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Abstract

An in situ model paddy field experiment was conducted using non-contaminated soil to identify factors that locally increase
the radiocesium activity concentrations in rice near the water inlet of paddy fields. The results demonstrated that irrigation
water intake reduced exchangeable potassium concentration and increased radiocesium activity concentration in the soil near
the water inlet; thus, the radiocesium activity concentration in rice was negatively correlated with the former and positively
with the latter. Exchangeable potassium flushing and deposition of suspended solids in the soil owing to irrigation water
intake facilitated the transfer of radiocesium to rice plants near the water inlet.
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Introduction

After the TEPCO Fukushima Dai-ichi Nuclear Power Plant
(FDNPP) accident in 2011, caused by a massive earthquake
and the associated tsunami, radioactive materials were
released into the atmosphere and descended over a wide area
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of eastern Japan, mainly in Fukushima Prefecture. Among
the released radionuclides, radioactive cesium-137 (**’Cs)
has a half-life of 30.2 years; hence, a long-term impact over
a wide area is expected [1, 2].

Contamination by radioactive substances includes direct
pollution via radioactive fallout and indirect pollution via
the transportation of the radioactive fallout through water
basins. Moreover, because large amounts of water are used
for irrigation in paddy fields, there is direct contamination
due to direct adhesion of radioactive fallout to crops, indirect
contamination due to absorption of radiocesium by the soil,
and indirect contamination through irrigation systems [3-6].
Various authors have reported that the presence of '*’Cs in
irrigation water can significantly increase '*’Cs accumula-
tion in rice plants [7-10]. Following the FDNPP accident,
Endo et al. [11] found higher radiocesium contamination in
rice from paddy fields irrigated with dam water than in those
from the fields irrigated with groundwater.

In general, *’Cs in water is broadly classified into dis-
solved and particulate forms [12—14]. The dissolved form
exists in an ionic state in water and is known to be highly
bioavailable [15, 16], while the particulate form is bound to
suspended solids in water [17]. Particulate '*’Cs is strongly
fixed to soil particles, and its bioavailability is extremely
low. However, the ion-exchanged or organic-bonded forms
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can switch to an ionic state through ion exchange and organic
matter decomposition of the bound soil particles [18].

Some studies have reported that the amount of '*’Cs
introduced via irrigation water is negligibly less than that
originally present in non-contaminated paddy fields [19,
20]. Contrastingly, Sakai et al. [21] reported that the activ-
ity concentrations of '*’Cs in topsoil increased by 3.8 times
in decontaminated paddy fields 1 year after the removal of
topsoil via irrigation water withdrawal and atmospheric
deposition. Although the removal measures were effective
in reducing '*’Cs uptake, the '3’Cs activity concentration
in rice plants increased. This may be related to the *’Cs
present in irrigation water [22].

According to Yoshikawa et al. [23], in paddy fields, the
water inlet area is the most contaminated with '¥’Cs, where
elevated '*’Cs activity concentrations have been detected
in both paddy soil and brown rice. This suggests that both
dissolved and particulate forms of '*’Cs may contribute to
the increase in 137Cs activity concentration in rice; however,
the contributing factors and mechanisms are still largely
unknown. The main purpose of this study was to elucidate
the factors that increase the activity concentration of '*’Cs
in rice due to irrigation water using an in situ model paddy
field experiment.

Experimental
Study site

The study area (37° 29’ 59" N, 140° 58' 26" E) is located
in Namie Town, Fukushima Prefecture, approximately
10 km northwest of FDNPP (37° 25’ 17" N, 141° 01’ 58" E)
(Fig. 1). This area was designated as a restricted cropping
zone during August 2013—-March 2017. Rice cultivation in
the study paddy field was suspended for 3 years immediately
after the FDNPP accident, and trial cultivation was restarted
in 2015. These paddy fields were irrigated with water from
the Ukedo River supplied by the Ogaki Dam. The catch-
ment area of the Ogaki Dam includes a highly contaminated
area where '*’Cs accumulated at 100-3000 kBq m~2 due
to the influence of radioactive plume passing immediately
after the FDNPP accident [24, 25], and the air dose rate
was 0.2-19.0 pSv h™! (as of November 4, 2015; Nuclear
Regulation Authority). The soil type was categorized as
coarse-grained brown lowland soil (Institute for Agro-
Environmental Sciences, NARO, 2010). In 2015, the radi-
ocesium concentration found in brown rice did not exceed
100 Bq kg™'.
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Fig. 1 Map of the study area

