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REVERSIBLE COMPONENT PARTITION COEFFICIENTS
COMPARISON TO PARTICLE INTERACTION MODEL

REVERSIBLE COMPONENT PARTITION COEFFICIENTS
COMPARISON TO PARTICLE INTERACTION MODEL
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LINDANE
CONCENTRATION (mg/1)

DEPTH IN WATER (1)
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DDE
CONCENTRATION (mg/1)

DEPTH IN WATER (f1.)

DATA: WAYBRANT, 1973
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PARTITION COEFFICIENT (i/kgq)

PARTICULATE LINDANE (ug/g)
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WATER COLUMN
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PROGRAM SLSA DOCUMENTATION

The required fnput is as follows:

Card 1: Title Caxd
1 89
(1) *hkek THIS IS A SAMPLE RUN FOR SLSA wihdwwn
FORMAT (BOAl)

TITLE - any B0 character alphanumeric character string may be used to
identify the model run

GIId 3. HI;!: hﬂ:t U‘.‘E!
l_¢

(2) HRODY
FORMAT (A6)

WBODY - indicates whether the receiving water body 1s a lake or stream

= LAKE, the receiving water body is a lake
= STREAM, the receiving water body is a stream

€ards Ja and 3b; Fhvaical Faraneters
The physical parameters to be read as input depend upon the water body
type. If the user ia analyzing rece{ving water response In a lake, the

required input 1s described immadiately below; if the user fc analyzing a
stream response the required input is described under Stream Parameters.

Lake Parameters

19 20 30 40 50 60 it} 80

(3a) Q YOL WE Hl H2 Ml M2 KL
—ig 20
(3b) MRS WS
FORMAT (2F10.0)
Q = the net advective flow rate, in cubic meters/sec.
VOL = wvolume of lake, in cubic meters
WK = loading rate, in kg/day
HI = water column depth, in meters
H2 = sediment layer depth, in weters
ML = a0lids concentration in the water column, in mg/l
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M2 =
KL =
WRS =
Wws -

solids concentration in the sediment layer, in mg/l
diffusive exchange coefficient, in cm/day
resuspension velocity, in mm/yr

sedimentation velocity, in mm/yr

Stream Parameters

(3a)

(3b)

(4a}

{4b)

10 20 30 40 50 1] 10 B0
Q XA ¥E Hl H2 Ml M2 KL
FORMAT (8F10.0)
10 20 310 40
FORMAT (5F10.0)
Q = net advective flow rate, in cublc meters/sec
XA ~ cross-sectional area of stream, in square meters
WK = loading rate, in kg/day
HL ~ water column depth, in meters
H2 = sgediment layer depth, in meters
M1 = solids concentration in the water coluan, in mg/l
M2 = solids concentration in the sediment layer, in mg/l
KL = diffusive exchange coefficient, in cm/day
WRS = resuspension velocity, in mm/yr
ws = sedimentation velocity in mm/yr
XTOT = total distance downstream of point source discharge for which
recelving water response is to be determined, in km
DELTAX =

CHEMNA

PIEl

PIE2

KHYDR1
KHYDR2
KoXIpl
KOXID2
KBIOLL

i

desired spatial distance for displaying receiving vater response
to the point source load, in knm.

Cards 6a andsh: Chemical Parameters

44 50 60 70 80

FORMAT (40A10.0)

190

20 30 40 50 £0

FORMAT (6F10.0)

1 to

40 alphanumeric character descriptor for the chemical whose

water quality response is baing analyzed.
water coluan partition coefficient, in 1/kg
sediment layer partition coafficient, in l/kg

Yate
rate
rate
rate
rata
/48y

of hydrolyais ¢f the chemical in the water column, in /day
of hydrolysis ¢f the cheamical {n the sediment layer, in/day
of oxidation of the chesmical in the water columm, in /day
of oxidation of the sediment layer, in /day

of blodegradation of the chamical in the water column, in

Lb

KBIOL2
KPHOT1

KvoLl

-

rate of biodegradation of the sediment layer, in /day

rate of photolysis (photochemical transformation) of rhe

chemical in the water coluan, in [day

;;te of volatilization of the chemical in the water column, in
ay

-

e



DEVELGPED BY HYDROQUAL, 1INC.
MAHWAH, RJ 07430
201-529-5151

REFERENCE: DITORO,D.M., O'CONNOR,D.J., THOMANN ,R.V.

"MODELING THE FATE OF CHEMICALS IN THE AQUATIC
ENVIRONMENT", T. EDITED BY DICKSON,X.L., MAKT . A.W.,
CAIRNS,J,, ANN ARBOR SCIENCE, 1982, CHAPTER 10,

PG. 165-189.

SLSA EXAMPLE DECK - LINDANE

SIMPLE LAKE ANALYSIS

DETENTION TIME. ..

WATER COLUMN

DEPTH............ 3.90 METERS
SUSP SOLIDS...... 24, MG/L
SETTLING VEL. . ... 2.140 M/DAY
RESUSP VEL.....,. 15.0 MM/YR
DIFF EXCH COEFF.. 50.0 CM/DAY

4 245E+00 Mw3/SEC
1.000E+00 KG/DAY
3.680E+07 M3
1.003E+02 DAYS

DEPTH............ .05 METERS
SUSP SOLIDS...... 750000. MG/L
SEDIMENT VEL..... 10.0 MM/YR

CHEMICAL/PHYSICAL PARAMETERS

FCOR LINDANE

WATER COLUMN

PARTITION COEFF
(4.2 5 2.500E+02 L/KG
PHASE FRACTIONS
PARTICULATE. . ..., .00596
DISSOLVED. ., ...... . 99404
HYDROLYSIS RAIE.. -00250 /DAY
OXIDATION RATE. .. .00000 /DAY
BIOLYSIS RATE. ... .00000 /DAY
PHOTOLYSIS RATE.. .00026° /DAY
VOLATILITY RATE.. .00026 /DAY
TOTAL REMOVAL
RATE (K1)........ .00302 /DAY

PARTITION COEFF

(425 HO 5.000E+01 L/KG
PHASE FRACTIONS

PARTICULATE. . ... $7403
DISSOLVED. . ...... 02597
HYDROLYSIS RATE.. 00250 /DAY
OKXIDATION RATE... .00000 /DAY
BIOLYSIS RATE.... .00000 /DAY
TOTAL REMOVAL

RATE (K2)........ .00250 /DAY

[ ¥

STEADY STATE SOLUTION

CT1 = 1.B&DE+00 UG/L

FD1 =  ,9%404 Fp2 -  .02597
FP1 = 00596 FPZ = .97403
DIAGNOSIS
VELOCITIES
MM/YR
WATER COLUMN SETTLING...... (WA) 781250.
SEDIMENTATION.............. (Ws) 10, (Ks)
RESUSPENSION.......,....... (WRS) 15.
DIFFUSIVE EXCH COEFF....... (KL) 182500.
WATER COLUMN REMOVAL....... (K1)
SEDIMENT LAYER REMOVAL..... (X2)

Rl (WRS+WS)*FP2 + KLAFD2 + K2+H2

( 15.00 + 10.00 )* 9740 + 50.00%( L20)* 02597

R?
cec- = L2020
Rl

TOTAL APPARENT REMOVAL RATE.....

KT = K1 + BETA%R2/R1¥(K2+KS)} /DAY

CT2 = 7.186E+01 UG/L

RATES
/DAY

.00049

.00302
00250

15.00 + 10.00 )% ,9740 + 5$0.00% .02597 + .002+¢ .0550 % 365000

-0046 = 00302 + 2.6986% ,202%( 00250 + .00049)
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TIME VARIAMLE BEHAVIOR

TIME CT1(T)/CT1(SS) CT2(T)/CT2(55)
{DAYS) {1) (X
29.17 25.00 21.95 _
72.45 $0.00 47.97 -

170.27 80.00 79.19

244,27 %0.00 89.59

DIAGNOSIS

MAGNITUDES: WATER COLUMN REACTION AND TRANSPORT (/DAY)
Kl = .00302 WA*FPL/H1 = 00327

KLAFDI/HL = .12744
<--- 51 = K1 + WAWFPL/HL + KL*FD1/Hl = .13373

MAGNITUDES: SEDIMENT LAYER REACTION AND TRARSPORT (/DAY)}
K2 - .00250 WS*FP2/H2 = 00049
KL*FD2/HZ =~  .23613 WRS*FP2/H2Z =  .00073 ~

mese 852 = K2 + WS*FP2/H2 + KL*FD2/H2 + WRS*FP2/H2 - .23984

ST = S1 + 82 = 37357 ST + 1/T0 = 37357 + .00997 = _38354

EXPONENTS : (/DAY)
Cl (EXACT) =  .37417
Gl (AFPROX) = ST + 1/T0 = .38354
G2 (EXACT) = .00937
G2 (APPROX) = S2/(ST + 1/T0) * (KT + 1/70) = .00914

o

$storage:?
§debug

Cideddedeirdrid

c

SIMPLIFIED STREAM/LAKE ANALYSIS PROGRAM drkkdrkdedrideoeh

REAL TITLE(20),CHEMNA(10),KA KS,KRS KL, ,KLP, XL1, KL2 M1, M2 KT K1, K2
LPIE(2) KHYDR(2) ,KBIOL(2) ,KVOLA ,KOXID(2),KTOT{2) ,KPHOT
WTOT(2),T88(4) ,CTLSS(4) ,CT255(4) ,PERCNT(4) ,LOG10 MANTIS
DTG(2) , TENDG(2)

CHARACTER*4  LAKE,STREAM ,WBODY

CHARACTER*30 CNAME - -

CHARACTER*30 FNAME

EQUIVALENCE  (PIE(1),PIEl) , (PIE(2),PIE2)

» (KTOT{1},Kl) , (KTOT(2),K2)

"INTEGER OUT

34
3

35

DATA  LAKE/'LAKE'/, STREAM/'STRE'/

DATA  PERCNT/0.75,0.5,0.2,0.1/ , TSS/4%1./

DO 33 I-1,24

WRITE (0,34)

FORMAT(/)

CONTINUE

WRITE (0,35)

FORMAT(//////T10, ' SIMPLIFIED STREAM/LAKE ANALYSIS PROGRAM',
///15,'ENTER NAME OF INPUT FILE (i.s. SLSA.INP) - ->"\)

"READ (0,36) CNAME

36
37

1000

1050

2000
2050

2100

FORMAT (A30)

WRITE (0,37)

FORMAT(///T5, 'ENTER RAME OF OUTPUT FILE (i.a SLSA.OUT) - ->°\)
READ (0,36) PNAME

DATA  IN/1/,0UT/2/
OPEN(1,FILE ~CNAME,STATUS='OLD' ,ACCESS~’'SEQUENTIAL')
OPEN(2,FILE =PNAME, ACCESS='SEQUENTIAL’ )

BEAD(IN,1000) TITLE
FORMAT ( 20A4)
WRITE(OUT,1050) TITLE °
FORMAT(///31X,'S L § A’ /30X,9('-")//
5X,'DEVELOPED BY HYDROQUAL, INC.'/
5X,’ MAHVAH, NJ 07430°/
5X,* 201-529-5151"//
SX,'REFERENCE: DITORO,D.M., O'CONNOR,D.J., THOMANN,R.V.'/
5X,'"MODELING THE FATE OF CHEMICALS IN THE AQUATIC'/
5%, "ENVIRONMENT", T. EDITED BY DICKSON,K.L., MAKI,A.W.,'/
5X,"CAIRNS,J., ANN ARBOR SCIENCE, 1982, CHAPTER 10,'/
5X,'PG. 165-189.'//5X,20A4//)
READ WATER BODY TYPE
READ(IN,1000) WBODY
IF(WBODY.NE.LAKE .AKD, WBODY.NE.STREAM) GO TO 900
IF(WBODY.EQ.LAKER)  WRITE(OUT,2000)
1F(VBODY.EQ,.STREAM) WRITE(OUT,2050)
FORMAT (20X, ' SIMPLE LAKE ANALYSIS'/)
FORMAT (29X, ' SIMPLE STREAM ANALYSIS'/)
READ PHYSICAL PARAMETERS
IF(WBODY.EQ.LAXE) READ(IN,2100)
M1,M2,KL,WRS WS
IF(WBODY.EQ.STREAM) READ(IN,2100) Q.VORA,
WK, H1,H2 M1, M2, KL WRS,US,XTOT,DELTAX
FORMAT(8F10.0)
SOLIDS BALANCE YIELDS SETTLING VELOCITY
WA = M2#({WS+WRS)/M1/1000. /365.

