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#21 F¥IAE—XDtt

# R e #® F—-—X | B EAE (on) XK FRE P WK
b o {m/s} £ (-)
{mm)
0.1 0.105-0.126 8.92E-05 0.379
0.15 0.149-0.177 1.84E-04 0.376
H S A B
0.2 0.177-0.250 2.98E-04 0.376
0.4 0.350-0.500 8.57E-03 0.373
0.6 0.500-0.710 2.16E-03 0.373
0.8 0.710-0.990 3.58E-03 0.373
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2. 2. 1 MACRO-AFFINITY

MACRO-AFFINITY EEIBFRHE - A T28E 72774 THD, 2 ki%ﬁ%fﬂﬁﬁ
B LUBHSBEEZEETETH S,
REEXT IV

HERFNBLIUT IV - EB PN XEAFBEXIZROBY TH 5,

e6u=T(x)VP(x) (8-1)
V[u]=0 (3-2)
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RDbNID,

WEBBET N

WHEBBHEREI A= F ANV NI v ¥ Y TETHB, T AT 77 v 7 AELT
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PlRick hatEHTHOREIRNICL VEIES S,

X(+AD=X({)+vAt (3-3)
ST, vidETH b, AtiIBEAT Yy 7T Th b,

2. 2. 2DTRANSU
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GETAHADBENS (t+At) BHREORELHHEMNICROLFETHL, 0I5, &
BHELBEZEETLIABI, BEREEYy— 7270y FEFORBICOMRE LR
LB REEIIREL, BE7OY FLACREIE, CNLONTRETELEGR
PR 4 FHGAYIC R ¢ 3 (Modified Continuous Forward Particle Tracking #. MCFPT %)
*ERT LI ENTEETH D, FHESICEL TR Galerkin HEIZ L 2 HaE 2 TTWERER
EIZE DB, SOk & MCFPT ¥ BREIIH LTEAL TWAEER., B TOMEK
METENMLEELEFETEILICL T, LWHERCOBHEEB(ILFTRTH S,
L, ABECBVTRABBEECTBR 7O ADAZEE L HETERLL B
FEZ BB, srEBHES0MeIc X h MCFPT it BAE$IZ SRPT I L D BB & £l
THIEE L

2. 2. 3 MODFLOW/MTS3D
MODFLOW I U.S. Geological Survey W BWITHE SN, ARINATOTFA4THE
(McDonald and Harbaugh,1988) . A7 02 7 A1l 3 AXFHEFHRNRERMBETRE T
2o F7z. MT3D it S.S.Papadopulos&Associates #HiIZBWTHE S, ARSIV T
A T3 5(Zheng,C.,1998), A7 0 Y 7 A% H T, MODFLOW (Z &k BEtEELHNEGEZ D
EMEOBRSHEEER I ENTETSH 5,

AEE TN
MODFLOW (2 BWTEE T L2818 BROERNIKRDBEN TH b,
a( 8h) a( 8h] a( rS’h) oh (3-9)
Tk el kB l+ Lk L -w=8s=
=k ") N S

ZIC. Koo Krn Koz BEEE L TR FWOEKEBRR, b AKEKE, W.SOURCE
¥ 721k SINK OFiE, Ss: IFEFRHK. ¢ HETH 5,

WAL EE S LTRERESEEHV 2, BRREIEES 7Y v FORESRORMTHIC
L hRDS,

ARECBWTRERIHEZER L,
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ST, CUIEEE, B, D ABURM. v Wi, ¢ SOURCE % /:ik SINK D&,
C.: SOURCE ¥ 7:43 SINK D, 6 : Zefiss, Y0 R LERIEHTH 2,

(3-10)R123F L T DTRANSU KBWTHRASKTWEFERLRAKDAAZN T —577
U7 ViE(EL $)Y 2 @A T, EL iz TAabE@B 10X ERERE. TRUNOE (58
HE) S0 2RhbiI T, BREES Z7 Ty VHICBW R, TREETFREREICLID A
A9 —WHWEBLFETH D, 275L, 575y VHBEIKEL TIX Methed of
Characteristics®MOC) ¥ (Garder et al, 1964; Konikow and Bredehoeft, 1978) ¥ 7z {3
Modified Method of CharacteristicsMMOC)# (Russel ] and Wheeler, 1983; Cheng et. al.,
1984) R 3RHIT 2 Z LT TH B, MOC EREESTRCEBONF*EBT A LITLY
ERELBREOHMEERTS, WhO S EHMETH 5, MMOC #id DTRANSU 28w
TBRETB(BICEAENTND SRPT e @AHETH S, MT3D i3, MOC #Z 22 MMOC
BNt 2 BRTAPLEHERTHNOREARICLY BHMNCHF L TFERsTYEREZ
EXTMRETH D, CHIZEVBARICKTESHEINT S L2 RIFERERRODREER S,

