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Large heterogeneity in an alluvial fan influences considerably on groundwater flow field.
Applied to groundwater simulation, however, an alluvial aquifer, consisted of permeable gravelly
sediments, is often simplified as a single or a few homogeneous layer(s) due to its complexity,
lack of hydrogeological information, and knowledge. In a previous study in the Toyohira alluvial
fan, we have formulated a relationship between hydraulic conductivities and auxiliary variables
in undisturbed gravelly cores by focusing on the effective grain size diameter and lengths of
matrix packing level. In this study, a permeability distribution model with the one-meter resolution
was yielded by estimating spatial probabilities of auxiliary variables, and then was applied to
groundwater flow and heat transport coupling simulation. The simulation results showed preferential
flow vectors in high permeable cells, resulting in complex contours of heads and temperatures.
It was inferred that such complicated groundwater flow fields occurred in actuality in the fan,
because the calculated variations in heads and temperatures had the same trend as measured in an
observation well. High permeable cells, which are connected with the river bed, influence selective
flow significantly. A block averaged model with the five-meters resolution was also examined. As
a result, outputs of vectors and contours were much uniformed and smoothed, because anisotropy
in macro cells was disregarded. It was revealed that the high resolution model was effective and
necessary for capturing more detail and actual groundwater flow field in an alluvial fan.
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I.1x C & Ic

E o RKFEn L2 5D 503 I, LHH L ORISR OBRMB 6T 5 (B 211,
FHE, 1998 72 &) . FIRM T IS IZ ik 3 < MLk 2R IR HOBEE 08 HERE L, BIF R KB 2T 5.
ZOEE LM T ARGERIIHIR O EFCEE LR XA TE L. —KIC, FRHTIE, #2260
ZEREE, SMEFREKAE, BEEHKEOSEAKMECE > T, BIEPLRmICH? S 3 KT
B 72 T RIRENE SRR S D (LA, 1983). Z oM T /K ENS 2 EBAICFHE+~ <,
EHOFRIMTIIE S LV TR I 2L —v a UREBINTE 2, ITFEITEICH T KEE %
KB LT DICHEDLT, ZER, WEEE, HFKOEREZR D 2L, ETNVOREEPRAD
nTna,

FotR i T VAR % 22 B D HA IR IR 3R VIR 2 & T, @AKMED R 722 58k % 72K SCH T
(hydrofacies) 23IEHNICHERE L, R ARHEL 2T 2 (Neton et al, 1994). Bz, [
— RN O JFALE AR TR A — 7 — B2 FKREREOND 2 Lk, LIZLiIEH D, TR
EOFROFFMORNEITK L, REEREKEEZ ED X S ITET LT 20TEE, FEndFT
bNT&E 7 (Bl xiX, Dagan, 1997; Eaton, 2006). HICEIRHUIAHEMER L VbITRKEL, B
—b L B3EO»OHERICHEKILL TET ML TE .

BRI AEE TRYESL AETE 2 3 EOBETHERKRREE LT D Z LITHEN TR, Z
D, L0 ERIELTVHEEERZEHWT, OB S BKREGR EHE TS HESH
WHNT & 7o, #IBKHEEHE TR, LR LIRS ME R Y 7 FERICEAZAEN TV b
% (Bl 21%, Wackernagel, 2003; R, 2010). FHBKRBEO WAL ORI D OIZHEREKE D
5. HTKEIIRFHOMRERET 5720, HROSEELZ RTHRELHNDOIXART
boH. LLRDG, FHIRMHERY O X 51Tk~ 7R TR S N 2 BB L o5E, MRS
T L bkt EAIREE T (Morin, 20065 Kresic, 2007), MBRE 4 Dk & S0mfetkd L HE
L%, FlxX, HREFTE TIIEMOMBLSY OFREPAZ LWiEEERE (open-framework gravel) 73
BRTE, IClE"EA—F —KREWEKREEE TS L &5 (Zappa et al, 2006; Lunt and
Bridge, 2007; Ferreira et al, 2010). Z#uicxtl, BEMEWFZE (BKHEZA, 2011) TiE, EF)IE
PR TERI L 7o RIEELSURH ORIy O FR R L DR “AEFRIIE” ZE AL, WL T,
BRBEAERET2ETARRE L., JHICED, R X OEEREEDZEMOMIELN
L, BAREESHEREET D ERFREL ooTe, &2 TARMIZETIE, RNEELAEORIZL !
HEREEOT =200, ITEBN TOMEEESMEHEL, ZOEMFEAEZELE Tlm R
=V DE G E IR B KRR 25D T L AT,

