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+ METHOD OF CHARACTERISTICS WITH CHEMICAL REACTION #
+ CHEMICAL REACTION-BASED SOLUTE TRANSPORT MODEL *
P oHHHHHH R R 8

PROGRAM MOC CHEMI

IMPLICIT REAL#*8(A-H, 0-7)

REAL*8 KCAMG, KCANA, KCAK

DIMENSION S(500, 4)

DIMENSION XMODEL (4), FMODEL (5)

COMMON /NO1/ CONCEN(500, 5), XA (500, 4), XAOLD(500, 4)
COMMON /N02/ KCAMG, KCANA, KCAK, CEC(500), BULK(500), POROSI,
& CAK1, CAK2, XK1K, XK2K
COMMON /N03/ JPOINT
COMMON /N04/ CAVE (500, 5), YP(1000), DELC(500, 5),
& KGRID (1000), JGRID (500), CP (1000, 5)
COMMON /N05/ CBACK (5), CINJ (5)
COMMON /NO6/ IDIM, IMIN, JMAX, DY, DT, JSPEC, KOSU, YU, YL, KDIM
COMMON /N07/ DC, VK
COMMON /N08/ SOLD(4)
CHARACTER#20 DSN
Ctttt+ttttttttttttttts
EXTERNAL MODEL
Ctttttttttttttttttttts
¥ NUMERICAL CONSTANTS
JDIM=500
JSPEC=5
KDIM=1000
NMODEL=4
* Number of Objective Functions
MMODEL=5
ITEND=500
ITENDO=1TEND
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TOL=1.0 -25
tttttttttttttdt  HHt+tEbbtte
WRITE (%, ¥) "PLEASE INPUT
WRITE(*, %) "File Name fo1
READ (%, 22) N
22 FORMAT (A20)

FLOW TIME TO ST  CALCULATION
WRITE (#, ¥) " INPUT FINAL C
READ (%, ) HMINI
HR1=HMIN1/60. 0
TEND=HR1#%3600. 0
DY=1.0

CALCULATION LEN H : YMAX M
YMAX=45.0

GRID SPACING
JMIN=1
IMAX=YMAX/DY+1

INJECTION TIME IN SEC

TIMEODTEND : COl INUOUS INJEC
TIMEO=TEND+1000. 0

POROSITY OF AQUIFER MAT AL

Soil Moisture Content ( /em
POROSI=0.572

CONSTANT TO CON" OLE TIME INC
TETA=0.5

CONSTANT PORE VELOCITY VK [
VK=(2. 75D-4. POROSI

DISPERSIVITY IN CM
AL=2.8

LONGITUDINAL DI ERSION COEFFI
DC=AL*VK

CATION EXCHANGE CAPACITY
CALL CECDATA

BULK DENSITY : LK [g/cm3
CALL BULKD

DO 1011 J=JMIN, JMAX, 3
YDEP=(J-1) #DY

t++ {input routined ++++

LLOWING CONSTANTS:'

t:  :FileName DAT) ;'

TION T

DC

WRITE (%, 112) I, YDEP, BULK(J), CEC(J)

INmn (

2/8EC)
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I 2 FORMATC ( I3 F8 | cm) Bu k Dens ty= F9 4 CEC= F9 4)
0 1 CONTINUE

¢
WRITE (%, ¥) " INPUT 1 TO CONTINUE
READ(#, 22) ABCDE
©
[STEP=0
TIME1=0.0

e

BACKGROUND CONCENTRATIONS
+ CAt++ (mmo1/1)
CBACK (1) =2. 89
* MG+
CBACK(2)=0.913
¥ NA+

CBACK (3) =0. 969

CBACK (4) =0. 442
t CL- : TOTAL ANION (meq/l)=(mmol/1)

CBACK (5)=2. 0%¥CBACK (1) +2. 0¥CBACK (2) +CBACK (3) +CBACK (4)
*THE INPUT OF THE HIGH k CONCENTRATION WATER TO THE FLOW
£ CAtt (mmo1/1)

CINJ (1) =CBACK (1)
* MG+t

CINJ (2) =CBACK (2)
¥ NA+

CINJ (3) =CBACK (3)

NI =260 0+CBACK )
¥ Cl- 0T ANION
NI =260.0+CBACK )+CBACK(3)+CBACK(2) %2 0+CBACK(1)%2 0
¥+ ADSO ED  OUNTS OF CAT NS EXPRESSED AS FRACTIONS
FXALt 2t +XA4=1.0
+ FRAC ON  ON DIMENSION

CA 127
MG 152
NA 058
K 063

¥ SE CT 'TY COEFFICIE 'S
¥ CO ER N FACTOR 100 0 TO MMOL/L FROM MOL/L

= 127 =



¥ AVERAGE : KCAMG, KCANA
KCAMG=1. 556
KCANA=0. 3525%1000. 0
¥+ K-CaK depends on Xk
CAK1=0.0000208
CAK2=20. 6963
XK1K=0. 3
XK2K=0. 7
ADKO=ADK
IF (ADKO. LE. XK1K) ADKO0=XK1K
IF (ADKO. GE. XK2K) ADK0=XK2K
AK=CAK1*DEXP (CAK2¥ADK0)
$HEHEEH R
KCAK=AK%1000. 0

WRITE (¥, %) "#%x  INITIAL K_CAK = ', KCAK

DO 364 J=1, JMAX
+ CAtt
XA(J, 1)=ADCA
¥ MG+t
XA(J, 2) =ADMG
+ NAt
XA (J, 3) =ADNA
+ Kt
XA (J, 4) =ADK
364 CONTINUE

TOTALX=XA(1, 1) +XA (1, 2) +XA (1, 3) +XA(1, 4)

WRITE (¥, ¥) ' TOTAL XA=",TOTALX,'
+STEPC2> INITIAL CONDITION
DO 12 N=1, JSPEC
DO 12 J=JMIN, JMAX
CONCEN (I, N) =CBACK (N)
12 CONTINUE
*STEP<(3> BOUNDARY CONDITION ON TOP
DO 14 N=1, JSPEC
14 CONCEN(JMIN, N)=CINJ (N)
#INITIAL CHEMICAL EQUIBRIUM CONDITIONS
DO 256 J=JMIN, JMAX
JPOINT=]
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CALL 10
256 CONTINUE

