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In order to understand the behavior of radionuclides released from the Fukushima Daiichi nuclear power plant, the
depth distributions of radiocesium and radioiodine were investigated in a wheat field, a rice paddy, an orchard, and a cedar
forest in Koriyama, Fukushima Prefecture. Our results demonstrate that, following the nuclear power plant disaster, more
than 90% of the radionuclides were distributed in the upper 6 cm of the soil column in the wheat field and within 4 cm of
the surface in the rice paddy, orchard, and cedar forest. According to the measurement of radionuclides in the three
adjacent agricultural fields, the variation of deposition densities in the wheat field was smaller than that of the orchard and
rice paddy, suggesting that the low permeability of the orchard and paddy soils may cause horizontal migration of
radionuclides during the initial deposition. This result indicates that the deposition densities in the wheat field should be
appropriate for estimating the amount of fallout in the area. The deposition densities of '3*Cs, '*’Cs, and '*'I in this area
were estimated to be 512+ 76 (SD, n = 5), 522 + 80 (SD, n = 5), and 608 + 79 (SD, n = 5) kBq/m? (decay corrected to April
1, 2011), respectively. A comparison of the deposition density between the wheat field and the cedar forest suggests that
more than half of the radionuclides are distributed in the tree canopies of the evergreen forestland.
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INTRODUCTION

The accident at the Fukushima Daiichi nuclear power
plant resulted in a substantial input of radionuclides into
the environment, including atmospheric releases of '3Cs
(half-life: 2.07 y), '37Cs (30.1 y), and '3'1 (8.02 d) (Chino
et al., 2011). Most parts of eastern Japan were subjected
to radioactive contamination and Fukushima Prefecture
was most affected (MEXT, 2011; Kinoshita ef al., 2011).
Since agriculture is the main industry in Fukushima Pre-
fecture, it is important to survey the distribution and
behavior of radioactive substances in agricultural fields
to assess their usage for plant cultivation, as well as for
radiation safety for people living in the area. The risk of
exposure for farmers and local populations as well as that
of internal exposure for consumers from contaminated
agricultural products is of public concern.

The migration of radiocesium and radioiodine from
nuclear weapons fallout and from the Chernobyl accident
has been studied extensively (e.g., Beck, 1966;
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Muramatsu et al., 1987; Bunzl et al., 1995; Orlov et al.,
1996; Ivanov et al., 1997, Rosén et al., 1999; Almgren
and Isaksson, 2006). These studies suggest that knowl-
edge of the initial depth distribution of fallout
radionuclides is important for future decontamination
work and countermeasures to reduce the transfer of
radionuclides to agricultural products. In order to deter-
mine how the initial depth distribution of the radioactive
substances varies depending on field type, such as wheat
fields, rice paddies, orchards, and forestland, we need to
take measurements at locations with different land-use
patterns but with nearly equal exposure to radioactive
fallout. The Fukushima Agricultural Technology Centre
has wheat fields, rice paddies, orchards, and forestland
all enclosed within a 500 X 500 m test site. At this test
site, we sampled and determined the depth profiles of
radiocesium and radioiodine for each type of land use.
On the basis of these depth profiles, we derived an esti-
mate of the deposition density to clarify the influence that
land use has on the distribution pattern of radionuclides
in soils. Several other studies have been also conducted
in this issue for the distribution of the radionuclides on
land and mechanism of retention of radiocesium at soil
surface (Watanabe et al., 2012; Qin et al., 2012).