2. 2. 4 BERKEIUVEREY -

MACRO-AFFINITY 3 & UF DTRANSU % AV 75t ic BV Tl U B &t 251
RT#D Th D, MODFLOW 12 BW TR 2-5 2R THA TR EBOERES % By BiR
BRWTHTEERL,

TO—E VDK Ay 2 E LTI 1IE L 67cn DEEFEFEAV,

B EH

» BWEF LY 1X2.1x0.1[m]
o BTHAL ATy FSem], YT 1) vE1.667[cm]
. ZEBEER 0.375[-]
< FI5RE - EKFHE(mS]
8.92 x10°,1.84 X 104,2.98 X 10-4,8.57 X 104,2.16 X 10-4,3.58 X 10

 K=10"%ls
2 : ?/’ REZER
RELBE [ S Z g
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2.2 5 HEER

FL—HEABOENAFEAZLE LI EICLNE22IRT LI I r—ADEBEEE
i L 725, BT — A L LTId CASEL( b b —H i AJEAKTE:50cm) 38 & UF CASE2( b L —HIEA
EFAKEE  40cn) # 7z,

HEZERTICh > TH, ITHAGEIHBLEHERCBI 2RELRD L LENFD
BH, 70—t AOEFHA, FHRME FL—HEANS TESCBWTIELEEEFAVO 1
TBYHINLORSTEIRBEENETLICL-THET 0 E LA ERBREDET L.
EHEMICEENICHVAREETHE I EFFRTETH S, Lo T, RBRICBWTHIES
hTwad b L—HEARE, 70— VKR EICHTERN T2 LI LI b DEKRE
HMAERALETEE YN TV —YavitloTHETS I LLLA, Fr )T L—YavidE
HEEFLEIT-TEY, REOF+ )7L — L a v OBEFYRLEVLBERBFERICE
BrEZTVWAIELIEETRETH S,

SEINBEDSAIL. FEOBN A v ¥ 2l BRE&M. ERRESA L B SREL
FHRICIIEECTRBOBRIEON, FY VT L— v a v ZEETNVEIERT A LB 2
WwekEIbhb, LdL, ERCIIEIMEFRECLVREERPRZo7 /OB LA LI
BEFVEILFy)TL—varviERERL, SOMBEIIOWTIITHFAILBYTRGT 5,

CASE1l BLU CASE2 DWHEBOF v ) 7 L—Ta viER2F 2.3 BLUEK 24 TR T,

#9.3 FEFrUTL—Ya ryER (CASEL)

b L —HiE AR (nl/min) 7 O — L HpAk i (ml /min)
RBRR 92 251
MACRO-AFFINITY 92 266
DTRANSU 94 ' 245
MODFLOW 92 272

F24 MEFyIY7VL—ariEf (CASE2)

b b= FEA g (ml/min) 71—t HEARFE R (ml/min)
ABER 82 244
MACRO-AFFINITY 71 253
DTRANSU 71 249
MODFLOW 82 244

Fr )T —a il BoRHESFOL L CHEBHRHEYERL L BEL VY
— R 2-4 1R L7 £ 12 100 5 LT 45 S R0l & LTid NO.10, 16, 19
D3EERBIRL. CTRODEIESIZBITSH CASE] B & U8 CASE2 OBLBHHE KR TR 2-6 3
YU 2-TERT,

210 -
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3. AMKEIZEHHH

3.1 [ZL&HIS

R HURIZ I B BRI AL S HRBASS, BERUASED D OREK, BIECIESO
Wi s Kic L AVEL, BHERMEWE LICEAEBERE VoI T/KE COYEEERE
I u—XF o FENTWD. Z0ORD, MEBEIS C-RERBIZH LT, #EVIa
— g YEFARAWERREREETRAR EHREAThRATHS, LrLEEDL, &
KBRFE— « FEFRBRBEPTHBECHERENTHAEEHEL, HHAIhIERE
v aIl—a YEFARLOBRECRBESE2ONICONTHE, ST Lb+RiCidbsks
NTHRWY, ZO X5 EAE—  FEFRETORILC-CRESEREZFMICHEL, HKEOD
Bk b OBRERZ B LT T AMERD B.

FZCARIFE T, RBORRAITIAC-XEHNT, HBRRHORPEICILY ATH
WARHEBEZERL, BAINEBRECEKZILS FL—3RRBRETY, BEVI 21—
g EF ML BT EITY, ST OZ Y L AHEZ LA OfA EERBRIcon
T ORI EITo 7.