#[NITIAL ABSORPTION CONCENTRATIO
XA1=XA (JMAX, 1)
XA2=XA(JMAX, 2)
XA3=XA (JMAX, 3)
XA4=XA (JMAX, 4)

+STEP<4> STABILITY CONDITIO

+ C TIME INCREMENT DT >
DTNEW=TETA* (DY#*%2) /DC
DTMIN=TETA#DY/VK
IF (DTMIN. GT. DTNEW) THEN
DT=DTNEW
BESE
DT=DTMI
END IF
WRITE (¥, %) '#### TIME INCREMENT #### DT=",DT,  sec’
WRITE (+, ¥) ' You should give DT less than above DT...

e

write(x,%) ' Input NEW DT in sec
read (*, ¥) DT
IDT=DT
DT=IDT
DTSTART=DT
WRITE (+,911) DT

911 FORMAT (1X, " ### TIME INCREMENT #### DT=',F10.1," sec’)

¥INITIAL ASSUMPTION OF S(J,
DO 412 N=1, NMODEL
DO 412 J=IMIN, JMAX
S(J,N)=0.0

412 CONTINUE

+ MOC

* NUMBER OF PARTICLES IN ONE CELL
NGR=4
YU= (JMAX-1) *DY+DY/FLOAT (NGR)
YL=0.0

tMOC  STEP (0) ARRANGEMENT OF PARTICLE
CALL [INT (NGR)
CALL GRID
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DO 111 N=1, JSPEC
DO 111 K=1,KOSU

IF (K.EQ. 1) THE
CP (K, N)=CINJ (N)
ELSE

CP (K, N) =CBACK (N)
END IF

CONTINUE

OPEN (9, FILE=DSN)
OPEN (8,FILE="A:¥ERRORS. DAT")

WRITE(8, #) ' +++t+t CHECK ACCURACY +4++t+ '

DO 1637 J=JMIN, JMAX

*FRACTION
*CONCENTRATION IN MMOL/L
*TRANSFORMATION PARAMETER : TRANS

1637
////
0956

TRANS=(CEC (J) ¥BULK (I) /POROS1) ¥1000. 0
XAJ1=XA(J, 1) ¥TRANS/2. 0
XAJ2=XA(J, 2) *TRANS/2. 0
XAJ3=XA (], 3) #¥TRANS
XAJ4=XA (], 4) *TRANS
SUMXA=XAT1+XAJ2+XAJ3+XAJ4

CONTINUE

NEXT TIME STEP /////%

TIMELI=TIME1+DT

ISTEP=ISHEP 1

Y/I1111171717771717777%

60

63
t(#)

HR=TIME1/3600. 0
HMIN=TIMEL/60.0
HDAY=HR/24.0
WRITE (¥, 60) [STEP, HMIN

FORMAT(1X, ' ///// Time Step’,15." :',Fl1l.1,

WRITE (¥, 63) DT
FORMAT (10X, 'DT=",F9.1," sec’)
BOUNDARY CONDITION

XA (JMIN, 1) =XAl

XA (JMIN, 2) =XA2
XA(JMIN, 3) =XA3

XA (IMIN, 4) =XA4

" min /////77)
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(6 WRITE (%, %) ' CHECK  C(JMIN, 4)=", CONCEN (JMIN, 4)

tMOC : STEP(1) MOVEMENT OF PARTICLE WITH ACTUAL VELOCITY VK
CALL MOVE
tMOC ~ STEP(2) GRID POINT FOR INDIVIDUAL PARTICLE
CALL GRID
tMOC ~ STEP(3) CALCULATION OF AVERAGE CONCENTRATION
CALL MEAN
tMOC  NON REACTIVE SPECIES OF CL-:TOTAL ANIO
DO 252 J=JMINt1, JMAX
JPOINT=]
t Subroutine DISP2 not included Chemical Reaction Term S
CALL DISP2
252 CONTINUE
*CALCULATION OF S(J,N)
DO 212 J=IMIN+t1, JMAX
DO 223 N=1, NMODEL
XMODEL (N) =S (J, N)
SOLD(N)=S(J, N)
223 XAOLD(J,N)=XA(J, N)

JPOINT=]

ITRY=0
258 CONTINUE
IF(ITRY. GT. 10) STOP
CALL NLS (XMODEL, NMODEL, MODEL , MMODEL, TOL, FMODEL
& RES, ITEND, INF)

IREP =0
N=1
259 IF(C  EN(J,N) LT 1.0D-15) THEN
XMOD  N)=0. 01*XMODEL (N)
IREP  =I1REPEAT+1
END
N=N+
IF(N . NMODEL) GO TO 259
IF(I  EAT.NE 0) THEN
ITRY  RY+1
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WRITE (¥, %) ¥xx Negative Concentration Appeared!’
WRITE (%, %) #¥%  ReTry No. = ', ITRY,  ##¥s4#
WRITE (¥, %)

ITEND=1TENDO

GO TO 258

END IF

DO 224 N=1, NMODEL
S(J. N) =XMODEL (N)

224 CONTINUE

212

CONTINUE

R s R SRR

+CHECK

fAccuracy of chemical analysis

stHEH R

EMAX = 0.0

ENMAX= 0.0

JEN=99

JERROR=999

DO 6051 J=IJMINtI, IMAX-1

SUMXA=XA (J, 1) +XA(J, 2) +XA(J, 3) +XA (], 4)
WRITE (%, 875) SUMXA, ]

FORMAT (5X, Total Fraction=',F9.4," at J=",14)
FORMAT (2X," (", 13,") ',4F10.5," SUM=",F10.4)

CHANGE=0. 001

VIS1=2. 0% (CONCEN(J, 1) +CONCEN (I, 2)) *CHANGE

V1S2=0. 5% (CONCEN (I, 3) +CONCEN (I, 4) +CONCEN (I, 5) ) *CHANGE
VIS=VIS1+VIS2

¥ACTIVITY COEFFICIENTS

C

GIL=-(0.511*(DSQRT (VIS) /(1. 0+DSQRT (VIS)) -0. 3*VIS))
G2L=-(0.511%4. 0% (DSQRT (VIS) /(1. 0+DSQRT (VIS)) -0. 3¥VIS))
G1=10. 0%*GIL