MATERIALS AND METHODS

Sampling was carried out on April 23 and 24, 2011, at
the Fukushima Agricultural Technology Centre, which is
located 60 km west of the Fukushima Daiichi nuclear
power plant. From 1981 to 2010, the mean annual pre-
cipitation in the area was 1163 mm and the mean annual
temperature was 12.1°C (Kohriyama Weather Station,
Japan Meteorological Agency). According to the airborne
monitoring survey by the Ministry of Education, Culture,
Sports, Science and Technology (MEXT), the deposition
density or inventory of '**Cs and '*’Cs in this area fol-
lowing the nuclear disaster was 300-600 kBq/m?. This
centre has three different types of agricultural fields and
a cedar forest within a 25-ha study area where we were
able to investigate the behavior of radionuclides in each
field. In this study, we used a stainless core sampler (30
cm in length, 5 cm in diameter) to collect five samples
with a random spatial distribution within a 100-m? (10 x
10 m) area of each field to estimate the statistical disper-
sion. Sampling of soil with uneven soil surfaces was
avoided, since, if there were cracks, rainwater containing
radionuclides would readily sink into the ground and the
depth profile would be changed. The wheat field had been
plowed following the harvest, and there was little grass
at the time of sampling. The rice paddy had not been
plowed following the harvest in the autumn, and we col-
lected samples where there was no stubble. Sampling of
the soil in the orchard was carried out in the intercanopy
gaps. The soil surface of the orchard is usually covered
with undergrowth. However, in order to eliminate the in-
fluence of filtration effects from grasses, we collected soil
samples from places where there was little grass. Sam-
pling of the soil in the forest was carried out under the
canopy. In this case, we firstly gathered leaf litter by hand,
and then collected soil samples using the core sampler.
The soil types of the samples for the wheat field, orchard,
rice paddy, and forest were gray lowland soil, brown for-
est soil, gray lowland soil, and brown forest soil, respec-
tively.

The core samples were divided into 6 portions (0-2
cm, 2-4 cm, 4-6 cm, 6—10 cm, 10-15 cm, 15-20 cm) to
examine the depth profiles of radiocesium and
radioiodine. To prevent possible loss of iodine, the sam-
ples were not dried before the measurement of the radio-
activity. The samples were mixed well without removing
any rock fragments and then placed in plastic bottles (50
mm in diameter and 50 mm in height). After the meas-
urement, the samples were dried at 100°C for 12 h and
the weight of the dry soil was determined.

The concentrations of radionuclides in the samples
were determined using a germanium semiconductor de-
tector coupled to a multichannel analyzer (Canberra,
Meriden, U.S.A.). Gamma-ray peaks used in the meas-
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urements were 604 keV for 134Cs, 662 keV for '3’Cs, and
636 keV for *'I. The counting time was 2000—-60000 s.
The decay was corrected to April 1, 2011, using the half-
lives (i.e., decay constants) of the nuclides. Efficiency
calibrations for the detector for the different geometries
used in the measurement were performed using a mixed
radionuclide reference standard (matrix: aluminum ox-
ide) provided by the Japan Radioisotope Association.
Standard reference materials such as JAEA372 (grass),
TAEA375 (soil), and TAEA444 (soil) were analyzed to
validate the analytical accuracy. Radiocesium was de-
tected in all samples analyzed in this study, and counting
errors for the measurements of '3*Cs and '*’Cs were usu-
ally less than 10%. In contrast, the radioactivity meas-
urements for iodine were performed in June, and it was
not detected in many samples owing to the short half-life
of 13!, Therefore, it should be noted that the attenuation
of radioiodine could result in an underestimation in the
amount local fallout.

RESULTS AND DISCUSSION

The concentrations and depth distributions of '3*Cs,
137Cs, and 3'T in the wheat field are shown in Table 1.
Additionally, the activity contained in each depth portion
was divided by the total activity of the core (0-20 cm),
and these values are also shown in the table. The relative
proportion of radiocesium situated within 2 cm of the
surface varied from 50% to 86% of the whole-core in-
ventory, while radioiodine varied from 42% to 70%. Al-
though there was a good deal of variability, the relative
proportion of radioiodine within 2 cm of the surface was
smaller than that of radiocesium. This suggests that the
movement of radioiodine is faster than that of
radiocesium, which is consistent with previous studies
(Tanaka et al., 2012; Kato et al., 2012). The results of
these depth profiles reveal that more than 90% of the
134Cs, 137Cs, and '3'T were distributed within 6 cm and in
many cases within 4 cm of the soil surface. In order to
estimate the deposition density (kBq/m?), total activities
of the core samples were calculated by summing the ra-
dioactivity over the whole depth, and for 34cs, B3¢,
and 31T in the wheat field, the total activities were in the
ranges 866—1200, 880-1230, and 1060-1440 Bq, respec-
tively. According to the assumption that the radionuclides
did not migrate horizontally, the deposition densities of
134Cs, 137Cs, and '3'T in the wheat field were estimated to
be 512 +76 (SD, n=15),522 £ 80 (SD, n=15), and 608 *
79 (SD,n=5) kBq/m2 (decay corrected to April 1,2011),
respectively.