3. 2 FHEHBIOVT
B BT 3B KEEOFRBEHRIEIA AT A Lo CTERRATHII LN TES.

y(h)Y=<[¥ (x)~-¥ (x+h)]> (1)

TN, x:JBEAE, = | b, bh: 2HIEABEOEEE T& = log Ax), ki) : xEERCE
TABAGE, () ZEZ<ORECEETHDS. Rz ENIE (1) XTEZEESRS y
W)L, ROARXRAITCEEENDBEANLV.

v(h)=ahn® (2)

IV, Ha: B8, HEO,)ThB., ZORIFT7 7 EARF—Y »THIEEER, Z0
E5RT ) OBERESORr— IR LTHREFIE CRUEEET B L REShE. 79
2 ZVIRTTIE, niRTEERICBWTatl-HTE I bND. KEROEDHONY A7 F Ak
BARHENE -V OERFEIEIART PAETED. TOFRITROFZBTLT7—Y
THRBORKE FORERAEICEENRHD L WVWHIEROLICR Y E-TWAH, AT b
ERODOIERSNDNREMATHEITEAIRERIZLY, £ CongEeidmE 7 —
Uz XD Rd. EREBORHBEOERIZEL, HIX0.32BATNS. Zhixr
7 EARTEO2. TIRE TS, Zhik, BHEOF—FEy Mg LiRkbbhi-RE
BETHD. BRELTRODONEFHEAF —EE-HIRT. S0 — 138X 1900
SaP—RA7uyZ L LTERShE. ey WTRERE— - S5 THY, Tayd
TRIEARE— - FEHEFLRoTND.
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a IKFEND T, 7 z 3

2 RFTH T RN OERERIT, KREFEICE, SHELMEIy#E L5 L RATREND.

d h du av
K . A A
S at dx 3y (3)
dh
ekt @
x
d h p
V-.:—k—'!‘—— 5
(ay Pf] ®)

T, R (s), h'F)‘J?kaﬁ(cm) kZEARE (en s, wyix, yFROF A —FE (em
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THICITE SNDKRETHD. AREHABTHE, 10~10%n?, HEFHKE TR, 10°~
W0iecn BBETHH b TH5.

’J'?%}EC(x, » t) L\_Eé'e“éﬁﬁe‘t}i @(":Lﬂ“ﬂ?&x%ﬁ"ﬁﬁiﬁﬁ‘tfﬁé”

ac  a(u'cy a('cy _

at Jdx dy
(6)
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D& FHHAR (en’e™) TH D, ROBESBECEADORAEEE pL OMICIIROBEFENESH 2.

100 -
c - Cp-pp) (10)
(e, - Pf)

TIW, peiERIREE (21,0258 cn®), HMARECISETTHD.

4-2. HEvIal— 30

BEYIal—a LT, EfSEMTARLORIZONTHE, BREROESE
THYIELHEZB 2V, ERXO) 2RIBRABITBRICOVTIE, BiTROMREIL
REEORENRL, HEMOBEN IO EFEBER TV IRTBEIE (Rl %
}Eﬁlz\'éa).

3. 4. 3 FEEH

B-UC RS HEOSHERLTWA. &4 ORRIZETEMMRE L ERE, HFRSK
BB L CEFRSEERICSWTIESE- 1R LTWA.

FT-1 FOAC—AOFEKEE, ZRE, IR BRES

HIR =Xk @) | HKER Cn s™) ZERE W) WETT A 43 BUESL (em)
0.1 8.92X 107 0. 379 3. 77X107
0.15 1.84 X102 0.376 6. 01 X 102
0.2 2.98X 10 - 0.376 8. 36X 1072
0.4 - 8.57x10% 0.373 1.85X107
0.6 2.16Xx 107 0.373 2.95X107
0.8 3.58X 107 0.373 4.11x107

i, BEFASEREIEOVWTHREROL I LTRDE. 9, AEREBCIIRDLH
TR LA AREEOBRE Y QDEBRD LD,

D
ZL - 07285 % RV (11)
v

T DI, Dol R EARE, Reil A ) VRE, v BUEEMELRE (cn?e) (SEIEL 0X
10%ems 1 AE) E55. F£E, Dk ek OBEFER A2 RS adl 2T (1) F Atk E
.

D;=a,*u (]_2)
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1.149
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T, auBEFMAOBER (en), wix FRADFAY—FHiEen s7) (FEIFL.2X10%n s
YERWE. ), de: TTAE—RORB(en) 75, FEFTTIEWIRICL > TRDBNE
BEENTWS. 2B, erli 20T, Klotz,Seileric L AENERIZ LD ard o RN
DI X VR,

a,=0.1%a, (14)

AEBERY, ARATESILEBETHEERLTRY, ZOHPIT OV TIEEROBED IR LI
EAESE0RENRELTEY, SHOMHTTE, FATEEOEANC 40T A POFARED
BEWEHSEEE LRI 21T o7, ZR O OFEARENY, LM Tease-1DEHES 4.2X
107%cm 57!, case—20&4.3X10%m s, case-3MEBE5.8X10%m s L, FTHRMETIEE
e—Z P H1.0X10%n s B E 2, £, FL—b—0EARREL T, £ER-—XIZ
BWCEEERE PP —RARFISFEICEATHS.

