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Abstract 24 

Radioactive cesium-bearing microparticles (CsMPs) were insoluble glassy matrixes 25 

derived from Fukushima Daiichi Nuclear Power Plant accident. CsMPs may locally 26 

increase radioactive cesium (RCs) concentration of soils and crops. Furthermore, RCs in 27 

the CsMPs is included in insoluble grassy particle, it is considered that it may be difficult 28 

for crops to absorb. Transfer factor (TF) is used to evaluate transfer of RCs from soils to 29 

crops. However, the conventional TF is a simple ratio of RCs concentrations between 30 

them. This suggests that conventional TF may not be able to accurately assess RCs 31 

transfer from soils to crops when CsMPs are in the soil. Since there are many 32 

contaminated forests in Fukushima Prefecture, Japan, there are concerns about secondary 33 

contamination due to the inflow of CsMPs. In this study, we investigated the deposition 34 

of CsMPs in the paddy field located within specified reconstruction and revitalization 35 

base area in the first year of resumed cultivation following the accident. Furthermore, we 36 

evaluate the impact of CsMPs on RCs concentration in the soil and TF of brown rice.  37 

The accumulation of RCs and CsMPs in our study field was not observed. RCs 38 

concentration of brown rice was less than the shipping limit defined by Japanese 39 

government. These suggested that the impact of secondary contamination was not large, 40 

and cultivation can be done safely. However, because there are many contaminated sites 41 

in the surrounding area, and it is necessary to continue to monitor the effects of radiation 42 

in the future. Furthermore, the proportion of CsMPs on RCs concentration in the soil was 43 

less than 10%. Therefore, CsMPs may not have a significant effect on transfer factor of 44 

RCs for brown rice.  45 

 46 

Key word 47 
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Radioactive cesium, Radioactive cesium-bearing microparticles, Fukushima, Paddy soil, 48 

Transfer factor  49 

 50 

1. Introduction 51 

Lots of radionuclides were scattered around Fukushima Prefecture, Japan, due to the 52 

Fukushima Daiichi Nuclear Power (FDNPP) accident occurred on March 11, 2011[1,2]. 53 

Because Radioactive cesium-137 (137Cs), which has a long half-life of approximately 30 54 

years, is deposited in large quantities, it is necessary to grasp its long-term behavior and 55 

the effect of radiation in the environment [3]. After the FDNPP accident, decontamination 56 

activity such as removal of vegetation and topsoil were conducted in the farmland and 57 

residential area [4]. Furthermore, intensive decontamination has been carried out in some 58 

difficult-to-return zones where residential and activity had been restricted due to high 59 

radiation air dose rate. As a result, residential and agricultural activities have resumed in 60 

these areas as specified reconstruction and revitalization base areas since 2022 [5]. 61 

However, decontamination in the forest areas has not been completed because there are 62 

large target areas for decontamination in the prefecture and it is difficult to introduce 63 

heavy machinery on steep slopes. Therefore, there is a concern that 137Cs may move from 64 

their forests to the surrounding area and contaminate soil, water, and agricultural crops 65 

[6, 7, 8, 9].  66 

Radioactive cesium-bearing microparticles, hereinafter referred to CsMPs, are insoluble 67 

glassy matrixes derived from the FDNPP accident [10, 11, 12, 13]. CsMPs has a particle 68 

size of a few µm, but are estimated to have an 137Cs concentration of 105 -106 times higher 69 

per unit mass than particulate 137Cs in which 137Cs attached to clay particles [10, 11]. 70 

Therefore, previous studies have shown that CsMPs may attach the surface of crops such 71 
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as paddy rice and Japanese mustard spinach and increase their 137Cs concentration [6, 7]. 72 

Ikehara et al. (2018) defined that CsMPs were particles with a size of 114 µm or less and 73 

radioactivity of 0.06 Bq or more. Ikehara et al. (2020) [12] investigated CsMPs in soils 74 

collected through out Fukushima Prefecture, and showed lots of CsMPs deposit in the 75 

soil in the highly contaminated areas located near and northwest of the FDNPP. They also 76 

showed that the proportion of CsMPs to radioactive cesium (RCs, sum of 137Cs and 134Cs) 77 

concentration in the soil collected from less contaminated areas located more than 30 km 78 

north west of the FDNPP was larger than that in the soil collected from near the FDNPP 79 

