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Identifying longitudinal and transverse dispersion of solutes in unsaturated porous media

using dye tracer, image processing and spatial moment approach
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A new methodology using spatial moment analysis linked with image processing of a dye tracer behavior in
porous media was developed to estimate dispersivities not only in longitudinal but in transverse directions.
Laboratory tracer experiments using a relatively mobile dye tracer Brilliant Blue FCF were conducted under
saturated and unsaturated flow conditions. Uniformly packed homogeneous fields, which were comprised
by silica sand or andisol taken from a maize field, were of concern under four different infiltration rates
as well as under saturated flow conditions. An image processing technique based on digitalized spatial
distributions of dye tracer allowed to link with a spatial moment approach to identify the transverse and
longitudinal dispersivities. Dispersivities exhibited an increasing and decreasing tendency associated with
infiltration rates and showed a marked difference between estimates under saturated and unsaturated con-
ditions. Laboratory study was extended by a comprehensive literature search to compare the new results
with earlier work, demonstrating a good agreement between the experimental and published results. Devel-
oped methodology was applied to a field with approximately 100 cm depth from the ground surface under
unsaturated conditions. Dye tracer moved through the soils in a preferential path pattern, which induced
higher dispersivities in more irregular pore patterns as compared with estimates obtained in laboratory
tracer experiments. Experimental results demonstrated the effectiveness of the developed methodology for
simultaneous assessment of transverse and longitudinal dispersion in unsaturated soils.
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R-3 TR LUV EE RIS T DR R L B IR O b

Mt (em) B HE (cm) IR EHEEE (cm) kS Hh

0.156 ~ 0.243  0.00520 ~ 0.00808 9.8 ~54.7 fifn This study (Silica sand)
0.290 ~0.489  0.0215 ~ 0.0570 5.5~29.7 fafn This study (Andisol)
0.522 ~0.756  — 30.2 AN Maraga et al.?”

— 0.0024 ~ 0.10 37.6 ~41.2 ffn Seagren et al.?®

0.335 ~1.80 0.0833 ~ 0.483 9.5~43.2 AT This study (Silica sand)
0.764 ~ 3.48 0.379 ~ 1.40 1.1~252 LR This study (Andisol)
1.02 ~ 1.67 0.320 ~ 0.577 5~25 ARfafn Inoue etal.”

- 0.0029 30 Afafn Massabo et al.'?

0.966 ~ 1.631  — 30.2 AR Maraqa et al.?”

BICEAKREANT 2720, RE7er bReEFENL—
HoTay MECEET S MITKSEOHEINI LY
MM E D BRFMA~OERESMHDOIELOXTREL
2%, ZOMOGBULITRADT 201k LT, BE7 =
v hEEBICEaE L= BBEIT D@ TIEHET
~NEFESATIERT D Z LD, Stk oinc-o7
NHEEZOND. HEHEOEITERZ OO, B-15
WoRT R DT, BA 7 MR LT B R L i
Rk, FBKEEICS U CTOBIICHENE T T
5. B-131CA6ND L9518, BKRSFEFICN L THEE
DOBPGRIE LI 72 D WA IS L OB D HE
WBLRIFL, ZROFERICRoT LRI ND. T
ebt, fAMEOEITSHILOE/ICKE LS HFET
HEEZRD.

4.3 BREDEE DL

X-7 L -9, ®-11, R-12 |27 L7 &R
YR OREEMEIL 7 A WHAR IOV TIE, ThEh
0.156 cm 7> 1.80 cm, 0.00520 cm 7% 0.483 cm T
HY, BRI HETIEZNEI0.290cm A5 3.48 cm,
0215cm 725 1.40cm TH 5. Fiz, HEOHE L
BEDLIT 7 A iR T 1.61 705 30.7, HR 7 #ig T
1.02 25 16.5 O#FPHIZH H. R-3121F, ARFEBR L LB
AL — VO LT FE 102D 12 Tl ST b
SCHERAE 22 7~ 97, ARFEBROHEE N IBEE O 721 & ik
LTCRA—DOF—F—IZTHLILTND I &b, KF
EITAKRD R HERBHOK ST, BIFR 8E &
ETEXBHEERD. £, F—oME#EETH- T,
T TR D72 b TR EER b AfISE L 0 b Riafn
DT NRE e BMANCH V2P, KTFHEICLY
HETE S AVTMEST R & AR BRI E PRI 222 T R
LEZRSD.