G2=10. 0%*G2L

WRITE (%, ¥) "ACTIVITY COEFF. Gl=',Gl," G2=',G2

¥ACTIVITY= (CONCENTRATION) * (ACTIVITY COEFFICIENT)

A1=CONCEN(J, 1) *G2
A2=CONCEN (], 2) ¥G2
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A3=CONCEN (I, 3) *G1
A4=CONCEN (1. 4) ¥G1

TEST1=SUMXA

TEST2=(XA(J, 1) ¥A2) / (XA (], 2) ¥Al)
CALC2=TESTZ
TEST2=TEST2/KCAMG

TEST3=(XA(J, 1) ¥ (A3%%2)) / ((XA(J 3)*%2) #Al)
CALC3=TEST3
TEST3=TEST3/KCANA

TEST4= (XA (J, 1) ¥ (A4%%2)) / (XA (I, 4) ¥%2) ¥A1)
CALC4=TEST4

ADK0=XA (I, 4)

IF (ADKO. LE. XKIK) ADKO=XK1K

IF (ADKO. GE. XK2K) ADK0=XK2K

DEX=CAK1#DEXP (CAK2*ADK0)

KCAK=DEX#1000. 0

TEST4=TEST4/KCAK

T51=2. 0*CONCEN(J, 1) +2. 0¥CONCEN (I, 2)
T52=CONCEN (I, 3) +CONCEN (I, 4)

TESTS=T514T52

CALC5=TESTS

TEST5=TESTS5/CONCEN (I, 5)

ENEUTRAL= (CALC5-CONCEN (I, 5)) / (CALC5+CONCEN (1, 5))
ENEUTRAL=ENEUTRAL*100. 0

ERR1=(1.0-TESTI) **2
ERR2= (1. 0-TEST2) *%2
ERR3=(1. 0-TEST3) #*2
ERR4= (1. 0-TEST4) **2
ERR5=(1.0-TESTS) %2
ERROR=ERR1+ERRZ+ERR3+ERR4+ERRS

IF (ERROR. GT. EMAX) THE
EMAX=ERROR

= H38 &



JERROR=]
VALUEK=KCAK
CALC=CALC4
C2=CALC2

C3=CALC3

CALca=XA (JERROR, 1)
CALmg=XA (JERROR, 2)
CALna=XA (JERROR, 3)
CALk =XA(JERROR, 4)
TFC=CALCA+CALMG+CALNA+CALK
RATI02=TEST2
RATI03=TEST3
RAT104=TEST4

END IF

IF (ENEUTRAL. GT. ENMAX) THEN
ENMAX=ENEUTRAL

JEN=]

END IF

6051 CONTINUE

WRITE(*,%) " 1) Error Max J=",JERROR,  Error*#2=",EMAX
WRITE (%, %) " 2) Neutrality: J=',JEN,’ Error=',ENMAX, (%)

WRITE (+,%) ' 3) Given K_ca/k =',VALUEK
WRITE (%, %) ' Calculated K_ca/k =", CALC

WRITE (*, %) ' 4) Given K_ca/mg =, KCAMG
WRITE (%, %) ' Calculated K_ca/mg =", C2

WRITE (%, %) " 5) Given K_ca/na =", KCANA
WRITE (%, %) ' Calculated K_ca/na =',C3

WRITE (%, %) ' Ratio of K ca/k =",RATIO4
WRITE (%, ) ' Ratio of K_ca/mg =',RATIO2
WRITE (%, %) Ratio of K _ca/na =',RATIO3
WRITE (%, ¥) ’

WRITE (%, 866) CALca
WRITE (¥, 867) CALmg
WRITE (¥, 868) CALna
WRITE (%, 869) CALk
WRITE (%, 871) TFC
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WRITE (%, %) '
WRITE (8, 888) HMIN, JERROR, EMAX, JEN, ENMAX
J=IMAX
XAJ1=XA(J, 1)*CEC(J)*100.0
XAJ2=XA(J, 2) *CEC(J) #100.0
XAJ3=XA(J, 3) *CEC(J) ¥100.0
XAJ4=XA (J, 4) *CEC(J) ¥100.0
WRITE (¥, 886) XAJ1,XAJ2, XAJ3, XAJ3
C 886 FORMAT (3X, " Absorbed meq/100g ', 4F10. 3)
866 FORMAT (27X,  X_ca =',F10.4)
867 FORMAT (27X," X_mg = ,F10.4)
868 FORMAT (27X, ' X_na = .F10.4)
869 FORMAT (27X,' X_k =',F10.4)
871 FORMAT (16X, Total Fraction =",F10.4)
888 FORMAT (3X,F10.2," J=",14," Error2=",EI13. 4, 3X
& TE [N AN I=EE (E e i)

G2 EGELGE" IGENERGEN NGH)

WRITE(%,%) ' OK.... CONVERGED !
WRITE (%, *)

+STEP (5) CALCULATION OF PARTICLE CONCENTRATION

CALL CONP

IF (KOSU. GE. KDIM) THEN
WRITE (¥, %) 'STOP DUE TO EXCESS PARTICLE NUMBER:', KOSU

STOP
END IF

DT=DTSTART

IF(TIMEL.LT. TEND) THEN
DELT=TEND-TIMEL

IF (TIME14DT. GT. TEND) DT=DELT
GO TO 55565

END IF

CLOSE(8)
MIIII1111777177771177117717777717%
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+ WRITE ON FLOPPY THROUGH UNIT 9
WRITE(9, ) '+++++ FINAL RESULTS
WRITE (9, 989) HR
WRITE (9, 988) DY
WRITE (9, 987) DTSTART
WRITE (9, 986) YMAX
WRITE (9, ¥) '+++++ SOLUTE CONCENTRATION IN meq/l +++tt++
WRITE(9, %) '+++++ Ca Mg Na K Cl SumCations ttttttt
DO 967 J=IMIN, JMAX
CON1=CONCEN(J, 1) ¥2.0
CON2=CONCEN(J, 2) ¥2.0
CON3=CONCEN(J, 3)
CON4=CONCEN(J, 4)
CON5=CONCEN (J, 5)
CONALL=CON1+CON2+CON3+CON4
WRITE (9, 958) J, CON1, CON2, CON3, CON4, CON5, CONALL