FRRHIT I, @K Bk 218 U CREBAGICH K L i a2 L TR Y, ZDOHREMHICEB
AT MR LT LIEEAH &5 (Stonestrom and Constantz, 2003). ZKIEVEIAITE O < o0 1E
I HENZ N L —Y—THY (Anderson, 2005; HAHI TS, 2010), HEASLHURER
REDRT A= L EHFER SN TV e, RNGEHEPRITICE 2 5 B0 HZEZ T ML T
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V., Ok, BRBREETNVEMTARREEBEY I ab—a r~BHL, KA KRS
OBBUEZBAE L T 252 LT, ORI EHRT .

II. % ® # &

1. AEYA b

ESE)ERH (Fig 1) X, FLIRTTERNML BEEF 90m) ZmIE, HIEICHEET 2 JR #AF
I (FR10m) Z2RMe 45, LR 10kn, HEELQ 28k’ ORI TH 5. Z ORI Z
AL L TAH 190 757 A DEHRALRET 2R L T k.

B EAR I HIE A, T ME 3 D ALRmE &, 20RO —EB& < Afd DK E W E
HIZDT 6, 2 508 ZHBIFRNED -7 Z & 2777, Ono (1990) 12 LE, HARDOHE
R KBEL B OBATH], RRICRKOKIIRTY: (4 THE~9ITHE) &, %kl (1TFURE) 1
BPLTERINTZLEBZZALNTNDS., ERNERMICIES N TS, SEKHIRPHCOE RE 25T
KRB BRI — B R S 2, Z 0% OEm EEE I X DRI X o THLIRm -~ 7 B
AU Tz, BKEICAD L FHOHERDMEE Y, Tah 5 HAEZBE S 72085 3,500 I
BIE OFLIRHE AR R Sz (ORFL, 1989). SEREE A HALBEE ~O 7 B IIREH, B0 3 1
HEJE DR D 1 HHELREE Sie i (KL, 1989), i &#ed 5 BB o KL KA
Rro 18 HEMETL T2 H D (KM, 2008).

EOENEARHE, KILZEHED 672 2 FLIRVERS 1L &, I RTE 2 AbAb iE — R R R F M o
Rl E N ML I AIE L, RERS 2R RE S HRET 5 (M, 2005). iz
B 10 ~50m B iZ, ZesDBE#ER LU RER 28, 2572 588 hsdke L, BAFRAR
JERKBEIERT 5. Z ORISR OFKIEL, HTTROHFHFTAZ ) —v 00616 —Hk T2 <
FEBE AR & AR AR 23 ZZ 88 L, FFICEREE 30 m AR TR T 2 & S Tnd  (ILHiEae,
1965). Z OVEEAHEIIREEL 2 7 O AT OZ AT b, EIZ (2008) 1XikfHEkE
LR OBER OFREM AL T\ 5.

BATH 2 IRE,  FRRH D K IE I 1T &SN D IHE 25 > TETZFEK (TA XGETA L) DBEEL
TWie (FLIEH#BEZRES, 1989). HFE, HAKIIMATL R o728, BF)INIER, FHRktho
M FAEBRICR > TWD, FEORFFREENC LhX, B3RN0 REZ TR 19 &EH»
SEAREM (% 1.5km, Fig 1) Tlm’/sEEL AL S (RE - M@, 2012), HANOHT
KK EHR 116,000 m*/d GFLIRHEREER, 2008) O 8ENCHIM 5. —F7, EFJINTITE, AKF
FABEIMCAE 5 ERAD NEZME L TR Y, BKBEORIBEREOEALPBE I TS (byEERH
J&Jm, 2006). FLORT O TR ORELR B, 2010) 27425 &, EARMIPN TRBEREKT
TEMANERRD RN, T2 AR O 1T KRS E TR IC2 8 L 5 2 5 Al getEn
H5H., ETCHIKES, HRBEROMFESCANBHROEBEGRILEYPERELEE LB X TR
EL, MrIcERSATWS (FLIgHEREER, 2011).
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Fig. 1. Study Area, the Toyohira alluvial fan. Solid circles, open circles, and dashed lines show undisturbed sam-

pling points, observation wells, and water-table contours on June 2010 with values of elevation in meter, re-
spectively. A cross section for simulation is located along the wells, BW03-1-5.