Q,VORA WK, H1 K2,

-



[ N2 Nl

2150

IF(WBODY. BQ. STREAX)

2160

WRITE(OUT,2150) Q,WK

FORMAT(20X, * PHYSICAL PARAMETERS'/20X,19('-*)/20X, 'FLOW',13¢*.'),
1P,E10.3," M#*3/SEC'/20X, 'LOAD’,13(*,"},E10.3.' KG/DAY')

GO TO 60

TO = VORA/Q/86400,

TO1 = 1./T0

WRITE(CUT,2160) VORA,TO

FORMAT(1P, 20X, "VOLUME’,11(*. ") ,E10.3,’ M#+3' /20X, 'DETENTION TIME.

«.',E10.3," DAYS‘)

60
2180

2200

80

2300

2400

GO TO 70 - =
WRITE{OUT,2180) VORA
FORMAT(1P, 20X, 'X-SECT AREA’,6(’. *},E10.3,* Ma#2')
WRITE(OUT, 2200) H1,HZ M1 M2,WA NS,WRS,KL
FORMAT(//1X, *WATER COLUMN’ , 28X,
' SEDIMENT LAYER® /1X,12(’-"),28X,14(" - ") /1X,

2('DEPTH............ ' F10.2,' METERS’,6X)/1X,
2('SUSP SOLIDS.,.... ' F10.0," MG/L', BX)/1X, 'SETTLING VEL..... !
F10.3,* M/DAY',7X,*SEDIMENT VEL..... ',F10.1," MM/YR'//1X,
"RESUSP VEL....... " F10.1," MM/YR' /1%, 'DIFF EXCH COEFF..’,
F10.1,' CM/DAY')
READ(IN, 2300, END=900) CHEMNA, P1E,KHYDR, KOXID,KBIOL, KPHOT,

KVOLA

FORMAT(10A4,4F10.0/{8F10.0))

KTOT(1) = KHMYDR(1} + KOXID(1) + KBIOL(1} + KPHOT + KVOLA

KTOT(2) = KHYDR(2) + KOXID(2) + KBIOL(2)

Z1 = MI*PIEL+1.E-06

FD1 « 1./¢1.421)

FP1 « Z1#iD1L )

22« M24PIE?*1.E-06 ‘ .

FD2 = 1./(1.422)

FP2 = Z2%FD2

WRITE(OUT,2400)  CHEMRA, (J,PIE(J),J=1,2),FP1,FP2,FD1,FD2

FORMAT(//20K, ' CHENICAL/PHYSICAL PARAMETERS’/20X,28(-')/16X,"FOR '
- 10A4 /20X, *WATER COLUMN' 28X, ' SEDIMENT LAYER’ /20%,12("-"), 28X,
14(’-*)/20X,2(* PARTITION COEFF*,25X)/

20 (P, 11,y e, ' 1P, E10.3,* L/XG' BX)//
1X,2('PHASE FRACTIONS® ,25X)/
1X,2(*PARTICULATE...... *,O0P,F10.5,13X)

. IX,2('DISSOLVED.....,.. ' F10.5,13%)//)

WRITE{OUT, 2500) YHYDR, XOXID,KBIOGL , KPHOT , RVOLA, (J JKTOT(J),J=1,2)

2500

FORMAT(1X,2('HYDROLYSIS RATE..* ,F10.5, /DAY* ,BX)/

X, 2(’ OXIDATION RATE..." . F10.5,' /DAY’ B8X)/
1X,2("BIOLYSIS RAYE....* F10.5,' JDAY' 8X)/

1%, * PHOTOLYS1S RATE. ' ,F10.5,' /DAY',8X/

1X, *VOLATILITY RFATE. .’ F10.5,° /DAY’ 8X//
1X,2('TOTAL REMOVAL' ,27X)/

X, 20'RATE (K*,I1,7)........ * F10.5," /DAY’ 8X))

DIAGNOSIS

WAP = WA%1000.%365.

FA = WA*FPL/H}

KS = WS*FF2/H2/1000. /365,

KRS = WRS*FP2/H2/1000./365.
KLP = 10.%365 #KL

KLl = KL*FD1/H1/100,

K12 = KL*FD2,/M2/100.

WIOT(1) = KTOT(1)%Hl

WTOT(2) = KTOT(2)#H?

BETA - (M2*H2%FP1) / (M1#H14FP2)

sz

3400

3000

PRATIO = PIE2/PIE]
R2 = (KRS + KS) + KL2+PRATIO
Rl ~ (KRS + KS) + KL2 + XTOT(2)
R2R1 = R2/R1
KT = KTOT(1) + BETA*R2R1+(KTOT(2}+K5)
IF(WBODY.BQ.LAKE} €T]1 = (WK/Q) * 11.57407 * (1,/(1.+TO*KT))
TF(WBODY. EQ. STREAM) CT1 - WK/Q/0.0864
CT2 = BETAR2R1#H] /H2%CT1
WRITE{OUT, 3400) QIAR(IZ),(?I‘I,CT2,FD1,FD2.FP1.FP2
FORMAT(1X,Al,//35X,1P, ' STEADY STATE SOLUTION' /35X,21("-*)/7~ —
/25X,'CT1 ' ,R10.3,"’ UG/L’,5X,'CT2 =' E10.3," UG/L' /
25%,'FDl -* ,0P,F9.5,11%, *FD2 - ,F9.5/
25X, 'FP1 =',F9.5,11X, 'FP2 = F9.5/)
WRITE(OUT, 3000} HAP,HS.KS.HRS,KLP.(KTOT(I).1-1.2)
FDRHAT(//&OX.'DIAGNOSIS'/&DX,9('-‘)//
45X, 'VELOCITIES RATES® /50X, 'MM/YR’ , 15X, * /DAY’ /

14X, 'WATER COLUMN SETTLING...... (WA)' FB.O/

14X, *SEDIMENTATION. ........ ... .. (Ws)' F8.0,8X,*(KS)" ,FB.5/
14X, ‘RESUSPENSION. .....,........ (WRS)’ ,F8.0/

14X, *DIFFUSIVE EXCH COEFF....... (KL)' ,F8.0/

14X, *WATER COLUMN REMOVAL....... ',23X," (K1)’ ,F8.5/
14X, ' SEDIMENT LAYER REMOVAL. ... "L23K,"(K2)" ,FB.5///)

WRITE(OUT,3100)  BETA

100

3200

3300

IF(WBODY. BQ. STREAN)

90

FORMAT (14X, ' SEDIMENT CAPACITY FACTOR. ..., '
38X, "M2*H2AFPL* /30K, *BETA @ w---avuennn =-' ,F9.3/38X
. MI*H1IYFP2' /7))

WRITE(OUT, 3200) HRS,US,FPZ.KL,PRATIO,FD2.HRS.US.FPZ,KL,FDZ.
KTOT(2) ,H2,R2R1 :

FORMAT (14X, ‘RATIO OF PARTICULATE CONCENTRATIONS..... ~/
26%,'R2" K, * (WRSHNS)*FP2 4+ KL*(P2/P1}*FD2* /25K, 4("-"),
' o=t 31(’-") /26X, 'R1',5X, " (WRSHWS)#FP2 + KL*FD2 + K2#H2" s/
4X,'R2' ,8X," (! JF7.2,' +' F7.2,° X' F6. 4,0 4+ F7.2,°%(* JF6.2,
')*" F7.5/3K,4("-")," = ' 70(7 - )4, "RLY 5K, (", F7.2," +7,
F7.2,' )** F6.4," 4 F7.2,°% F7.5," 4+ F6.3,"%" JF6. 4,7 »r
" 365000° //3TR,'R2' /36X, 4("' 1), - YCFTLA/3TX R /2

WRITE(OUT, 3300) KT,KTOT{1),BETA,R2R1,KTOT(2) ,KS

FORMAT (14X, ' TOTAL APPARENT REMOVAL RATE.. ... 74
30X, 'KT = K1 + BETAYR2 /RY* (K24KS) /DAY’ //1TX,F10.4," = *,
FB.5," +* F7.4,'» JF5.3,'%(" FB.5," +* JFB.5 'y

GO TO 200

S1 « K1 + KA + XL1

52 - K2 + KRS + KS + KL?

S1P = 81 + 1,/T0

ST = 51 + §2

STP = 5T + 1./T0
EXPONENTS

20 = (K1+T01)#52 4+ (KS+K2)*({S1-¥1)

Z0 = SQRT(1.-4.%20/($1P+52)%*2)

G2 = (51P482)/2.%(1.-20)

Gl = (S1P+52)/2.%(1.+10)
COEFFICIENTS

Cl = (52-G2)/(62-G1)/C2/T0

€2 = (82-G1)/(61-62) /G1/TO

GlAPP = 52*(1.+BETA*!211) + K1+T01

G2APP = $2/(ST+TO1)*(KT+1T01)

€O « 1./(1,+TO*KT)

TRM1 « C1/C0

TRM2 - C2/C0

DO 100 I-1,4

El = TRMI®EXP(-G2#TSS(I))



