow rates. In the case of high water flow rates it is expected that the sediment-
sorbed form would be the most important pathway. Fig. 11 shows simulation results for the dissolved
and suspended **’Cs concentrations as a function of river water flow at Hirusone monitoring station
during 2013 Typhoon Wipha.



During the low flow rate period prior to Typhoon Wipha, the dissolved *’Cs concentration is
approximately 0.3 Bg/L. On the other hand, the suspended ¥’Cs concentration is approximately
0.1 Bg/L. As the river flow rate increases during the flood, the ¥'Cs concentration in the solid phase
rises to a maximum of 90 Bg/L. The maximum in the dissolved phase is 0.6 Bg/L. Therefore, 1¥'Cs
transport is mainly in the dissolved phase under ambient conditions, but dominated by the solid phase
during flood events. This result is consistent with filed survey data, e.g. Nagao et al. (2013) and Ueda
et al. (2013).

5.3 Characteristics of radio-cesium discharge between different basins

In absolute terms, the Ukedo River exports the highest inventory of 3’Cs to the ocean over each
rainfall event (Fig. 7). This is mainly due to its catchment area, as it covers 63% of the study area
(Table 1). However Fig. 10 shows substantial differences between the export of *’Cs from the Odaka,
Maeda, Kuma and Tomioka Rivers, despite the comparable catchment areas of these river basins. To
investigate the factors controlling the differences in **’Cs discharge between these basins, Fig. 12
plots the ratio of the *¥’Cs discharge to the ocean over each rainfall event relative to the initial
inventory within the basin at the Second Airborne Monitoring Survey (MEXT and MAFF, 2012).

The Maeda basin yields the largest *’Cs discharge ratio for the majority of the events simulated.
The total discharge for the 2013 rainfall events is 0.33% for this basin. This result compares with
discharge ratios of 0.23%, 0.15%, 0.14% and 0.07% for the Kuma, Tomioka, Odaka and Ukedo river
basins respectively. The magnitude of these discharge ratios are consistent with results from both
modeling and monitoring of other fallout-contaminated basins within Fukushima Prefecture (Evrard
etal., 2015).

The important factors which control the difference between these ratios are the initial distribution
of radio-cesium within the basins (the fallout distribution), the susceptibility for sediment erosion to
occur and be transported into channels, and the presence of dam reservoirs which act as sediments
traps along the course of the rivers. The Maeda River has a high $3’Cs discharge ratio for the following
reasons. The highest fallout contamination levels occur within the central part of the basin, which is
downstream of the basin’s dam reservoirs. The river is flanked by paddy fields as it runs through this
contaminated area. Soil erosion and radio-cesium mobilization into rivers occurs more readily from
paddy fields than from forests, thus resulting in a high **’Cs discharge ratio.

The river with the second highest discharge ratio, the Kuma River, also shares these similarities
with the Maeda basin. Its areas with highest fallout concentration lie in the central to lowland regions
of the basin. This area is downstream of the Sakashita dam, which could trap contaminated sediments
prior to export to the ocean. Paddy fields flank the Kuma River in its lowland areas.

The Maeda and Kuma basins contrast with the Ukedo River basin, which has the lowest
discharge ratio. The highly contaminated areas of the Ukedo basin are the upstream areas covered in
forests, where low export of radio-cesium occurs (Yoshimura et al. 2015a). The Ogaki Dam tends to
trap highly contaminated sediments from its upstream areas migrating downstream of the dam.
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The upstream Takase River mostly lies between the Hatagawa and Futaba faults. Here the
fractured nature of the granite bedrock leads to high groundwater permeability (Kitamura et al., 2016).
Figure 13 shows the degree of water saturation of the top surface soil layer over the course of the
Typhoon Roke simulation. The area between the Hatagawa and Futaba faults maintains low saturation
levels compared to the rest of the study area during the peak of the flood. This alleviates surface
flooding levels, as precipitation is to an extent absorbed into groundwater, reducing surface flow
derived soil erosion rates. The discharge of radio-cesium to the Takase River is reduced by this effect.
For these reasons the Ukedo River has the lowest *’Cs discharge ratio of the five main rivers in this
study.