This was because the concentrations of RCs other than CsMPs in the soil were lower than 80 

those near the FDNPP. Tatsuno et al. (2023) [9] showed that CsMPs might cause a local 81 

increase in RCs concentration in the river water. Furthermore, they also indicated that 82 

CsMPs might significantly increase particulate RCs concentration, leading to an 83 

overestimation of the solid-liquid distribution coefficient for RCs in the river through the 84 

less contaminated area. These previous studies have suggested that CsMPs with high 85 

radioactivity have a great effect on the RCs concentration and transfer value between the 86 

soil and water reaction in the less contaminated area. The relatively large amount of 87 

CsMPs remained in the surface layer of forest soil in the area close to the FDNPP even 88 

in 2022-23 [14], and it is thought that these CsMPs might enter decontaminated farmland 89 

and affect the RCs concentration in the soil. Previous studies on agricultural land, 90 

especially paddy fields, have reported on the distribution trends of RCs within the field 91 

and their transfer to rice [15, 16, 17, 18]. However, the distribution and concentration of 92 

CsMP in the paddy soil are not clear. In addition, since CsMPs are insoluble matrixes, it 93 

is considered that RCs in them is difficult to release from themselves [10, 11]. Therefore, 94 

previous study on crop cultivation using contaminated soils suggested that RCs in CsMPs 95 
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might not contribute to RCs uptake from the roots [8]. When evaluating RCs adsorption 96 

from soils to crops, a transfer factor, which is the ratio of RCs concentrations in soil and 97 

crops, is used [18]. However, the presence of insoluble matrixes such as CsMPs in soils 98 

may make it difficult to accurately evaluate the RCs transfer factor pf crops, as is the case 99 

with river water [9]. In order to correctly evaluate the safety of farmland and crops against 100 

radiation effects and the transfer of RCs in agricultural crops, it is necessary to understand 101 

the distribution of CsMPs in the farmland and their effects on crops. 102 

In this study, we investigated the distribution of RCs and CsMPs in the paddy soil 103 

immediately after planting and before harvesting in the first year after the resumption of 104 

cultivation. Furthermore, we evaluated the RCs transfer factor from soil to brown rice, 105 

both in the presence and absence of CsMPs, in order to assess the impact of CsMPs on 106 

estimation for RCs transfer. 107 

 108 

2. Experimental 109 

2.1 Study site and sampling 110 

The study site is a paddy filed located in the specified reconstruction and revitalization 111 

base areas, approximately 12.5 km northwest from FDNPP. Farming resumed in the field 112 

in April 2023. The paddy field with an area of approximately 752 m2 and was divided 113 

into 16 plots (approximately 40.8-53.2 m2 of each plot) for collecting soil and crop 114 

samples (Fig.1). In this study, to compare the values such as RCs concentration of soil 115 

and crop by the locations in the paddy field, three to four plots each near the water intake, 116 

center of the field, and water outlet were defined as the following three sampling area; 117 

intake, center, and outlet (Fig. 1). Furthermore, the average of all 16 plots was defined as 118 

the entire paddy field. The cultivated rice sample was "Tenno Tsubu," a recommended 119 
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variety in Fukushima Prefecture, which is also widely applied in other paddy fields along 120 

the coast of the Prefecture [19]. 121 

Soil sampling was conducted twice. First time was conducted after just planting on May 122 

23, 2023, while the second time was just before harvesting on September 18, 2023. Each 123 

sampling period was defined as the planting and the harvesting period, respectively. In 124 

planting period, soil column samples were collected from each plot in the paddy filed 125 

under flooding using an acrylic cylinder with a length of 40 cm and a diameter of 4.2 cm. 126 

In the harvesting period, soil column sample was collected from the ground surface using 127 

a liner soil collector with a length 30 cm and the diameter of 5 cm (DIK-110C, Daiki, 128 