The concentrations of '3*Cs, 137Cs, and '3'I for differ-
ent soil profiles in the orchard are shown in Table 2. Be-
cause of the short half-life, the radioactivity of '*'T was
not detected in many samples. The proportion of



Table 1. Depth distribution of 134cs 137Cs, and 311 concentrations in the wheat field

Depth ~ Weight  Bulk density 13Cs Inventory ¥7Cs Inventory 1317 Inventory ~ '**Cs/"’Cs  '1/"Cs
(cm) (@) (g/em®) (Bg/kg dw) (%) (Bg/kg dw) (%) (Bg/kg dw) (%)
HO 0-2 40 1.0 18700 £ 100 86 19200 £ 100 86 18500 + 400 70 0.97 0.96
2-4 40 1.0 2200 £ 30 10 2220+ 50 10 6100 £210 23 0.99 2.75
4-6 51 1.3 468 £ 15 3 486 +22 3 1120+ 90 5 0.96 2.30
6-10 100 1.3 66.0+2.4 1 73.6+34 1 117+ 15 1 0.90 1.59
10-15 135 1.4 89+12 0 11.6+1.9 0 ND 0.76
15-20 137 1.4 3.0+0.5 0 7.8+0.7 0 ND 0.38
Deposition density (kBq/m?) 448 459 541
H1 0-2 52 1.3 11500 £ 100 53 11700 £ 100 53 13600 + 400 49 0.98 1.16
2-4 50 1.3 6690 £ 50 30 6810+ 80 30 9850 £330 34 0.98 1.45
4-6 48 1.2 2110£20 9 2120+ 30 9 3390 £ 150 11 1.00 1.60
6-10 82 1.1 760+7 6 813+ 11 6 735+47 4 0.93 0.90
10-15 143 1.5 183£3 2 1995 2 ND 0.92
15-20 137 1.4 43.8+£0.8 1 520%1.1 1 82.4+£8.1 1 0.84 1.59
Deposition density (kBg/m?) 574 588 732
H2 0-2 38 1.0 15500 £ 100 50 15900 + 100 50 13800 + 500 42 0.97 0.87
2-4 35 0.9 13500 £ 100 39 13700 £ 100 39 13900 + 600 38 0.99 1.01
4-6 44 1.1 1570 £20 6 1590 £ 30 6 3690 £ 170 13 0.99 2.32
6-10 68 0.9 679+7 4 689 + 10 4 909 +53 5 0.99 1.32
10-15 112 1.1 88.3+2.6 1 103+4 1 199 +28 0.86 1.94
15-20 97 1.0 117+3 1 1354 1 ND 0.86
Deposition density (kBg/m?) 611 625 642
H3 0-2 42 1.1 18000 + 100 79 18300 £ 100 79 18400 £ 700 69 0.98 1.01
2-4 37 1.0 4360 £+ 50 17 4290 £70 17 7380 £ 380 25 1.02 1.72
4-6 50 1.3 492+ 10 3 502+ 14 3 904 £77 0.98 1.80
6-10 82 1.0 1614 1 154+£5 1 264 £ 41 2 1.04 1.72
10-15 134 1.4 16.1+1.4 0 18.1+1.9 0 ND 0.89
15-20 123 1.3 10.3£0.6 0 12.7+0.8 0 ND 0.81
Deposition density (kBg/m?) 487 490 565
H4 0-2 43 1.1 12500 + 100 62 12600 £ 100 62 14700 £ 900 58 0.99 0.87
2-4 42 1.1 6410 + 60 31 6480 £ 90 31 7980 £ 630 30 0.99 1.02
4-6 43 1.1 1140 £20 6 1200 £ 30 6 2400 £ 220 0.95 2.32
6-10 84 1.1 124£3 1 127+£5 1 370 + 66 0.98 1.32
10-15 117 1.2 11.6+1.6 0 18.8+2.1 0 ND 0.62
15-20 122 1.2 16.0£0.8 0 199+1.0 0 ND 0.80
Deposition density (kBg/m?) 441 449 561
Average  0-2 1.1£0.1 15200 + 3200 6616 15500 £ 3300 6616 15800 + 2500 58+12 0.98 0.97
2-4 1.0+0.2 6630 + 4240 25+12 6700 + 4330 25+12 9040 + 3030 306 0.99 1.59
4-6 1.2£0.1 1160 £ 710 5+3 1180 £ 706 5+£3 2300 £ 1270 9+t4 0.97 2.07
6-10 1.1£0.1 358 £333 3+2 371 +£351 3+2 479 £331 3+2 0.97 1.37
10-15 1.3£0.1 61.7+75.7 1+1 70.1+81.3 1£1 0.81
15-20 1.3+02 37.9+46.6 0+0 455+529 00 0.74
Deposition density (kBg/m?) 51276 522480 608 =79

HO was sampled on April 23, 2011, the others were collected on April 24, 2011. Decay correction was made to April 1, 2011.

