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Physical properties of paddy soils in litate Village, Fukushima Prefecture

Yohei KATSUTA!, Eito KIMURA!, Tomoko ICHIDA?Z, Yasushi MORI® and Kosuke NOBORIO?

Abstract: Transport of '37Cs in soil may be important to
establish a decontamination scheme for contaminated ar-
eas. As a monovalent cation '3’Cs is supposed to be trans-
ported by diffusion and convection processes like other
aqueous cations, soil hydraulic properties rule the trans-
port. To provide a simulation model with basic physi-
cal properties, we investigated clay minerals and hydraulic
properties of soils collected from the rice paddies of 15
locations in litate Village. Because all the soil samples
mostly contained Al-vermiculite, illite, and chlorite that
tended to fix '37Cs in their structures, '3’ Cs might stay near
the surface layer for a long time but might not contaminate
groundwater.

Key Words : Bruce and Klute method, clay minerals, soil
water characteristic curve, hydraulic conductivity, soil wa-
ter diffusivity

1. (ZC®HIZ

Fa B — TR & fi & A7 B R 13 BT
CERIIR 8 H), 134Cs CHbK 2 48), 137Cs (i
30F) THD (EED,2012). EHHIARELEW Cs
124 % OB 72 BRYGHE &2 3. C T L CTEREZRYE
ThobreEZLND. LHEPICEBALE BCs o—i
BT A SNAD, WAEORRRBIZH T X -
THEARD (HF D, 1984). HHEERHERICETLE PCs o
75 ~ 90 % X BT O HEY ORI HE (BE) &
, Y D10 ~ 25 % PRERERA 4 & LTk
FEAEIT S EEZBND (Vidal et al., 1995). KMk
TIUBDBA 4> Th s B7Cs i3, Mk o tHEdic
BATALEEZLNADT, THEFD B¥Cs BE%Z Tl
T 5T L EAKRESEOREBENRLERA R THDH. [FH
UHURMERSA 4> Th-> T B7Cs & 8r TiatiEd©
OBENHEIZ A EREEOENH D Z ERREINTND
(Mahara, 1993). 7=, #it8n¥fE o Cld HEEWm T

'Formerly School of Agriculture, Meiji University, 1-1-1 Higashimita,
Tama-ku, Kanagawa, 214-8571, Japan.

2School of Agriculture, Meiji University, 1-1-1 Higashimita, Tama-ku,
Kanagawa, 214-8571, Japan. Corresponding author: %2758, BTG K
SRR,

3Graduate School of Environmental and Life Science, Okayama Univer-
sity, 3-1-1 Tsu-shima-naka, Kita-ku, Okayama, 700-8530, Japan.
2014 4F 12 A 28 A%fis 2016 456 H 16 =M

D B7Cs 454 & 34 Z L3 T 2\ (Shand et al., 2013)
Z s, BEEOKBEEHE &R LI O T 2 AT
BMERDD.

AWFZECIE, HETICET S BCs oBBTHICE T
BT, BREEK 15 HETOKHE D BRI L7 HHE oK
BEEOWE &R LMD RIE T 12,

2. EEBRAE

2.1 58

FREEAT 20 FTEIX OO 15 1TBRISAEKE % 1 &7
FTOBREL, FAKHIZBONTHEE 0~ 10cm OFKE -1
ZERI L7z (Photo 1). THEEZBEE L, EREY 7
TR ERE I E T T o Ta—T o 7 LTHIE
L 7= (Blake and Hartge, 1986). &£ 5% Rzt 2
mm 55 WA S, PEtE LTER L. Ihi 5%
XY 7 A—FIETHRE Lz (M T2, 1991). [
B n (em® em™3) 2R (1) THA L7 (EiF 5, 2005).
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Soil collection sites in litate Village, Fukushima Prefecture.
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n=1-Fv (1)

Pp

ZIT, po X THEEREE (gom ), p, ik Ak
(gem™) THDH. BHAZLKHNET T, FBRE 0 136
FIAREE KR O, I LV, & 6|2, & BB RISy
iz lLEFHETRE L, 51 (0.002 mm #KiE), v b
(0.002 ~ 0.02mm), # (0.02~2.0mm) OEREESHHE
R (Mg T52, 1991).