967 CONTINUE

WRITE (9, ¥) ' +++++ ABSORBED CONCENTRATION IN meq/100g +++++
DO 637 J=IMIN, JMAX

fUNIT IN meq/100g
XAJ1=XA(J, 1) #CEC(J) ¥100. 0
XAJ2=XA(J, 2) ¥CEC () ¥100.0
XAJ3=XA(J, 3) *CEC(J) ¥100. 0
XAJ4=XA(J, 4) *CEC(J) ¥100. 0
SUMXA=XAJ1+XAJ2+XAJ3+XAJ4
WRITE (9, 638) J, XAJ1, XAJ2, XAJ3, XAJ4, SUMXA

637 CONTINUE

WRITE(9, ¥) '++++++++ SCa  SMg  SNa  SK ittt
DO 977 J=IMIN, JMAX
WRITE(9,959) J,S(J,1),8(J,2),8(,3),5(J,4)

977 CONTINUE

989 FORMAT (2X," TIME=",F10.3," hours’)

988 FORMAT(2X," DY =',F10.1," cm’)

987 FORMAT(2X,” DT =",F10.1," sec’)

986 FORMAT (2X," YMAX=',F10.1," cm')

638 FORMAT (2X, I3, 2X, 4F12.5," CEC=",F10.4)
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958 FORMAT (2X, 13, 2X, 6F11.4)
959 FORMAT (2X, 13, 2X, 4F11.4)
CLOSE(9)
¥//11111117171771717111777717171//7%
STOP
END

SUBROUTINE MODEL (XM, NM, FM, MM)

IMPLICIT REAL*8 (A-H, 0-7)

DIMENSION XM (4), FM(5)

REAL*8 KCAMG, KCANA, KCAK

COMMON /NO1/ CONCEN (500, 5), XA (500, 4), XAOLD (500, 4)
COMMON /NO2/ KCAMG, KCANA, KCAK, CEC(500), BULK (500), POROSI,
& CAK1, CAK2, XK1K, XK2K

COMMON /N03/ JPOINT

COMMON /N04/ CAVE (500, 5),YP (1000), DELC(500,5),
& KGRID(1000), JGRID(500), CP (1000, 5)

COMMON /N05/ CBACK (5), CINJ (5)

COMMON /NO6/ IDIM, JMIN, JMAX, DY, DT, JSPEC, KOSU, YU, YL, KDIM
COMMON /NO7/ DC, VK

COMMON /N08/ SOLD (4)

J=JPOINT
CALL DISP(XM)

TRANS= (CEC (J) ¥BULK (J) /POROSI) ¥1000. 0

DO 300 N=1, NM
BAI=0.5
IF(N.GT.2) BAI=1.0

AR R S s
SHALF=0. 5% (XM (N) +SOLD (N))

st R
ABSC=BAI*TRANS*XAOLD (J, N) ~SHALF*DT
XA (J,N) =ABSC/ (TRANS*BAI)
IF(XA(J,N).LT.0.0) THEN
WRITE (%, %) ' FRACTION OF XA(C',J,N,") IS NEGATIVE : STOP
STOP
END IF

18311



300 CONTINUE

CALL CATION (FM, MM)

RETURN
END

SUBROUTINE CATION (FM, NM)

IMPLICIT REAL#8(A-H, 0-17)

DIMENSION FM(5), A(4)

REAL#8 KCAMG, KCANA, KCAK

REAL*8 IS

COMMON /NO1/ CN(500, 5), XA (500, 4), XAOLD (500, 4)

COMMON /NO2/ KCAMG, KCANA, KCAK, CEC (500) , BULK (500) , POROSI,
& CAK1, CAK2, XKIK, XK2K

COMMON /N03/ JPOINT

RN L SRR AR R

CATION EXCHANGE ROUTINE %
Solution Concentration [mmol/I] *
CN(1) CN(2) CN(3) CN(4) CN(5) *
Catt Mgttt Nat K+ Cli= ¥

Equivalent Fraction of lons [-]
XA(D XA XAQ) XA®@4) ¥
X-Ca X-Mg X-Na X-K ¥
R U L1 VR L LR R L L LR PR L AR R e
#*]ONIC STRENGTH
J=JPOINT
CHANGE=0. 001
VIS1=2.0%(CN(J, 1) +CN(J, 2)) *CHANGE
VIS2=0.5%(CN(J, 3) +CN(J, 4) +CN(J, 5) ) *CHANGE
[S=VIS1+VIS2
C WRITE (%, ¥) " IONIC STRENGTH IS=", IS
*ACTIVITY COEFFICIENTS
GIL=-(0.511%(DSQRT (IS) /(1. 04DSQRT (1S))-0. 3%1S))
G2L=-(0. 51 1%4. 0% (DSQRT(I1S) /(1. 0+DSQRT (1S)) -0. 3*1S))
C WRITE(¥,%) ' GIL=",GIL,' G2L=",G2L
GI=10. 0%*GIL
G2=10. 0**G2L
IF (G1.GT.1.0) THEN

IR =



WRITE (#,%) ' (?) ACTIVITY COEFF. GI=",Gl," G2=',G2

Gl=1.0
END IF
IF(G2.GT. 1.0) G2=1.0
C WRITE (+, ¥) "ACTIVITY COEFF. Gl=",Gl,"  G2=",G2

¥ACTIVITY= (CONCENTRATION) * (ACTIVITY COEFFICIENT)
A(1) =DABS (CN(J, 1)) *G2
A(2) =DABS (CN(J, 2)) *G2
A(3) =DABS(CN(J, 3)) %G1
A(4) =DABS (CN (1, 4)) *G1
¥ (1) Objective Function : FM(1),FM(2),FM(3), FM(4), FM(5)
+ Weight Coefficient: WI1,W2,W3, W4, W5
Wi=1.0
FM (1) =1. 0- (XA(J, D) +XA(J, 2) tXA (1, 3) +XA(J. 4))
FM (1) =W1#FM (1)
x (2)
XX1=DLOG10 (XA(J, 1))
XX2=DLOG10 (XA(J, 2))
XX3=DL0G10 (XA (J, 3))
XX4=DLOG10 (XA(J, 4))
AA1=DLOG10 (A (1))
AA2=DLOG10 (A(2))
AA3=DLOG10 (A (3))
AA4=DLOG10 (A (4))