E2 = TRM2+EXP(-AMIN1(GI*TS5(I),50.)})
F9 = PERCNT(I) + El + E2

F8 = -(G2%El + G1*E2)
T8 = TSS(I) - F9/F8
IF(ABS(T8-TSS(1)).LT.1.0E-06*TSS(1)} €O TO 100
TSS(1) = T8
€0 TO 90

100 CONTINUE

c COMPUTE CT2(T)/CT2(5S) AT TSS

DO 120 I=1,4 -

El ~ EXP(-GZ+T55(1))
E2? = EXP(-AMIN1(GL*TSS(I),50.))
22 = 1. + G1/(G2-G1)}*El + G2/(Gl-G2)*E2

21 = 1. 4 GI®(52-G2)/(S2%(G2-C1))*E1l + G2%(52-Gl)/(52%(G1-G2))*E2

ADD 0,001 FOR COMPUTER ROUND-OFF
CT1SS(I) - 100.#21 + 0,001
120 CT28§(1) = 100.%Z2
WRITE(OUT,4100} CHAR(12),(T$8(1),CT1SS(I),CT258(1),I=1,4)
4100 FORMAT(LX,Al,//30X, TIME VARIABLE BEHAVIOR'/30X,22('-°)///
22X, 'TIME  CTL(T)/CTL(S§)  CT2(T}/CT2(S8)'/
21X, (DAYS)*,2(BX,*(X}',7X)/(17X,F9.2,F13,2,8X,F10.2))
WRITE(CUT,3500) KI1,KA KL1,S1
3500 FORMAT(////20%X, ' DIAGNOSIS®/20X,9("-'}//
SX,'MAGNITUDES: WATER COLUMN REACTION AND TRANSPORT',SX,
" (/DAY)' /10X, 'Kl =*,8X,F8.5, 6X, ‘WA*FPL/Hl ~ ' F8.5/
10X, 'KL*FD1/K1 = *,F8.5/ .
. 5%,7---- 51 = X1 + WA*FP1/H1 + KL#FD1/H1 =’ ,F8.5///)
WRITE(OUT,3600) K2, ,KS,KL? KRS, S2,5T,ST,T01,81FP
3600 FORMAT{SX, 'MAGNiTUDES: SEDIMENT LAYER REACTION AND TRANSPORT'
. 5X,'(/DAY)'/10X,’K2 =',8X, F8.5,6X, 'WS*FP2/M2 = * ,F9.5/
10X, *KL*FD2/H2 = *,F8.5,6X, "WRSWFPZ/H2 = ' F8,5/
S%,'---- S2 = K2 + WS*FP2/H2 + KL*FD2/H2 + WRS*FP2/H2 =",
FB.5///5K, ST = S1 + §2 =*,F8.5,5X,
. 'ST + 1/TO =*,FB.5,' +',F8.5," «’ F8.5///}
WRITE(OUT,2800)  G1,C1APP,C2,C2APP
3B00 FORMAT(SX,'EXPONENTS: (/DAY)"/
. 10X,’Gl (EXACT) «',F9.5/
10X,'G1 (APFROX) = ST + 1/TO =',F9.5/
10X, 62 (EXACT) =’ F9.5/
. 10K,’G2Z (APPROX) = §2/(ST + 1/T0) * (KT + 1/T0) =',F9.5/)
DO 140 I-1,2
IF(I.EQ.1)} RECIP = 1,/G1
1IF(1.8Q.2) RECIP = 1,/G2
TENDG(1) = &.*RECIP
LOG10 = ALOGLO(TERDG(I))
MANTIS = LOG1¢ - IFIX{(LOG10)
EXPON = IFIX(LOG10) - 1.
DO 130 J-1,10
IF(MANTIS.LT.ALOG10(FLOAT(J)))
130 CONTINUE
140 DTG{I} = FLOAT(J-1)#10.**EXPON
1-1
IT =1
DT = DTG(1)
TEND = TENDG(1)
TIME = DT
WRITE(OUT,3850) CHAR(12)
3850 FORMAT(1X,Al,//5X,'TIME’,5X,3(*- *),'WATER COLUMNMN
3('- ’)/4X,'(DAYS)’,23X,’(UG/L)'/
7X, (10X, "TOTAL' ,9X, *DISSOLVED' ,4X, ' PARTICULATE')/)

GO TO 140

S

150

3875

k118

c

151

200

CTO1 = 11.57407%(WK/Q/T0) * 52/G1/G2
CT02 = 11.57407%(WK/Q/TO)*(KAWH1/H2 + KL2*FD1/FD2) /G1/G2
El = EXP(-G2+TIME)
B2 = EXP{-AMIN1(GL#TIME, 50.))
Z2 = 1, + GL/(G2-G1)*ELl + G2/(G1-G2)*E2
21 = 1. + GL1¥(S2-G2)/(52%(G2-G1))*EBl + G2#(S2-Gl)/(82%(G1-G2))+E2
CT1l = CTO1#%21
CT1D = FD1#*CT1
CT1P = FP1*CT1
CT2 = CTO2+22 - -
CT2D = FD2*CT2
CT2P = FP2%CT2
WRITE(OUT,3875) TINE,CT1,CT1D,CTLFP
FORMAT(1P,3X,F7.1,3E15.4)
IT=IT + 1
TIME = FLOAT(IT)}*DT + 0.0Q01%DT
IF(TIME.LT.TEND) GO TO 150
I=-wl+1l
IF(1.GT.2)
DT = DTG(2)
IT = TIME/DT
TEND = TENDG{2)
G0 TO 150
CONTINUE
I=1
IT=1
DT = DTG(1l)
TEND = TENDG(1)
TIME = DT .
WRITE({OUT, 3851)
FORMAT(///5X,'TIME’ ,3X,3(’'- "),'SEDIMENT LAYER"',
3(*- *)/4X,'(DAYS)' 23X, "’ (UG/L)'/
7%, (10X, *TOTAL' 9%, 'DISSOLVED* ,4X, ' PARTICULATE' )/,
CTOL = 11.57407%(WK/Q/T0) * §2/C1/G2
CT02 = 11.57407+(WK/Q/TO)*(KA*H]1 /HZ + KL2*FD1/FD2)} /Cl/G2
El = EXP(-G2*TIME) :
E2 = EXP(-AMIN1({G1*TIME,50.))
22 = 1. + G1/(G2-G1}*El + G2/(Gl-G2)*E2
Z1 » 1. + G1*(52-G2}/(52%(G2-G1))*EL + G2%*(52-G1)/(S2%(G1-G2))»E2
CTl = CTO1%21
CT1D = FDL+*CT1
CT1F = FPI*CT1
CT2 = CTO2%22
CT2D = FD2*CT2
CT2P = FP2#CT2
WRITE({OUT,3875)
IT=-IT + }
TIME = FLOAT(IT)*DT + 0.0001*DT
IF(TIME.LT.TEND) GO TO 151
1141
CHECK IF FINISHED TIME VARIABLE RESPONSE
IF SO GO BACK AND GET NEW CHEMICAL
IF(1.6T.2) GO TO 80
DT = DIG(2)
IT = TIME/DT
TEND = TERDG(2)
G0 TO 151
CALL EXIT
STREAM SOLUTION
C5 = WK/Q/0.0B64

GO TO 152

TINE,CT2,CT2D,CT2P

S

s
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3900

250
4000

900

US = Q*B6.4/VORA
89 - BETA®R2IR1%HL /H2
S1 = K1 + KA + KL1
ISTEP = XTOT/DELTAX+2
WRITE(OUT, 3900) CHAR(12)
!ORHAT(IX.AI.///IH,'RICEIVIHG WATER RESPONSE' //
12X, 'DISTANCE CT2 CTl */
14X, * (KM) ', 5X, ' (UG/L)’, 5%, " (ue/Ly' 1)
DO 250 I=1,ISTEP
X = FLOAT(I-1)*DELTAX
IF{X.GT.XTOT) X = XTOT
El = EXP{ -KT+X/U5)
CT1 = C5%E)
CT2 = S9*CT1
HRITE(OUT,&DOO) X,CT2,CT1
POR.HAT(BX.FIO.Z,ZFH.Z,)
FINISHED STREAN RESPONSE, GO BACK FOR NEW CHEMICAL
GO TO 80
CALL EXIT
END

§6
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This chapter addresses the problem of anatyzing the fate of chemicals
discharged into receiving waters, specifically lakes and streams. The
focus is on contemporary industrial chemicals and the mechanisms that
affect their distribution in the aquatic environment. These chemicals are
associated, to a greater or lesser degree, with suspended and sedimented
particles that are present in afl receiving waters. Thus, particle transport
mechanisms matkedly affect the chemical’s fate. The analysis that has
been developed includes these mechanisms as an integral part of the
formulation, as well as the other kinetic, transfer and transport processes
of importance. 1t is similar in many ways to previqusly developed models
11-6]; however, the focus of this effort is to analyze exhaustively the
solutions, so that an intuitive grasp of the problem can be developed.

The methodology is based on the principle of conservation of mass. It
is expressed in mathematical form for application to lakes, impound-
ments and Mowing streams. The solutions have been analyzed in detail
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166 MODELING PROCESSES

and cast into forms that are suitable for desktop calculations. The resutts
are comprehensible without elaborate numerical computer-based calcu-
lations. Thus, they provide direct insight into the relative importance of
the various mechanisms that determine the fate of a particutar chemical
in a specific body of water.

DEFINITIONS, MECHANISMS
AND MASS - BALANCE EQUATIONS

The receiving water models for lakes and streams include the mech-
anisms illustrated in Figure | and defined in Table 1. The loading raie of
chemical W, is the primary input to the water column. The relevant reac-
tions that remove or transform the chemical are: hydrolysis, oxidation,
biodegradation, photolysis and volatilization. These are summed to yield
the total degradation rates in the water column K, and sediment K;. The

MECHANISMS

INFLOW LOADING OUTFLOW
9, Wy 9,
N\ v /
-

WATER COLUMN REACTIONS L%

AGSORPTION ~ DESORPTION m

v, ,
SETTLING RESUSPENSION DIFFUSION
b . "W
277
SEDIMENT REACTIONS Ky
e | Ab3ORPTION-DESOAPTION m, ¥, Hy
SEDIMENTATION
[
T
LARES STREAMS
o, 1-. o.r 1-.
\ L . X 0 . 4 )
Cn r T'...- ) Cre r gl _'Ei...
(] 1 "w,
l-. f-,. ’.l ' "l f'u !‘. '
P ¥ - P B
T L = :
¢ ¥

Figwre 1. Receiving water volume segment: mechanisms and application to
lakes and streams.
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Table |, Deflwitions

Parameter Water Colums  Sediment
Chemical /Biological
Loading rate (kg/day) Wy
Sum of hydrolysis, oxidation biodegradation,
photolysis and volatilization rates (/day) K, K;
Partition coefficients (licer/kg) n n
Physical
Solids conceniration {mg/1} m, m,
Drepths (m) H, H,
Volumes (m?) v, v,
Flowrate (m}/day) Q
Velocity (m/day) Uy =Q;H, /v,
Detention time (days) Lo =V /Q,
Settling velocity {m/day) w,
Resuspension velocity (mm/yr) w,
Dilfusion exchange coeflicient (cm/day) Ky
Sedimentation
Velocity (mm/yr) A
Rate coefficient (/day) K,=w/H,
Concentramtions
Toual dissolved + particulare (wg/1) cry 1
Particulate (ug chemical/g solids) n L}
Fractions*
Particulate [, = my/() + mr) : Iy Iy
Dissolved [ = 1/(1 + m¥} Tai e

SFor ¥ in ynits of liter/kg and m in units of mg/l, a conversion factor of 10™* k;/m;j:
necessary, 3o that these fractions are dimensionless, i.e., m {(mg/1) x =(titer/kg) x 10

(kg/mg).

adsorption/desorption reaction is assumed to be at equilibrium, and the
fraction of the chemical mass that is either dissol or adsorbed o par-
ticulates is determined by the mass of adsorbing sotids m and the parti-
tion coefficients x in the water column {m, and ,) and the sediment (m,
and x,), respectively.

The geometry of the receiving water segment is specified by the depths
of the water column H,, and the active sediment layer H,, together with
the volumes of these segments V, and V,, respectively. The aqueous
transport is specified by the Nowrate of the water column Q, and the
velocity U, in streams, or the hydraulic detention time t,,, in lakes.