2.2 TIRK D EREER

<~ bV v I ERT U Yy, ERRIEKE 0 OBIFR
Th DK R Z 3 FEO FECRE LK
0> Y > —100 cmH,0 (0 < pF < 2.0) TIiZW 5%,
—100 >y, > —10000 cmH,0 (2.0 < pF < 4.0) Tl
D, Y < —10000 cmH,O (pF > 4.0) TiZHA 7 1
A= —ikEBRA L. A7 a A —2—3Ei%, KAMR
SA, RRER, HINR, L, R, EEO RHEURHCR L
TIdEH Lo 7z,

2.2.1 513k

WEE OKEREE) T, ZHAERMEZFLEY — LR
KeANTZ~w VA Y NEET 2—T7 TEX, Fa—TN
WCRIARAS TWARNWZ 2R LIk, ~ U4y ME
DKL % BT THIER Z PR Thafl S87- (Mg T
22 1991). £7=, 100 cm® HHH 2 75 —|CFTEDR
SRR TR R B D 7o, Ny MIKE R BB E FRiE
L= 7T —% 24 FRRILL BfikiE L CRBE RS w /.
D%, Yo7 —HLIERLECRELT, vV Ay
NEDKENRY 7T —DHRLOESITRD L HICE
H, 24 FERALL EARE Lz, < U Ay NME, HEKERE
wELTHHEALE. FTED pFICRD LS~ U Ay
MEOERE (77 —HLhbES =5, —10, 20,
—30, —50, —70 &8 —100cm) %A L, PHIZET
HETHELE., AEOEEIZETOR I TORENKE
TLERETHEL, &ESOHKENGFEIITHIT
LIRTEE KREEZHH L.

2.2.2 Emi0E

B D RRIIR B & RIS L THT o 72, BEDA RN
CxRHE T 5 B D8 +£1.0 g NI 5 & 5 ICE Y
2 NAVIREE LTof%, LA SR U4y ER (K-1400 pF,
Kokusan L) (2&~ ~ L7z, FIE® pF (24 Y 3 5 A4z
¥TENZND pF IZOWT 60 4 0 Ak 24T -
7=, FBRE LT pFIx 2.0, 2.25, 2.5, 2.75, 3.0, 3.25, 3.5,
3.75, 4.0 T, BE pFICkH pm oo KL (2) K
WZE o THRE LT (il T4, 1991).

ro+r
pF = 2log o1+ log,o(ro — r1) +10g100T —4.95 (2)

2T, niE 1 N0 oEEEE (pom.), ro XEE
TS EERFOE TOERE (cm), r IEEBHHLD
Bl E TOFRE (cm) €T, KERTIE, =94
cm, r1=70cm Thotz. £7-, HEEEETOELK

THEHZ, BEORMBGEE , S ATHE L. WE Lk
BRRMND r ZHELEL, BEEORT vy LV E2EH
L7z,

22394y 0tA—2—i%

& 12 1%, Decagon ft# o WP4-T # i H L 7=
(Decagon Devices, Inc., 2007) . &3Oz LIEIC LD
pF = 4.0 IZKIST D RFE G KED B RAFIRIEE TO~ b
Uy I RT v x VOREERIT o1, Kgad L$o7K
HKIET, BBOERE~ N v 7 RT vy L ERE
L.

2.3 KEZHER

T8 DK IEEAR I A 15 D 72 12 Bruce and Klute
(1956) (Zfifi» TARFIZHERZIT 7. NEEIZT Y =
V7Y REEM L AL HOERT 7 U Y 7 (N
Z24cm, 1€ 1.0cm) 2T —7TER LT
LM LTz, T LTPEDRIREEIZ/R 5 X 51T
Btk lC B LTz, 2T v LARO L—)L BIZKFEIC
RHEIECH T LERE, v U Ay MELERLEZ. ~
VA y MEOEKILOE S I T AEREOFLLE & [FH
UEmseli. v~V NEEIT 2 EORS = HFay
7 EBRE, ZREARDBREE R Lk 72 IR H & IR R I E
ZRIRA LT, RIEERDY 35 ~ 40 cm O = L 7o HF
IZHaRZ D, ZoROREEM 2R E L. £ 01k,
B BTG T 2 &0 LT Y VI NEHEOE
BEE2REL, 105 °C T 24 FEMIFRZ BRI S KEE
RE LTz,

REE KR L WK 006 O FEEDOBIGR & tl4 57K 4>
AR E B TR (Fig. 1). AKOoERREIT (3)
Az L > TR®H7= (Bruce and Klute, 1956) .