ND expresses not detected.
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Table 2. Depth distribution of 134cs 137Cs, and 31 concentrations in the orchard

Depth ~ Weight  Bulk density 134Cs Inventory B¥7Cs Inventory 1317 Inventory  '**Cs/"’Cs  B'1/"Cs
(cm) (@) (g/em?) (Bg/kg dw) (%) (Bg/kg dw) (%) (Bg/kg dw) (%)
KO 0-2 36 0.9 3650 + 50 84 3620 + 60 83 11000 + 2400 1.01 3.04
2-4 77 2.0 155£8 8 189+ 12 9 ND 0.82
4-6 73 1.9 117+£5 6 112+7 5 ND 1.04
6-10 121 1.5 269+1.7 2 31.3+24 2 ND 0.86
10-15 142 1.5 3615 0 46+1.0 0 ND 0.79
15-20 135 1.4 14+03 0 14+05 0 ND 1.01
Deposition density (kBq/m?) 79 80 203
K1 0-2 53 1.4 15400 + 100 95 16000 * 100 95 21300 + 500 94 0.96 1.33
2-4 48 1.2 357+13 2 376 +£20 2 1190 + 100 4 0.95 3.17
4-6 57 1.5 173+£6 1 188+9 1 283 +38 1 0.92 1.50
6-10 131 1.7 109+3 2 111+4 2 ND 0.98
10-15 133 1.4 264+0.8 0 279+1.1 0 31.7£85 0 0.95 1.13
15-20 150 1.5 6.8+0.6 0 10.0£0.7 0 ND 0.68
Deposition density (kBg/m?) 440 459 616
K2 0-2 48 1.2 14100 £ 100 92 14600 + 100 92 20300 £ 1600 87 0.97 1.39
2-4 63 1.6 501+ 14 4 529+21 4 1600 + 360 9 0.95 3.03
4-6 64 1.6 83.8+3.1 1 87.0+42 1 666 212 4 0.96 7.65
6-10 118 1.5 108+3 2 110+4 2 ND 0.98
10-15 144 1.5 22.7%1.6 0 20.1£1.9 0 ND 1.13
15-20 131 1.3 384%1.0 1 41.3+14 1 ND 0.93
Deposition density (kBg/m?) 376 391 570
K3 0-2 52 1.3 14500 £ 100 89 14900 £ 100 89 15600 + 2800 73 0.97 1.05
2-4 75 1.9 586+ 15 5 605 +22 5 4040 + 870 27 0.97 6.67
4-6 72 1.8 482+10 4 495+ 14 4 ND 0.97
6-10 112 1.4 80.1+2.8 1 94.7+3.8 1 ND 0.85
10-15 145 1.5 99+15 0 13.3£1.6 0 ND 0.75
15-20 139 1.4 28.0+0.8 0 305+ 1.1 0 ND 0.92
Deposition density (kBg/m?) 430 443 566
K4 0-2 42 1.1 9990 + 70 93 10200 £ 100 93 16500 £ 3100 90 0.98 1.62
2-4 66 1.7 289+ 13 4 298+ 18 4 ND 0.97
4-6 66 1.7 429+42 1 44.1+5.0 1 1110+ 380 10 0.97 25.1
6-10 112 1.4 35.8+29 1 40.8+3.8 1 ND 0.88
10-15 144 1.5 32.8+1.7 1 359+24 1 ND 0.91
15-20 140 1.4 ND 0 2.0+0.6 0 ND
Deposition density (kBg/m?) 230 236 392
Average 02 1.2+02 11500 + 4900 91+4 11900 £+ 5100 95+5 16900 £ 4100 0.98 1.68
24 1.7£03 378+ 170 5£2 399 + 169 5+3 2280 + 1540 0.93 4.29
4-6 1.7+£0.2 180+ 176 2%2 185+ 181 2+2 686 £ 414 0.97 11.4
6-10 1.5+0.1 71.9£38.9 1+0 77.6 £38.6 2+1 0.91
10-15 1.4£0.1 19.1£12.0 00 20.3£12.2 1£0 0.91
15-20 1.4£0.1 18.7+£175 0+0 17.0£18.0 0+0 0.89
Deposition density (kBg/m?) 311154 322+ 161 469 + 172

KO was sampled on April 23, 2011, the others were collected on April 24, 2011. Decay correction was made to April 1,2011.