The discharge ratios for the Odaka and Tomioka Rivers are affected by the following factors.
The area of the Odaka basin with the highest contamination lies in the uppermost forested part of the
basin, also lying between the Hatagawa and Futaba faults. This causes a lower discharge ratio than
the Maeda or Kuma Rivers. The Tomioka River has high contamination zones both in the central
region and towards the coast. Migration of 3’Cs contaminated sediments downstream from the
central region is limited by the Ogi and Takigawa dam reservoirs.

The results pertain to the importance of dam reservoir in limiting contaminated sediment
migration downstream towards the ocean. Supplementary Table 7 summarizes the storage capacities
and high water levels of the main dams in the study area.

5.4 Spatial distribution of sediment and '¥’Cs erosion and deposition within the basins

The locations where the radio-cesium inventory tends to erode and to accumulate are important
from a radiological and environmental perspective. Figures 6 and 8 respectively show the net change
in sediment and radio-cesium inventory within the cells in the model over 2011 Typhoon Roke. Soil
erosion occurs across the majority of the study area, as previously shown by Kitamura et al. (2016).
The same pattern translates to radio-cesium as well. Net reductions in inventory occur across most of
the cells covering the study area. The magnitude of the soil erosion is determined by hydrogeological
features in the study area, while the absolute magnitude of reduction in radio-cesium inventory has a
clear dependency on the initial fallout distribution as well (Fig. 8).

The reason for the correspondence between sediment and radio-cesium erosion patterns is due to
the high Kq values in the Fukushima area (Yoshimura et al., 2015b). Radio-cesium is strongly sorbed
to the sediment particles and the amount of dissolution into surface water flows is low. Therefore radio-
cesium redistribution is primarily in the sediment-sorbed form.

Sediment deposition occurs on the flood plains within the river channels towards the eastern
coastal area. Deposition also occurs on the beds of reservoirs, and curved or broad parts of rivers, and
depressions on the land surface where surface water flow rates drop. These locations of sediment
deposition are also locations for radio-cesium accumulation.

6. Conclusion
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In this study, we have simulated water flows, sediment transport and radio-cesium migration
under flooding conditions within five river basins near the FDNPP. Good agreement was obtained
between the simulation results and monitoring data.

The simulations clarify the main locations of radio-cesium erosion, its flow paths through the
study area, and the locations of accumulation over the flood events. Net reductions in the radio-cesium
inventory occur across the majority of the land surface as a result of soil erosion. Some locations see
net increases in the inventory due to sediment deposition. In particular these locations include certain
flood plains adjacent to rivers, the beds of reservoirs, and curved or broad parts of rivers where the
water flow rate drops.

In order to clarify the export of radio-cesium to the Pacific Ocean, we summarized the 3’Cs
discharge and the discharge ratio from each river basin for various floods that occurred since 2011.
The magnitude of *¥’Cs discharge is affected by a number of factors. These include the size of the
catchment, the density of *’Cs fallout and its distribution within the catchment, the supply of **'Cs to
watercourses by erosion, and the presence of dam reservoirs along the watercourses.

We envisage that future studies will use the simulation results for water, sediment and radio-
cesium movement through the basins for further research or to analyze remediation options. The results
can be used as boundary conditions for more localized water channel and reservoir models, as well as
Pacific Ocean transport models. Furthermore, the relationships between precipitation intensity and
137Cs discharge could be used to predict amounts of sediment and **’Cs discharge from the basins in
future.
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Table 1 Characteristics of each basin.
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(Unit) km? % % % % % m km m/m TBq
Odaka 67.7 49 26 14 7 4 380 15 0.0253 | 47.92
Ukedo 423.6 57 25 7 5 6 550 35 0.0157 | 832.74
Maeda 45.5 75 8 10 2 5 259 14 0.0185 | 715
Kuma 74.8 71 14 5 6 4 551 18 0.0306 | 86.41
Tomioka | 62.1 71 13 5 6 5 500 17 0.0294 | 38.49
Total 673.7 60 22 7 5 5 - - - 1077.06
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Table 2 Radio-cesium transport parameters

Unit Notes
Half-life y 30.1
Inventory Bg/m? Second Airborne Monitoring Survey 2
Distribution coefficient Kg L/kg 400,000 °
Molecular diffusion coefficient m?/s 2.07x107° (in water at 25 °C)
Tortuosity factor - 0.5
Longitudinal and transverse o
dispersion lengths m 0.1 (Longitudinal), 0.01 (Transverse)
Representative length m 1

a MEXT and MAFF (2012) — excludes 5 km zone surrounding Fukushima Daiichi Nuclear Site
b IAEA (2010) — for sediment grains up to 0.3 mm, no radio-cesium absorbed to larger grains
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Table 3 Amount of water discharge to the ocean over nine heavy rainfall events in 2013, as well as
Typhoon Roke in September 2011. Final column shows water inflow to the Ogaki Dam Reservoir in
the Ukedo basin over the rainfall events.