Japan). In both sampling periods, soil column samples were taken to a depth that allowed 129 

each sampler (i.e., acrylic cylinder and liner soil collector) to be inserted without soil 130 

disturbing. Therefore, the length of column sample varied from 11 cm to 21 cm for each 131 

plot. For crop samples, three aboveground rice plants were collected near the soil 132 

sampling point of each plot in the harvesting period. 133 

 134 
Fig.1 Sampling point and areas 135 

26.9 m

32.9 m
23.0 m

29.0 m
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 136 

2.2 Sample analysis for RCs and CsMPs in the soil 137 

After taking the samples, soil column samples were cut into the soil layers according to 138 

depth. For the top 0-5 cm layer, samples were cut at the following intervals: 0-0.25, 0.25-139 

0.5, 0.5-1, 1-2, 2-3, 3-4, and 4-5 cm. For soil deeper than 5 cm, samples were cut at 2 cm 140 

intervals. Each soil layer was dried in an oven at 105℃ and collected through the sieve 141 

with porosity of 2 mm. Sieved soil layer was put into a 100 mL of U8 container (Pla tsubo 142 

3–20, Umano Kagaku Youki Co., Ltd., Osaka, Japan). RCs concentration (i.e., sum of 143 

134Cs and 137Cs concentration) of the soil layer was measured by germanium 144 

semiconductor detector (GC4020, CANBERRA Industries Inc., USA, relative efficiency 145 

32%). Gamma-ray peaks of 604 and 662 keV were used to measure concentration of 134Cs 146 

and 137 Cs, respectively. The counting efficiency was calibrated using the standard source 147 

(MX033U8PP and MX035; The Japan Radioisotope Association, Tokyo, Japan. 148 

Based on previous studies [9, 11, 14], the concentration of RCs derived from CsMPs, 149 

hereinafter called to CsMPs concentration, was quantified for each soil layer using the 150 

following procedure. After measuring the RCs concentration, a part of soil sample was 151 

taken from each soil layer, and mixed with pure water. After thoroughly stirring the 152 

mixture with a shaker and ultrasonic disperser, the suspended particles were passed 153 

through a mesh with a porosity of 114 μm and then collected on a filter with porosity of 154 

0.45μm. It should be noted that there may be some CsMPs with size smaller than 0.45 155 

µm [11]. However, most CsMPs in previous studies were only a few µm in size [11], and 156 

CsMPs in river water samples remained on the 0.45 µm filter [9]. Therefore, the soil 157 

particles remaining on the filter with the porosity of 0.45 µm was analyzed for CsMPs in 158 
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this study. The suspended particles on the filter was dried in the oven at 60 ℃ for a few 159 

hours and put into a zip bag to avoid losing particles, hereinafter called to CsMPs sample. 160 

CsMPs samples of each soil layer and standard samples (0.05-2.00 Bq per spot) were 161 

placed on a plastic sheet and covered with an imaging plate (IP; BAS IP MS 2025; Cytiva, 162 

Japan) for 24 hours. After contacting, the highly radioactive spot recorded on the IP was 163 

read on the IP reader (FLA-9500, Ge Healthcare Bio-Science AB, Sweden). The 164 

radioactivity of each spot was calculated based on the calibration curve using standard 165 

samples [9]. In this study, CsMPs were defined as a particle with radioactivity of 0.06 Bq 166 

or more using an image processing software (Image J, National Institute of Health, USA) 167 

[11]. CsMPs concentration in the soil layer was obtained using the equation 1 (eq.1);  168 

𝐶𝐶𝑠𝑀𝑃𝑠 =
𝑅𝐶𝑠𝑀𝑃𝑠

𝑚𝐶𝑠𝑀𝑃𝑠
  (eq. 1) 169 

where RCsMPs is the total radioactivity of CsMPs detected in each CsMPs sample. mCsMPs 170 

was the mass of samples taken from each soil layer when preparing CsMPs samples. 171 

In the vertical distribution RCs and CsMPs concentration in the soil, the proportion of 172 

CsMPs concentration to RCs concentration, hereinafter called to proportion of CsMPs, in 173 

each soil layer was calculated from the following equation (eq.2); 174 

𝑃𝐶𝑠𝑀𝑃𝑠_𝑖 =
𝐶𝐶𝑠𝑀𝑃𝑠_𝑖

𝐶𝑅𝐶𝑠_𝑖
∙ 100 (eq. 2) 175 

where PCsMPs (%) indicate the proportion of CsMPs of i soil layer. CCsMPs_i (Bq kg-1) and 176 