BRI, 7AW & BAR 7 i o R &R
SEZ LT D L, BAR 7 MO IS E i &
R ENbND. ZHEERR 7 HIIERI L LT <,
Fio, TAWMED REWESEREEAET D120, BAT

Brilliant Blue FCF line source
(65 cm long, 5 cm width and 3 cm depth)

Excavated face \

Excavated line and time

\\ | 345 min
\ |
£ . ; 303 min
z V S X B J
Zy = % ™ P 240 min
,,,,,,,,,,,, - 41X ¢10 cm|
e \j2 : N 132 min
| ! N ¢ 10 cm
J \\ 74 min
155 cm . ¢I2.5 cm
i ,

5cm  25cm

- —> R
¢100m y
- x

65 cm

B-16 7 ¢ —/\ REBROE.

BEOZERIIZORNn Y, FHRELTHBERVTH
OFETHLHM L= EZBNS. £T2, BKBED
FWVZIEE D LRI EI L, FBRAKIREE S
UTC ML —VBEIORIRNET I /e D 087 A i HE X
DHEREVWSGEEELE L TXENTZEEZI LS.

5. 74— LRI BEHEEER

51 ZEEYA FOWMEBELEREAE

AT, BEFEOHEANELEL 7 4 —V RORE
ZE AT 5720, TREREBLE LB T 11—
Jb K& BRI EREEREZ EE L. 7 RERIZT
FERLI-RA7 LasE LR by Er 3 v
THEY 2~V & W, 5mx3m DO EmEEEIC
D, HRES 1 m OES ZHHI L TERE % e
Lz, &7, YANTFA 72 EEZRHWTCHEREZES
ZH i L7z,

&-16 |2~ d L HIC, MFRmMIZES 3 em, 15 cm,
BT X 65 cm OBAMRIZ L TFE 2 ST, 2 ATl
BRI F L —YEBRA R CEA L HICEM L. Fis,
74—V REBRTILT REER & [FFRIZ, Brilliant Blue
FCFKIaiEZHE N L— & LCTRAL, BESAMOT
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R4 ERY A ~oLERHE.

ES Mt v b B B THES WSRE BAGE RBRER wEmE REo6
(cm) (%) (%) (%) (%)  (cm) ®) (cm/s) () (g/em?)

20 21 51 22 6 0.021 23.7 0.00884 0.59 0.95 1B,
50 15.8 39.7 43 1.5 0.1 85.7 0.0239 0.57 1.13 71

Brilliant Blue FCF line source

®-17 7 1 —/ FERIZBT 5WEBEOT (Plot 1) .

BULIZ W CERITHRE L7 BT, WIHIRE % 2 mg/cm?
ICRELT=. 22O L F Plotl & Plot2 IZ2FNEF
AU 1000 cm?® D FEKIRIK % it LA AT WA % E5RBELA
Bl b L7z, b~k s L —F R AZMEE L
7-%12, B-16 127”77 65 cm x 85 cm O H1Z i X H[ |2
0.12 mm/min OREEREK Z 15 5305 272 AR TH%
WHEHZ T v 7 CEH ZLITE D, KyDEEEY
IEL7=.

74—V RERTIIE-16 12577 L o1z, L —
T OFEAD BT 345 S3kiath £C, REFREIZHE S
THER, AEHENCHK 10 em M CTHES ImBEET
AL ERGTIRY Pz, 2ol &, Wik M
2725 X912, EWOMNT2d X o IcWimEY—Ic
B WA dEET 5 2L, @S 155 cm
BN TNLEST AN AT EREL, 5 OORHIE
MAEMNBICBFENL—TFDOT T 7 A V2T VX IR
FL B-1712, Gonmigo—fzrd. BEoO
Bie Ebiz, FE ML —Ho7ar MNESITRES
MR L TV AT b 5.