Total water discharge to ocean (m?q)

Total water inflow to dam

(m°)

oeriod Od.aka Uk-edo Ma-eda Ku-ma Tom-ioka Ogaki Dam
Riv. Riv. Riv. Riv. Riv.

2-4 Apr. 2013 1.57E+06 | 5.78E+06 | 1.56E+06 | 2.02E+06 | 1.60E+06 9.04E+05
14-16 June 2013 | 1.66E+06 | 3.88E+06 | 9.55E+05 | 1.01E+06 | 4.71E+05 7.46E+05
26-28 July 2013 | 1.09E+06 | 7.70E+06 | 8.97E+05 | 1.56E+06 | 1.38E+06 2.22E+06

5-7 Aug. 2013 7.30E+05 | 7.95E+06 | 1.22E+06 | 1.23E+06 | 1.27E+06 2.14E+06
14-16 Sep. 2013 | 2.50E+06 | 1.53E+07 | 1.64E+06 | 2.40E+06 | 2.15E+06 3.52E+06

1-3 Oct. 2013 1.05E+06 | 4.26E+06 | 9.03E+05 | 1.24E+06 | 1.13E+06 9.60E+05
15-17 Oct. 2013 | 4.91E+06 | 2.11E+07 | 3.81E+06 | 4.60E+06 | 4.16E+06 3.98E+06
19-21 Oct. 2013 | 3.46E+06 | 1.45E+07 | 2.90E+06 | 3.90E+06 | 3.60E+06 2.77E+06
22-24 Oct. 2013 | 2.03E+06 | 9.18E+06 | 1.27E+06 | 1.90E+06 | 1.80E+06 2.08E+06

Total 2013 events | 1.90E+07 | 8.96E+07 | 1.52E+07 | 1.99E+07 | 1.76E+07 1.93E+07
20-22 Sep. 2011 | 8.20E+06 | 4.90E+07 | 6.84E+06 | 9.40E+06 | 8.59E+06 9.32E+06
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Table 4 Amount of sediment discharge to the ocean over nine heavy rainfall events in 2013, as well as
Typhoon Roke in September 2011. Final column shows sediment inflow to the Ogaki Dam Reservoir
in the Ukedo basin over the rainfall events.

) ] Total sediment inflow to
Total sediment discharge to ocean (kg)
dam (kg)
) Odaka Ukedo Maeda Kuma Tomioka ]
period ) ) ) ) ) Ogaki Dam
Riv. Riv. Riv. Riv. Riv.

2-4 Apr. 2013 | 2.36E+05 | 4.97E+05 | 3.46E+05 | 2.13E+05 | 1.39E+05 3.81E+04
14-16 June

2013 7.02E+05 | 4.83E+05 | 2.45E+05 | 1.32E+05 | 2.20E+04 7.08E+04

26-28 July 2013 | 1.08E+05 | 2.50E+05 | 7.32E+04 | 1.09E+05 | 1.25E+05 9.21E+04

5-7 Aug. 2013 | 3.33E+04 | 4.05E+05 | 3.02E+05 | 6.59E+04 | 6.59E+04 6.09E+04
14-16 Sep.

2013 7.79E+05 | 2.95E+06 | 4.19E+05 | 3.04E+05 | 1.85E+05 7.60E+05

1-3Oct. 2013 | 1.11E+05 | 1.57E+05 | 8.45E+04 | 8.41E+04 | 6.72E+04 8.88E+03

15-17 Oct. 2013 | 1.48E+06 | 4.57E+06 | 1.37E+06 | 7.74E+05 | 5.89E+05 7.86E+05

19-21 Oct. 2013 | 7.79E+05 | 2.95E+06 | 4.19E+05 | 3.04E+05 | 1.85E+05 7.60E+05

22-24 Oct. 2013 | 3.28E+05 | 3.21E+05 | 1.66E+05 | 1.01E+05 | 7.47E+04 3.28E+04
Total 2013

4,56E+06 | 1.26E+07 | 3.42E+06 | 2.09E+06 | 1.45E+06 2.61E+06

events

20-22 Sep.