The sediment/water column transport of particulates is specified by
the settling velocity of adsorbing particles to the sediment layer w, and
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their resuspension velocity from the sediment w,,. Dissolved-phase trans-
port is specified by the diffusive exchange coefficient K, , which is a func-
tion of the interstitial and overlying water diffusion coefficients.

The mass-balance equation for total chemical concentration in the
water column (cy, ) and sediment (c;,) segments are constructed from the
sum of all the rates of change produced by each of these mechanisms.
The mass-balance equation for the water column is shown by:

dev dey, . dey, . dcy,
dt dit |kinetic dt |outfow dt |diffusion
dc de
+—2 + = )
dt |particle dt |discharge
The mass-balance equation for the sediment is:
dpp Sem| L Hmf| o &m| @
a dt | kinetic dt \}diffusion dr |particle

The water column kinetic derivative is expressed in terms of the sum of
all water column decay rates K,, which is computed as the sum of the
dissolved hydrolysis, oxidation, biodegradation, photolysis and volatili-
zation rates, multiplied by the fraction of total chemical that is dissolved
{43 plus the analogous particulate rates multiplied by the particulate
fraction [,,. The sediment decay rate K, is computed in similar fashion
using f,; and f,;. The reactions are all assumed to be first-order in the
chemical concentration; they may also be functions of pH (hydrolysis) or
microbial biomass (biodegradation), but that does not affect the mass-
balance equations.

The outflow term is expressed in terms of the volumetric outflow rate
in the water column (Q, ). The diffusive exchange of dissolved chemical
between the overlying water column and the interstitial water of the sedi-
ment is expressed in terms of a mass transfer coefficient K, (cm/day),
which can be shown to be the ratio of interstitial water diffusion coef-
ficient and the characteristic length of the gradiemt of dissolved chemical
[7]. It multiplies the gradient of dissolved chemical concentration to pro-
duce the diffusion flux. The panticle-exchange term in the water column
is the difference between the loss via settling (with velocity w,) of partic.
ulate chemical [, ¢;, and the gain via particle resuspension of sediment
particulate chemical, f,;cy; (with velocity w, ). The analogous expres-
sions in the sediment equations are the negative of the water column
expressions, since & loss from the water colurnn is a gain for the sediment
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layer and vice versa. The division by the depths of each layer properly
accounts for the differing volumes of these two layers. Finally, the loss
of sediment pasticulate chemical via burial is expressed in terms of a sedi-
mentation velocity (w,), which accounts for particles leaving the active
sediment Jayer as sediment depth increases via sedimentation. Substi-
tuting the appropriate expressions into Equations | and 2 yields:

dey, Q K
ke -Kyeq - ;;I' Cn = E‘;‘ faen - lacys)
w, w Wy
- ;l—:— f’l n + ?’:’[,:C-r; + "“vl— (3)

dCT’ KI. w,
P = —Kien + 'H_z Uaen - Tgen) + H_: fy1¢m

"‘ "
" n, fy2¢r; - ™ foatn 4

These two differential equations specify the mass-balance relationships
that are implied by the mechanisms of degradation, outflow, interstitial
and water column diffusion, particle transport, and chemical mass dis-
charge to the receiving water segment. 1t remains to solve these equations
and interpret the results,

STEADY-STATE SOLUTION

The differential equations for ¢,, and cy; specify the response of the
water column and sediment segment concentrations 10 a constant chem-
ical discharge of magnitude W,. The time-variable behavior has been
investigated elsewhere (7). In this chapter, solutions for the steady-state
concentrations are presented and discussed.

For steady-state conditions, dcy,/dt=0 and dcyy/dt =0, and what
remains are two simultaneous linear algebraic equations that can be
solved directly. The results are given in Table 11. Although these expres-
sions do indeed give the solution to the steady-state behavior of the
receiving-water segment, they provide no insight a1 all into the behavior
of the solution as a function of the physical, transport and chemical
parameters that describe the receiving-water. segment. This is a very
uncomfortable situation for the analyst, since he is essentially in the dark
concerning the influence of each parameter on the predicted behavior of
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Table 1.
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the fate of the chemical. OF course it i possible to vary each parameter
systematically and to observe the variation of the predicted solution, but
there is no substitute for the insight that can be gained from a properly
simplified solution.
o It is possible to cast the solution into a form that conveys an intuit:ve
:l - understanding of its properties. The algebraic details are given elsewhere
"4" {7). To undersiand the motivation that leads 1o the final form of the
s results, consider the following simple situation. A discharge of
'T - magnitude W; enters the water column segment of volume V, with
T outflow Q,, and therefore hydraulic detention time ty, =V,/Q,. The
— chemica! undergoes no interaction with the suspended particles present
3 and does not interact in any way with the sediment. 1t is only subject to
2| £ water column decay, with first-order rate constant K, . The sclution for
+ this case is well known to be:
X
—) Wy /i
o1 F k- ey = Wi 5
" S’ 14+ Kl
- ]
3
e and its behavior is evident by inspection,
£ o . \ o
- x + The surprising result is that the solution for the general case, given in
BPI > LS Table 11 can be cast into exactly this form:
» < _"l' - ,z'l r
g E B84 W,/
& 2 . ‘. P W (6)
. 2 "l Kyt
1 -l ] - Thot
bl ¥ l = - .l "
— Lt . .
"‘:l * HE . where the apparent total removal rate K, is given by the equation:
* > S’ 2
=2 z | S| oo 1,
S| + IlI K=K, +8— (K;+K,) 1))
= N fy
~ = 3
: F E: _."“ R [ X The apparent total removal rate K, is seen to be the sum of 1wo expres-
—_ 71 2 N sions: K, (the total water column decay rate) and 8r,/t, (K, +K,). This
N f‘ L3 - latter expression has three terms, ¢ach of which have intuitive meanings.
Z|E = + |2t E s K, + K, is the sum of the total sediment decay rate (K,) and the decay rate
+ & vl S0, i due 1o loss by sedimentation:
a u-. - ~ + ol L -~ - ™
] .l - - [v3 iz - o w
8 A= - S o~ !
é . x-‘l T -f _ s ;E . K| - }T‘h f“ (8)
weooT s &1 R T E :
3 x z ~— ") B i
] X, B . . "l-' 5 These are the only mechanisms that actually remove the chem_|cal fro!n
5 gl SiE£ 8 c o s 3 the sediment. Therefore, it is not surprising that they play a major role in
E e’ 2 iy u [ L. hei ffect i
I A g determining the apparent tofal removal rate. However, ther eflect 15

modified by the remaining terms.
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The parameter §:
m,H,f '

-
a mH, [, @

is essentially the ratio of the total mass of solids in the sediment segment
m;AH, =m,V, to that in the water column m, AH, =m,V,, where A is
the interfacial surface area. It is modified by the ratio of particelate
chemical in the water column f, to that in the sediment segment f,;. The
parameter 8 accounts for the relative importance of the quantity of solids
and chemical in the sediment mass relative to the water column. For a
small, active sediment mass relative to the water column mass of sus-
pended solids mass, m,V, «<m,V, and 8 (which is termed the sediment
capacity factor} is small, so that the sediment has a negligible effect on
the water column concentration, unless the sediment decay rates X, + K,
are large. A more detailed analysis of the behavior of the sediment capac-
ity factor is given below. ,

The ratio r,/1, is the ratio of particulate chemical concentration in the
sediment r, to that in the overlying water r, in units of mass of chemical
per unit mass of solids. This ratio is itself determined by the solution of
the steady-state equations since, by definition:

ry = [ycp/m, (10
M= .1“"’"" (l‘)

As shown elsewhere [7], t,/r, is given by:

l’_z - (w, +'I)f’3 + KL('1I'})"‘3 (12)
o (wy + W+ K g + K;H;

Although this expression is somewhat formidable, it has some very
interesting properties that are immediately apparent. Remembering that
this equation specifies the ratio of particulate adsorbed chemical concen-
trations in the sediment and overlying water, it is surprising which
parameters are nol part of the expression: the discharge rate of chemical
W, the aqueous decay reaction rate K, and the hydraulic detention time
1y . Hence, r, /1, is not dependent on these water column parameters. It is
determined by the particulate ransport parameters: (1) resuspension
velocity w,,, and sedimeniation velocity w,, each of which is modified by
the particulate fraction in the sediment layer f,,; (2) the diffusive exchange
coefficient K, modified by the fraction dissolved in the sediment layer
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fa2: (3) and the total sediment decay rate-sediment depth product K, H,,
which expresses this process as an equivalent loss velocity. These are all
sediment-related parameters. {Note that the subscripts in Equation 12 all
relate 10 the sediment segment.) The only water column parameter
involved is x,, which appears as a ratio #3/%,. Therefore r,/1, is deter-
mined entirely by the relative magnitudes of the particulate and dilfusive
mass transfer coefficients, the sediment decay rate, and the panition
coefficient ratio.

The reason that r,/r, appears as part of the apparetit total removal rate
K: (Equation 7) is that it expresses the degree of chemical contamination
of the sediment pasticles relative to the water column particles. Since K,
is the apparent removal rate for the water column concentration ¢y, , the
ratio r,/r, makes the connection between the degree of contamination in
the sediment relative to that in the water column. If sediment particles
are highly contaminated relative 1o water column particles, removal
mechanisms for these particles (e.g., sedimentation K,) have an enhanced
effect on the apparent total removal rate Ky. Conversely, if ry/1, is
small, then removing these partictes has a lesser effect on the overlying
water concentration.

In fact, an alternative expression for the apparent tota! removal rate
Ky, which clarifies this relationship, can be obtained directly from its
definition {(Equstion 7) and those of 8 (Equation 9) and r, /r, (Equations
10 t0 12). The result is:

.Hc
Kt'an H:n

K, +K,) 13)

€7

or, since volumes and depths are related via the interfacial eross-sectional
area A (V, = AH, and AH,), K; can be expressed as:

KT(V|CT|) - K,(V,c") + (K: + K.)(V,CTI) (l‘)

The expression K,(V, C;, ) has units mass of chemical removed/unit time.
Hence the apparent total removal rate of chemicpl mass in the water
column is the sum of the water column and sedimem mass removal rates.
The effectiveness of each segment’s removal mechanism is in proportion
to the total mass of chemical in that segment, an ihtuitively reasonable
result.

The key 1o understanding the behavior of the steady-state solution is
an appreciation of the mechanisms that control the sediment capacity
factor (8) and the particulate concentration ratio {(r,/r,). This is dis-
cussed in more detail below.