2. BELOTREAABEZRAVE=BEKRRET IV

P IE2> (2011) 1
HETD %?/V%?z%ibf:.

ARELOBE LB ORI L BEFHED S, RIHTOFE KR Z
AREEEE (o 70mm) 13 2008 £ AbEE R 5 R 3 ) 1% BWOL ~

06 (Fig.1) ICC, WHEE KX T LF 2—7 (ACE RHETE, HFHKEH 4002228) 12XV EREL

b DThD, ZORBEELFE % 4 BFEOFEFIEE (1 (Full, I :Almost full, I:Loose, IV:Very

loose) TH¥EL, FEEFREEORMBEEGEOESL ~L, (mm) ZREL (Fig 2). &F
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¥ (High packing part, BRMAIE

Matrix
2 (2011) o EEHEICHY) 1T, packing

level c>o of| Length .
PR AR 23 S ) I — Bk 72 K o %6 High
, . ﬁill °, L, packing
REErEITDHEL, ZOFBKER Zo o parts
H Ky FORLEE 2 R 1T S A5 | W i B
BE Lk (BAEHE). —F, IE amost o g ol |8 L2
FEHEE (Low packing part, B H Z° E —K -2
1Z2> (2011) DkAHBEICHY) I % L Low

oose | packing

X, FEE O MBRIEE 2 KA DAY . .° L parts
BRI &L, Z0BEKR vory % L L=zl
K XA L O 5 A loose
5L Uiz CETYMRGR). HEAL Fig. 2. Schematic permeability model for an undisturbed gravelly
. L . o o sample, combined of two parts, high packing parts (HP) and
PREZ 4 C O @ Fe IR & RTEIEE O low packing parts (LP), modified from Sakata et al. (2011).

BRI E B SR AT ST 5
Z & T, KEF RO B KRE
BELND.

4 j 4
K = Kyp X Lyp+ K pXLip = Cppd" X Lyp+ 21 CiLiZXLi = CHPdMJ%:Lﬁ_ 21 CiLiB (1)
Jj+ Jjt

ZIT, K: AELEAB OBMAEE (1m) OFEEKGKE, Ky &RETOE KR,
Lyp + BALEREES 12V @O DR, Kip @ RFCHEAROBE KGRI, Ly @ BALREE S 72 0 K5
WO BAE, Cup: WFEETOERIE, d @ RRRE, m: ARREISTT 2 NEER, L0 B
LR T2 FEFREE i Ok ((=1~4), C : KFHEFOELA.

T7OVESE, FUBHRIUM A O HIALKEER (JGS1314-2003, RERIXH 1m) 12 & 2B AKHREK
Koe E(DRNOHEEME RS —8T 5 L S @HE&/N_FE (OLS) TRIET S, BEENZE T,
SLWVHHTIT XD 20% Bk dyy ZRFRIEL L, SFEHPAEEREE T, I, KFEH
R, VELSE (=2) BRb K OFBERR S, @Q)XA»MGonrk.

K, = 30d35 (L, +L,) +0.0093L5 +0.69L] 2)

BEAEBFZE TU%, @H /N RIEOG L T 28HE K ZREZ ZOE LAV, B
By Ialb—va y TREBKFREEKEBEOREE L L THAAL D, BIHE K, 25K
IR25°C OfE~HIEL, BEART A2 Z2HELELZ. fMEE, SBREEOHTKE (FEHH)
L, KOMMHAREORIER (IS A 1218) ZHWTITo7z. BT, [F—FHIEIC X 2BMFAR L
(BWO7, Fig. 1) OF—# Nz ftr LizfER, Q)X GE o7, EHEIX(2)RUT e~
EEINTWDA, HEEMEFEIE (25C ~HELM 1X2X<—%35% (Fig 3).
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K,

0

o = 69d3(L,+L,)+0017L5+1.87L°% , at T=25C (3)

IO-_' T T T .'
L
10t - A
]
A .
<10t """ ]
s
- ]
l. -
107 1
| |
lo-t-& = ""-"_5 II”I”I—'—l — ”I-'i I -2
10 10 10 10° 10°
K in m/s

obs

Fig. 3. Relation between the hydraulic conductivities K., by the slug tests in the Toyohira alluvial fan, and the
conductivities K calculated by the undisturbed samples and the equation (3).