W2=1.0
FM (2) =XX1+AA2-XX2-AA1-DLOG 10 (KCAMG)
FM(2) =W2%FM(2)

¥ (3)
W3=1.0
FM (3) =XX1+2. 0¥AA3-2. 0¥XX3-AA1-DLOG10 (KCANA)
FM(3) =W3*FM(3)

x (4)
ADKO=XA(J, 4)
IF (ADKO. LE. XK1K) ADKO=XKIK
IF (ADKO. GE. XK2K) ADKO=XK2K
DEX=CAK1#DEXP (CAK2 *ADKO)
KCAK=DEX#1000. 0
¥4=1.0
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FM (4) =XX1+2. 0¥AA4-2. 0¥XX4-AA1-DLOG10 (KCAK)
FM (4) =W4*FM (4)
¥(5)
W5=1.0
FM5=1.0-(2. 0%CN(J, 1) +2 0*CN(J 2)+CN(J, 3)+CN(J 4))/CN(J, 5)
FM (5) =W5#FM5

RETURN
END

¥ CALCULATION OF CHEMICAL REACTION
¥ [#] CATION EXCHANGE routine
SUBROUTINE 10
IMPLICIT REAL*8 (A-H, 0-2)
REAL*8 KCAMG, KCANA, KCAK
REAL*8 IS
COMMON /NO1/ CN (500, 5), XA (500, 4) . XAOLD(500, 4)
COMMON /N02/ KCAMG, KCANA, KCAK, CEC(500), BULK (500), POROSI,
4 CAK1, CAK2, XK1K, XK2K
COMMON /N03/ JPOINT
COMMON /NO6/ JDIM, JMIN, JMAX, DY, DT, JSPEC, KOSU, YU, YL, KDIM
DIMENSION A(4)
J=IPOINT
CHANGE=0. 001
1S=2. 0% (CN(J, 1) +CN (J, 2) ) *CHANGE+0. 5% (CN(J, 3) +CN(J, 4) +CN(J, 5) ) *CHANGE
*ACTIVITY COEFFICIENTS
GL=10%#(-(0.511*(DSQRT (1S) /(1. 0+DSQRT (1S))-0. 3%1S)))
G2=10%% (- (0. 511%4.0% (DSQRT(IS) /(1. 0+DSQRT (1S)) -0. 3*1S)))
IF(G1.GT.1.0) Gl=1.0
IF(G2.GT.1.0) G2=1.0
C  WRITE(#,%) "ACTIVITY COEFF. Gl=",Gl,"  G2=",G2
¥ACTIVITY=(CONCENTRATION) * (ACTIVITY COEFFICIENT)
A(1)=CN, 1) %G2
A(2)=CN(J, 2) ¥G2
A(3)=CN(J, 3) %G1
A(4)=CN(J, 4) %G1

P=A(2) / (A(1) ¥KCAMG)
Q= (A(3) #%2) / (A(1) *KCANA)
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R=(A (4) ¥¥2) / (A (1) *KCAK)

AC=Q/2.0+SQRT (Q*R) +R/2. 0+P+1.0
BC=1.0/((1.0+P) *%2)

C WRITE(#, %) "A,B,C,AC,BC =,P,Q,R,ACBC

tNew equivalent fraction of ions

ROOT1=(AC*BC) *¥*2-BC

IF (ROOTI.LT. 0.0) THEN

WRITE (¥, ¥) ROOTI," ........ NEGATIVE VALUE IN SQRT?!’
ROOT1=0.0

END IF

XA (J, 1) =AC*BC- (ROOT1) ¥#0. 5

XA (I, 2)=P*XA(J, 1)

XA(J, 3)=SQRT (Q*XA(J, 1))

XA(J, 4)=SQRT (R¥XA (], 1))
1212 CONTINUE

RETUR

END

*SUBROUTINE FOR MOC
*STEP (0) ARRANGEMENT OF PARTICLE
SUBROUTINE INT (NO)
IMPLICIT REAL*8(A-H, 0-7)
COMMON /N04/ CAVE (500, 5), YP(1000), DELC (500, 5),
& KGRID (1000), JGRID(500), CP (1000, 5)
COMMON /NO6/ IDIM, JMIN, IMAX, DY, DT, JSPEC, KOSU, YU, YL, KDIM

(& WRITE (%, %) ' (#) NO=",NO," IMAX=", IMAX," KOSU=", KOSU
DELY=DY/NO
KOSU=NO* (JMAX-1) +1
YP(1)=0.0
DO 10 K=2,KOSU
YP (K) =YP (K-1) +DELY
¢ WRITE (+,%) " (K, "), YP(K)

=_ 4l =



10 CONTINUE
WRITE (+, %) " (1) TOTAL NUMBER OF PARTICLES=",KOSU
RETUR
END
* STEP (1)
SUBROUTINE MOVE
IMPLICIT REAL#*8(A-H, 0-2)
COMMON /N04/ CAVE (500, 5), YP (1000), DELC (500, 5),
& KGRID(1000), JGRID(500), CP (1000, 5)
COMMON /N05/ CBACK (5), CINJ (5)
COMMON /NO6/ JDIM, JMIN, JMAX, DY, DT, JSPEC, KOSU, YU, YL, KDIM
COMMON /NO7/ DC, VK

DO 10 K=1,KOSU
* NEW POSITION OF PARTICLE AFTER TIME DT
//111111117777171777777%
YP (K) =YP (K) +VK+DT
X//111111171711177711/1/%
IF(YP(K).GT. YU) THEN
YP (K) =YL
KGRID (K) =1
DO L'FL N=1, JSPEC
CP(K,N)=CIN] (N)
111 CONTINUE
END IF
10 CONTINUE

€ WRITE(#, ¥) ' ####+%+  PARTICLE CONCENTRATION
G DO 22 K=1,KOSU
C 22 WRITE(+,%) " CPC,K, ')=",CP(K, 1),CP (K, 2),CP (K, 3),CP(K 4),
C & CP (K, 5)
RETURN
END