FE L —VEREWITLT, X 20cm & 50 cm
OHTIZTa T ZRBL TEREICLBIRY, 59
A FOEERHMEFIL. R4 12BN HE M
EHIELT D, MR A FPORKR 7 WA, MERENHDS
VEE JFIENCHK) 40 cm £ COMEEITE A, 40 cm LAEI
Kar 2L CD. AFZECIdEE L, #BoEks -
JE, e TEE . R-182i%, = 7RIt
DREAFIAK S E A2 VG BT A L L HITRT.

. " Measured (50 cfn) ‘A
\. VG model (50 cm) -~

- ny=1.2, 0,=0.030. 6,20.04

10! Measured (20 cm)
VG model (20 cm)

n,=1.2, 0,=0.031, 8,=0.02

Pressure head, -y (cm)
)

o 01 02 03 04 05 06 07 08
Volumetric water content, 6 (-)
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—> Image correction
— Converted to RGB to Red image
—> Application of calibration curves

E-19 E%AFE ORI - (a) RGB Hifg, (b) &30 mifg
1E, (c)Red piorftittiimig, (d) A%~ L—ViRES0.

52 EMGRUELSBEDOHTE

R 7ot N L — Y D22 M550 & SR B3 A (2 A
THFEE LT, 7HRFEREFERC, BEGAEEE L
2. E-19) IZ sz s L—Y 0l 7y
ANERT. BtaEET 5 EEOAFE S EHRICT
L=, 4D RGB EgIc=ay h I A MIEE T~
WIEAKE LT, B-19(b) DXL 95 IR LT-. KDt
MEATD FBICONTIEAE b L—P O & ik
FPHBICE 22 &, EEO X S ICHBE N L2
Motz kgL T RGB Wi h SRk sy O & i
L, E-19(c) o X 91z, sk~ L —TOmHElk % i
BRIC LT-.

E-19(c) DIRFEICH H L —FHrOE s v
B LBk b L—Y DOREEXIS ST D728, 74—
REBREWITLC, BRRE L7 B LHEICET S
KEBMR AR D=, WRHDOHICEREZFEREL-H D
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RS 74—V R UL EREERIC I T DR BERE LR O,

Mty EcE (cm) B ER (cm)  FEIBENERE (cm) KOSM L
1.00 ~ 3.72 0.52 ~2.35 1.8 ~21.7 RAaFn This study (Andisol)
0.66 ~ 11.73 0.33 ~6.59 7.5 ~25 A Fn Forrer et al.¥
2.6~18.3 0.03 ~2.20 6~ 14 REaFn Abbasi et al.>?
1.9~33.6 - 5~90 REafn Persson and Berndtsson?
1.0~ 1.6 — 25~ 100 A Fn Snow et al.3D
1.75 ~ 10.89 - 20 ANgafn Radcliffe et al.3?
— 2f i{aw c‘lala ,:E)\
mg Upper layer 4 ; 10' o
Q 15+ Lower layer v E » o m, o
%D Calibration curves Bz 0 &=
= Upper layer y g 107 ¢ O O
-% 1 Lower layer - v 2 Field exp.
g = Plot1 ® |
3 0s | ; £ 10 Plot2 4
g ’ 2 Laboratory -
© .4 & o2} Forreretal”) O |
0 v 3 Abbasi et al.?o)
100 120 140 160 180 200 220 240 260

Pixel intensity (-)

R-20 7 ¢ —/L FHARIZ 69 DA IE R oo —15.

D, KPIKREHTH Y, g 32 B 5RO
RERIZRICRHER T 5 72, R Ol & 31T LT,
2 DO Plot (Z FlHIIT BB & 2 Wi & JE L 7.
HIEC R N L —HIEFEE LR W, BEEDREIC
THEE LS b L— T 2 Wi ISR X AP, AR
BT UANMRE L. EER LIS TRBICCH C/EE
AR L, 155728 & Fid o mig A 2 i 2
T, MERELEEAHAEOMEREE FE L TRT
koo, B-20 KIERO—HFZ, £72, K-19(d)IZ
BFE b —YORESAMO—FlZ RS, —EHOE R
P ERIEBMROEH 28T, TR ER L RIS, 226
T—AUMEZEATAZEICEY, XKQ) 15X (@)
ZHOWTHET A FORETHE S B BEEZH#EE LT,