1 [ dx Ox
D (6,) = _2t<de> 9x/ xd@ 3)

0i
I, O Ik B S x cm OB B ARG K
% (em®em™), 6; IZMMAEFREE AR (em® em™3), D (
6,) 1 0, (2B DRSS IEEEREL (cm? s71), ¢ IR RS
R (s), x IZWAKEANSE T T LH0E TOREM (cm) T
H5b.

TEEY 7 HRIDLED WK A E TOEREE X, x,
X2, o, X & L7z (Fig. 1). WKOLERMOEEY
JHONLEE TOHMIL x, =05cm Tho7z. x; 134)
HUATEEKE 6, DEFOIHEY 7, BIh, =HAIHRE
SROEGE COHBMEL L. £/, x HRIEAHRIILED
THEY T FETOHREE, x Xx O—OFRiOTEY
JETORREE Lic, ENENOIEY 7 F COERE
Xi, X1, X2, ', Xp \ZKHST D B TR T2 A Hh
%7%@{4§$§§7k%3% 9,' , 9x1, ze, e, exn L.

D(6,) OFFEIL, BHTRDIAKD AR 6,4 2>
D Oy WIS TIEFICIRD K 51247 o7, £, D(6y)
DEHFEICHER (dx/dO)0y 13, HHRLET D 0y O
DOIHEY T OEREE (x; —xp) ZXIET HIEFEEKEZE
(6; —0y2) TERL T, (x;—x2)/(6;i—0y) 7R L7 (Fig.
1). Fig. 1 T, 6;,=0.009m’m3 ThHo7-. K



EBE - RS RARETA I8 1T DK RO B 31

0.7

® measured

o064
S 0('96 — fitted curve
E xn
£0.5-
8
5 O e oL do),
‘w 0.3 N
Y dx
> P ettt 3 [7J
_g x. dg gxl
< 0.2 7
c 1
= 1
q 1
g 06'1 1
_ I
R e +
0 5 10 15 20 25 30 : :35 40
Distance from inlet (cm) | !
1
X

Fig. 1 /KFEEESR O H & Bruce and Klute 12 & 2 KD HEBARE O FIE.
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(dx/d0)ge 1E 0y IZBT 2N %EEL, OL@IFENTROKSY ROy EET.

3) Az L.

The results of horizontal water infiltration and the Bruce and Klute procedure for calculating
water diffusivity. Refer to Eq. (3). x; is the distance between the water inlet and the center of
next column of the end of the infiltrating front. 6; is the volumetric water content of that column.
(D and @ are the integrating areas between corresponding volumetric water contents.

2, 3) XELD 6, 5 0, £ TOEMSIL, Fig. 1 ©
OO B EFE L LT0.5(xi4x1) (00 —6;) &atH Lz
hbE (3) RITRALTD(6,) ZFtH Lz, D(6,)
DOFE L D(0y) LIFEFEOFIETIT 72, 6; 05 O
ETOERYOFHEIL, Fig. | OO EFEME LT
0.5()61 +x2)(6x2 — le) FREEL, LIGGELEZOHDOE
FHfEE AFE L TRk, REOFIEE 0, £ THV K
LT, D(6) Zki-.

2.4 FEAMBE KR

AR ERRIC K > THE SRR EER S D(0) 7
SEIFE KR K(0) (ems™!) ZEFIC K-> TR
(Bl 5, 2005) .

K(6) =C(6) x D(6) )

ZZC, C(0) KRR e EOEE ORI IT D E
ThoHANERE (em™) T, 5 XTHEHh5.

de

)=,

(&)

2.5 $aF0EKEER

FAFE AR DR E I EKRAEIZ L 01T o7, JERR
Wi, Y Bkt SK-7201-3-K 2o 7. +
HERUEL 2 B E M S tk, TEERE R L2
T—%tEy bL, MEEBKBLE. £3EHIBW TS5 [E
DOREZITV, EHOMEREMZ (6) XA LRDTE

(FRH 5, 1998).