[T A

-y
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SEDIMENT CAPACITY RATIO

The effectiveness of sediment removal mechanisms (decay and sedi-
mentation) as chemical sinks is determined 10 a large extent by the mag-
nitude of the sediment capacity factor, 8. Therefore, its variation as a
function of the relevant physical and chemical parameters is an impor-
tant component in the understanding of chemical fate, The capacity fac-
tor is given by the expression:

l’ll,H, r.!
m'H| l',,

= {15)

where  m,,m,; = particle concentrations in the water column and sediment,
respectively
H,,H; = water column and sediment depths, respectively
f31.fy; = particulate fractions of total chemical concentration in the
waler column and sediment, respectively

These latier fractions are given by:

L vl (16)
m,r; _
fy = 1+ mym, )

Hence, the sediment capacity factor is a linear function of the depth ratio
H;/H, and a more complicated function of the waler column and sedi-
ment solids concentrations m, and m,, and panition coefficients =, and
.
A dimensionless plot of 8 vs m,r, and m,x, is presented in Figure 2.
The depth ratio chosen for this plot is H,/H, = 1000, corresponding for
example, to 2 water column depth H, =10 m and an active sediment
depth H, =1 cm. The solid contours are for r, = x, and the dotted con-
tours are for x; =0.0] v,, which illustrates the effect of differing par-
tition coefficients in the water column and sediment layers that might
result from sediment concentration-dependent partitioning {8). As can
be scen, this latter effect is only important for small 8. The principal
determinants of 8 are: (1) the depth ratio H, /H,, which is inversely pro-
portional to 8; (2) the product m,x,, which increases 8 as it increases;
and (3} m, x, if this product exceeds 0.1 corresponding to a dissolved
column fraction f,, becoming appreciably less than one. The magnitude
of § can vary from 0.0] o 100 as ilustrated; therefore, its value should

SEDIMENT CAPACITY FACTOR CONTOURS

-
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be calculated for each situation of interest. Small values indicate that
sediment-related removal mechanisms are insignificant relative to the
water column concentration; large values magnily sediment effects.

PARTICULATE CONCENTRATION RATIO:
THE CONDITIONS FOR EQUALITY

Certain properties of the particulate concentration ratio r,/r, are appar-
ent from inspection of its formula (Equation 12): if the resuspension and
sedimentation velocity are zero, then the settling velocity is also zero; and
if, in addition, the interstitial water/overlying water diffusion K, =0,
then r, = 0 as expected, since these are the only mechanisms (settling and
diffusion) that transpost chemical to the sediment.

A more interesting question is: what conditions are necessary for
r,=r,?7 Conversely, what mechanisms cause the particulate concentra-
tions to differ? The conditions for equality are:

1. Solid mass fluxes in equilibrium, that is:
mw, = my{w, + w) (18)

The net Aux of solids delivered to the sediment segment m,w, - m,w,, is
equal to the sedimentation rate m,w,. Thus, this condition requires that
there be no solids buildup in the sediment segment, which, in turn, means
that there is no net storage of chemical occurring in the sediment segment
because of an imbalance of solids fluxes. This condition is essentially
forced by the requirement of steady state applied to the solids them-
selves. Hence, it should be viewed not as a restriction, but as a necessary
condition impiied by solids mass balance. The solids flux equality (Equa-
tion 18) is not a mathematically necessary condition. It is possible to
compute r,/1, without this restriction. The resuit is that w,m,/m,
replaces w,, +w, in the numerator of Equation 12. The effect of solids
flux equality is to equate the numerator expression w,m,/m, to the
expression w, +w,.

2. The panition coefficient for sediment solids (r,;) equals the over-
lying water partition coefficient (r,), or

-y, 9%

3. There is no sediment decay:

{
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K, =0 (20)

If these three conditions (solids flux equilibrium, equal partition coef-
ficients and no sediment decay) are met, then despite the presence of sett-
ling, resuspension, sedimentation and diffusion, the particulate chemical
concentrations in the water column and the sediment are equal.

This surprising result requires some exptanation. The particulate con-
centrations are related to the dissolved concentrations via the partition
coeflicients: ry= w,c,,. Since it is assumed that x, =r,, the dissolved
concentrations are also equal: ¢,, =<,,. Hence, it is not surprising that
diffusion plays no role, since there is no gradient of dissolved chemical
concentration between overlying water and interstitial water,

Consider the influence of particle mixing. The effect of increasing the
resuspension velocity is that more particles are brought from the sedi-
ment to the water column. By the solids flux equality, the same number
of particles are brought to the sediment from the water column by the
increased settling velocity required by solids flux balance. These particles
are transferred between segments with identical dissolved concentra-
tions, so that they experience no change in environment and their chem-
ical content is unchanged. Thus, there is no gradient of particulate con-
centration and, therefore, no driving force. Hence the increased panticle
mixing caused by increased resuspension and settling has no effect.

For a particulate concentration ratio ry/r, = 1, the total apparent decay
rate becomes;

Ky =K, + 8K, (20)

What is remarkable about this expression is, again, which parameters are
not involved in determining the steady-state concentrations: settling
velocity, resuspension and diffusion play no role in the ultimate fate of
the chemical. It is determined only by the degradation mechanisms in the
water column K, and the loss by sedimentation and burial K,. The effec-
tiveness of the latter loss mechanism is determined by the magnitude of
the sediment capacity factor 8.

|
UNEQUAL PARTICULATE CONCENTRATION RATIO
]
If any of the conditions specified above are not met, r, differs fromr,.
Consider the case for which the solids flux equilibrium is met. As pointed
out above, this is required by the steady-state assumption. Therefore, the

g
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only mechanisms to be considered are sediment decay and unequal
partitioning.

Sediment Decay

For this case, sediment decay K, serves to lower r, relative to r, , which
is reasonable, since that decay occurs only in the sediment. Consider first
the case that r, = x,, Then:

n ]

— - {21)
H

0 1+ K;H,

W, + W)+ K I

The amount by which r, is less than 1) is determined by the ratio of the
total sediment decay velocity K, H, to the sum of resuspension and sed;-
mentation velocities, modified by the fraction particulate f,, and the dif-
fusion velocity K, modified by the fraction dissolved [,,. These velocities
represent the losses of chemical from the sediment segment and suggest a
definition of a total loss velocity wy, as the som of the individua?
velocities:

Wz (W, 4w+ K S, (22)

and an equivalent sediment detention time ta where:

lg = _.H_’. 23

Wry

which is analogous to the hydraulic detention time in the water column.
Then the particulate ratio can be expressed as:

LF] !
n !+ Ky 24

which is precisely the form of the solution to be expected in a situation
with a decay rate K, and detention time 1,,. The water column particu-
late concentration r, is analogous to the influent concentration. The
resulting sediment particulate concentration is reduced relative (o the
influent concentration by an amount that depends on the decay rate-

detention time product: K;lg. Hence, a sediment decay mechanism
Causes r, /1, <1.

U S
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Unequal Partitioning

Alternatively, consider the case for which no sediment decay occurs,
K, =0, but for which the sediment partition coefficient is less than the
water column partition coefficient, or , < x,. This is normally the case
because of the large increase of solids concentration in the sediment rela-
tive Lo the overlying water (m, >>m, ) and the empirical fact that this can
lower partition coefficients [8]. Then the particulate concentration ratio
becomes:

y |+ ymy/e
2 e T

(25)
N 1+
where
yu —Ntfa (26)

(W, + w,)f,;

which is the ratio of diffusive 1o particle exchange velocities. Since
/%, <1, and v is always positive, it follows that r; <r,. The reason is
that as particles enter the sediment segment, they enter an environment
where the partition coefficient is lower and they desorb a portion of their
chemical burden. The result is that the dissolved concentration in the sed-
iment segment increases relative 1o the overlying water:

o]
o  hnh n >1 @n
€a 5o 1 +y

If there is very little diffusion refative 1o particle mixing, then y << and:

4
fa T vyl (28)
Ca LF]

and

1
2at gt 29
n
!
The small amount of aqueous-phase mixing is insufficient to reduce
the dissolved concentration gradient, whereas the particle mixing is suf ﬁ
cient to equilibrate the particle concentrations. Conversely, if there is

very littie particle mixing relative to diffusion mixing, then y>>1:
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L RS (30)

n L

and

@ Ly 4w 31)
Ca
In this case, the particles retain their geadient, but the dissolved mixing is
sufficient to reduce the aqueous gradient.
Regardless of the magnitude of v, it is true that

= < a0

and this relationship is also true for K; >0. Hence, it is expected that the
sediment particulate concentration be less than the overlying water par-
ticulate concentration.

The only mechanism that can cause r, >, is the unlikely situation that
%3 >x,, or that the solids fluxes are not in balance, that is:

mw, >my{w, +w,) (33)

which means that solids are being delivered to the sediment segment
more rapidly than the sediment is being removed via sedimentation. This
implies a nonsteady-state behavior that may be realistic a1 short time
scales but cannot persist indefinitely, Therefore, one can conclude that,
for the general case considered in this receiving water segment, r, <r,,
and the sediment solids should be less contaminated than overlying water
solids at steady state. Note that this result applies only for the situation
where chemical is being discharged to the water column.

SEDIMENT DECAY AND UNEQUAL PARTITIONING
Physical Parameter Effects

The behavior of ry/r, when both mechanisms, mass-dependent parti-
tioning (7, < rx,) and sediment decay (K, >>0), are present is of interest,
Consider first the behavior of 1,/r, as a function of the physical param-
eters: K, and (w,, +w,). Contours of r,/r, are shown in Figure 3a for =,
and «, and in Figure 3b for =, = [0x,. The behavior of r,/r, as w, +w,

Y
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Figure 3.  Contours of particulate concentration ration 1,/1, for m; = 100,000
mg/], Hy= 1.0 cm, », = 1000 lites/kg, K, =0.01/day.

increases is the same for both cases, i.e., r,/r, increases toward unity as
w,, + W, increases, since increasing the particle mixing tends to equalize
the particulate concentrations. :

However, the behavior of 1,/r, as K, increases depends on ,/x,. For
r, = x, (Figusre 3a), the overlying and interstitial water-dissolved concen-
trations are in the same ratio as r,/r,, and increasing the diffusion tends

e WL .
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to increase r,/r, toward unity since the gradients of dissolved and par-
ticulate chemical are in the same direction. With #,/x, = 10 (Figure 3b),
the interstitial water 10 overlying water concentration ratio is:

A L NP (34)
Ca Lt Ty

Thus although r, is less than 1,, ¢, is greater than ¢,, (for r,/r,>0.1),
and increasing the diffusive mixing tends to remove chemical mass from
the sediment, since relatively uncontaminated overlying water is now
exchanging with more contaminated interstitial water. The effect is 1o
transfer chemical mass from the sediment 10 the overlying water, thereby
decreasing r, relative to r,. This effect occurs so long as 1,/1,>0.1, so
that c,, is smaller than ¢,,. However at r, /1, =0.1, ¢, =<, Since it is
assumed in this example that v, /x; = 10 and varying K, has no effect on
r;/1,, since no dissolved chemical concentration gradient exists. This
corresponds to the vertical contour in Figure 3b. For r, /1, <0.1, the con-
tours wou'd resemble Figure 3a, and increasing K, would tend to increase
nL/n.

Chemical Parameter Effects

The behavior of r, /1, as a function of the chemical parameters K, and
x, is shown in Figure 4a for £, =, and in Figure 4b for =, = I0r,.
Increasing K, decreases r,/t, in both cases, as would be expected How-
ever, the effect of increasing x, depends on whether 1, = r,, in which
case increasing w, reduces dissolved mixing and increases the residence
time in the sediment so that decay can be more effective (Figure 4a). If
¥, = 10x, (Figure 4b), increasing =, inhibits the transfer of chemical mass
from the sediment to the overlying water, thus increasing r,/r,.

Based on these results, it appears that the probable range for r, /1, is
0.1-1.0 for K, <0.}/day. Combining this information with the probable
range of § of 0.01-100 suggests that the range of 8(r,/r,), which is the
parameter group that directly determines the importance of the sediment
removal mechanisms, K; + K, is in the range 8(r,/r,) = €.001-100.