iz, EERLIIAIC, case20FEMHOBLE TR L—d—b LTHEASNHEKOHEEE
2100%& LTEZ SO HIT-o7. ZhEcase-4& 55,

3. 4.4 $ERLER

E-3i213, AFECHo EFRWEBOMESHERLTWAS. fhi, EXERORVE
SHREBRLTEY, FKEEOBEVWES THEEWVEZ~Eho TR TWS, £k LT,
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case~2DBAD MV ——DEFHOBRAIILLERLTHEE, ZbhbbEhHEARRE
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LTELTWS., BE-701, case20EEOMERESHMORAMEL HEEFZEBRLTRL
T3, ERHERHERRENTENRTEDL T, BRLZTERBESEEDORESMIR
NTWBEEZLND. BE-BIZIIMIr—R L FRRIZ, case-3lZ 2N TOFEEAK N —F—
OIRIFEALERLTWVD. BELEFFBEICLIBRBTETCWBREEILNDN, 271055
BNTHBERERIZBII A a— 0GR OBRNBERL Rz oTHA. ZhiZ, #E
BRICBIT A L P0RA0EN, TIEREOCLDERBERICZTORBEE TAHTE
TWRWELEEZ BN, BT, case-47 72 b A SEE L1005 L Ba05HHE
BERYT. ZhzE-5L 8T NIE, HALNTEEDREBHINTNBZ EBbh3d. b
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BEOEKEBEEALEREELEL ) aFLRoT.
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AR TCHEONEMRAEERTIEUTOLI THD.

1) THEHBIZBIT RGO ESR LB 2T ZLIKX Y, FL—V—OHEHRREE
OREBELESRER TEE.

2) FHEBIZBNTIE, BAEOREWES TORNSERLTEY, EKEOENEST
BEWER G~ ThRhdZ 2R LE (B-3220R) .

3) BRAROEERI00WEKL LEBEEORERZIToLER, 7)) 2 —L0&ME5TFH
WHED > TWSBFRABI, BEROURBHERINE.

4) KREFROFNREETHHEEE, BEIREDNTVWEIESTHLYY 2 - A20BRE
BIEARBREICIOPEEI I RBL 25,

5) EABDOHEIL LT, PV a2—r0BRPRKESERDZZLERLE.

BET

1) $0FFORA - MU HIES « SEFRT - (REEERD  BRWAE IR SMEESBESRICETCE M RERofEES,
FocsELmards, #4118, I-12, pp. 45-53, 1980

2) Huyakorn,P.8. and G.F.Pinder:Computational method in subsurface flow, Academic Press, pp. 186-187, 1983.

3) ®MEFE - FRERET  AFOBHIC L SBRSEAENOREMEEORN, LARZRMICHE, $B271S, pp. 46-53, 1978
4)

5) Klotz,D.,Seiler, K.-P.:Labor- und Gelandeversuche zur Ausbreitung konservativer Tracer in fluvioglazialen
Kiesen von Oberbayern, Traceruntersuchungen in der Hydrogeologie und Hydrologic, GSF, report No.250, Munich,
1980,
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AREICBWTHE, KABAYEBDBTICBWTELR 2 EF L/ FEE W, DHBEET
EROMEREYRTTAETCIEHCRSETN /FEOBEVEHLNMI L TBLLENF DS,
KBTS L Y EBEHBRO T TN/ FEDENERICRT,

AE@E LTiE, ANAZFBRMOEFVTREERLRE Lz IMKFEOEFLT
L —EARE (BK3mlmin BE) *WEEREGE LTS,

AMKZETE, P EARRICWLTHRTHE LoREELr RESEREGHL LT
ANL., THifliEESEMERRKTEEEQOX 104 em/) E LTE L, LREEEHRE
AERE B S TRBREETEOALREL — T2 F v ) T L—YavifTol,
L, FYV L= a ViR LL: PL—HEAZEOSEBIE. MACRO REICBWT ML
— b LTHEERVW L Z3OFEREERA LA, (MACRO BERIE, B—oKEEREFICA
WLTMLr—H& LTHREEHWEAE NaCl BHEHVEEL 2HERKL TS, Zh
L2EORBACHES NPV REBLF 70— VKR EOHERIILTLOFE LS
BTREV, CRIFRBEZBFHTIC L LI2RESBROBETNVICLZPETHS. ) B
B CEKE L 72 MACRO-AFFINITY, DTRANSU, MODFLOW DKEMEN Tk, 38 (LT
MABHEEEM. P —TEAR) OBKREENRELTEY I T L= arefTols