CRCs_i (Bq kg-1) were CsMPs and RCs concentration in i soil layer. 177 

The centroid depth of RCs and CsMPs concentration in the vertical direction,〈x〉(cm), 178 

were calculated from the following equation to grasp the trend of vertical distribution for 179 

them in the soil column samples [14, 21]. 180 
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〈𝑥〉 =
∑ 𝑥𝑖𝐶𝑖∆𝑥𝑖𝑖

∑ 𝑥𝑖∆𝑥𝑖𝑖
  (eq. 3) 181 

where ci (Bq kg-1) indicates the concentration of Cs or CsMPs in i-soil layer. xi (cm) is 182 

the intermediate depth of the i-soil layer. Δxi (cm) is the thickness of i-soil layer. 183 

 184 

2.3 RCs concentration in the brown rice 185 

After sampling the rice plants, they were air-dried, threshed and husked to collect the 186 

brown rice. The collected brown rice was put in to the U8 container. RCs concentration 187 

in the brown rice was measured using the germanium semiconductor detector. In this 188 

study, the RCs concentration per unit mass of brown rice was described as the value of 189 

fresh weight (Bq kgFW-1) assuming the moisture content of 15%. 190 

 191 

2.4 Deposition of RCs and CsMPs in the topsoil 192 

To compare the deposition of RCs and CsMPs of the topsoil with the depth of 0-5 cm 193 

between different sampling areas and periods, their deposition volumes were calculated 194 

using the equivalent soil mass (ESM) basis [22, 23]. ESM basis is used to compare the 195 

amount of nutrients for the reference mass of soil in the field where the dry bulk density 196 

has changed due to tillage or trampling by livestock. In this study, unlike the dry soil in 197 

the harvesting period, the soil in the planting period was under flooded condition, and 198 

water might enter into the soil porosity, causing the soil particles to float. It was expected 199 

that the dry bulk density (i.e., amount of dry soil per depth) would be different between 200 

the two sampling periods even under the same condition of soil depth and plot. Therefore, 201 

ESM basis was applied to compare to the deposition of RCs and CsMPs of the topsoil 202 

between different sampling areas and periods. The reference soil mass was determined as 203 

the average dry mass per unit area of topsoil collected from depth of 0 – 5 cm in 16 plots 204 
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in the harvesting period (53.2 kg m-2). The accumulated RCs and CsMPs up to the 205 

reference soil mass of each plot were calculated using the following equations; 206 

𝑇𝐼𝑅𝐶𝑠_𝑅 = 𝑇𝐶𝑅𝐶𝑠(𝑛) + (𝑀𝑅 − 𝑀(𝑛)) ∙ 𝐶𝑅𝐶𝑠(𝑛 + 1) (eq. 4) 207 

𝑇𝐶𝑅𝐶𝑠(𝑛) = ∑ 𝑀𝑖 ∙ 𝐶𝑅𝐶𝑠_𝑖
𝑛
𝑖   (eq. 5) 208 

𝑇𝐼𝐶𝑠𝑀𝑃𝑠_𝑅 = 𝑇𝐶𝐶𝑠𝑀𝑃𝑠(𝑛) + (𝑀𝑅 − 𝑀(𝑛)) ∙ 𝐶𝐶𝑠𝑀𝑃𝑠(𝑛 + 1) (eq. 6) 209 

𝑇𝐶𝐶𝑠𝑀𝑃𝑠(𝑛) = ∑ 𝑀𝑖 ∙ 𝐶𝐶𝑠𝑀𝑃𝑠_𝑖
𝑛
𝑖   (eq. 7) 210 

where TIRCs_R (kBq m-2) and TICsMPs_R (kBq m-2) are the deposition of RCs and CsMPs 211 

per unit area in reference soil mass, hereinafter called to as RCs inventory and CsMPs 212 

inventory, respectively. TCRCs_R (kBq m-2) and TCCsMPs_R (kBq m-2) are the cumulated 213 

values of RCs or CsMPs up to the soil layer n just before the reference soil mass is reached. 214 