3. WTFKE - BBEIaAL—YaYy

Ak, RRHIOMTIKOFENIL, Wi, $HEHFRZZNENGLERIGH RN TH L. 7272
L, HTFKZEEST DRI TIE, T KE OSBRI OSAR L 20, SFi )i
NCITTE & BT HMANET 2, 77205, BHEIK & 72 50HETE TIE, WhEEERT D
PREWTE & 7 /L T b PBC H RGBS S HEBLRTRE L 72 5. ABFFE T, AR ORI X O H
FT, OBEIFHE (BW03-1~5, Table 1) 2MEBIANICERE SN D, MRS T H ORI & f#
HriffE e Lz (Fig. 1).

2 SIS0 BWO3-1 23RMTHE IR & Il 3 2 B = L 70 5. AR TR IRELSURE 2 it

Table 1. Observation wells in the cross section (Fig. 1). X: horizontal distance from the center of river channel,
SC: well screen depth, H: groundwater head at 10 June 2011, Z: temperature observation depth. BW03-3 is
omitted because of the same location and depth with BW03-2.

Well X SC H Z
BWO03-1 -62 62-64 20.93 15, 30, 60
BWO03-2 -66 2.5-7.5 28.67 5
BWO03-4 -140 9.5-11.5 28.69 11

BWO03-5 50 3-5 28.27 5
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BL, BE62Im £ CREIKREE oS L, ZALUEIC, MR XYLk ORRLE 2 e
R Te. MR KALITHE S 8], FHAKAL & Efe 3 2 MR AT ISR S Au7e 23, i & & B ITIRT L,
FLIERIZEE U 7o B TR 10m DA EE TR 2 5. ZOWREFMOE/KAEE, FJIH S OH
TARBEICHESRETHMEOT 7y 7 AOFEEZRT. BW03-1 1281 2 FAKIROFHIZEL L
iR OB S Th 2R 2 (Fig. 4). #AI%, BW03-1 ICIZFLEFIEICA 7 V) — v 23R #E
L, BEBEIROKMZRETE 5 X 91Tz, Ik L3 5 % WH IR L6 o BW03-2
THIEL TW3, 72 BW03-4, BW03-5 TiE, TN ENIEA OFREM: %5 % 2 KM ZHIE L
TW5. #IE HOBO oK AL - Kl e 47— (U20-001-01) ZFw 7z, 7272 L BWO03-1 O¥EE
30m, 60 m (F7KIE = A — (U22-001) 2L 5.

9June2010 9 Aug. 2010

20

30

Depth (m)

40

50

60

5 10 I¢
Temperature (°C)

Fig. 4. Seasonal temperature profiles in the well BW03-1. Isothermal layer is seen below a depth
of about 40 meters.

Fig. 5 1&, BWO03-1 THHEL L 7o RIBELFURF DARERBIAE dyy (BAAL phi = -logy dyy (mm)) B LT
HEEFREEDO NG Ly + Ly, Ly, Ly OB THD, RFRZEORE AT 10 m FH 0%
Bharl, ViR L OHEBEZ KT 525, 2 TIERHIER 24 (phi O EH S ) 1TIEEl
T&% (Fig.6). ()N TOER L, L, 1X, &M L,>L, OBRZHR L2205, REHRICHEE
%Kﬁ@#é.%ﬁ%gﬁﬁﬁwwﬁéL4{m*mmuﬁfﬁitukté Z DR B
BRI — AR EMTH Y (B 21F, Einsele, 2000), HEFeiH 2 S 2 K35 2
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Fig. 5. Vertical distributions of facies (left), effective grain size dy, (middle), and the length
of matrix packing level, L, + L,, Ls, L, (right), in the well BW03-1. SGC: Sandy
Gravel and Cobble, SG: Sandy Gravel, S: Sand, SS: Silt and Sand.
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Fig. 6. Histogram of grain size d (phi) in the well BW03-1, showing a log-normal distribution.