BB EEIBT XY 7Y a v ROLEEE 41 1I0R T, £/ CASEI(LET
FEMERATEE 50.5¢cm, b L —¥EA ST iRAERKIE 50.0cm)B & F CASE2( L T HiflE
FKEEZ 50.5¢m, b U —HEA ST A FAKIER 40.0em)OF ¥ Y 7L — 3 YERE R 4-
2T BALICHRTIIILF YV 7L a v FEREETF VI LTCEBE TR, 12
Fy)TL—va YHREBOBIET 4 XV T IR TIE RV DE 4.2 IKBITLE
KRBEEE KT LB 5 2 L 4RI ERIE v,
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#4-2) WEFvITL—Ta &R (CASEL)

rHREEEeE | THREBESRE | Fr—vEAs [ rrv—vEAR| so—xn
BaEARR|®E KB K| BKER s | &@l/min) B oK W&
{cuw/s) (cn/s) {ml/min)
HBRER(H - - - 124 217
FL—H )"
HBER (NalL - - - 92 251
ML —Y )
AR 4.2X10+ - - - 9213
MACRO- 5.0X 10+ 1.0X 102 1.0X 102 92 266
AFFINITY
DTRANSU 7.9% 10 2.0X 103 6.3X 103 94 245
MODFLOW 6.3 10+ 2.9X 102 3.9%X 104 992 272
*|ERERH HS.6.13 *2:3LERF HS.6.21
#4-2(2) WEFXFY )TV —VariER (CASE2)
FREBESRE | FHEEBESE | FL—YEAS | ML VAR | 7o—EL
BB KSR B K S | BKERows) | #l/ain) Hok® R
{cm/s) {cw/s) (ml/min)
RBRER (8 - - - 75 9255
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i8R A5 = (NaCL - - - 82 244
b L —H )
JUHKE 4,3X 104 - - - 227
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DTRANSU 6.3 10 1.0X 102 6.3X 102 71 249
MODFLOW 5.1X 10 1.0X 102 6.3X 10+ 82 244
*AAEBRH H8.7.9 *2:3BRH H8.7.4

YEBHBITFE—E LXK 4-310RT, WMREDT AV CRBHMETETERE L THERR
EEEAL, A RERERRICESWTIER LA, RICBRTHWESFVIEDWTR
F o MACRO-AFFINITY TRIBHMAHBFHEL LTASA—F 12V I v Ry FERERA L &
PO REESERTHOTERAL L TERHEENS, DTRANSU ClEBmEIEFEL LT SRPT
EDRER W, THRHREIEEL 2P o7, MTD TREHEAIEFHEL LTMOCEBIT
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B—ELAZ iR, BESBROBET Y 0RER 70—t eFoRBIIonwTIRRE R
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MACRO-AFFINITY & B 136 h- BR80T 5 EA% ) BiIE CASEL DWW TIZHER
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B, TNEIAEBINICBILIEAREX Y 7V -2 a Y ORBEIHENS -0 TH S
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MEERLAZDTHY, BEL2FEHIRTFAMEIL Y RBROBEMICEVERYPEONE L
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+ EL #(DTRANSU)IZ, MCFPT &2 iAWY SRPT O A CHEHBHSEEK T2 & BER
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- MACRO-AFFINITY i3 2 v ¥ 2 SHOK & & HTRICBMORBESERET 2 -0FRICH L
> TIEENLETH D,

- BAEOBN A v ¥ G TANEEKREGICEREME L ARERETERAL L EEHR
EFEDIT) PEEREIEL RATHEEFD 2, (95 A SH)
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f$$#B MODFLOW/MT3D % F V2 7:MACROZERFAT

MODFLOW DESCRIPTION
Theory

MODFLOW is a public domain code developed and distributed by the U.S. Geological Survey
(McDonald and Harbaugh, 1988). This code solves the three-dimensional partial differential equation
describing fluid flow under non-equilibrium conditions in heterogeneous and anisotropic conditions
with the assumption that the principle axes of hydraulic conductivity are aligned with the orthogonal
model grid coordinate directions. The governing equation is thus:

01 (K O/ 3%)+ 31 MKy ! 3y)+ 31 32(K , O] 32)~W =S,/ ot

where

K, Kyv, and Kz - (L") hydraulic conductivity along the x, y, z coordinate axes
h - (L) potentiometric head