53 #MinBERLBEIBE

74—V FEBR XL VELNIHEEE D BED
EREENRENLR-21 L E-22 (Z7R37. £, KFIC
%, AR 7 RERICTHONIEROEHEE & b
(2, ARHEBRE ERA 7 — L OREEIT 5 S0 ol %
PFLT 5. X532 HEMEIRK G RIEN R DT
¥, SCHRE & FBRAERIT B L 2niaiddh s b oo,
AREBRC BT DR & B HE O EMITEnE
A 1.00cm 2>5 3.72 cm, 0.52 cm A5 2.35 cm O#iJH
WA LT Y, WEBEIREES E RO SRR
BB DL RUBRMEERREEZAOND. R-5(1TIT,
AR & FRA T — A PNEULTEY, A fafig
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Z 10° W
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g 102t Forreretal”) O |
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- 30)

= ‘ Abbasi et al.” ‘
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®-22 7 ¢ —/L FHAE ORI HR O HEE 5.

TR TR N R, & D W LR O STk
EDI30=D 2 FFT 5. WTNOHFTEFN IV T Bt
SEBECELTE lcan A4 —F—L2 720, BoEBE
TS BED 0.1 {525 05 (FIREDEAE & 5 2 &)
5, REBRTIIBAFRHEEHERNE LTS &l
ENnb.

E-21 £ ®-22 10, fitoddE Mok s blc, 7
o4 =V REBRICTH O I EIXR—# B 2 V=7 R
FEEROFE R AR THOT MR E WHEEEIZ 2 > TV
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TRBHEZ R L TV 720, MBS 1322
BT DRER, HEMICEE L LHEINS. B-23
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Brilliant Blue FCF line source

Plot 1 / Plot 2

B-23 xtGeth A F O~ 7 wR T LIRFAEIEE O T

WCTIRESNZ0FE N —V OO0 r~d. BN o
BIC BRI~ a R T REELTNDZ ELPlotl
ML—HaAiDO 7 v NI CRIRMICIEE N BB L
TWAHZ EWNbhD. WEEEDORIMEIL T RERIC
BOWTHIERINED, ~ 7 aRT7 OFEIETER< L
ThHHYA MEFEORETHY, 74—V REBRLE TR
FEROHEEAEROERIELRI LI —KEBZH
b, 74—V RO XS ICHIBRIEE O R EMEEZ AT
LECRE VTR, B-23 10 TEZESRS X 91, Plotl
& Plot2 Otk b L—H o MlEE—IZ e 6720, 20
MAE-21 & F-22 28T, Plot1 & Plot2 M43#HE
OHEERFIHENE CZERES 2D, L Lan
5, Mo EROEBE L HIZ, 220 Plot Ml ToOHE
ERERDOIT SO NENTD, WY A FORYE
HIxHEV EL VB s D,

L ZAT, B-21 OtaFE b L—VOBENLE D HED
FBOEERD L, it R TEmEERE D 3 —
Eff% & DB H D Z Ebnd. B-17, H50VF,
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(2, R T 0 —v BT F A RISk 288 D%
HIBEINERD HID. LNLERERD, MREOHET D
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SHEEF-ETHBE L LR sns. — 5T, B-22
R OND X9, BOBERITESE L —FOBE)IC
o TR T AEAICHD. BRI-17 IR T X 9IS, %
G A N T M~ ORE OBIRKILH £ 0 31
WCIER SN2, BAR 7 O X 9 ICHRiEEEH 3
2 MR BT, SR BT AN K -oUR L O R M
BV ME AN B 2 193 5T LI RIS, TR ORT R
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DR L ZRVEER, MO BRI EIEERE L & b
LizEEBxbhb.
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JE & 3 EARER D FE R AT S T D SCERIED Y & e

D; = OcL|vd|,

1.536



= :
E 1 | ¥ Persson and Bemdlssonz)
aZ 100§ g 14)
g Seyfried and Rao
2 100}
=
.2 1
2 10 yw v ]
< [ =
g 2 N u
S 10 v v 3
g = o U8 DDy
2100 . ]
5 This study ® O
% 104 _ Yule and Gardner36) m 0
ST 107 10" 10°

Tracer velocity (cm/min)