C23aL, Iy

K; logy E (6)

At

ZIT, KRG AR (emsTY), a i3S BN E
OWHERE (cm?), LIZH 75 —0ES (cm), A lZ¥ >
75 —OWiERE (cm?), 13325 B0 ERNAKAN by
B hy IZRET D E TORE (s), by WEFHE D HE
L7728 OENKEOE S (cm), hy IEHIERK TRIZE
AW E 2 B HE L ENKEOES (cm) THD.

2.6 L HYRE

- HEERBE D R i 4y & o TRE SR O R E &2 4T -
7=, RIEIZIE X $BEPriE %> 7= (Olson et al., 2000) .

3. BRERUER

& TEESURL OB X 4, BRI R DR R K OV
BowmrrEE % Table 1 (2R, FEBEE, LR 15
FER J OIS AR ER G FTIC L > TEE L7, W
IR 0.81 gem™3 JUAR) 206 1.45 gem ™ (R
o) FOAMLT, M £ RS 1.10 £0.19
gem™? Thofz. THIFHEEIT2.14 gem™> (RARS
W) 206 287 gem™ (BWN) O TER L, FHE
12249+ 021 gem ™3 ThHo7=. fFEAFREIT 3.8 x
107 ems™! (RAEAH) 205 2.7 x 1074 em s~ (K
B) ETEH L. EOMED S b, fafnd /KK
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Table 1 AT HIERIATEIX 4 & SR SBEEE K ORI R HER0RL O LIt e, B o8, FRIBRSR (n) &
FFE AR (K).

The location names and global coordinates of soil collecting sites, dry bulk and particle densities, void ratio, n, and saturated

hydraulic conductivity, K, of collected soil samples in litate Village.

. latitude longitude dry bulk density  particle density n K;

location 3 3 3 3 1

North East (gem™) (g em™) (em” em ™) (ems™ 1)
K 37°44°33.30”  140°47°58.20” 1.34 2.54 0.47 27x 1074
REAEEM 37°39°51.777 140°42°40.37 1.10 2.61 0.58 1.3x 107
MRS 37°43°47.40”7  140°40°35.93” 1.45 2.51 0.42 1.5x 107
i 37°41°39.80”  140°40°31.50” 1.23 2.32 0.47 9.6x 107>
BAIR 37°40°52.32”  140°45°06.20” 1.15 2.63 0.56 1.9% 1074
X5 37°41°33.10"  140°45°51.90” 1.13 2.69 0.58 7.8% 107>
FRbANT 37°39°44.90”  140°43°04.59” 1.27 2.73 0.53 1.0x 1074
e 37°41°53.76”  140°44°09.42” 1.08 2.43 0.56 1.9% 1074
A 37°42°43.90”  140°44°58.70” 1.30 2.87 0.55 14x 1074
RABAN  37°39°51.83”  140°43°47.53” 0.93 2.14 0.57 3.8x 1076
N7 37°41°23.517  140°43°21.72” 0.97 2.61 0.63 8.2x 107°
JAARIR 37°41°28.717  140°48°28.70” 0.81 2.41 0.66 2.8% 1072
i 37°37°10.17 140°41°47.61” 0.88 2.30 0.62 27x% 1073
R 37°36°54.34”  140°48°00.37” 0.95 2.40 0.60 6.8x 107>
Veze 37°44°08.65”  140°42°18.92” 0.86 2.18 0.61 1.9x 1073
Table 2 #HEEM AT 2 HHRBPORE L, vk,

WOE &AL .

Mass basis clay, silt, and sand contents of soils collected

at each sampling site.

location clay (%) silt (%) sand (%)
KE 13 8 79
B e e 9 10 81
HIT FH 13 7 80
e 10 12 78
BEIR 8 10 82
EXg 12 19 69
AR T 12 11 77
EZAS 10 9 81
wN 9 4 87
KASRSN 13 13 74
(N3 10 18 72
JAARIR 9 12 79
= 20 10 70
W 14 3 83
Yz 8 3 89

Bz ZEMEFNRKRENZ LR L TEY (Nielsen et
al., 1973), Nishiwaki et al. (2016) [ZEREEFEZEIZNLE
THBIOKE—ENIZBNT 1072205 105 ems™! &
TEEBHLIZZEZRELTND.