ND expresses not detected.
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Table 3. Depth distribution of '**Cs, 137Cs, and '3'I concentrations in the rice paddy

Depth  Weight  Bulk density 13Cs Inventory ¥7Cs Inventory 1317 Inventory ~ '**Cs/"’Cs  '1/"Cs
(cm) (@) (g/em®) (Bg/kg dw) (%) (Bg/kg dw) (%) (Bg/kg dw) (%)
SO 0-2 66 1.7 6267 88 6529 85 2710 + 280 0.96 4.16
2-4 81 2.1 35.0%3.1 6 443+44 7 ND 0.79
4-6 62 1.6 253+42 3 30.2+4.1 4 ND 0.84
6-10 124 1.6 68+19 2 69+1.7 2 ND 0.99
10-15 140 1.4 1.5+0.6 0 6.0+ 0.6 2 ND 0.25
15-20 134 1.4 26%1.0 1 44+0.6 1 ND 0.59
Deposition density (kBq/m?) 24 26 92
S1 0-2 49 1.2 4660 £ 70 97 4770 + 100 96 10100 + 500 94 0.98 2.12
2-4 55 1.4 71.0+6.3 2 86.0+£9.2 2 549 + 84 6 0.83 6.39
4-6 61 1.6 22.8+3.0 1 21.0%£4.6 1 ND 1.09
6-10 101 1.3 5612 0 88+17 0 ND 0.64
10-15 119 1.2 8.2+05 0 127+£0.7 1 31.3+£57 1 0.64 2.46
15-20 115 1.2 5.0+0.8 0 11.7£09 1 ND 0.43
Deposition density (kBq/m?) 120 124 270
S2 0-2 64 1.6 1470 £ 30 97 1450 + 40 95 2760 + 360 1.01 1.90
24 56 1.4 29.3+3.5 2 27.7+4.6 2 ND 1.06
4-6 56 1.4 87+23 1 15728 1 ND 0.55
6-10 95 1.2 3.1+1.0 0 77£15 1 ND 0.40
10-15 125 1.3 1.7+0.6 0 57+08 1 ND 0.30
15-20 112 1.1 6.2+0.6 1 94+0.7 1 ND 0.66
Deposition density (kBg/m?) 50 50 90
S3 0-2 68 1.7 2680 + 30 97 2730+ 50 97 8630 + 850 94 0.98 3.16
2-4 49 1.2 59.8+4.6 2 51.8+£59 1 706 £ 182 6 1.16 13.6
4-6 60 1.5 128+1.7 0 18.5%£23 1 ND 0.69
6-10 144 1.8 6.6+12 1 8.1%+1.0 1 ND 0.81
10-15 134 1.4 48+0.6 0 7.6+0.7 1 ND 0.63
15-20 111 1.1 3.1+0.7 0 6.0£0.7 0 ND 0.52
Deposition density (kBg/m?) 95 97 315
S4 0-2 43 1.1 26700 + 100 66 27300 £ 200 66 25500 + 1767 53 0.98 0.93
2-4 46 1.2 12100 + 100 32 12500 £ 100 32 21000 £ 1166 47 0.97 1.68
4-6 40 1.0 2819 1 308 + 14 1 ND 0.92
6-10 119 1.5 583+23 0 61.3+£32 0 ND 0.95
10-15 119 1.2 579+1.1 0 62.1%£15 0 ND 0.93
15-20 140 1.4 98.6+1.3 1 102+2 1 ND 0.97
Deposition density (kBq/m?) 887 912 1050
Average  0-2 1.5£03 7230 £ 10990 89+13 7380+ 11240 88+13 9940 + 9320 0.98 245
24 1.5+£04 2460 £ 5390 9+13 2540 + 5570 9+13 7420 = 11760 0.96 7.24
4-6 14+02 70.2+118.3 1+1 78.6 £ 128.1 11 0.82
6-10 1.5+0.2 16.1 £23.6 1+1 18.5£23.9 11 0.76
10-15 1.3£0.1 14.8+£24.3 0+0 18.8+24.3 1+£0 0.55
15-20 1.2£0.1 2311422 1£0 26.7+42.2 1£0 0.63
Deposition density (kBq/m?) 235+ 366 242 £ 377 363 £397