®-26 b L—BEEE &S BIRER OB

T 5. —I, NL—TBELEEO EFICHEG LT
SYEUREITEEINT A EAICH Y, K-26 ICBWTHE
HoOM@EmAR 55, Yule & Gardner 13Ri£E, 725
2, PSR O/NS OV NERER WD, Y
BRI /NS SHEE L THB 030, w45 Bk
DEVPARERFER & OMEIZORNB ST EEZ LN
7. KESBARK D S PEIC DWW TSR AR H
L2 ENLRHMAAE LN OO, N L —YBEhEE L
FEDHARBDOFERSR S BRE OHEER-E R0 &, HER
BRI RT, Y HEERR LSS,

55 BKAREDEE
TRERICTHBRINEZR-13°7 4 —/L RERD
B-17 ® £ 512, AEFNFEIER O ¥ Bk TR AR B
LD EDETHD. DEBEDBKRE~DEK
FHERFT 5720, 74—V RERIZINZTIARE
BRIC TR DN BR & B BEORKREER-27 12
RY. TRTOT — X3S T 2 BEAKTRE DS Fic
THOLNEREOTEHETH D, BKREOMEICE D
5%, DBEIEHEVEHET, rAHARORS K
FETR 3, BA7HBEORSHE SRR, 36
BEOHETHD. MiRDLIIc, TRERLE 74—
L REEERE BT, WHEORRWEEN BE SN, BF
M U—HOBATICE ) S EOENERILENTZ
DO, KGNk Dyt # 7 i35 &, KIS
WCCEA LK I I B OB bich £ 0 %
BIESHRNEFT 25D, 2T 7 4 — /L RHEEDL & O T,
RGBS OREEMENMEL, FFiT, ZARERTITHEIC
REZFHELTWDZ 20D, DBEOZEITNEL
Tpol= L HEEREINS.

6. #Em

ARFIETIX, fafR L ORI RIfEIRIZ 3 1 2 O
DHMEERHEE T D720, THRLULIZTEE N L—H
FEBR A FEN L, WEARE L 22— A v MEERAT
52 L TRt HER O BELZHET 5 FIEEREL

10
g 10°¢
2
2
=
z 100
k)
o
2 Silica @ oo
[ 102+ Andisol M T
Field A A

0 01 02 03 04 05 06 07 08
Rainfall intensity (mm/min)

27 BKFRE & S HUR OBIR.

7o Fie, BEFEEZ T LV RIEAL, HEERRER
ZREEOSCHER & i L7, ARBFEIC TR DLz i %
FLOHEUTOEITRS.

1. B b L —Y0a O AR 2 7 G 5L B
EEME—A MEZEHATL2Z2I2EY, fits
B &M BR ORI EE IR L.

2. — A7 REHINC FE S < o BdEE 1Tk & < e
0, AFEIDHECNZ T, IWEOBEEE, 72
LD, DHUREERERINCTHEET 52 LN T
LRI D 5.

3. ATIEIC L0 1G DT HEE M X BEE O STk & b
LCRIEFTHY, AFEORZRYMERTZENT
X7, F£, HBAEAETZ L CTRA Lok
) IR O M EHI S LT b IR Ok & 5T
sz EnTET.

4, REAFNSRME & St CoBEOMEITR R, %=
R[REEAT D ARERRED FAEFLREL Y & &
WBEREIC o7z, F, B MO SBER
RS &9 A W i L 0 &< e o 7

5. FARFEBRE T 40—V REBREBIZ, WHEOBERD
WENBER SN, £72, AHFRICTRHSRE L
T 4 =)V RTIE~ 27 a BT OIFAENHER S, it
SEE EHOBE L HICE UREZ W TR E
L b REL oot

6. (o N L—H ORBAITIZ L D S HUR OB D R S
NZb DD, KBRS O o i 2 7H M3 %
&, REBRICTERA L BAKRE T R Ok
WZhE D ERBEE G X2 FEREST-.

WFFEFB DD 72 DB B ORS8N C, AR
BB RE LT FERICRVED s, %
AT X BB OFEH L L b, AFEO#MANEC
BT 2 E R FEOERMNPLEEND.