*STEP (2) GRID POINT OF PARTICLE K
SUBROUTINE GRID
IMPLICIT REAL#*8(A-H, 0-2)
COMMON /NO1/ C(500, 5), XA (500, 4), XAOLD (500, 4)
COMMON /N04/ CAVE (500, 5), YP (1000), DELC (500, 5),
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& KGRID(1000), JGRID (500), CP (1000, 5)
. OMMON / . M, IMIN, JMAX, DY, DT, JSPEC, KOSU Y YL KDIM
NTEGER JEMP (WD)
+ JGR D(J) : F ICL NUMBER IN THE J-GRID CELL
DO 20 J=IMIN, .
JGRID(1)=0
20 CONTD
DO 10 K=1,KOSL
JO=YP t1.
YPOINT=(J0-1) =2/+DY/2.0
IFCYP(K).GT YP*= ) THEN
JK=10+1
ELSE
JK=10
ENDIF
+ KGRID(E) : GRID P* OF PARTICLE NO. K
KGRID(K) =JK
JGRIDUJB R (JK) +1
10 CONT

KARA=0
DO 33 J=IMIN, IMAX
IF(JGRID(J).EQ.0) THEN
KARA=KARA*t1
JEMP (KARA) =]
END [F
33 CONTINUE
KALL=KARA
IF (KALL.EQ.0) GO TO 66
IF (KALL.GE. 1) THEN
WRITE (¥, %) ' s##kxskxx2¥% SUB. GRID #*xxkksissx '
WRITE(*,*) " STOP DUE TO MANY EMPTY GRIDS=",KALL
WRITE (#, #) ' **xxkkksxxxx  STOP STOP *¥¥kkkkdiss '
STOP
BESE
END IF

KARA=1
67 KOSU=KOSU*t!
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JJK=JEMP (KARA)
JGRID(JJK)=JGRID (JJK) +1
KGRID (KOSU) =JJK
DO 112 N=1, JSPEC
CP (KOSU, N) =C (J JK,

112 CONTINUE
YP (KOSU) = (JJK-1) *DY
KARA=KARA+1
IF (KARA. LE. KALL) GO TO 67

END

*STEP (3) CALCULATION OF AVERAGE CONCENTRATIO
SUBROUTINE MEAN
IMPLICIT REAL#*8(A-H, 0-2)
COMMON /N04/ CAVE (500, 5), YP (1000), DELC (500, 5),
& KGRID(1000), JGRID(500), CP (1000, 5)
COMMON /N0S/ CBACK (5), CINJ (5)
COMMON /N06/ JDIM, JMIN, JMAX, DY, DT, JSPEC, KOSU, YU, YL, KDIM
DO 20 N=1, JSPEC
DO 20 J=JMINtI1, JMAX
20 CAVE(J,N)=0.00
PORMISNE=1GTISREC
DO 10 K=1,KOSU
JK=KGRID (K)
IF(JK.EQ. JMIN) GO TO 10
P=JGRID (JK)
CAVE (JK, N) =CAVE (JK, N) +CP (K, N) /NP
10 CONTINUE
11 CONTINUE

DO 26 N=1, JSPEC
CAVE(JMIN,N):CINJ(N)
C WRITE(*,¥) *  Cave(J=JMIN N )= CAVE(MIN N)
26 CONTINUE
RETURN
END

*STEP (4) CALCULATION OF DISPERSION TERM WITH SINK TERM OF S(I,N)
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SUBROUTINE DISP (XM)

IMPLICIT REAL*8(A-H, 0-7)

DIMENSION XM (4)

COMMON /NO1/ CONCEN (500, 5), XA(500, 4), XAOLD (500, 4)
COMMON /N03/ JPOINT

COMMON /N04/ CAVE (500, 5), YP (1000), DELC (500, 5),
& KGRID (1000) , JGRID(500), CP (1000, 5)
COMMON /NO6/ IDIM, IMIN, IMAX, DY, DT, JSPEC, KOSU, YU, YL, KDIM
COMMON /N07/ DC, VK

COMMON /NO8/ SOLD (4)

J=JPOINT

DO 111 N=1,4

IF (J.EQ. IMAX) CAVE (J+1,N)=CAVE(I-1,N)

RHS=CAVE (J+1, N) -2. 0%¥CAVE (J, N) +CAVE (J-1, N)

X//11111117711117117711777771717177////

DELC1=RHS*DC*DT/ (DY#*%2)

DELC2=XM (N) #DT

DELC(J, N) =DELC1+DELC2

//11111111111111171771771171717777///7

CONCEN (J, N) =CAVE (J, N) tDELC (I, N)

IF (CONCEN(J,N).LT.0.0) THEN
CONCEN(J,N)=1.0D-16

END IF

111 CONTINUE
RETUR
END

+STEP (5) CALCULATION OF PARTICLE CONCENTRATION
SUBROUTINE CONP
IMPLICIT REAL*8(A-H,0-7)
COMMON /NO1/ CONCEN (500, 5), XA (500, 4), XAOLD (500, 4)
COMMON /N04/ CAVE (500, 5), Y(1000), DELC(500, 5),

& KGRID(1000), JGRID(500), CP (1000, 5)
COMMON /NO6/ JDIM, IMIN, JMAX, DY, DT, JSPEC, KOSU, YU, YL, KDIM
DO I11 N=1, JSPEC
DO 10 K=1,KOSU
IF(Y(K).LT.YL) GO TO 15
IF(Y(K).GT.YU) GO TO 15
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23

24

JK=KGR1D (K)

YJ=(JK-1) ¥DY
YMAX= (JMAX-1) #DY

IF (DELC(JK,N) .LT.0.0) THEN
CP (K, N) =CONCEN (JK,

GO TO 24

END IF

IF (Y(K).GT. YMAX) THE
DCP=DELC (JK, N)

GO TO 23

END IF

IF(Y(K).GT.YJ) THEN

IF (DELC(JK+1,N).LT.0.0) THE

CP (K, N) =CONCEN (JK,

GO TO 24

END I[F

A= (DELC (JK+1, N) -DELC (JK, N)) /DY
BUSE

IF (DELC(JK-1,N).LT.0.0) THE

CP (K, N) =CONCEN (JK,

GO TO 24

END IF

A= (DELC (JK, N) -DELC (JK-1, N)) /DY
END [F

B=DELC(JK, N) -A%Y]