MR is the reference soil mass. M(n) is the cumulative soil mass per unit area until the 215 

reference mass is reached (kg m-2). Mi is the mass of dry soil layer-i per unit area (kg m-216 

2). CRCs (n+1) and CCsMPs (n+1) indicate RCs and CsMPs concentrations of the soil layer 217 

that reach or exceed the reference soil mass (kBq kg-1). CRCs_i (kBq kg-1) and CCsMPs_i 218 

(kBq kg-1) are RCs and CsMPs concentrations of the soil layer-i, respectively. 219 

 220 

2.5 Apparent and net transfer factor of RCs to brown rice 221 

To calculate the transfer factors from soil to brown rice, the RCs and CsMPs 222 

concentrations of the topsoil with the depth of 0–5 cm in the harvesting period were 223 

determined using the following equations;  224 

𝐶𝑅𝐶𝑠_0−5 =
∑ 𝑚𝑖∙𝐶𝑅𝐶𝑠_𝑖𝑖

∑ 𝑚𝑖𝑖
  (eq. 8) 225 

𝐶𝐶𝑠𝑀𝑃𝑠_0−5 =
∑ 𝑚𝑖∙𝐶𝐶𝑠𝑀𝑃𝑠_𝑖𝑖

∑ 𝑚𝑖𝑖
  (eq. 9) 226 

where CRCs_0-5 and CCsMPs_0-5 indicate the RCs and CsMPs concentration of the soil with 227 
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0-5 cm depth, respectively (Bq kg-1). mi is the dry mass of soil layer-i (kg). It should be 228 

noted that the RCs concentration of dry weight for brown rice (Bq kgDW-1) was used in 229 

the calculation of the transfer factor. In order to evaluate the transfer of RCs from surface 230 

soil to brown rice, the transfer factor was obtained for each sampling plot using the 231 

following equation (eq. 10) [15, 18]; 232 

𝑇𝐹𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 =
𝐶𝑅𝐶𝑠_𝑟𝑖𝑐𝑒 

𝐶𝑅𝐶𝑠_0−5
  (eq. 10) 233 

where TFapparent indicates the transfer factor of RCs from the surface soil to brown rice. 234 

CRCs_rice (Bq kg-1) is the RCs concentration in the brown rice. In addition, the net transfer 235 

factor, TFnet, which subtracts the contribution of CsMPs from RCs concentration in the 236 

soil, was calculated using the following equation (eq.11). 237 

𝑇𝐹𝑛𝑒𝑡 =
𝐶𝑅𝐶𝑠_𝑟𝑖𝑐𝑒

𝐶𝑅𝐶𝑠_0−5−𝐶𝐶𝑠𝑀𝑃𝑠_0−5

  (eq. 11) 238 

 239 

 240 

3. Results 241 

3.1 Vertical distribution of RCs and CsMPs in the paddy soil 242 

Fig. 2 shows the vertical distribution of RCs and CsMPs concentrations and proportion 243 

of CsMPs in each sampling area collected in the planting and harvesting periods. In each 244 

area and period, the RCs concentration was almost the same order between the soil depth 245 

of 0-15 cm, or tended to decrease gradually with depth. This distribution trend was similar 246 

to that in the previous study after puddling [17]. On the other hand, CsMPs were 247 

distributed heterogeneously in the soil depth of 0-21 cm. Proportion of CsMPs in most 248 

soil layer was less than 5%, while that in some was greater than 10% (e.g. the soil layers 249 

with the depth of 0-0.25 cm of the center area and 11-13 cm of outlet area in the planting 250 
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period, and those with the depth of 3-4 cm of the intake area, 2-3 cm of center area, 4-251 

5cm and 13-15 cm of outlet area in the harvesting period). Table 1 indicates the centroid 252 

depth of RCs and CsMPs concentrations by sampling areas and periods. When RCs and 253 

CsMPs were evaluated independently, the centroid depth did not differ significantly 254 

among areas during the same period, nor between periods within the same area. 255 

 256 

Table 1 Centroid depth of RCs and CsMPs concentration in the soil column 257 

 258 

The number of parentheses indicates the standard error calculated from three or four column 259 

samples in each sampling area. 260 

 261 

RCs (cm) 6.45 (±0.37) 5.94 (±0.94) 6.90 (±1.10) 6.46 (±0.29)