LR, R FEEIIRIERERIC b AL 2T, MR EEHOTEITZ L WE FRIND.
Z Z CHEEN RIS, M EEE L L L BXOL, 0a 2 —E2ER L (Fig 7). ZOf5E,
BEEDHERL (phi AR E W) 13 E, HDWITIREPEWIEE Ly, L WS <R 5HMZFRD T,
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Fig. 7. Contour maps of the length of matrix packing level, L, (left) and L (right). Horizontal and vertical
axes show grain size and sampling depth, respectively.

AT TSR, TREETO Ly, Ly (TR L U TR, 20— E#HORELM: TIXIER
DATNCHED EARE LT, B, Ly + Ly > 1 2T 572, Ly, Ly TERL< Ly + L BRI L,/ (Ly
+ L) B, Ly + L, ZBREOHEEEIM TENLL 72 (Table 2). Z OREREESA 2
T, AAEHEE dyy L EREFIEE DA Ly, L, Z2KF 1 m XERE 1 m O3 FRE TEEAERL, (3)
K> & B G B 723 KRR 53 A 24572 (Fig 8a). HFET5m X 5m OFEBICET S 25 Motk
WD OAER L T2 5 m 27— v O KRE A b /ERL L 72 (Fig. 8b).

Table 2. Normal function parameters of the length of matrix packing level, L, + Ly and L4/ (L, + Ls). An expo-
nential function of L, + L; below the table indicates a decrease trend with depth z in meter.

. Grain size Mean Stan.da'r d
Variables dy (phi) (m/m) deviation
(m/m)
L,+ L, -4 ~-2 0.60 0.18
<-2 0.35 0.063
>-2 0.10 0.021
L/ (Ly+ Ly <-4 0.47 0.11
-4~-3 0.78 0.11
-3~-2 0.96 0. 0056
-2~-1 0.91 0.06
-1~0 0.87 0.12
>0 0.70 0.19

L,+ Ly= (L4 + Ls) z=0" €XpP (-0.0152)
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HWTFKA - BBy 2 =L —3 3 ICiE, Guo and Langevin (2002) @ SEAWAT % v 7z.
EMT AR OFA L, MEPL»SIEEFF BW0-1 £ T2 1Im X ImOE/LTHERL, FhLL
AME5m X 1m OV OKFE5 SOREEE) &Lk, 7V ERERIIES 29m T8, T
BW3-1 O FE K 2 FEE 2 JE 0 O MU I 0> b a7 M OB BR & 5 2 72, BRI, WIS
RaWER, WMimER 2IEE s U, Th 2 mReEliiifE 2 A SEEIc 88 L ioKkAL, KR ZRE
U7z, WSS oA IE B3 200 m O #a B80T CLbERIER) 226, R4S T o ZERIKAL
L OMEEFR (R°=095) THBL, KRITIEBEEET (LimEiR) ofifEx o %
FHAW, FINER O, HEWHE 225 KS 285m, H20m &L, ThzERET IV
(Model 1) & U7z, Zhicxt LT, 0 A0 E B K2R BEER 2 Rk LI IR N E 28> TV 5 Af
REMED S, IR DOIEZED 40m & L72ET NV HIERL 72 (Model 2). EIZHAEOENT v
TRy —=nETNELT, Fig 8b DFERFE S EZHVZ5m A7 — VOB EE T VS IER
L7z (Model 3). Fig. 912 Model 1~ 3 /57, BADOAILHEKBEITHIET DA, 7V F LT
H5. FEATHIRIE, BUAIEE 5472 2010456 H 10 HA25 2011 422 A 28 HFk 264 HfE & L
7. RN A —Z DN, BFRREIE BW03-2 TOHKRBROME, MERIIREBEBO=EN
AR LAV, A X OBYRER I CHEE (Langevin et al., 2008; JIIAIEA>, 1985) %/
VTR LW,