DCP=A#Y (K) +B

CONTINUE

CPOLD=CP (K, N)

CP (K, N) =CP (K, N) +DCP

CONTINUE

IF(CP(K,N).LT.0.0) THEN

WRITE (%, #) "++ttt+t++ NEGATIVE CP(K) in CONP +ttttitt '
WRITE (, %) " CP(K=",K," JSPEC=',N,")=",CP(K,N)," DCP=",DCP,
& " CP_old=",CPOLD

SIGRS



WRITE (%, %) " Yp=", Y(K)
CP (K, N) =CONCEN (JK,
END IF

15 CONTINUE
10 CONTINUE
111 CONTINUE
RETUR
END
*STEP (6) CALCULATION OF DISPERSION TERM WITHOUT SINK TERM OF S(J,N)

SUBROUTINE DISP2
IMPLICIT REAL*8(A-H, 0-2)
COMMON /NO1/ CONCEN (500, 5), XA (500, 4), XAOLD (500, 4)
COMMON /N03/ JPOINT
COMMON /N04/ CAVE (500, 5), YP (1000), DELC (500, 5),

& KGRID (1000), JGRID(500), CP (1000, 5)
COMMON /NO6/ IDIM, JMIN, JMAX, DY, DT, JSPEC, KOSU, YU, YL, KDIM
COMMON /NO7/ DC, VK
J=JPOINT

=5
IF (J.EQ. IMAX) CAVE(J+1,N)=CAVE(J-1,N)
RHS=CAVE (J+1, N) -2. 0%CAVE (J, N) +CAVE (J-1, N)
X/1/1111171717111111717771717117777
DELC (J, N) =RHS#DC*DT/ (DY#*%2)
X//1111111111711111111717111171/71/
CONCEN (J, N) =CAVE (J, N) +DELC(J, N)
C WRITE (+,%) "C(J=",I,N,")=", CONCEN(J, N)
RETURN
END
CoRrrara b b r bbb a b bbb bbb bR RR bbb bbb bbb 0kt 35%% (
G NONLINEAR LEAST SQUARES SOLUTIONS BY C
(C LEVENBERG-MARQUARDT METHOD (€
Cokdrsdrdrsb bbbk biabbbbbaabb bbb iakibrbnsssss (
SUBROUTINE NLS (X, N, MODEL, M, TOL, F, RES, IT, INF)
PARAMETER (MUP=100, NUP=50)
IMPLICIT REAL*8 (A-H, 0-7)
COMMON /N03/ JPOINT
DIMENSION X(4),F(5), WK1 (MUP+NUP, NUP+1), WK2 (MUP, NUP) , WK (2¥NUP)
& IWK (NUP)

=T =



IF(N.LT.0.0R.N.GT. NUP. OR. M. LT. 0. OR. M. GT. MUP. OR.
& TOL.LT.0.0D0.OR. IT. LE. 0) THEN
INF=40
ELSE
INF=20
EPS=16.0D0** (-18)
H=DSQRT (EPS)
PMARUP=1. 0DO/EPS
LOOP=0
[F(IT.LT. 1) RETURN
ITMAX=IT
IT=1
CHHHtttttttttttttttttett
CALL MODEL (X, N, F, M)
CHtttttttttttttttttttttss
1000 CONTINUE
LOOP=LOOP +1
RES1=0. 0DO0
XNR1=0. 0D0O
DO 10 I=1,N
RES1=RES1+F (1) *F (1)
XNRI=XNR1+X (1) #X (1)
10 CONTINUE
XNR1=DSQRT (XNR1)
IF(IT+N. GT. ITMAX) RETURN
IT=1Tt
DO 30 J=I,
SAVE=X (])
X (J)=SAVE+H
FHHHH
CALL MODEL (X, N, WK2 (1, J), M)
S
DO 20 I=1,M
WK2 (1, 1) = (WK2 (1, 1)-F (1)) /H
20 CONTINUE
X (J) =SAVE
30 CONTINUE
IF(LOOP. EQ. 1) THEN
PMARO=0. 0DO
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DO 50 J=I,N
SUM=0. 0DO
DO 40 I=1,M
SUM=SUMtWK2 (1, 1) #WK2 (I, J)
40 CONTINUE
[F (PMARO. LT. SUM) PMARO=SUM
00 CONTINUE
DFLAT=FLOAT (M)
PMARO=DSQRT (PMARO/DFLAT)
PMAR=PMARO
ENDIF
2000 CONTINUE
DO 80 J=I,N
DO 60 I=1,M
WK1 (I, 1) =WK2 (1, 1)
60 CONTINUE
DO 70 I=I,N
WK1 (I+M, J) =0. 0DO
70 CONTINUE
WK1 (J+M, J) =PMAR
WK1 (J+M, N+1) =0. 0DO
80 CONTINUE
DO 90 I=1,M
WK1 (I, N+1)==F (D)
90 CONTINUE
CALL LLS (WK1, MUP+NUP, MtN, N, WK1 (1, N+1), WK, IWK, INFD)
IF (INFD.NE. 0) THEN
INF=30
ELSE
XNR2=0. 0DO
DO 110 I=1,N
WK (1) =X (I) +¥KI (I, N+1)
XNR2=XNRZ+WK1I (I, N+1) *WK1 (I, N+1)
110 CONTINUE
XNR2=DSQRT (XNR2)
IF(IT+1.GT. ITMAX) RETURN
KIS [T+
0 WRITE (%, %) I

FEEERRREE R R
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CALL M W.C, N, WKL (1, N+1), M)
$HEEHE B R
RES2=0. €
DO 120 I=1,
RES2=RES2+W M (I N+1) ¥ 1 (I, N+l
120 CONTINUE
IF (RES2.LT. =S1) THEN
IF (XNR2. LE. {AX1 (1.0D0, XNR1) #TOL) GO TO 3000
DO 130 1=1,
X1 =WK (1)
130 CONTINUE
DO 140 I=1,
F (D =WKI (I, =1)
140 CONTINUE
IF(PM . EQ. MARO) PMA 0 5D0#P R
PMARO=
GO TO 1000
ELSE
PMAR=  DO* NAR
IF(PM 1T, BARUP) GO 0 2000
INF=30
ENDIF
3000 CONTIN
INF=10
IF(RESI.LT. =S2) THEN
RES=RES|
ELSE
DO 150 [=I,
X (D) =K (D)
150 CONTINUE
DO 160 1=
F (1) =WKI D
10 CONTIN
RES=RES2
ENDIF
ENDIF
ENDIF
RETURN
END