W - (t") volumetric flux per unit volume for sources or sinks

Ss - (t") specific storage

t-time

A finite-difference scheme is applied to discretize space and develop a set of algebraic expressions to
represent the partial differential equation. The properties of each cell represent effective or spatial
averages over the space of the cell. In general a harmonic mean is used to represent conductivity
between block centered nodes. Rows, columns or layers can vary in height, width, or thickness
respectively. This particular scheme can be solved using either of two iteration schemes: the Strongly
Implicit Procedure, or the Slice-Successive Overrelaxation approaches. The Strongly Implicit procedure
first substitutes similar coefficients to produce a symmetric and sparse matrix. Then the matrix of
coefficients is factored to accumulate non-zero values in an area above the main diagonal. Then
“backward and forward” substitution is used to find a suite of suitable values for “h” at each node that
satisfies the matrix equation. The Slice-Successive Overrelaxation approach divides the finite-
difference grid into slices which values are processed together in the solution approach using Gaussian
Elimination where the values of adjacent heads are treated as knowns and the process iterates through
individual nodes on the slice and through series of slices in different crientations.

Implementation

The code that implements this approach is written in a modular set of algorithms in FORTRAN and
released to the public. The main program calls a series of algorithms in sequence to first set up the
geometry, then solve the matrices, and then write the results. The first two input packages are necessary
for all model runs. These two, BAS and BCF establish the size of the grid, the definition of boundary
types both along the edges and internal to the grid, defines the initial head conditions, and the arrays of
properties including geometry , conductivity, and so forth. After selecting the solution approach, either
the SIP or SOR package is necessary to establish maximum numbers of realizations, closure criteria, and
acceleration parameters. In addition, a series of different source, sink terms can be applied including
ones that apply point-specific discharge specific injéction or withdrawal (WEL), areal specified flux
(RCH), head dependent recharge discharge (RIV), elevation specific discharge (DRN) or specified
withdrawal or space (EVT). These set of source/sink packages can be used either alone, in combination
or not at all depending on the problem. Each package has a separate input file, necessary to implement
that package. All these are written in ASCII code in highly specific formats.

Output from the code is in a series of either formatted or unformatted files as specified in the input.
These can include node specific estimates of head, flow velocity, and discharge rates at specific nodes in
addition to standard output that describes the model closure, head distribution and mass balance of the
solution.

FB-1



PNC TY1806 97-001

MT3D DESCRIPTION
Theory

MT3D is a sirulation approach based on application of the Method of Characteristics (MOC) or the
Modified Method of Characteristics (MMOC) to solve the classical advection, dispersion, reaction
chemical transport equation.

313 t=313,(D;0CI ;)-89 (v,C)+q,16(C,)+ X, R,

where:

C- (ML'3) concentration dissolved in water

t- (1) time

x - (L) distance along the respective Cartesian coordinate axes

D - (L*T"") hydrodynamic dispersion coefficient

v - (LT") seepage or linear pore water velocity

q - (T™") volumetric flux of water per unit volume of aquifer (sources and sinks)
C - (ML™) concentration of sources and sinks

8 — (dimensionless) porosity of media

ZRy - (ML'JT') chemical reaction term

It is assumed that only equilibrium-controlled linear or non-linear sorption, and first-order irreversible
rate reactions are possible. Other assumptions include having the principle direction of the hydraulic
conductivity tensor aligned with the orthogonal model grid, macroscopic dispersion can occur in three
directions, longitudinal, and two transverse dispersivities (horizontal and vertical). Chemical boundary
conditions can be either specified concentration (Dirichlet), specified concentration gradient (Neumann)
or a mixed form of the two. A Eulerian-Lagrangian approach is used to transform the equations and
apply a discretization scheme. In this approach the advection term is solved with the Lagrangian
(moving) coordinate systern, where as the dispersion, source/sink, chemical reactions and so forth are
solved using a Eulerian (fixed) coordinate grid system. The Lagrangian approximation can be
performed using either the Method of Characteristics (MOC) (Garder et al., 1964; Konikow and
Bredehoeft, 1978) or the Modified Method of Characteristics (MMOC) (Russell and Wheeler, 1983;
Cheng et. al., 1984).

Implementation

MT3D is a FORTRAN based code. Similar to the structure of MODFLOW, MT3D uses a modular
system of algorithms that first read a series of input packages, then process the transport functions, then
write to a series of output files. Space is discretized along an orthogonal three-dimensional grid, and
advection of particles uses either a first-order Euler algorithm or a forth-order Runge-Kutta method.
There are a series of ASCII input files corresponding to the individual processes to which they apply.
The BTN package establishes the grid size, the time and initial conditions, as well as the location of
observation points. The ADV packages specifies which of the MOC, MMOC or combination, Euler or
Runge-Katta or combination methods are used, and under what concentration conditions. It also
specifies maximum numbers of particles and other solution parameters. The DSP package specifies the
dispersion characteristics. SSM package defines the number, type and concentration characteristics of
sources or sinks. And the RCT package specifies chemical reaction terms.
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APPLICATION TO THE 1996 MACRC EXPERIMENT
General Descripiion

A series of three experiments were conducted using the same general geometry and boundary conditions

with one exception . The head and rate of injection were varied between experiments (Table 1)

Experiment Injection Head Injection Rate
1 30 cm 16 ml/min

2 40 cm 82.2 ml/min

3 50 cm 92.2 ml/min

Transport simulations were performed using four different model combinations for each of the tracer
tests. An un-named model was used by Dr. Jinno from Kyushu University to simulate flow and transport
using a slightly modified form of the Method of Characteristics. In addition, the codes DTRANS and
MACRO-AFFINITY were used by Mr. Watari. The following is a description of the fourth set of
simulations which used MODFLOW and MT3D described above.