CsMPs (cm) 7.62 (±0.81) 3.55 (±1.83) 4.57 (±2.73) 5.50 (±0.90)

RCs (cm) 7.18 (±0.82) 8.85 (±1.44) 8.33 (±0.23) 8.16 (±0.43)

CsMPs (cm) 6.06 (±0.98) 7.68 (±2.93) 7.04 (±3.52) 6.16 (±1.09)
Harvesting

entireoutletcenterintake

Planting
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 262 

Fig. 2 Vertical distribution of RCs and CsMPs concentration and Proprtion of CsMPs in the soil layers 

collected in the planting and harvesting periods 

Horizontal error bars indicate the standard deviations calculated from three or four column samples. The 

small letters in parentheses indicate the following sampling area in the planting period; (a) intake, (b) 

center, and (c) outlet areas. The small letters in parentheses indicate the following sampling area in the 

harvesting period ; (A) intake, (B) center, and (C) outlet areas. 
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3.2 Inventories of RCs and CsMPs in the planting and harvesting periods 263 

Fig. 3 shows the inventories of RCs and CsMPs of entire and each area in the planting 264 

and harvesting periods. There was no significant difference in RCs inventory when 265 

comparing the entire and each sampling area at the same sampling period (Fig. 3-(a)). 266 

Furthermore, there was no significant difference in RCs inventory when comparing the 267 

planting and harvesting periods in the same sampling area. The average CsMPs 268 

inventories of each sampling area in the harvesting period tended to increase more than 269 

those in the planting period. However, this difference was not statistically significant (p 270 

> 0.05). As in the case of RCs inventory, there were no significant difference in CsMPs 271 

inventory when comparing between the sampling areas at same sampling period or the 272 

periods in the same area.  273 

 274 

Fig. 3 Inventories of (a) RCs and (b) CsMPs for all and each sampling area in the planting 

and harvesting periods 

Vertical error bars indicate the standard deviation. 
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3.3 RCs concentration in brown rice  275 

Fig. 4 shows the average RCs concentration of brown rice collected in the entire and each 276 

sampling area. The RCs concentration of brown rice in the intake area was greater than 277 

the entire and the center areas. The RCs concentration of the brown rice in each sampling 278 

plot ranged from 8.0 to 26.2 Bq kgFW-1, which were significant below the shipping limit 279 

(100 Bq kgFW-1) [24]. 280 

 281 

3.4 RCs and CsMPs concentrations in the topsoil and transfer factors of RCs for 282 

brown rice  283 

Fig. 5 shows the RCs and CsMPs concentrations and proportion of CsMPs of the topsoil 284 

with 0-5 cm depth in the harvesting period. The RCs concentration in the topsoil ranged 285 

from 4.55 × 103 to 5.73 × 103 Bq kg-1 in each sampling area, and the average 286 

concentration in the entire paddy field was 4.98×103 Bq kg-1. CsMPs concentration of 287 

each area was between 283 to 310 Bq kg-1, and the average concentration in the entire 288 

paddy field was 304 Bq kg-1. The proportion of CsMPs in each sampling area was 4.4 to 289 

6.5 %. The average proportion of CsMPs was 5.8% for the entire paddy field. When 290 

Fig. 4 Average RCs concentration in the brown rice in all plots and each sampling area 

Vertical error bars indicate the standard deviation. 
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comparing between sampling areas, there were no significant differences in the 291 

concentration of RCs and CsMPs and the proportion of CsMPs in the topsoil. 292 

 293 

Fig.6 shows the apparent and net transfer factors of RCs to brown rice in the entire and 294 

each sampling area. The apparent transfer factors in the intake, center, and outlet areas 295 

were 3.24×10-3, 2.47×10-3, and 2.27×10-3, respectively. The net transfer factors in the 296 

intake, center, and outlet areas were 3.45×10-3, 2.55×10-3, and 2.42×10-3, respectively. 297 

For the entire paddy filed, the apparent and net transfer factors were 2.41×10-3, and 2.54298 