2011 1.80E+06 | 8.80E+06 | 1.65E+06 | 1.97E+06 | 1.70E+06 2.09E+06
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Table 5 Amount of 13’Cs discharge to the ocean over nine heavy rainfall events in 2013, as well as
Typhoon Roke in September 2011. Final column shows 3’Cs inflow to the Ogaki Dam Reservoir in
the Ukedo basin over the rainfall events.

) Total ¥’Cs inflow to dam
Total *'Cs discharge to ocean (GBq)
(GBq)
) Odaka Ukedo Maeda Kuma Tomioka ]
period . ) ) ) ) Ogaki Dam
Riv. Riv. Riv. Riv. Riv.
2-4 Apr. 2013 2.6 30.0 16.6 14.8 4.2 6.5
14-16 June
13.0 26.1 7.7 8.8 0.7 10.5
2013
26-28 July 2013 1.3 13.1 3.7 8.2 4.7 16.0
5-7 Aug. 2013 0.3 15.4 7.5 4.4 2.6 11.1
14-16 Sep.
12.3 144.0 22.6 19.6 6.0 146.9
2013
1-3 Oct. 2013 0.9 8.2 2.4 5.9 2.4 1.8
15-17 Oct. 2013 | 21.8 218.0 91.2 61.4 175 146.2
19-21 Oct. 2013 14.7 78.8 76.2 72.4 19.2 32.6
22-24 Oct. 2013 2.3 20.1 5.9 7.0 2.1 8.1
Total 2013
69.3 553.7 233.8 202.6 59.5 379.6
events
20-22 Sep.
2011 29.2 502.6 116.5 106.0 25.0 333.1
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Figure captions

Fig. 1 The five river basins in the study area. The shading shows the initial **'Cs distribution on the
surface based on the Second Airborne Monitoring Survey (MEXT and MAFF, 2012). *'Cs inventory
data was not gathered within the 5 km zone surrounding the Fukushima Daiichi site during the Second
Airborne Survey, and therefore the radio-cesium redistribution results of this study do not cover this
area.

Fig. 2 Bird’s-eye view of the three dimensional grid block system developed for the study area.

Fig. 3 Precipitation within each river basin over the periods of the different rainfall events.

Fig. 4 Total water discharge from the Odaka, Ukedo, Maeda, Kuma and Tomioka rivers to the Pacific
Ocean over September 2011 Typhoon Roke and the 2013 rainfall events. Also included are orange
bars showing total water inflow to the Ogaki Dam over each period.

Fig. 5 Total sediment discharge from the five rivers to the Pacific Ocean over Typhoon Roke and the
2013 rainfall events, as well as inflow to the Ogaki Dam.

Fig. 6 Locations of sediment erosion/deposition across the study area over 2011 Typhoon Roke.

Fig. 7 Total ¥'Cs discharge from the Odaka, Ukedo, Maeda, Kuma and Tomioka rivers to the Pacific
Ocean over Typhoon Roke and the 2013 events, as well total inflow to the Ogaki Dam reservoir.

Fig. 8 The net change in **’Cs inventory over Typhoon Roke across the study area.

Fig. 9 Simulation predictions and monitoring results for radio-cesium concentrations (total of
dissolved and sediment-sorbed components) at the Hirusone and Yaguno monitoring on the upstream
Ukedo River. Squares show discontinuous monitoring results taken year round. Circles show
continuous monitoring data measured especially over typhoon periods.

Fig. 10 (a) Relationship between water and sediment discharge to the ocean, and (b) that of water and
137Cs discharge, for the nine rainfall events in 2013.

Fig. 11 Dissolved and suspended **’Cs concentration as a function of river water flow at Hirusone
monitoring station during 2013 Typhoon Wipha.