Study method

To elucidate the mechanism by which rice plants absorb
the *’Cs introduced from irrigation water, a field experi-
ment was conducted to observe the sedimentation of
suspended solids onto the paddy soil and the changes in
exchangeable potassium (hereafter Ex-K) concentrations
in the soil.

A 5 m X5 m experimental model paddy field was set up
using corrugated plates at the water inlet in 2019 (Fig. 2a).
As soil contamination with '3’Cs by irrigation water was
locally significant up to 3 m from the water inlet [23], we
considered this dimension to be sufficient for measuring
the extent of soil contamination near the water inlet. The
experimental model paddy field site was dug to a depth of
approximately 5 cm and surrounded on all sides by 25 cm
high polypropylene corrugated plates. The side plates of
the experimental site were set at a height that would allow
a water depth of approximately 10 cm to be stored so that
water would not overflow. The downstream plates perpen-
dicular to the flow direction were set approximately 5 cm
lower than the sides plates to allow irrigation water to
flow down without stagnation. A plastic sheet was placed
at the bottom to prevent mixing with local soil, and the
site was filled to the top 15 cm with approximately 7 tons
of non-contaminated paddy soil (497 Bq m~ or less) col-
lected from Shibata City, Niigata Prefecture (Fig. 2b). The
physical and chemical properties of the soil are shown
in the supplementary material (Appx. 1). We used non-
contaminated soil as a fill material because the inventory
of '¥7Cs in the local paddy soil (~ 59,800 Bq m~ as in



Journal of Radioanalytical and Nuclear Chemistry (2022) 331:4077-4086 4079
Fig.2 a Photograph of the
experimental model paddy field;
b schematic of the experimental
model paddy field
(b)
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2018) was considerably greater than the particulate '*’Cs
inflow via irrigation water (~ 300 Bq m~2 as in 2018), and
it was expected that it might be difficult to identify the
changes in soil '*’Cs activity concentration due to irriga-
tion water intake.

Nitrogen (N), phosphorus (P), and potassium (K) fer-
tilizers were applied according to the Fukushima Prefec-
ture fertilization standard for paddy fields (6 g m~2 for N,
8 g m~2 for P, and 10 g m~2 for K) [26]. Irrigation water
was supplied through a PVC pipe (9100 mm) connected
to the existing water inlet. The flow rate was adjusted
using a ball valve attached to the PVC pipe, and a flow
meter (SW100G-M, Aichi Tokei Denki Co., Ltd.) was
installed to measure and record the flow rate every 10 min
throughout the irrigation period. The experimental model
paddy field was irrigated with water from the Kariyado
Headwork, located approximately 7 km downstream from
the Ogaki Dam. The water was transported to the fields

through an open irrigation channel in 2019, for the first
time since the 2011 Great East Japan earthquake.

Puddling was performed manually using hoes and scoop
shovels. After the disturbing muddy water had settled, the
rice seedlings (Oryza sativa L., Koshihikari) were trans-
planted, with a spacing of 15 cm, in the direction of irriga-
tion flow and 30 cm in the cross direction, similar to that in
the local field.

Sampling

The soil and rice were sampled on September 24, 2019.
Sampling sites were set up by dividing the experimental
model paddy field into several grids of three different sizes.
We wanted to sample densely near the water inlet, where the
sedimentation of particulate radiocesium is expected to be
greater, based on the results of the model paddy field experi-
ment conducted under laboratory conditions in 2018 (Appx.
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2). Therefore, we set up 0.25 mx 0.25 m grids covering 1 m
width and 2 m downstream from the water inlet (hereinafter
Zone 1), 0.5 mx 0.5 m grids surrounding Zone 1 (herein-
after Zone 2), and 1 mXx 1 m grids furthest from the water
inlet (hereinafter Zone 3) (Fig. 3a). Three soil samples (5 cm
depth each) were collected from the center of each sampling
grid using a core sampler (5 cm diameter, 5.1 cm long; DIK-
1801, Daiki Rika Kogyo Co Ltd., Saitama, Japan).