Im. f2 # #& R

Model 1~ 312 L 2KA - KIBOFHH 2> 7 —B L OWMMHAEZ ML oOHHFER (Fik 264 H
H) % Fig 10 \{ZoRd. £ 72 HEHEHF BW03-11281F 5K, KRB L OWJIEER D 5 OFHEE
DR 2, BRME & O T Fig. 11 1R d. FHEKAL, 7K, BWO03-1 O & E xR
T25E/NVOME, W6 OMBEIIFIERAPLOT7 Zy 7 2 THDH, BUIIKALIE, HTF/KE
(BW03-2) & #EEE (BW03-1) THEATHIM P 1-2m BEOHME TEB L, M OKME
7-8m Thote. WAL OHEBEL, FRHEEBRFEE (15km BTK 1m’s) 28—k
RE U 7o AL T Ol 58 m’/d 23, FRNTIER & DD BE L e D, HTFARIZIIAKR DK
B L, R LA OFTHET . WIKALOZEBNIMITEIF T 20 'C R & k&
WS, HETFZKIROZEBNE A b VLTI KE (RE S5m) TI10°CRBE T, HRENEE DT O
DL, BEOmM TIRIE—TEDOKIRERD.

1. Model 1

FINEEF D 51235 L T R AR B T o Ty, OB mITEE Kt VIicEd
L, FEEDRBREEE 2T 5. FRITRIERITGEWE R A~M2 O iAPEHE T, K< 3
DO (BEE 25m, Om, -25m f1iE) AR THALS. s IEHR K 140m/d T 1lm/d 28 % 5 &
Fre 2 <, KL L TUIFEFICERWRNASFITICE DD, ZOWMMAMITE > T, KA - K
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Fig. 8. Two-dimensional stochastic realizations of logarithm of hydraulic conductivity: (a) with one meter reso-
lution, and (b) with five meters resolution by neighborhood averaging.

a. Model 1 and 2

River
BW03-4

Elevation (m)

Elevation (m)

-140 -120 -90 -60

Distance (m) -30

Fig. 9. Simulation models on SEAWAT. Upper and lower are made by the realizations, Fig. 8(a) and (b), re-
spectively. Random color indicates hydraulic conductivity in each cell.
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B2 =355 X5 RFIRERL, BITKED v 7 —I13B & BYREDREPHTRT 5 120,
K VHHETH S, BW03-1 TOFEKALIZ, HUFKi X VBRI ESROEEEAAFE TE T
W5, R LTEOET 2m FRE T, BUIMEITIIRIEAR, W)l 6 OF#E RO R I TS
11 m%d TR PIRIZRET S, FIKLL & B8 O T /KE OB 2RI T, BT RAS
HOBKARRHE VEL RN L E2FRT 5., RELREINEEREIL, H—BELIE
L7z8ME GSmYd) ®1/5UFThs., —J, MTFKBOHEMERIL, ®BW (FEESm) X
BUEME & OO T EIL DD, ZTOMOEE 15m, 30m, 60m TiE, AKIBEHCHJIKIR
L DOAAFRZEZRFEBETETND.

2. Model 2

Model 1izxtL T, WJIEROEEZEICT D LT, AEERA~OREREIEEL~ L E
FL, RKRWEDS 230m/d & RKEL< 2D, 2O OEDIKAL - KBTS HEEL, &
KRB DRE CICH BB, Model 1 & 2 DFERITIRELS RS, WIEROILKE, 7
Mo oE#ER 23m’d) ZHAMICEASESL L LI, ITFAKEZ ELRESES. LEZL,
BWO3-1 128 1F 5 H F/K & BB ILIE & DO/KNZEIT 3 m BRE T, REBHEMEICIIKIERV, £
TR KIRIE, Model 1ICH~EBE (FESm) IXIEEHHR T L9122 58, FE 15m,
0m ITHEEOHEMTEEH PR RY, FHREIIE<S 2D, 2L, %E60m OEREEIX
Model 1 &[FlEE, FETE TS,

3. Model 3

TR 41X Model 1, 2 &[RIBRZRBEMITZED, HAx D7 bR —bL, RATEIMETT 5.
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Fig. 10. Simulation results of model 1 (upper), 2 (middle) and 3 (lower) at last calculation time, t=264day. Blue
lines, red lines, and green arrows show groundwater head contours, temperature contours, and flow velocity
vectors, respectively.
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Fig. 11. Comparison of simulation results with measurements: groundwater heads, recharge from the river, and
temperatures in the well BW03-1.
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