×10-3, respectively. There was no significant difference between apparent and net 299 

transfer factors in each sampling area and entire paddy field.  300 

Fig. 5 RCs and CsMPs concentration and proportion of CsMPs in the soil with depth of 0-5 cm 

in the cultivation period 

Vertical error bars indicate the standard deviation. 
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 301 

4. Discussion 302 

4.1 Secondary contamination in the paddy field  303 

Some previous studies showed that there was RCs deposition trends to decrease from 304 

water intake to outlet in the paddy field [15, 17]. However, in both sampling periods, there 305 

were no significant difference in inventories and centroid depth of RCs and CsMPs 306 

between sampling points, respectively (Table1 and Fig. 3). Furthermore, at the same 307 

sampling area, no significant difference was observed between two sampling periods. 308 

These results suggest that deposition of RCs and CsMPs might not significantly change 309 

during our observation period, and that external contaminants might be rarely introduced 310 

to this study field via irrigation water and atmospheric deposition. The RCs concentration 311 

of brown rice was less than the shipping limit. This study suggested that the impact of 312 

secondary contamination on farmland was not large even within the specified 313 

reconstruction and revitalization base area. However, it should be noted that these results 314 

are based solely on the period and location of this study. It is necessary to continue to 315 

Fig. 6 Apparent and net transfer factor of Cs  

Vertical error bars indicate the standard deviation. 
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investigate the dynamics of Cs and their effects on secondary contamination for soils and 316 

crops. 317 

 318 

4.2 Effect of CsMPs on RCs transfer factor of brown rice 319 

Previous studies showed that the apparent transfer factor of RCs ranged from 1.50×10-3 320 

to 6.80×10-3 in the decontaminated paddy field located from 40 km northwest of FDNPP 321 

[17]. In addition, the average value of apparent transfer factor for polished rice surveyed 322 

in Aomori Prefecture, Japan, in 1996-1997 was 0.0016 [18]. The net transfer coefficients 323 

in this study were of a same order of magnitude (Fig.5). Furthermore, there was no 324 

significant difference in the transfer factor of RCs for brown rice between apparent and 325 

net values (Fig. 5). This may be because the proportion of CsMPs was low (< 10 %) as in 326 

the case of the previous study conducted in the highly contaminated area [9]. As 327 

mentioned above, in a field such as the one in this study, where there is no inflow of 328 

CsMPs from external source, it is considered that the current transfer factor can be 329 

appropriately used to evaluate the transfer of RCs to brown rice. However, it is possible 330 

that soil disturbance due to plowing or irrigation water may change the RCs distribution 331 

at the paddy field in the future [15, 17]. In addition, in forest soils located within 5 km of 332 

the study site, CsMPs are distributed in large amounts in the surface layer within 5cm 333 

depth, and it has been pointed out that there is a possibility that they may be remobilized 334 

by soil erosion [14]. There is a possibility that CsMPs may be transported from the 335 

surrounding area in the future due to the movement of sediment by water and wind [8, 9]. 336 

On the other hand, it is considered that soil disturbance caused by agricultural work may 337 

change the distribution of CsMPs in the soil or cause them to run off outside the field [15]. 338 
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Therefore, it is necessary to continue to understand the dynamics of CsMPs in paddies, 339 

taking into account changes over time and at other sites. 340 

 341 

5. Conclusion 342 

We investigated the distribution of CsMPs in the paddy soil and their effect of Cs transfer 343 

factor to brown rice during planting and harvesting period. During the observation period, 344 

the depositions of RCs and CsMPs in the field did not change significantly. This result 345 

indicated that there was little secondary contamination in this study site. Furthermore, the 346 

proportion of CsMPs in the RCs concentration in the soil was less than 10% in both 347 

periods. These results suggest that CsMPs might not have a significant impact on the 348 

conventional transfer coefficient. Furthermore, the RCs concentration of brown rice was 349 

well below the shipping limit. This study demonstrated that rice cultivation can be safely 350 

conducted within the specified reconstruction and revitalization base area. It should be 351 

noted that the inflow of CsMPs from the surrounding area will need to be further 352 

considered, and that it is important to continue investigation. 353 
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Supplementary 459 

 460 

 461 

Fig. S1 Procedure from soil sampling to CsMPs measurement 

1) Sampling the soil column 2) Cutting the soil column according to depth
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