FeEFHEIC L BH5 L, v b, BB ETE % % Table
21T, IO OBERNSIE Lz LML, R iHE
T (s, WEML (FNEHAE), wEEL (Zof
DOHIX) Thote. HEHMFORTITB W TR 7
DENEETHD Z LN T, BREF BLE 9D ]
R TE, il aER (K 1148 4600 HE ~ 1 EE
B WICBEBALZIEa vEN IO/ L WD (B - &
25, 2015). f€> T, SRENO BRI v EERES
AON, BRALAFEEZERGE LW aRL VRS
na.

Table 3 (24 HIKIZ I 1T 2 kG LM FIE DR R 2~ 7.
KAFOFRENBIRERIE CTH LA T4 ~, Al-N—IF o
TAIREENTWE, FEEKEOMXTI/aT 4 bD
TEED MR STz, oy L RERICIE =2 v RO B k)
Th O THWRFEE S (Fig. 2). 7174 ~MECs

Al-/N—2Fa25/k

EUEYASA+

> X

RIEESLY

Fig. 2 AALOEEWEAER SN DR THHOBIRE Jackson, 1959; Tardy et al., 1973 A tiZE).
Relationship between weathering degrees and clay minerals produced (modified from Jackson, 1959; Tardy et al., 1973).
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Table 3 A EREMAIZIS T D LRI O X5 LHEMRIERE R

Clay minerals identified for soil samples collected at each sampling site.
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Soil water characteristic curves for soil samples collected at each sampling site.
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Fig. 4 FERIHURIZIT 5 BB O BHUR SRR E 3 ).

Soil water diffusivities for soil samples collected at each sampling site (Eq. 3).

ZEET 5T &M (Vrdoljak and Henderson, 1994), &
EERNMEOKEEECEZLGERS T4 b YCs %
HEETL2ZENREINTHND (BB, 2007). &6
(2, BREEATOKH T, BEe R R ORIk A B
B E G A TEY, BEOMEEIZL > TERL Al-
N—=IF 2 T4 MIBRT A BIETY ORI Cs % [
ETHIERRESNTNDLZ NG, Tt A
e A Y FA NERWIZEREEAT O LEICE EN DK
Pt Cs < EETL2MHEL H D (1LA 5, 2012).
—JFTCHNG (2013) X, Ny FREBOME»S, L0
5 (2012) N Cs HMEZRO /o7 AV F A e
YEVRTA ML CsEBERELZEHEL TS,

Fig. 3 IZ& BB LB KRtk dit 2 =9, L8
DRI EGE AT ~ AR FKD RIZHE T 5K
BECOMBNTENT S EB8%<, pF2.0 (—100
cmH,0) & pF3.0 (—1,000 cmH,0) (ZHHY 4 5 (KR5S
KEDZE (AO) HRAEDIRIELEZX D LN TED
(1, 1993). BN, KARSIA, JURR, R, 25T
X A0 /N EL, RAMRSNALISL TIEBSGAKER /NS
ol K&, EESREM, miREEs, “HE, RT
XA RREL, ATHFERLSN TIIEGAKENKE
Mhoto. HEP, BRERET, A, R, HETO A ITH
BETH-T-.

Fig. 4 |[Z& B O K IEBAR B ORERE T 277, K
IIIEEAR B AR BRI K D SR E T CTOKRS OB LG &
ERTHETHS. WTho HEOBRA K EAER
i (Fig. 3 2M0) 1E#ARH Y, RO ZE LD
FRZOEMBETICELL TS,

HRB OB AR E~ N v I RT vy LD
BIfR% Fig. 5 (2R3, AKOIHARE & Rk, 2 < O
TSR OT —F TEXRANEMITICERER R ONS.
FRIZ, KB L RET Cld~ b Y v I RT v s —1
em b —102cm £T, ¥-HETIE —1em 25 —10
cm £ TIRE—EOH KR T, it b v I RTF
T LA T D RIS EARRE SN E L e D ERT
DR ENTZ. Fig. 3 O EHKRREMBRC b ERR AL
I E TIHARBEE KBEOEBNED T/hEWNWZ Enb,
Richards O % Rl 0 (2B KEREIZK D3l Y 18 O F 2 i
IS5 Z ERRS B ERS (B)2, 2008). +
KAy e AR & o el CIBKER SR O I E i D 22 4 P
M CE 20 TIHRVNLEEDbND.