Fig. 12 The ratio of '3'Cs activity discharged to the ocean to the total inventory of the basin at the
Second Airborne Monitoring Survey over each of the flood events. The results for the Ogaki Dam
show the ratio of ¥'Cs activity inflow to the reservoir relative to the initial inventory upstream of the
reservoir at the Second Monitoring Survey.

Fig. 13 Distribution of water saturation in the top surface soil layer before, during, and after 2011
Typhoon Roke.
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Characteristics of radio-cesium transport and discharge between different basins
near to the Fukushima Dai-ichi Nuclear Power Plant after heavy rainfall events

Kazuyuki Sakuma, Akihiro Kitamura, Alex Malins, Hiroshi Kurikami, Masahiko
Machida, Koji Mori, Kazuhiro Tada, Takamaru Kobayashi, Yasuhiro Tawara, Hiroyuki
Tosaka.

Supplementary material

Supplementary Fig. 1 Relative permeability curve and capillary pressure curves for
surface soil and subsurface grid blocks.
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Supplementary Fig. 2 Comparison of simulated with observed water discharge rates at
monitoring stations on the Odaka, Ukedo, Takase, Maeda, Kuma and Tomioka Rivers.
Superimposed on each panel is the Pearson correlation coefficient (r).
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Supplementary Fig. 3 Streamlines of surface water flow and subsurface flow of the study

area under ambient flow conditions.

Streamline
= Surface flow
= Subsurface flow

o Study area
‘ Sea area

° Main dams

|
g

SrorsBs883g BR L 85888888

RERLAAAAN

32



Supplementary Fig. 5 (a) Recharge flux and (b) discharge flux of groundwater through
the land surface in the study area under ambient conditions.
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Supplementary Table 1 Hydraulic parameters for grid-blocks in the subsurface layers

Classification Subdivision Intrinsic permeability | Effective
(m/s) porosity (-)
Deposits in | Riverbed gravel 1x10* 0.3
mountainous area Hillside deposit 3x10° 0.3
Landslide soil mass 3x10° 0.3
Alluvium Sand-rich H*:1x104V*:1x10° | 0.3
Clay-rich H:1x10% V:1x107 0.2
Terrace deposits Lower, Middle, Marine, | 3x10 0.3
Higher
Dainenji formation Upper alternate layer H:1x10°V:1.1x108 0.3
Middle mudstone 1.1x108 0.2
Lower mudstone H:1x106 V:1x10”7 0.3
Basement rocks Weathered (western area) | H:5x107 V:1x10® 0.2
Weathered (eastern area) | 1x10 0.2
Fresh 1x108 0.1

*H: horizontal, V: vertical
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Supplementary Table 2 Hydraulic parameters for grid-blocks in the surface soil layer

Land use and land cover Subsurface Intrinsic Effective | Relative
permeability | porosity | permeability
(m/s) ) curve and
capillary
curve

Urban city 5x107 0.25 Sandy soil
Compound 5x10° 0.3 Gravel soil
Paddy 1x107 0.2 Cohesive soil
Mountains and forests, | Deposit on slope surface 1x10° 0.5 Gravel soil
waste land, farmland Alluvium with gravel

Alluvium with sand

Alluvium with clay Cohesive soil

Terrace (Lower, Marine,

mid, high)

Dainenji formation (Upper,

Middle, Lower)

Weathered host rock
Sand dune plant Alluvium with sand Gravel soil
Glay soil, glay lowland Gravel soil
soil, andosol on farmland
Glay soil, glay lowland 1x107 0.2 Cohesive soil
soil
Andosol 1x10°3 0.5 Cohesive soil
Peat bed ~ muck soil 1x10% 0.7 Cohesive soil
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Supplementary Table 3 Sediment particle size distribution