BE: AWIEEZITTDICHTY, AV —TFT 2 b
¥ RRZO Persson Jo/E I3 & EARAE R 2L L T
TleExE Lz, F2, RO —ITR s i
EOWKEZTE L., Z2ICRLTERHOEEZEL

1.537



F9. KBS, T a—L RERICTH ORI %2 3 A
L TV 72 W T2 80 505 0 BAGRE O 5 4 123 < S
7~-LE9.

S Xk

1) Hunt, A.G., Skinner, T.E., Ewing, R.P. and Ghanbarian-
Alavijeh, B.: Dispersion of solutes in porous media, Eur.
Phys. J. B, 80, pp.411-432, 2011.

2) Persson, M. and Berndtsson, R.: Transect scale solute trans-
port measured by time domain reflectometry, Nord. Hydrol.,
33, pp.145-164, 2002.

3) Forrer L., Kasteel, R., Flury, M. and Fliihler, H.: Longitudi-
nal and lateral dispersion in an unsaturated field soil, Water
Resour. Res., 35(10), pp.3049-3060, 1999.

4) Stenback, G.A., Ong, S.K., Rogers, S.W. and Kjartanson,
B.H.: Impact to transverse and longitudinal dispersion on
first-order degradation rate constant estimation, J. Contam.
Hydrol., 73, pp.3-14, 2004.

5) Bijeljic, B. and Blunt, M.J.: Pore-scale modeling of trans-
verse dispersion in porous media, Water Resour. Res., 43,
W12811, 2007.

6) Butters, G.L. and Jury, W.A.: Field scale transport of bro-
mide in an unsaturated soil 2. dispersion modeling Water
Resour. Res., 25(7), pp.1583-1589, 1989.

7) Vanderborght, J. and Vereecken, H.: Review of dispersiv-
ities for transport modeling in soils, Vadose Zone J., 6,
pp-29-52, 2007.

8) Zhang, X., Qi, X., Zhou, X. and Pang, H.: An in situ method
to measure the longitudinal and transverse dispersion coef-
ficients of solute transport in soil, J. Hydrol., 328, pp.614—
619, 2006.

9) Inoue, K., Setsune, N., Suzuki, F. and Tanaka, T.: Deter-
mining transport parameters for unsaturated porous media
in flow-tank experiments using image analysis, Water Pol-
lution VIII Modelling, Monitoring and Management, WIT
Press, pp.309-319, 2006.

10) Massabo, M., Catania, F. and Paladino, O.: A new method
for laboratory estimation of the transverse dispersion coef-
ficient, Ground Water, 45(3), pp.339-347, 2007.

11) Forrer, L., Papritz, A, Kasteel, R., Fliihler, H. and Luca, D.:
Quantifying dye tracers in soil profiles by image processing,
Euro. J. Soil Sci., 51, pp.313-322, 2000.

12) Cirpka, O.A. and Kitanidis, P.K.: Numerical evaluation of
solute dispersion and dilution in unsaturated heterogeneous
media, Water Resour. Res., 38(11), 1220, 2002.

13) Aggasi, F., Feyen, J. and van Genuchten, M.Th.: Two-
dimensional simulation of water flow and solute transport
below furrow: model calibration and validation, J. Hydrol.,
290, pp.63-79, 2004.

14) Seyfried, M.S. and Rao, P.S.C.: Solute transport in undis-
turbed columns of an aggregated tropical soil: preferential
flow effects, Soil Sci. Sci. Am. J., 51, pp.1434—1444, 1987.

15) Schincariol, R.A., Herderick, E.E. and Schwartz, EW.: On
the application of image analysis to determine concentration
distributions in laboratory experiments, J. Contam. Hydrol.,
12, pp.197-215, 1993.

16) Nobles, M.M., Wilding, L.P. and Lin, H.S.: Flow pathways
of bromide and Brilliant Blue FCF tracers in caliche soils,
J. Hydrol., 393, pp.114-122, 2010.

17) JEE—8k, /KSR, $nkwd, Pretse, Mgl 6
b L— 2T — A v MESTE W e~ 7 m oy R
B, KIS, 55, pp.613-618, 2011.