BN KR J28k 0 & U 7= B Fnid kAR (1073 ~
1074 em s™1) 23, ZE/KALEE THEIE U 7= B Fnid /K 4R 5k
(1074~ 10 cms™!) (Table 1) XV Kx< A
Ronf., B FBOERGERNS B LN LI
WTOBRITIEHDOBETHS.



BRI ARERAT IS

BT 2K H RO HEE 35

RN

. b @

. .

104+ r .
. L]

-

as

RIEAFEXR

b ¢

¥ BRAEET

Hydraulic conductivity (cm s™)
o

RARSA

107

+

1 10 102 10%10%1 10 102 10° 10%1 10 102 102 10*1

10 102 102 10*1 10 102 10° 10*

Matric potential (-cm)

Fig. 5 FHEHAICET 2 HEABOTREMERRE L~ Y v 7 RT vy VOB G Xe~ b v 7R T

XL ORI E LR .

Unsaturated water conductivities as a function of matric potential for soil samples collected at each sampling site

(Eq. 4 modified for matric potential).

4. FLH

AU T, B REEAIZIT 5 15 EETo/KHE -
BOKEEEE GG LM OREEZITo 2. HEDOE
KEERE N E, SRS A 4 & L CEBFICEET D
B37Cs o @l N EL 25 L THREND. Lnl, kit
SO F T BRI BCs ZEE LT Al N—2 F o
FA R, AFA4F, 7054 FREENTVEDT, =
BRI - THEESh7%< O PCs 23 3%k
JBEAIC L EE D AREMEN D D . JFIREE T 40 E2R
& L7 O A B R 2 km ISHLE T 2 KR i v (X o
T Waxprus A4 he Cs ZEE LRV AT A A
M FEZREHEY), B (1992)) TiX, FE 10 cm U
P 95 % LI o 137Cs 23 7#4E LT 40 em DAZE N Ol T
IKTIHBIE L2722 &5 (Mahara, 1993), 8+
WZEBWTHEHMIChE - TERBIZEEL Z LR TS
N5, —FHFTZOZ LIFMTROBERZIZIFF & S
BRNEEZLNDDT, HEKN PCs TIHERESND 2
LIk o TRMOENHT-N D DRIZREZ ) TH 5.
LU, Rl v L X Gl AER K & 2,400 mm O 1T

0Sr CEEIK 29 45) 23 37Cs @ 4.2 (503 E (4.2 mm
y ) TFHIBBHLT, LoACLs TV ETHEDLD
HUTF K CHIE 4T % (Mahara, 1993). #F/KAL
PIECHEA T < HiZ~ 0> POt B F 23380 b AT CIRIEE
NLETHAH . HEWEIC T 2k Lm0 5 &
B37Cs OPESARITBE R 2N 2 & BREENTNDD
T (Shand et al., 2013), *5+#OEEDH T 137Cs
DOEEELY EEIZFHET 2 2 ENTE R, 4%iI3t
BhoX I oERRE R L, ThOERER
BET ST A=~ D 2 EARETH D,

5. HiEF

AWFIEZHED HI2HT= D, FFE NPOENSS LERM
EOZOERR, REMNREZEROERK, SEEMNEEE
B2ZAROEIFERK, HIKFARFHO @M IF T8
BUERFEFT T O TR EUZ ZWHTAEW 2. A RF R
LB L AR IR R O R EER, =il LXK & DRIBT
LD T 2\ LI T O TS A TEW 2. BAKRY
KEBERR M AL AT IR T 2 TEW . E 7
AWFFED —HBIZ, 2011 FIIERFRIEE - PiK 7 a
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vxr b (IRFE D REWED), BHFERPRRAT ST (0F
JERETE 5 1 26550067, /7 A&, 2014 4T
B RFRZPEER SRR ZE (13 : THEAT) D)
RICE D TFo7z. ZZICRLTHELYRLET.

51 Rk

ARIFEE—, RESRIETR, ARH AT, 228K (1998): HE 52 M,
pp. 46-47. EHHIRA S, BT

Blake, G.R. and Hartge, K.H. (1986): Bulk density, pp. 363-375.
In Klute, A. (ed.) Method of soil analysis. Part 1. Physical and
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