SO was sampled on April 23, 2011, the others were collected on April 24, 2011. Decay correction was made to April 1, 2011.
ND expresses not detected.
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Table 4. Depth distribution of '**Cs, 137Cs, and '3'I concentrations in the forest

Depth  Weight Bulk density 134Cs Inventory 137Cs Inventory 1317 Inventory '3#Cs/'¥Cs  B1/137
(cm) (€9) (g/em?) (Ba/kg dw) (%) (Bg/kg dw) (%) (Bg/kg dw) (%)
FO Litter 13 190000 £ 1000 88 193000 £ 1000 88 ND 0.98
0-2 26 0.7 1260 £ 20 11 1250 £ 20 11 ND 1.01
2-4 44 1.1 299+2.1 0 324+26 0 ND 0.92
4-6 64 1.6 11.3+14 0 19.6+1.9 0 ND 0.58
6-10 98 1.2 6.6+0.4 0 11.4+05 0 ND 0.58
10-15 89 0.9 48+0.6 0 8.6+0.8 0 ND 0.55
Deposition density (kBg/m?) 147 151
Fl1 Litter 24 60800 + 400 84 62200 + 600 83 78600 * 3400 59 0.98 1.2
0-2 33 0.8 657 £ 21 13 684 £ 30 12 3350 £ 190 35 0.96 4.9
2-4 37 1.0 75.6+£7.4 2 75.1+£10.1 2 409 +£70 5 1.01 54
4-6 49 13 6925 0 14.1+24 0 ND 0.49
6-10 94 1.2 7.5+0.7 0 16.0+ 1.0 1 329+6.0 1 0.47 2.0
10-15 150 1.5 4.0£0.6 0 11.7£0.7 1 ND 0.34
Deposition density (kBg/m?) 88 91 161
F2 Litter 2.5 109000 £ 1000 74 109000 * 1000 74 158000 + 22000 1.00 1.4
0-2 29 0.7 1720 £40 14 1670 £ 50 13 ND 1.03
2-4 40 1.0 936 £ 24 10 1000 + 40 11 ND 0.94
4-6 50 1.3 58.5+4.6 1 59.9+6.2 1 ND 0.98
6-10 94 1.2 282+1.9 1 352+2.6 1 ND 0.80
10-15 109 1.1 13.3+£0.4 0 19.8+0.6 0 ND 0.67
Deposition density (kBg/m?) 183 185 197
F3 Litter 2.6 123000 £ 1000 74 127000 £ 1000 75 ND 0.97
0-2 25 0.6 2200 £ 60 13 2090 £90 12 ND 1.05
2-4 46 1.2 845+22 9 912+32 9 ND 0.93
4-6 60 1.5 134+6 2 131+9 2 ND 1.03
6-10 111 1.4 29.5+3.0 1 38.8+4.1 1 ND 0.76
10-15 108 1.1 20.8+£0.6 1 27.0+0.8 1 ND 0.77
Deposition density (kBq/m?) 220 226
F4 Litter 2.7 139000 = 1000 86 141000 £ 1000 86 ND 0.99
0-2 24 0.6 2370+ 70 13 2350 £ 100 12 ND 1.01
24 35 0.9 76.7+3.8 1 89.2+5.1 1 ND 0.86
4-6 41 1.1 240+1.7 0 32.1+24 0 ND 0.75
6-10 88 1.1 16.0+2.8 0 22.0+35 0 ND 0.73
10-15 110 1.1 10.2+£0.4 0 13.3+0.6 0 ND 0.77
Deposition density (kBg/m?) 224 226
Average Litter 124000 + 47000 817 126000 % 48000 81+6 0.98
0-2 0.7+0.1 1640 £ 700 13+1 1610 £ 670 12+1 1.01
2-4 1.0+0.1 393 £456 4+5 424 + 489 5+%5 0.93
4-6 1.3+£0.2 47.0£529 11 51.4+48.0 11 0.76
6-10 12+0.1 17.6 +£10.9 0+ 247+11.9 1+ 0.67
10-15 1.2+02 10.6+6.9 0£0 16.1+7.3 00 0.62
Deposition density (kBg/m?) 172 £57 176 £57 179+£25

FO was sampled on April 23, 2011, the others were collected on April 24, 2011. Decay correction was made to April 1,2011.