18) van Genuchten, M.Th.: A closed-form equation for predict-
ing the hydraulic conductivity of unsaturated soils, Soil Sci.
Soc. Am. J., 44, pp.892-898, 1980.

19) Quisenberry, V.L., Phillips, R.E. and Zelenznik, J.M.: Spa-

1_538

20)

21)

22)

23)

24)

25)

26)

27)

28)

29)

30)

31)

32)

33)

34)

35)

36)

tial distribution of water and chloride macropore flow in
a well-structured soil, Soil Sci. Soc. Am. J., 58, pp.1294—
1300, 1994.

[IFFFZ R 13 C O T OIS, TEEMAS, 218p.,
2001.

RS, JURMAT, ARIER, s, =mn, B
HA : C SRR TR SEBRmIGALE, 4 — htk, 289p,,
1999.

Vereecken, H., Doring, U., Hardelauf, H., Jaekel, U.,
Hashagen, U., Neuendorf, O., Schwarze, H. and Seide-
mann, R.: Analysis of solute transport in a heterogeneous
aquifer: the Krauthansen field experiment, J. Contam. Hy-
drol., 45, pp.329-358, 2000.

bk, BHE HPR:EEO~ s maie T our
KN G- 2 2 BB DT v 7 A — L DR, LR
SR A2 ottt ORI i, 14, pp] 521-1.532,
2011.

Dagan, G.: Solute transport in heterogeneous porous for-
mations, J. Fluid Mech., 145, pp.151-177, 1984.
Matsubayashi, U., Devkota, L.P. and Takagi, F.: Character-
istics of the dispersion coefficient in miscible displacement
through a glass beads medium, J. Hydol., 192, pp.51-64,
1997.

PR, MIORE « AR P TOKBBIZE & K7
Bt T OV T O FEBRIIITIE, KL R, 35,
pp-111-116, 1991.

Maraqa, M.A., Wallce, R.B. and Voice, T.C.: Effects of de-
gree of water saturation on dispersivity and immobile water
in sandy soil columns, J. Contam. Hydrol., 25, pp.199-218,
1997.

Seagren E.A., Rittmann, B.E. and Valocchi, A.J.: An exper-
imental investigation of NAPL pool dissolution enhance-
ment by flushing, J. Contam. Hydrol., 37, pp.111-137,
1999.

Klenk, I.D. and Grathwohl, P.: Transverse vertical disper-
sion in groundwater and the capillary fringe, J. Contam.
Hydrol., 58, pp.111-128, 2002.

Abbasi, F., Simunek, J., Feyen, J., van Genuchten M.Th.
and Shouse, P.J.: Simultaneous inverse estimation of soil
hydraulic and solute transport parameters from transient
field experiments: homogeneous soil, Trans. ASAE, 46(4),
pp-1085-1095, 2003.

Snow, V.0., Clothier, B.E., Scotter, D.R. and White, R.E.:
Solute transport in a layered field soil: experiments and
modelling using the convective-dispersion approach, J.
Contam. Hydrol., 16, pp.339-358, 1994.

Radcliffe, D.E., Tillotson, PM., Hendrix, P.F., West, L.T.,
Box, J.E. and Tollner, E.-W.: Anion transport in a Piedmont
Ultisol: 1. Field-scale parameters, Soil Sci. Soc. Am. J., 60,
pp.755-761, 1996.

Bejat, L., Perfect, E., Quisenberry, V.L., Coyne, M.S. and
Haszler, G.R.: Solute transport as related to soil structure
in unsaturated intact soil blocks, Soil Sci. Sci. Am. J., 64,
pp-818-826, 2000.

Bowman, R.S. and Rice, R.C.: Transport of conservative
tracers in the field under intermittent flood irrigation, Water
Resour. Res., 22(11), pp.1531-1536, 1986.

Ellsworth, T.R. and Jury, W.A.: A three-dimensional field
study of solute transport through unsaturated, layered,
porous media 2. characterization of vertical dispersion, Wa-
ter Resour. Res., 27(5), pp.967-981, 1991.

Yule, D.F. and Gardner, W.R.: Longitudinal and transverse
dispersion coefficients in unsaturated plainfield sand, Water
Resour. Res., 14(4), pp.582-588, 1978.

(2012 &£ 3 B 8 H %21{1)