OVERALL REACTION RATE

The probable range of K is determined by sediment decay rate (K,) and
the equivalent sedimentation removal rate (K,). From reservoir sedimen-

). -
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|

tation dats, has been estimated 1o be in the range: SK, = 0.025-0.5/day
14]. For r,/r, in the range 0.1-1.0, the sedimentatioh sink is estimated to
be in the range B(r,/r,)K, =0.0025-0.5/day.

Not much is known concerning the range of K, for the chemicals of
concern; but if the probable range is K, = 0-0.1/day, then the range for
B(r,/1,)K,; = 0-10/day, the overall removal rate is:
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£ $]
KT-K.+ﬂr—K,+n'—K, (35)
1 ]

Ky = (0 ~ 0.1) + {0 ~ 10) + (0.0025 - 0.5)(/day)

Hence even conservative chemicals (e.g., heavy metals, for which K, and
K; are zero) can exhibit nonconservative behavior because of loss via sed-
imentation. Adding sediment decay can significantly increase the overall
removal rate as can direct water column decay. '

APPLICATION TO STREAMS AND RIVERS

The analysis of the fate of chemicals in streams and rivers is similar in
many ways to the situation in lakes with what appears 1o be at first glance
& significant difference. Whereas lakes can be represented, in many cases,
by two completely mixed volumes, i.¢., the water column and active sedi-
ment segments, the concern in a stream is with the longitudinal dis-
tribution of chemical downstream from the point of discharge. The key
to the solution for this situation is shown in Figure 5. Consider the
stream as being represented by a sequence of completely mixed volume
segments. Let superscripts denote the segment being considered. Thus ¢!
is the water column chemical concentration in segment 1; Q" is the out-
flow rate; ) is the detention time, and so on for all parameters.

The first stream segment receives a loading rate of chemical W{)', Its
outflow is Q{", the flowrate of the stream. If longitudinal dispersion is
neglected, then the first stream segment is exactly analogous to the situa-

tion analyzed previously. The equation for ¢} is, as before:

Wiy

1}

e —T
Wi

I+ Kl

(36)
where ¢!} = waier column conceniration
ty)) = detention time of the first stream segment

K{" = overall apparent removal rate evaluaied using the parsmeters
characteristic of the first segment

Consider the second completely mixed stream segment. The principal
simplifying assumption to be employed in this analysis is that there is no
horizontul bed motion. Although vertical sediment and interstitial water
mixing is still being considered, horizontal bed motion is assumed not to
be occurring. The reason for this assumption is that, for the fixed-bed
case, the second stream segment receives only a water column input of
chemical as a result of the stream flow from the upstream segment.
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Wi = Qe kp)]

The key observation is that the second segment is also exactly analogous
to the lake situation, and therefore its water column concentration is
given by: :

wiQP
2) 4 (2
1+ K@

= (38)

where the superscript denotes the fact that al parameters are evaluated
using the appropriate values for the second stream Molume element. Note
that it is not necessary that Qi = Q" so that Iateral inflow augmenting
the streamflow is permitted in the analysis. 1

A similar argument applies 1o each stream volume element so that for
the i* element:

M wiQl
Y T2

(9)
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and
Wit Qf0cti “0)

For each volume element, K¥" is computed using the parameters charac-
teristic of the i™ segment.

Equations 39 and 40 represent a complete solution of the fixed-bed
stream case and are well suited to numerical computation. The stream
volume elements are chosen 10 be small enough so that the longitudinal
change in all parameters is small between adjacent segments and the
longitudinal gradient of concentration is well represented. A simple cri-
terion that ensures this to be the case is that K{' ' <0.1. However, as
with most general solutions, these equations provide little insight into the
solution behavior.

Consider an idealized situation for which all physical, transport and
reaction parameters are constant with respect to distance. This may well
be an adequate representation of a section of a stream that has fairly uni-
form characteristics. In particular it is assumed that the water column
and active sediment solids concentrations and depths are constant, to-
gether with reaction rates and vertical transpont coeflicients. For this
case, the water column concentrations become, from Equation 36:

W,,/Q
m - T 1 4
T 1+ KT Loy ( l)
and, from Equations 37 and 38:
Qlc!l'll',QI Wiy 1
j - 4
T V4 Keteqg  Q (14 Kqtg¥ “42)
so that the n™ volume element concentration becomes:
W
(] n ! %))

e Q: (1 + Kyt

The arbitrary parameter in this formulation is the detention time {t,,)
since it depends on the volume (V,) of each stream segment. Note that no
other parameter involves V,.

The method of removing V, from this solution uses the following
device. Let the volume size shrink to zevo and at the same time let the
number of volumes increase 1o infinity. The mathematical form of the
argument is to define V| as the product of the stream water column cross-

r—-
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sectional area A, and a length Ax. That is, V, =Ax A,, and the detention
time becomes:

v| A. aAx
tg) 2 — = — —
“"9 "M " “9

where U, = water column longitudinal velocity
Consider a location at a distance x from the location of the discharge.

If Ax is the length of each stream volume segment, then the number of

stream volume segments between the discharge location, which is taken
to be x =0, and location x is:

nN= =— (45)

so that the water column concentration ¢! = c,,(x) becomes, from
Equation 43;

Wi, Krax )“’“
¢ - 1

Now letting Ax — 0 and using the limit:.

i 1 17y
!'R(H.y) - @7
yields:
w -K
Enrlx) = Q—:' cxp( U,Tx ) (48)

This remarkably simple result is exactly analogous to the solution for
the longitudinal distribution of a nonconservative substance, which
decays following a first-order reaction with rate coefficient K, in the
water column only, Hence, K; plays exactly the safne role in the stream
model for partitioning chemicals as it does in the lake model. It is the
apparent overall decay rate that accounts for both,water column decay
and sediment water interaction and decay. The expression for K, is the
same as before, as is r,/r, ; and since all of the parameters are assumed to
be constant in the reach of siream being considered, r,/r, is seen 1o be
independent of location. This is, at first glance, quite unexpecied, since

U -
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the longitudinal distribution of water column concentration is decreasing
exponentially, and it should follow that the sediment concentration is
decreasing as well. That is indeed the case since:

C-n(‘) =-f tn (x) (‘9’

M,
I'|H3
which follows directly from the definitions of r; and t,. Thus c,, is also
decreasing exponentially, but r, /r, is constant.

The reason that r,/r, is independent of water column concentration
and stream flow, just as it was independent of loading rate and detention
time in the lake setting, is as follows: a1 any location x, particles being
mixed vertically by resuspension and settling, and interstitial water mix-
ing with overlying water react locally with whatever the overlying water
concentration is at that location. At steady-state equilibrium, r,/1, is
independent of water column conditions, as is the ratio of interstitial
water 10 overlying water lcas/cqy = (x/%;){13/7,)] for the same reason
that they are independent of water column conditions in the lake setting:
all reactions are assumed 10 be first-order, and transport and chemical
partitioning are linear with respect 10 concentration. Hence, considering
ratios eliminaies the absolute dependence on concenirations.

Therefore, analysis of the distribution of chemicals in flowing streams
follows the same principles outlined in the analysis of lakes, and all the
investigations of the behavior of the sediment capacity factor and r,/r,
as a function of parameter values are directly applicable. It is for this
reason that the behavior of these fundamental parameters is crucial to
the understanding of fate of chemicals in general. It can be shown that
this reasoning applies 10 estuaries as well, as long as horizontal bed
transport is not significant.

POSTSCRIPT

The above analysis is a good example of the insight that can be gained
from & properly formulated analytical solution. The relative importance
and interactions of the 13 parameters Wr/Qyity,m,, H,,m,, H,,K,,
Ky 2,15, K, W, and w, in determining the resulting receiving water and
sediment concentrations can be pursued rationally. The importance of
the dimensionless expressions for sediment capacity factor 8 and the
central role played by the ratio of particulate concentrations 5/t
becomes clear. The symmetry between lake and stream models is also
apparent. An intuitive understanding of the situation can be gained,
which, together with a feel for the relative magnitudes involved, can pro-

o
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vilde  degree of insight into a specific problem setting that is not other-
wise aitainabie.

Contrast this situation to that which one faces when the problem is
apparently so complex that only computer-based solutions are possible.
Even when this is the case and a numerical computation is required, with-
out the insight gained from the analysis of simplified situations, it is not
possible to react intelligently to the numerical results. Apparently coun-
terintuitive results are difficult to expiain and even more difficult to
check. Imagine one's response, for example, to computational results
that indicated that increasing or decreasing sediment-water transport had
no effect on the resulting water column and sediment concentrations.
For the models analyzed in this paper, the reason for such behavior is
Flell’: it occurs whenever r, = ry. Whether this would be evident after an
tnvestigation of purely numerical results is uncertain, but our expetience
has been that insight is most rapidly and surely gained by an investigation
of the structure of a properly posed and analyzed idealization,
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i 1 in which a
— A lime variable model has beens used to l_nalyze_l Gield scaie experiment in w
mrc.dc:imesmn:‘ :uarry was dosed with equat quantities of Lindane l;l:_i D?hE. T'hte 'u‘inm :olq;nh:
i i ' 1 ng.
diment chemical concentrations were monitored for one year after the initial dos [
:lnni::dllgvndiffmm physicai-chemical characteristics of the test chemicals provided an interesting

contrast for mode! application.

i i i itioning chemicals i the form of analytcal
implified time varinble model of partitioning chemicak is cast \n !
solu‘:o’r:rsnr';:ﬁlhe total, dissalved and particulate conc:n(rat_.lg:;les ::,:g:nﬂl anh?:pl!:;éy;zfi‘,
i i nd sediment compartments. ‘model formul n i
LT:;:':;,;&::;‘:;:G t:-:"r::;o:t mechanisms of particulate rnd diffusive exchange between water

column and sediment. The Lindane and DDE m

0del calibrations based on data from the first year

after dosing are presented. A preliminsry verifi ication of the model, obtained by pru;_u_:ne:g_D‘ll)sE
levels in the water and sediment five years gt‘tgr initial dosing, when the quarry wuhrevtsu ( f,lu -
shown. The model results underscore the signifi wance of chemical partitioning on chemical fa elisuc
highlight the importance and utiity of A modeling framework which incorporates rea
mecharsms of water column and sediment interaction.

Keywords — Partitioning Fate Calibration Lindane DDE

INTRODUCTION

The evaluation of the fate of chemicals in
the environment requires the use of a model-

ing - amework which incorporates various

idealizations of the transport and reaction

mechanisms that are thought to be impor-
tant. The validity of such models can only be
established by careful calibrations and ver-
ifications using field data sets. A number of
applications of this type have been reported

Presented ot the Third Annuai Meeting, Sog-ety of
Environmental Toxicology and Chemustry, Atlington,

VA, November 14-17, 1982,

(11 which illustrate 1o various degrees t_hat
realistic simulations of observed chemical
behavior are possible. However, rigorous
lests are not yet avaiiable. The major
problems are the Jack of reliable estimates of
chemical mass discharge rates and indepen-
dent measurements of transport and reac-
tion rtates. Controlled field scale
experiments provide a useful source of these
data. The purpose of this paper is 1o present
an analysis of such an experiment.
Anabandoned, flooded limestone quarry
provided the setting for the feld scaIcAcxp_;cr-
iment which is the basis of the investigation
described herein [2). The time history of
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spike releases of DDE and Lindane was
mornitored in the biotic and abiotic sectors of
the quarry water column and sediment for a
period of approximately one year after the
initial release. The experiment wag per-
formed under relatively controllad environ-
mental conditions which were not subject to
complicating factors such as 4 variable in-
flow, outflow, or loading history. The time
variable nature of the experiment was z de-
sirable feature since jt enhances the impor-
tance of certzin moded parameters which
are of lesser significance in steady state
situations.