QOverall Geometry

The MACRO experiments were carried out in a parallel plate, sand tank approximately 10 ¢m thick, 1
meter high and 2 meters long. As set of 25 pressure sensors, and 100 concentration sensors were
embedded in the tank, and surrounded by 5 cm square, 10 cm thick blocks of sand from six different
sand grain (glass bead) size units. The sedimentary grid was 19 rows high and 39 rows long. The
injection source was located near the left hand side (LHS) boundary and consists of a 2 cm diameter
porous pipe that extends through the entire thickness of the tank. Filters at both the LHS and the right
hand side (RHS) of the tank provide porous interface with water reservoirs maintained at specified
heads. Thus the LHS and RHS have specified head boundaries. In the tracer experiments a solution of
0.5% saline water mixed with a dye were injected and the concentration of specific points was monitored
over a period of 240 minutes for Experiment 2 and 270 minutes for Experiment 3.

Since each of the models has slightly different capabilities for handling grid dimensions and other input
parameters, the following graphic was developed to express the difference between the MACRO-
AFFINITY and the MODFLOW geometry’s.

XY Grid Eloment location af : Transmisshvity Valua : sidp firsl thres 1ows, then 15t & 2nd columas = LHS tank. LHS

151 Column fiter: kip naxt three cohimne, than ane > ane correspandancs, ekip column 124, srdgn
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MODFLOW/MT3D were run with 57 rows and 122 columns. Each of the 19 sedimentary rows was
divided into three model rows of height of 1.667 cm. The three rows corresponding to the source
location were 1.5 cm, 2.0 cm, and 1.5 cm respectively. Each of the 39 standard sedimentary columns
was also divided into three 1.667 cm wide columns (for a total of 117) except that the LHS column was
divided into four model columns of 1.5 cm, 1.5 em, 2.0 cm, and 2.0 cm to accommodate the source. In
addition , each of the LHS and RHS filters and reservoirs was represented by one column.

Source Geometry

The source point is located in the middle or 10® row and the first column of the sedimentary grid The
following schematic shows the source geometry. '

Source Geometry

LHS
Fitter First Sedimentary Column

Porous
— Pipe

7 cm

Within the MODFLOW/MT3D combination, this basic geometry became a grid node (in the block-
centered arrangement of grid nodes} located at row 29, column 3.

Source Geometlry
3 L4 5 + & - '

10

"

Conductivity Field
The conductivity field was originally developed using a fractal simulator as part of the MACRO-

AFFINITY code. The basic pattern was simulated then the pattern was used as a template for building
the actual laboratory experimental apparatus. The pattern of heterogeneity used in this simnlation is :
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Transmissivity Array For MODFLOW

L]
=
=}
=
0 20 40 60 80 100 120
Celumns
5.0E-6 t.6E-4 2.5E-4 3.5E-4
Simulatiom Approach

MODFLOW was run steady-state and calibrated to the average head value of the 19 pressure sensors
that returned accurate values. Following the calibration of the MODFLOW flow model, the resulting
head and velocity information was used in MT3D to track concentration fransport. This second phase
model was not calibrated, but was instead run in a single forward realization.

The location of the sensors was interpreted from a graphical image prepared by Mr. Watarxi for the
MACRO-AFFINITY model. The 25 sensors locations are:

Pressure Sensor Locations
Interpreted from Graphic image from Mr. Watari

Self Affine Model MODFLOW Model
19x39 Sed Grid 57x122 model grid
Sensor # Location Sensor # Location
Row| Column Row| Column
1 9 2 26 8
2 11 2 32 8
3 9 3 26 11
4 11 3 32 11
5 8 5 23 17
6 12 5 35 17
7 8 10 23 32
8 12 10 35 32
9 16 10 47 32
10 8 16 23 50
11 12 16 Q a5 50
12 16 16 47 50
13 8 22 13 23 68
14 12 22 14 35 68
15 4 28 15 11 86
16 8 28 16 23 86
17 12 28 17 35 86
18 16 28 18 47 86
19 4 34 19 11 104
20 8 34 20 23 104
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21 12 34 1 35 104
22 4 38 22 11 116
23 8 38 : 23 116
24 12 38 35 116
25 16 38 47 116
Sensors number 2, 6, 11, 21, 23, and 25 were not used.
Pressure Senscr Locations
20
9 12 18 25
15 —
] 6 & i1 14 17 21 24
= 24
ja) 1{] —)
i 13
| 5 7 10 13 16 20 23
5 .
15 19 22
D T 1 L l 1 l
[&] 10 20 30 40
Column
MODFLOW Calibration