For rice plant sampling, as there was only one rice plant
hill in the smallest grid (Zonel), two 0.25 m X 0.25 m grids

Soil sampling scheme

Water
inlet

5m

Rice sampling scheme

Water
inlet

5m

Fig.3 Soil and rice sampling sites. The size of the experimental
model paddy field was 5 mx5 m. The sampling sites were set up by
dividing the total field into three different sized grids: a for soil sam-
pling: 0.25 mx0.25 m grids covering 2 m downstream and 1 m wide
from the water inlet (Zone 1), 0.5 mx 0.5 m grids surrounding Zone
1 (Zone 2), and 1 mXx 1 m grids furthest from the water inlet (Zone
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were combined. Thus, two rice plant hills were sampled
from the smallest grids. For the middle- and large-sized
grids (Zone 2 and 3, respectively), four rice plant hills from
the center of each grid were selected for sampling (Fig. 3b).

Water samples were collected from the terminal irriga-
tion channel near the experimental model paddy field once
a month during the irrigation season between May and Sep-
tember 2019. Each time, 60 L of water samples was col-
lected. Samplings were performed on days when it had not
rained for at least 2 days prior.
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3)—three samples were collected from each grid; b for rice sampling:
two 0.25 mx0.25 m grids (Zone 1) were combined, and two rice
plant hills were sampled; in 0.5 mx 0.5 m and 1 mXx 1 m grids (Zone
2 and 3, respectively), four rice plant hills from the center of each
grid were sampled. “A-E” indicate horizontal grid locations from the
water inlet, “I-III"” indicate finer grid distribution
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Pre-treatment of samples

According to Kato et al. [27], approximately 80% of the
dissolved and particulate '*’Cs was present in the top 2 cm
of the topsoil. Given that the particulate '*’Cs introduced
via irrigation water was thinly deposited on the soil sur-
face, only the top 2 cm of the collected soil samples was
used for analysis. Soil samples were absolutely dried in an
electric oven and then homogenized by stirring to ensure
uniform '37Cs activity concentration.

Rice plants were air-dried in a greenhouse for approx-
imately 2 weeks, threshed manually, and separated
into straws and grains. Rice grains were threshed until
unhulled. Soil and rice grain samples were weighed
and transferred to a U-8 container for '*’Cs activity
determination.

The dissolved and particulate fractions of irrigation water
samples were separated and prepared for dissolved and par-
ticulate '¥’Cs analyses, as described by Yoshikawa et al.
[23].

137Cs activity measurement

The 37Cs activity concentrations of all the soil, rice and
water samples were measured at the Isotope Research Center
of the University of Tokyo. A germanium semiconductor
detector with 25% efficiency and a counting time of 14,400 s
(Princeton Gamma-Tech Instruments Inc., MCAS8016,
Princeton, NJ, USA) was used to determine the radiocesium
activity in water and rice samples. An Nal (TI) scintillation
detector with a counting time of 3600 s (AT-1320A, ATOM-
TEX, Minsk, Belarus or WIZARD-2, PerkinElmer Co., MA,
USA) was used to determine the radiocesium activity in the
soil. The counting efficiency of the detectors was calibrated
using a gamma-ray reference source (MX033USPP; Japan
Radioisotope Association, Tokyo, Japan). The counting
periods were chosen to ensure that the limit of quantitation
was 0.1 Bq kg™! for the water and rice plant samples and
30 Bq kg~ for the soil samples. The '*’Cs activity concen-
trations of all the samples were decay-corrected to April 1,
2019.

Determination of Ex-K

The Ex-K in paddy field soil was determined by soil extrac-
tion with 30 mL of 1 M ammonium acetate (CH;COONH,)
at 20 °C while shaking for 1 h. The suspension was cen-
trifuged (3000 rpm) for 15 min, then the supernatant was
filtered using cellulose acetate syringe filters (13 mm;
ADVANTEC, Osaka, Japan). The filtrate was diluted
with 0.1 N HNO; for Ex-K determination using an atomic

absorption spectrophotometer (ZA-3300 Hitachi High-Tech
Science Corporation, Tokyo, Japan).