Land use and land | Subsurface Sediment particle size
cover 0.001 0.01 0.1 0.3 1.0 5.0
mm mm mm | mm mm mm
Urban city - - - - - -
Compound (Categorized by mountains in
forest, waste land, farmland)
Paddy 0.2 0.6 0.1 0.05 0.05 -
Mountains and forests, | Deposit on slope | 0.05 0.3 0.1 0.1 0.15 0.3
waste land, farmland surface
Alluvium with | 0.05 0.15 0.1 0.1 0.2 0.4
gravel
Alluvium with sand | 0.05 0.15 0.3 0.3 0.2 -
Alluvium with clay | 0.2 0.7 0.1 - - -
Terrace Lower | 0.05 0.2 015 | 0.2 0.1 0.3
Marine, | 0.1 0.6 0.1 0.1 0.1 -
mid,
high
Dainenji | Upper | 0.1 0.6 0.1 0.1 0.1 -
formation | Middle | 0.2 0.7 0.1 - - -
Lower | 0.05 0.55 0.2 0.1 0.1 -
Weathered host rock | 0.05 0.4 0.15 | 0.2 0.1 0.1
Sand dune plant Alluvium with sand | - 0.3 0.5 0.2 - -
Glay soil, glay 0.2 0.5 02 |005 |005 |-
lowland soil, andosol
on farmland
Glay soil, glay 0.2 0.5 02 |005 |005 |-
lowland soil
Andosol 0.1 0.4 0.2 0.2 0.1 -
Peat bed ~ muck soil 0.2 0.6 0.2 - - -

T. Saito et al., 2014

T. Nakanishi et al., 2014

M.T. Teramage et al., 2014

J. Takahashi et al., 2015

J. Koarashi et al., 2012
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T. Matsunaga et al., 2013

Supplementary Table 4 Manning's roughness coefficient for each land use and vegetation

Land use and vegetation Manning's roughness
coefficient (m™/3 s)

Urban area and industrial sites 0.1

Compounds with grass 0.2

Grassland 0.3

Paddy (fallow fields) 0.2

Farmland (abandoned) 0.4

Orchards and mulberry fields 0.4

Land with weeds (Miscanthus sinensis) 0.5

Waterside grassland (Phragmites australis) 0.05

Dune vegetation 0.3

Cutover area 0.5

Conifer forest 0.5

Japanese cedar and Japanese cypress 0.5

Larch 0.5

Broad leaved deciduous trees 0.8

River 0.03

Reservoir 0.01
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Supplementary Table 5 Raindrop-induced erosion parameters

Land use and vegetation Height | Stem Crown Floor | Floor
(m) storage covering | storage | covering
(mm) () (mm) | ()
Urban areas and industrial sites 0 0.5 0 0 0
Compounds with grass 0.5 0.5 0 0 0
Grassland 0.3 0.5 0.9 0 0
Paddy (fallow fields) 0 0.5 0.9 0 0
Farmland (abandoned) 0.3 0.5 0.9 0 0
Orchards and mulberry fields 3 0.5 0.5 0.25 0.5
Land with weeds (Miscanthus sinensis) 0.5 0.5 0.9 0 0
Waterside grassland (Phragmites australis) | 0.05 0.5 0.9 0 0
Dune vegetation 0.3 0.5 0.8 0 0
Cutover area 0.5 0.5 0.9 0 0
Conifer forest 15 15 0.8 0.25 0.95
Japanese cedar and Japanese cypress 15 15 0.8 0.25 0.95
Larch 15 15 0.8 0.25 0.95
Broad leaved deciduous trees 15 1 0.8 0.25 0.95
River 0 0 0 0 0
Reservoir 0 0 0 0 0
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Supplementary Table 6 Soil detachment properties

Land use land cover Subsurface Soil Detachability | Cohesive strength
Index (g/J) (kPa)
Urban city - 0
Compound (Categorized by mountains in forest,
waste land, farmland)

Paddy 2.4 10
Mountains and forests, waste | Deposit on slope surface 3 3
land, farmland Alluvium with gravel

Alluvium with sand

Alluvium with clay 2.4 10

Terrace (Lower, Marine,

mid, high)

Dainenji formation (Upper,

Middle, Lower)

Weathered host rock
Sand dune plant Alluvium with sand 6 2
Glay soil, glay lowland soil, 2.4 10
andosol on farmland
Glay soil, glay lowland soil
Andosol
Peat bed ~ muck soil
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Supplementary Table 7 Main dam reservoirs in the study area

Data published by association of the dam in japan.
*Calculated value from digital elevation map data of Japan (Geospatial Information Authority of Japan,

2012)

Max water
. . Volume )
Dam reservoir River height
(1000 md)
(T.P.m)
Ogaki Ukedo 17300 170
Ogi Oginosawa 716 357.5"
Sakashita Ohkawahara 2532 127"
Takigawa Tomioka 5165 215
Tateyama Tomioka 1286 60"
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