CHRONOLOGICAL REVIEW AND DATA
PRESENTATION

The quarry experiment wasinitiated dur-
ing May of 1972, Pre-dosing levels of DDE
and Lindane were measured and found to be
negligible. A known mass of each chemical
was uniformly distributed gver the surface
of the quarry on June 27,1972 and on the
following day, samples were coilected for
analysis of post release initiai conditions in
the water column, sediment and biota. Sub.
sequent samples were collected an Days
5,10, 21, 42 and at progressively longer
time intervals over the course of the next
year. The water column and sediment were
usuzlly sampled at various depths.

An intense rainfajl occurred on the day
after chemical addition, resultingina signifi-
cant influx of particles 1o the epilimnion of
the thermaily stratified quarry. Sedimenta-
tion trap data indicated that 2920 kg of
solids entered the quarry and settled from
the water between days 0 10 21. As wilj be
shown, settling of these particles had a sig-
nificant effect on the fate of both DDE and
Lindane, chemicals with markedly different
adsorptive characteristics,

As shown on Figure 1, the chronological
plot of water column DDE concentration,
the initial input of 2.77 £0of DDE resuited in
adepth averaged concentration on Day | of
about 44 ng/L. This concentration was re-
duced to less than 10 ng/L by Day 10 and

then gradually decreased to | ng/l by Day
100. A DDE concentration of about 1 ng/L
persisted for the duration of the monitoring
effort, aithough an increase 10 3 ng/l wag
reported on Day 360, at the termination of
the monitoring program.

The lower graphs in Kigure | illustrate
vertical profiles of DDE in the water colump
on selected days. Some vertical stratification
is exhibited on Day 1, with average concen-
trations of 50 ng/L to a depth of 9 m and
10 to 20 ng/L at depths of 12 and |5 m.
Although the fall overturn djg not occur
until Day 144, a relatively homogeneoys
vertical concentration profile vsas estap.
lished by Day 21, and persisted for the dura-
tion of the study.

Sediment DDE data for the upper 1.5 cm
of bottom sediment (g DDE/kg wet sedi.
ment) are summarized in the upper panel of
Figure 2. The sediment DDE concentration
on Day 1 was quite low, but increassd sharp-
ly to about 20 sg/kg by Day 5 and this con-
centration persisted for aboyt 50 days.
Although the results are variabie, the aver-
age concentration increased to about 30
#&/kg for the next three sampiing dates and
then decreased 1o aboyt 20 up/kg on Day
241, the final day for which Sedirnent data
areavailable As shown in the lower graphs,
sediment samples from depths of 0 1o 1.5,
15t035and 3.5 10 5.5 cm shewed thay
DDE penetration was for the most part lim-
ited to the upper 1.5 cm sediment Jayer.

Several distinctly different characteris.
tics were observed in the temporal distriby.
tions of water column and sedimen:
Lindane concentrations, {Figures 3 and 4).
Significantly higher water colump con-
centrations of Lindane were observed
throughout the study, with the minimum
concentration approaching 10 ng/L, an or-
der of magnitude higher than the corre-
sponding DDE concentration, at the end of
the study. The wide Tanges in the water coj-
UImnn concentrations preceding the fall ovar.
wrn (Day 144) reflect the vertical gradient
of chemical between the epilimnion and hy-
polimnion of the stratified water body. The
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Fig. 1. Temporal variation of DDE in water.

ranges are reduced after Day 144, when the
water body was mixed by the fall overturn.

The vertical gradient of Lindane in the
water column is more clearly illustrated in
the four lower graphs of Figure 3. The con-
centration near the surface on Day | was
more than 300 ng/L whileatadepthof 15m
it was less than 10 ng/L. Vertical profiles on
Days 21 and 2] also exhibited order of mag-

nitude differences between the upper and
lower layer average Lindane concentra-
Lions, in contrast to the DDE profiles which
were nearly uniform a1 these same times. On
Day 173, however, which foliowed the
fall overtumn, the physical mixing of the
water body established a uniform vertical
concentration profile in the water column.

Sediment Lindane data are shown in Fig-
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ure 4. With the exception of a sediment con-
centration of 7 ug/kg on Day |, the sediment
Lindane concentration averaged ! to 2
up/kg. an order of magnitude lower than
sediment DDE levels. Lindane penetrated
to the deeper sediment layer of 3.510 5.5¢m,
and did not exhibit a pronounced vertical
gradient. This is in contrast to the DDE re-
sults which were an order of magnitude

higher in the surface layer, but at generally
negligible levels at sediment depths greater
than 1.5 cm.

Estimates of the mass of both DDE and
Lindane associated with the water cotumn,
sediment, quarry walls, water surface film,
fish, microcrustaceans and plankion were
made [2]. Essentially, all of the chemical
which was recovered was in the water col-

g
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umn and sediment and only a relatively
small fraction was associated with the re-
maining compartments, which can, there-
fore. be neglected in the analysis of the fate
of Lindane and DDE.

DESCRIPTION OF MODELING FRAMEWORK

The principal features of the modeling

framework [3] are illustrated in Figure 5. An
instantaneous release of chemical, My is dis-
charged to a completely mixed receiving
water of volume V,and depth H), where it
undergoes dilution by the freshwater in-
fiow, Q;. The chemical is partitioned be-
tween the dissolved and particulate phases
in the water column and sediment which
have suspended solids concentrations of m,
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and m; respectively. Chemical is transferred
between the water column and sediment
layer by settling and resuspension of con-
taminated particles and via diffusive ex-
change between the dissolved phases in the
water and sediment. The chemical may also
undergo first order decay in the water col-
umn and sediment or it may be removed
from the system by sedimentation.

The solution for an instantanecous release
of chemical of mass My is required. The ini-

tial water column concentration is simply
cptol = MV, The analytical solut:on
for the time variable water column and
sediment concentrations can be readily ob-
tained [4]. The noation and general solu-
tions {Eqns. 1-8) are listed in Tables | and 2.
Equations 2A and 2B may be evaluated in
time to obtain the total chemical concenira-
tions in the water and sediment, crit) and
¢14(1), which resuit from initial conditions in
the water column and sediment.
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Tabvie 1. Definitions

Parameters Water Column Sediment

Chemical/Biological " _
Loading (g o K-r. .
Sum of hydrolysis, oxidation, '

biodegradation, photolysis,
volatilization rates (fday)
Partition coefficients (L'kg)

Physical

Solids Concentration (mg/L) ﬂ
Depth im) v
Volume im”) Q
Flow Rate (m’/d Va0
Detennon Titae (31 [ ., 4Qy -
Settling Velocny (mid) W "
Resuspension Velocity (mmiyr) = .
Diffusion Exchange Coefficient femidi -
Sedimentation Velocity immiyr) . \;JH.l
(Sedimentation Rate Coefficient, /d} ' 3

Concentrations

Total = Dissolved + Particulate (ug/L) T
Particu’te chemical ravio T, = ¢,im, Ty = G0,
(ug chemical'g solwds)
Chemical Phase Froctions
§ [ m —m.ﬂ.‘_ fw [,z
Particulate: [, g ,"“"‘

Dissolved: f, = n——mT‘
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Table 2. Solutions 1o mass balance equations

The dilferential equations which control the water column and sediment response are:
Waler Column

d K w w_{ W
]E‘u"x-lcn‘ (‘E"l"ﬂj:lfnc'r:_nc'n) _ﬁg'r"c”q__"ﬂ:_,:ﬂ.,.vllﬂ - 1A
dov | _ X v v w
3 K:‘n*‘]:[:“uc'n‘ -r"'rz]‘_“g’:rplc'n' n‘: futn - H: fuen 1B
The analytical solutions are given by
Water Column
o= 0-% [ IS . H. (5.~K.~K S e
G; (0 = ¢y, () [I-'n—-l_‘? ey el + ¢r, fo} ey Ty fe™ — e7vy 24
Sediment
= eryiot (B8 gt B8 ey SR8 1w
il = [:.-n U ] e B gl a e B
where g, and g, sre evaluated using the positive and negative terms respectively of the follawing expression:
¥
h -
ot~ h-rzl 5] ] l]* 1 YK+ m,,|+|x,+zi(,xs‘ Ko ™
8 + Lt )
Here,
=K + w,f, + K. tH, “
=K+ fw, + wily, + K, [ JH, {5
LA N 15
nds; = 5, + I/t The sediment capacity factor is given by
mH, I,
m, HI f.! rn
As shown elsewhere {4} the rauo of the steady state particulate cherical concentrations in the sediment and
WAter, rr,, Mmay be expressed as:
B Waimmir, + Ky (rym0)0,,
f W, + wi, + K/f,; + K;H, (e

Approximate forms for the roots of the S
quadratic Equation 3 have been found {4 ©ni 'c'“'m[s, P
and these greatly simplify the solution: )

g

5 .

+ c.n|u| -H_‘ 5_:.—:— lz'lg‘_ !—"‘]

B =5+5, 9 Yy
g = 54 K “0) Cradt) = ¢y,i0h i Py LRLUS ’—i—ls—c-'rl (12)
S.| + 53 ‘ ’ I ?
+ €&,i01 8 n E.! 5 S -
where K1 = K, + Birari} (K; + K, ). The ' n Hys + s, Ie e

detention time of the quarry is very long and

8) = ;. Using these approximate roots, the

. Two important features of general inter-
solutions become:

est can be seen in these simplifications. The

¢
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concentrations are determined by two
terms: 3, which is the sum of the water col-
umn decay and sediment transfer fluxes;
and s; which is the analogous sum of sedi-
merit decay and water transfer fluxes. The
“fast” decay rate, g,, is simply the sum of 5y
and s;and represents the rate at which water
column and sediment concentrations initial-
ly equilibrate. The “slow™ decay rate, gnisa
fraction {s;/(s,+ 1)) of the total equivalent
removal rate, K1, which is the parameter
that controls the steady state water column
concentration, o, {e), if the mass input rate
were constant, Wy, That is: cpj(=) =
(WriQMl  +Krtg). Thus, a straight-
forward caleulation of g; gives immediately
the half life (= 0.693/g,) to be expected as a
function of the relevant physical and chemi-
cal properties.

MODEL PARAMETERS

Based on a review of long-term climato-
logical recards, it was found that the differ-
ence between average annual precipitation
{~ 100 em/yr) and evaporation (~ 85
cmfyr)in the vicinity of the quarry, 15 em, is
insignificant in comparison to the overall
depth of water in the quarry (H, = 13.9 m).
It is, therefore, reasonable to assume con-
stant geometry and no net inflow. The quar-
ry itself was represented as a completely
mixed water column and sediment layer.
The depth of the active sediment layer is
estimated from observed chemical penetra-
tion into the sediment. DDE was observed
1o penetrate, at most, the upper 1.5 em of
sediment while Lindane penetrated to a
depth of at least 5.5 cm (Figs. 2 and 4). Thus,
chemical specific sediment layer depths of
H; = 1.5 cmand 5.5 cm were used to char-
acterize DDE and Lindane respectively.
The use of different sediment layer depths is
necessitated by the simplified representa-
tion of diffusive exchange and the assump-
tion of a completely mixed sediment layer
incorporated in the modeling framework.