ND expresses not detected.
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Fig. 1. Depth profiles of the inventories of '*’Cs in the various
agricultural fields. The inventories are expressed as a percent-
age of the total inventory. The error bars represent the stand-
ard deviation from 5 samples.

radiocesium within 2 cm of the surface varied from 83%
to 95%. These depth-profile results demonstrate that more
than 90% of the '3*Cs, 137Cs, and "3'I were distributed
within 4 cm of the soil surface. The total activities (the
sum over the entire depth) of 134Cs, 137Cs, and *'T in the
orchard were in the ranges 156-865, 160-900, and 398—
1210 Bq, respectively, and the deposition densities of
134Cs, 137Cs, and 3'T were estimated to be 311 + 155 (SD,
n=235),322+ 161 (SD,n=15),and 469 + 172 (SD, n =5)
kBg/m?, respectively.

The concentrations of **Cs, 137Cs, and '*'I in the rice
paddy are shown in Table 3. As in the case of the orchard,
the radioactivity of '3'T was not detected in many sam-
ples. The radiocesium concentrations within 2 cm of the
surface varied widely; they were in the range 626-26700
Bqg/kg on a dry weight basis. The difference between the
minimum and maximum values was almost two orders of
magnitude. This large variation for the rice paddy can be
explained as follows. At the time of the accident, rice
fields in this area were not covered with water. When the
radioactivity-containing rain fell on the rice field, it left
puddles on the field because of the bad drainage of the
paddy soil. This likely resulted in the heterogeneous dis-
tribution of radionuclides observed in the rice field. The
radiocesium concentrations within 2 cm of the surface
varied from 66% to 97%. The results of the depth pro-
files demonstrate that more than 90% of the '**Cs and
137Cs were distributed within 4 cm of the soil surface.
This result is consistent with a previous study (Shiozawa
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Fig. 2. Deposition densities of '3’Cs in the different agricul-
tural fields and the forest. The solid symbols are the mean of
the 5 sample sets, and the open symbols represent each sample
set. The error bars represent the standard deviation from 5 sam-
ples.

et al., 2011). The total activities of '**Cs, '¥7Cs, and 3'I
in the rice paddy were in the ranges 50-1740, 50-1790,
and 180-2060 Bq, respectively, and the deposition den-
sities of 13%Cs, 137Cs, and '3'T were calculated to be 235 +
367 (SD, n =5), 242 £ 376 (SD, n = 5), and 363 + 397
(SD, n = 5) kBg/m?, respectively.

Figure 1 shows the inventories of '*’Cs in the various
agricultural fields. The degree of penetration of '*’Cs in
the wheat field was larger than that in the orchard, which
could be caused by the higher porosity of the soil in the
wheat field. This feature of the wheat field results in
smaller variability of the deposition densities (Fig. 2). On
the contrary, the low permeability of the orchard and
paddy soils may cause horizontal migration of
radionuclides during initial deposition, which might re-
sult in smaller amounts of deposition densities and larger
variations in the radionuclide concentrations. For that
reason, we believe that the deposition densities for the
wheat field (1**Cs, 512 + 76; '37Cs, 522 + 80; '3'I, 608 +
79 kBq/m?) are appropriate for estimating the amount of
fallout in this area.

Sutherland (1996) recommended a total of 11 soil core
samples for reliable estimation of the local inventory. The
small numbers of soil samples in this study might cause a
biased estimation. Therefore, we calculated the deposi-
tion density from the 15 core samples collected in the
three adjacent agricultural fields, and the mean deposi-
tion densities of **Cs, 1*7Cs, and 3T were calculated to
be 353 + 248 (SD, n = 15; range: 24-887), 362 £ 254
(SD, n = 15; range: 26-912), and 468 £ 275 (SD, n = 12;
range: 92-1050) kBg/m?, respectively. The map of the
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radioactive cesium concentration in the soil by MEXT
indicates that the '3’Cs inventory for the study site was
323 kBg/m? and those within a radius of 4 km of the study
site were in the range 24-513 kBq/m? (decay corrected
to April 1, 2011), which is compatible with our observa-
tion. However, the amount of '*’Cs inventory estimated
by the MEXT airborne monitoring survey ('*’Cs, 100—
300 kBq/m?) is smaller than that of our results. We think
this inconsistency could be caused by the limited resolu-
tion of the airborne monitoring survey.