Calibration involved adjusting three regions of conductivity. The calibration process was performed for
each of the two Experiment number 2 and Experiment number 3. The values for the left hand side filter,
the right hand side filter and the effective conductivity of the injection point were adjusted until a set of
calibration targets including the pressure head, the discharge, and the injection location head matched

measured values. The various calibration targets and final calibration points for Experiment 2 are listed
below. The calibration of Experiment 3 was similar.

1996 Macro Experiment 2 Calibration Targets (Final)

Sens # |Row Column ([Target |Sim Val [Bifferenc
e
(m) (m) (mm)

1 26 8 1.296 1.299 3
3 26 11 1.279 1.277 -2
4 32 11 1.29 1.275 -15
5 23 17 1.232 1.253 21
7 23 32 1.24 1.224 -16
8 35 32 1.238 1.216 -22
g 47 32 1.193 1.215 22
10 23 50 1.208 1.202 -4
12 47 50 1.176 1.204 28
13 23 68 1.182 1.164 -18
14 35 68 1177 1.177 0
15 11 86 1.134 1.133 -1
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16 23 86 1148  1.134 -14
17 35 86 1134  1.137 3
18 47 86 1120  1.145 16
19 11 104 1421 1124 3
20 23 104 1.138 1123 -15
22 11 116 1121 11419 -2
24 35 116 1.112  1.116 4

Closure Error | 0.1 -0.02

Tot Disch]| 2444 2444 0

Inject 1.49 1.49 0

Head

The resulting calibrated MODFLOW model provided a steady state distribution of head at each node
point. The resulting head distribution for Experiment 3 is shown below. The head distribution for
experiment 3 was similar.

al
10-

204

row

304

40+

50+

0 20 40 60 ao 100 120

headdist

MT3D Simulation

Once the head was complete, a series of transport simulations was performed. MT3D in the mixed
MOC, MMOC mode was nsed. The series of calculations was necessary in order to achieve completion
of the simulation with a reasonable number of particles. The concentration of tracer at each grid node
was saved for each of 18 specified times at increments of 15 minutes from 15 minutes to 270 minutes
(Experiment 2) and to a total 240 minutes for Experiment 3. In addition, the concentration at each time
step was saved for each of the 100 observation points. This very long list of output was filtered and
values of concentration at each observation point at 1 minute increments was saved and plotted. The
location of the 100 observation points is listed below. As subset (numbers 1, 9, 10, 16, 19, 59 were used
to compare resulis produced by each of the different modeling approaches.

Input and output file for each of these simulations are contained in the directory :
Dec Alpha /usr2/pncgiswa/webb/lib/proj/macro96.

A list of input and output files for each of the simulations is included in hard copy with this report.
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Concentratcion Sengor Locations
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Results

The results consist of breakthrough curves at specific observation points and concentration maps in

space at specified times.

Experiment 2

The following 5 images represent concentration maps at specified times.

15 Minutes
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135 Minutes

210 Minutes

270 Minutes

The following is a set of breakthrough curves for both the original experiment (shown in bold) and the
simulated results at the comparison set of sensor Iocations (1, 9, 10, 16, 15, 59). '
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1996 WACRO Exp 2

Experiment 3

The following 5 images represent conceniration maps at specified times.

15 Minutes

1996 MACRO
75 Minntes

1996 MACRO
135 Minutes
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1996 MACRO

210 Minutes

1996 MACRO

240 Minutes

1996 MACRO

Breakthrough curves for the line of sensors along the centerline of the experiment.
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1836 MACRO Exp 3 Conparien N
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Standard comparison set of sensors located at 1, 9, 10, 16, 19, and 59.

1996 MACRO Exp3 Com parison

Discussion

The MODFLOW sinulations are rapid and accurate, easy to perform and I think that this code should be
strongly considered for any future saturated flow simulation. The version of MT3D used for this
simulation was adequate and moderately accurate. It has the advantage of allowing for spatial
heterogeneity of any type through its flexible input array / file structure. However, the solution process
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seems relatively sensitive to the parameters that control the solution techniques. In particular the
number of particles, the size of the maximum step and the concentration gradient designation that
separates those portions of the system solved using MOC and those solved using MMOC. Itis also
important to understand that these simulations were performed under the assumption that there was no
physical dispersivity (either diffusion or dispersion) below the current model grid scale.
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