Statistical analysis

Statistical analysis was performed for radiocesium activity
concentration in the soil and rice and for Ex-K in the soil
using the R statistical software (version 3.5.2; R Foundation
for Statistical Computing, Vienna, Austria). We compared
the data sets of Zones 1-3 using the pairwise Wilcoxon rank-
sum test with Benjamini—-Hochberg correction (p < 0.05) for
multiple comparisons.

Results and discussion

The results demonstrated that the unhulled rice grains har-
vested near the water inlet (Zone 1) had significantly higher
137Cs activity concentrations than those in the other zones. In
this section, the reasons for the high radiocesium contamina-
tion in rice locally near the water inlet are discussed from
the perspectives of (1) reduced soil Ex-K and (2) increased
137Cs activity concentrations in the soil due to irrigation
water intake.

Effect of soil runoff on Ex-K

The highest average Ex-K concentration of 151 mg-K,O
kg~! was found in Zone 3 and the lowest of 115 mg-K,O
kg~!in Zone 1 (Fig. 4a). We observed a significantly lower
concentration of Ex-K in Zone 1 than in the other zones
(p <0.05, Wilcoxon’s test) (Fig. 4b). The reason for the low
Ex-K near the water inlet could be that the continuous tur-
bulent water flow had leached the applied Ex-K downstream.
It is well known that there is a negative correlation between
Ex-K in the soil and '*’Cs absorption by rice plants [28—32].
Therefore, it is plausible that relatively low Ex-K concentra-
tions contributed to the elevated '3’Cs activity concentra-
tions in rice grains.

Effects of newly added *’Cs via irrigation water

Possibility of direct absorption of dissolved radiocesium
by rice plants

The average activity concentration of '¥’Cs in irriga-
tion water was 1.76 Bq L™!, of which dissolved form
was 1.57+0.20 Bq L~! and particulate form was
0.19+0.13 Bq L™!. As dissolved '*’Cs has high bioavailabil-
ity, we would like to discuss the possibility of direct absorp-
tion of dissolved '*’Cs in irrigation water by rice plants.
Yoshikawa et al. [23] reported that the activity concentra-
tion of dissolved *’Cs tends to decrease at a constant rate
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Fig.4 Exchangeable K (Ex-K)
in the soil collected on Septem-
ber 24, 2019 (harvesting season)
(Appx. 3): a distribution of
Ex-K in the experimental model
paddy field indicating low (light
colors) to high (dark blue)
values; b comparison of Ex-K
concentration in the three zones;
n=number of grids, n=32

for Zone 1, n=28 for Zone 2,
n=16 for Zone 3; lowercase
letters indicate the significant
differences between each zone

at p <0.05 using pairwise

Wilcoxon rank-sum test with Water flow direction

Benjamini—-Hochberg correc-
tion for multiple comparisons.

Means sharing a letter are not
significantly different. (Color
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during the flow from the inlet to the outlet. If absorption by
rice plants is responsible for this decrease, then rice plants
would have a uniform activity concentration regardless of
the distance from the inlet. However, in the present experi-
ment, the 1¥’Cs activity concentration in rice grains in Zone
1 (27.2+7.0 Bq kg™') was significantly higher than that
in Zones 2 (11.3+4.1 Bqkg™!) and 3 (9.3+2.3 Bq kg™})
(p<0.05, Wilcoxon’s test) (Fig. 5b). Thus, while dissolved
137Cs in the irrigation water may contribute to the uniform
increase in activity concentration throughout the experi-
mental system, the local increase around the inlet cannot be
explained by dissolved *’Cs alone.