=50



0 THIS SUBROUTINE COMPUTES LINEAR LEAST SQUARES SOLUTIONS BY USING
€ HOUSHOLDERIS ORTHOGONAL TRANSFORMATION.

SUBROUTINE LLS (A, IA, M, N, B, W, IW, IRC)

IMPLICIT ~ REAL#*8 (A-H, 0-17)

DIMENSION A (IA,N),B(N), W(2%N), I[W(N)
€ MACHINE EPSILON

EPS=16.0D0** (-18)

C
& COMPUTE NORMS FOR EACH COLUMN OF ORIG NAL MATRIX
G
€ SET UP PIVOTING INFORMATION
0
IRC=0
S1G=-1.0
DO 20 I=1,
SUM=0. 0DO
DO 10 I=1,M
10 SUM=SUMtAC(I, 1) *A (I, 1)
W(J)=SUM
W()=1
[F(SIG.LT.SUM) SIG=SUM
20 CONTINUE
EPS=SIG*EPS*EPS
C
C HOUSHOLDER TRANSFORMATION
G
DO 100 K=I,N
6
C SEARCH PIVOT COLUMN WHICH HAS THE BIGGEST NORM
&
S1G=-1.0
DO 30 J=K,N
IF(SIG.GT.W(J)) GOTO 30
SIG=¥(J)
RS
30 CONTINUE
€

C PIVOTING (COLUMN INTERCHANGE)
0

= ik~



C

40

50

IF (IP.NE.K) THEN
IW(K) =IP
W(IP) =W (K)

DO 40 I=1,M
TEMP=A(I, K)
ACL,K)=A(T, IP)
A(I, IP) =TEMP
CONTINUE

ENDIF

SUM=0. 0DO
DO 50 I=K, M
SUM=SUM+A (I, K) *A (1, K)

C SET UP ORTHOGONAL MATRIX OF K-TH STAGE

0

60

70

80

90

100

IF (SUM. GT. EPS) THEN
DK=-SIGN (SQRT (SUM) , A(K, K))
BK=1.0D0/ (SUM-A (K, K) ¥DK)
A (K, K) =A (K, K) -DK

W(K) =DK

DO 70 J=KtI,

SUM=0. 0DO

DO 60 I=K,M
SUM=SUM+A (I, 1) *A (1, K)
W(N+])=SUM*BK

CONTINUE

DO 90 J=K+I,N

DO 80 I=K,M

ACL 1) =ACL, 1) -ACL, K) ¥W(N+])
CONTINUE
W(I)=W(1)-AK, 1) *AK, J)
CONTINUE

BISE

ICR=10

RETURN

ENDIF

CONTINUE

=115~



C
C APPLY ORTHOGONAL TRANSFORM TO CONSTANT VECTOR
¢
DO 130 J=L,N
SUM=0. 0DO
DO 10 I=],M
SUM=SUM+A (T, J) *B (1)
110 CONTINUE
SUM=SUM/ (W (J) *A(J, 1))
DO 120 I=],M
120 B(1)=B(I) +SUM*A (I, J)
130 CONTINUE
¢
C COMPUTE SOLUTION BY BACKWARD SUBSTITUTIONS
0
B (N) =B (N) /W (N)
DO 160 I=N-1,1,-1
SUM=0. 0DO
DO 150 J=I+1,N
150 SUM=SUM+A(I, J) #B ()
B(1)=(B(I)-SUM) /¥ (1)
160 CONTINUE
C
C REORDER THE SOLUTION ACCORDING TO PIVOTING HISTORY
G
DOISLHQFIEIESN
[=N-J+1
TEMP=B (1)
B(1)=B (1% (1))
B (IW(I)) =TEMP
170 CONTINUE
RETURN
END

SUBROUTINE CECDATA

IMPLICIT REAL*8(A-H, 0-2)

REAL 8 KCAMG, KCANA, KCAK

COMMON /NO2/ KCAMG, KCANA, KCAK, CEC (500) , BULK (500) , POROSI,
& CAK1, CAK2, XK1K, XK2K

= l98)i=



() () (o) B () B (g

o e

COMMON /N06/ JDIM, JMIN, JMAX, DY, DT, JSPEC, KOSU, YU, YL, KDIM

unit mea/g

Measured Data Input

prolii e 0f-CEC

CEC=0. 2429 EXP(-0.06703 Depth)
7.5 cm < Depth < 22.5 cm

&

JS=0

IE=28

A1=0. 2429
A2=-0.06703

DO 10 J=IMIN, JS-1
CEC(1)=0. 147
CONTINUE

DO 11 1=1S, IE
DEPTH=(J-1) *DY
CEC(J) =A1*DEXP (A2*DEPTH)
CONTINUE

DO 12 J=JE+1, JMAX
CEC(1)=0.0538
CONTINUE

RETURN

END

SUBROUTINE BULKDATA
IMPLICIT REAL*8 (A-H, 0-7)
REAL*8 KCAMG, KCANA, KCAK

COMMON /N02/ KCAMG, KCANA, KCAK, CEC (500), BULK (500) , POROSI,
CAK1, CAKZ, XK1K, XK2K
COMMON /N06/ JDIM, JMIN, IMAX, DY

TWO-LAYER MODEL

Bulk Density  Top Soil
Lower Soil
YBULK1=10.0
YBULK2=25.0
BULKI =1.108
BULK2 =1.294

, DT, JSPEC, KOSU, YU, YL, KDIM

1.108
1.294

Al=(BULK2-BULK1) / (YBULK2-YBULKI)

B1=BULK1-A1*YBULKI
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JB1=YBULK1/DY+t1
IB2=YBULK2/DY+1
DO 10 J=IMIN, JBI
BULK (J) =BULK!
CONTINUE

DO 15 J=JB1+1,JB2
DEPTH=(J-1) *DY

BULK (J) =A1 *DEPTH+BI
CONTINUE

DO 11 J=JB2+1, JMAX
BULK (J) =BULK2
CONTINUE

RETUR

END

- 150 -
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