Depth profiles of '3*Cs, '¥’Cs, and '*'I in the cedar
forest are shown in Table 4. The radioactivities of '3'I in
most of the forest samples were below the limit of detec-
tion owing to its short half-life, and therefore, a single
depth profile for '*'I might not be sufficient to character-
ize the total '3'I fallout in the cedar forest. A high propor-
tion of radiocesium in the leaf litter samples (74 % to 88%)
was observed. The depth-profile results demonstrate that
more than 90% of '3*Cs, 137Cs, and '3'I were distributed
within 4 cm of the surface (including litter). The total
activities of '3*Cs, 137Cs, and 3'I for the core samples
including the litter were calculated to be 172-439, 180-
444, and 316-386 Bq, respectively, and the deposition
densities of 3*Cs, '37Cs, and '*!'T were estimated to be
172+ 57 (SD,n=15), 176 £56 (SD, n=5), and 179 £ 25
(SD, n = 2) kBg/m?, respectively. In the cedar forest, the
deposition density of radiocesium showed little variation
when compared to that of the orchard and rice paddy (Fig.
2). It is interesting to note that the deposition density in
the cedar forest was less than half that of the wheat field.
This indicates that a certain amount of radioactive fall-
out still remains on the tree canopies. Assuming the depo-
sition level observed in the wheat field is representative
for this area, more than half of the fallout landing on ev-
ergreen forestland is still distributed in the tree canopies.

The ratio of '**Cs/!3’Cs was calculated in the surface
layers (0-2 cm or litter) that showed the highest radioac-
tivity concentrations. The mean ratios (decay corrected
to April 1) for each surface layer in the wheat field, or-
chard, rice paddy, and forest are 0.981, 0.975, 0.982, and
0.983, respectively. The average '**Cs/'*’Cs ratio for these
4 values is 0.980 = 0.004, which agrees with the reported
data (MEXT, 2011). Significant changes in the ratio with
depth were observed for samples with lower concentra-
tions of radiocesium, suggesting contributions of '3’Cs
from nuclear weapons fallout (NTAES, 2010).

The ratio of '*'I/!37Cs was also calculated, although
13T was not detected in some samples, as mentioned pre-
viously. The ratio of '3'I/!3’Cs tended to increase with
depth, suggesting that the deposited radioiodine migrated
into deeper soil layers faster than radiocesium. Tanaka et
al. (2012) carried out leaching experiments using con-
taminated soil samples collected in Fukushima. They re-
ported that iodine was more extractable than cesium and
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mainly in organic form. Previous studies showed that
cesium was strongly adsorbed onto clay minerals (Tsukada
et al.,2008). These characteristics are consistent with the
fact that radioiodine is more readily distributed to deeper
layers. For the surface soil samples (0-2 cm), the ratio of
BI[/137Cs was in the range 1.0-4.2 (decay corrected to
April 1, 2011) and tended to increase with decreasing
concentrations of radionuclides, suggesting post-
depositional migration.

CONCLUSION

We investigated the depth distributions of '3*Cs, *7Cs,
and "3'T in three different types of agricultural fields and
a cedar forest. Our results demonstrate that more than 90%
of the radionuclides were distributed within 6 cm of the
surface at the wheat field and within 4 cm of the surface
at the rice paddy, orchard, and cedar forest. Large varia-
tions in the concentrations of radiocesium and radioiodine
within the rice paddy were observed. We hypothesize that
rain containing radioactive fallout initially formed pud-
dles in the rice field resulting in the presently observed
heterogeneities in the distribution of radionuclides. In
comparing profiles of radioiodine and radiocesium and
their ratios in the different agricultural plots, we observed
faster vertical migration of radioiodine than radiocesium.

Because of the smaller dispersion and higher radioac-
tivity, the deposition density of the wheat field is appro-
priate for an estimate of the overall amount of fallout in
this area. Comparison of the deposition density between
the wheat field and the cedar forest suggests that more
than half of the radioactive fallout that has landed on ev-
ergreen forestland still remains in the tree canopies.
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