The transfer factors (TFs), calculated as the ratio of
137Cs activity concentration in rice to that in the soil,

@ Springer
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were 0.001-0.004 for Zone 1, 0.001-0.087 for Zone 2,
and 0.005-1.423 for Zone 3 (Appx. 3). The high TFs in
Zone 3 cannot be explained by transfer from the soil alone;
direct absorption from irrigation water may also have con-
tributed. In other words, dissolved radiocesium may have
a bottom-up effect on the activity concentration in rice
throughout the experimental system. Therefore, dissolved
radiocesium did not seem to be the main reason for the
increase '3’Cs activity concentrations in rice plants near
the water inlet (Zone 1) (Fig. 5a), although dissolved 37Cs
could contribute partly to increasing the activity concen-
tration of '3’Cs in rice plants.
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Fig. 5. 'Cs activity concentra-
tion in the unhulled rice grains
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Soil 1¥7Cs inventory increases via irrigation water

The highest average activity concentration of 22.1 kBq kg™
in the soil was found near the water inlet (Zone 1) and the
lowest of 0.25 kBq kg™! in the outer periphery area (Zone
3) (Fig. 6a). The value for Zone 1 was significantly higher
than the values for other zones (p <0.05, Wilcoxon’s test)
(Fig. 6b). These findings suggested that the rice plants near
the water inlet were exposed to an environment wherein
they were more likely to absorb '¥’Cs than those at other
locations. A significant positive correlation (p < 0.05, Pear-
son's test) was observed between the '*’Cs inventory in the
soil and '3’Cs activity concentration in rice grains at each

Zone

sampling point during the harvesting period (Fig. 7). Given
that the experimental model paddy field was filled with non-
contaminated paddy soils, one of the main factors explaining
the increase in soil '*’Cs inventory near the water inlet was
the deposition of particulate '*’Cs from the irrigation water
intake.

The primary hypothesis regarding the significantly higher
137Cs activity concentrations in the soil is that the suspended
solids transported by water in the fast-flowing irrigation
channel are deposited near the water inlet owing to a sud-
den decrease in the tractive force of the irrigation water flow
immediately after it enters the paddy field. To verify this
hypothesis, the inflow load of particulate '*’Cs via irrigation
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Fig.6. '3Cs activity con-
centration in each grid of the
experimental model paddy field
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water and the increase in the '¥’Cs inventory in the experi-
mental model paddy soil were calculated and compared.
The increase in '3’Cs activity concentration in the soil was
calculated as the difference between the '*’Cs inventories in
the soil during the transplantation and harvesting periods.
The inventory of '*’Cs in the soil was calculated by multi-
plying the activity concentration in each grid, represented
by each sampling point, by the mass of the dry soil and then
adding them. The total particulate '*’Cs inflow load was
calculated by multiplying the amount of water intake by the
137Cs activity concentration in the suspended solids during
the irrigation period.

Consequently, the total increase in '*’Cs inventory in
soil was 538 kBq. This value represents ~60% of the total
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Zone

particulate '3’Cs inflow load [889 kBq, average activity con-
centration (0.19 Bq L") multiplied by the intake water volume
(4.68x 10° m?)]. Therefore, the increase in soil '*’Cs inven-
tory can reasonably be attributed to the sedimentation of sus-
pended solids via irrigation water inflow. Accordingly, it was
suggested that particulate radiocesium was one of the main
causes of the increase in '*’Cs concentrations in rice plants
near the water inlet.
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In this study, we attempted to elucidate the factors that con-
tribute to the elevated radiocesium activity concentration in
rice derived from irrigation water intake. In the experimental
model paddy field with non-contaminated soil, '*’Cs activity
concentration in the soil and harvested rice was significantly
higher, and Ex-K in the soil was significantly lower near the
water inlet (Zones 1) than at other locations (Zones 2 and 3).

The reason for the low Ex-K near the water inlet may
be the continuous turbulent water flow leaching the Ex-K
downstream, which could partially explain the contribution
of radiocesium to rice absorption. On the other hand, the
strong correlation between '3’Cs activity concentration in
the soil and '*’Cs activity concentration in the rice clearly
indicates that the elevated concentrations in the soil con-
tribute to the increased '*’Cs absorption by rice. It can be
considered that the dissolved radiocesium increased the
concentration of radiocesium in rice plants bottom-up in
the entire experimental system, whereas particulate *’Cs
increased its concentration in the soil locally near the water
inlet, which was then absorbed by rice plants.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10967-022-08448-1.
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