The mass loadings of interest are the
chemical and solids flux rates to the quarry.

The chemical inputs of DDE and Lindane
were accurately measured. Sedimentation
trap data was used to estimate the mass of
sediment which entered the quarry between
Days 0 and 21. The analysis of particulate
transport in the quarry.is complicated by the
lack of field measurements of the suspended
solids concentrations in the water column
and sediment, m) and m;, respectively. Sedi-
ment trap and secchi depth data were used
as the basis for characterizing the temporal
variation of m;. Empirical correlations with
secchi depth measurements indicated that
pre-rainstonn suspended solids levels were
about 5 mg/L. Assuming the added material
settled out of the water between days 0 to
10, from the temporal variation of the DDE
water column data, the settling rate w, and
average suspended solids concentration, m,,
are fixed by the measured solids flux.

The Secchi disc readings after the initial
period were generally 6 to 7 m, and aside
from some initial variability which was at-
tributed to algal effects [2] the readings were
essentially constant in time. There were no
other sources of solids to the yoarry and
since resuspension was probably negligible,
w, was likely to have been much lower than
the 3.2 mid estimated for the first
10 d. In view of these considerations,
w, = (.| m/d was assigned fort > 10d. This
settling veiocity essentiaily eliminates par-
ticulate transport as a mechanism of chemi-
cal transfer after Day 10. The use of a
variable settling velocity is considered rea-
sonable since it is likely that relatively coarse
particles eniered the quarry as a result of the
intense storm on Day 1, and these would
settle rapidly. The remaining particles are
either settling much more slowly or not at
all.

The sediment solids concentration is also
required to perform the analysis. From re-
ported water volumes in sediment samples
the sediment porosity is estimated o be
¢ = 0.43, and {rom the reported bulk densi-
Ly of the sediment o, = 1.2 gicc, my=py =
¢, = 750 g/L. The sedimentation velocity,
Wy, was set 10 2ero because the net chemical

79

344 D M. DiToro anp P. R. Paguin

transfer to the deep, inactive sediment was
not considered as a loss of chemical from the
systerm.

CHEMICAL TRANSFERS AND KINETICS

Limited data were available to character-
ize DDE and Lindane partition coefficients.
Estimates of the DDE partition coefficient

were based on the partition coefficient for
DDT due to the similarity of the ocra.
nolfwater partition coefficients [$]. At solids
concentrations on the order of 10 mg/L, as
in the quarry, available DDT data [6),
shown in the upper panel 3 Figure 6, ind;-
cate a range of 50,000 Lkg on illite clay 1o
275,000 L/xg on montmorilionite clay. Fig.
ure § also illustrates the inverse relationship
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between partition coefficient, =, and sus-
pended solids concentration. It is expected
that this trend would also apply to the quar-
Ty, although the siope may be different asa
result of differences in the characteristics of
the solids. '

The lower panet of Figure 6 shows
Lindane isotherm data obtained using water
and solids from the quarry [7], and an aver-
age partition coefficient of x = 250 Likg
provides a good {it of these data. Suspended
solids concentration dependent partitioning
has also been observed with Lindane (upper
panel). From the limited available data,
however, it is difficult to estimate x, for
either chemical at the estimated sediment
solids concentration in the quarry of my =
750 g/L. Thus, x,is not well defined and
should be viewed as a calibration parameter.

Diffusive exchange

The diffusive exchange coefficient, K,
was estimated to be 50 cm/d from micro-
cosm experiments performed with Lindane
{8]. Since DDE and Lindane have compara-
ble molecular weights (352 and 291, respec-
tivelyl, a value of Kp = 50 cm/d has been
used for both compounds. This parameter
should also be viewed as a calibrated value
since no direct measurement is availabie for
the quarry.

Chemical decay

DDE and Lindane decay rates used in the
modeling analysis are summarized in Table
3. The most significant decay rate for
Lindane, hydrolysis, was estimated from
laboratory experiments [7] to range from
L0018 to .0257/d. A rate at the lower end of
this range (.0025/d) was needed 1o fit the
field data. Information on photolysis and
volatilization (7] suggested that losses of
Lindane by these mechanisms occurred at
an order of magnitude lower rate than
hydrolysis.

The only significant oss rates for DDE
were found to be photolysis and volatiliza-
tion. An average annual photolysis rate of

.0i3/d was estimated following the ap-
proach of Zepp[9]. A somewhat higher vola-
tilization rate of .020/d was estimated from
laboratory results [10). The total water col-
umn decay rate for DDE of 0.033/d is thus
an order of magnitude higher than the
Lindane decay rate, suggesting that Lindane
would be the more persistent chemical,

MODEL CALIBRATION — LINDANE

Physical and chemical parameters for
Lindane and DDE were estimated in previ-
ous sections. It remains to compare the com-
puted results and observed data and
establish final values for calibration parame-
ters. The difference in solids behavior dur-
ing the first 10 d following the storm (the
initial period) and subsequently (the second
period) requires that the analysis be done in
two steps. The procedure is to calculate the
chemical concentrations in the water col-
umn and sediment for the first 10 d using the
appropriate initial period parameter values.
Then, using the calculated water column
and sediment concentrations at Day 10 as
initial conditions, continue the calculation
using the parameters that are appropriate
for the second period. These parameters are
listed in Table 4.

The calculated and observed Lindane dis-
tributions are shown in Figure 7 using linear
and logarithmic concentration scales for the
water column. The predicted initial rapid
decrease of Lindane is somewhat overesti-
mated. This is due to the stratified condi-
tions in the quarry during the initial 100
days (see Fig. 3) which prevented the
Lindane from being vertically well-mixed,
as is assumed in the model. This discrepancy
is also apparent in the sediment calcula-
tion. After vertical mixing, however, the
comparison is satisfactory.

A better understanding of the behavior
of Lindane in the quarry ¢an be obtained by
considering the form of the simplified ana-
Iytical solutions, Equations 11 and 12, and
the relative magnitudes of the parameters
affecting chemica! fate. As can be seen in

=4

6 D. M. D1 Toro anD P. R. PaGuIN
Table 3. Summary of DDE and Lindane decay coefficients (Lid)
Lindane DDE
Water Sediment + Waer Sediment

Hydrolysis .0018..0257 .0018-.0257* 0.0 0.0
Onidation 0.0 00 00 00
Biolysis 00 0.0 00 — - 0.0
Photolysis 000726 - 0.013 —
Volatilization 00018 -— 0.020 -—

“Used 0025/ for calibration and projections

Table 4, the differing water column solids
concentrations (m; = 24 mg/L — 5 mg/L)
and settling velocities (w, = 3.2 m/d — 0.1
m/d} have only a smali effect on the relevant
rates that control the chemical fate of
Lindane. This is due to the relatively Jow
partition coefficient of Lindane, which at
these solids concentrations, results in most
of the Lindane being the dissolved fraction
in the water column (fy, = 0.9940 —
0.5988). Thus particle transport is small rel-
ative to diffusive exchange as the mecha-

nism which transfers Lindane from the
water column to the sediment.

The totai water column transfer-decay
rate, s, is dominated by the diffusive ex-
change rate: K f, /H, as is the total sedi-
ment transfer-decay rate, s; =K f,,/H,. As
can be seen from the form of the solution for
the water column Lindane concentration,
C7., these rates control the relative amount
of Lindane which is initially transferred to
the sediment via diffusive exchange (s1s, +
s2} = 27%) and that which remains in the

Table 4. Summary of chemical physical parameters used in calibration analysis*

Lindane DDE
] Water Sediment Water Sediment
Units Column Layer Column Layer
Ci hs::r’c:m,wk:ul Parameters:
pl m 39 055 119 015
Suspended Solids myl 24050 J :  10°
P Vs X 15 %10 50 7.5 % 10
Setling . mid 3.20.8 — ki) oA -_
Res'upermon mmiyr - 00 — 0.0
Szdimentation mmiyr — 0.0 - 0.0
Diffusive Exchange em/d 50. 50 .
Parntion Coefficient Lig 250. 50.0 50.000. 10,000
Dlssglved Fruuo_n .9940/.9988 0118 .4545/.8000 00006
Particulate Fraction 006010012 9882 .54551.2000 99994
Touwl Removal Rate L 0039 0025 0330 00
Model Reloted Paramerers:
Sedu_'nem Capscity Facor, 8 T4600. 7450 18.4/32.4
?alrlncgla:e Conceniration )
atio, ryr A52404
To:;l Appnr'ent Removal 58 i
ate, K. Ld 003710037
Total an.brsferDacay Raes 371003 032310329
Water Column, 5, Lid 040110389 174910632
Sedimeni Layer, s, Lid 10997.1099 00200.0020
Fast Decay Rate, g, Lid 14721450 17661.0643
Slow Decay Rate. g, Ld 00290029 00037100106
Half Life, 6934, d 239.1219. 18704693,

*Parameter values for t < 10 daysit z 10 days, when two values are shown.

.
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water column isy/(s; + ;) = 73%). These
determine the rate at which the initial trans-
fer takes piace: g, = $ + 53 = 0154,
and together with the totaj apparent re-
moval rate, Ky, the slow overall loss rate:
2 = 55, + 5K = 0.0029/d. The contri-
bution of sediment decay, K;, is small rela-
tive to water column decay even though
they are both nearly equal (K; = 0.0029/d;

K; = 0.0025/d). The reason is that Bryfe, is
smalldue to the relativety low partition coef-
ficient for Lindane.

MODEL CALIBRATION — DDE

Differences in particulate transport be-
tween the initial ten days of rapid solids
deposition and the Subsequent period are
important in determining the fate of DDE in
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the quarry, The physical and chemical pa- served water column concentration de-
rameters for both periods are shown in Ta-  creased from about 53 ng/L to less than 10
bie 4, and a comparison of calculated and ng/L, while the total sediment concentra-
observed DDE distributions is presented in  tion of DDE increased sharply to more than
Figure 8. The calculated water column 25 s&/L. The rapid clecr_e_asc in the water
DDE concentrations in the two upper  colurmn DDE and the corresponding in-
graphs of Figure 8 are in very good agree-  crease in the sediment DDE is due to adsorp-
ment with the data. During the first 10days  tion of DDE onto the water column solids
of the experiment the calculated and ob-  which settle to the sediment. After Day 10,
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there is a much more gradual decrease in the
water column DDE concentration, since
the net flux of solids to the sediment is essen-
tially zero.

The calculated sediment DDE concen-
tration reaches a maximum of 34.5 xg/L by
approximately Day 40, at which time a Jocal
equilibnum condition between the water
column and sediment concentrations is ap-
proached. After Day 100, the calculated
water column concentration of 1.3 ng/L de-
creases slowly, while the sediment concen-
tration of shghtly more than 30 ug/l
decreases at a rate which is in proportion to
the water column concentration. All remov-
al of DDE occurs in the water column as a
result of photolysis and volatilization. As
the water column concentration decreases,
DDE diffuses from the sediment interstitial
water intc the overlying water {the resus-
pension rate is zero), and the sediment con-
centration decreases: As long as there is
water column decay, equilibrium conditions
between dissolved concentrations in the
water column and sediment layer interstitial
water cannot be established and the de-
crease of water and sediment concentra-
tions will continue until the DDE is depleted
from the system.

It s of interest to further consider the
computed total and dissolved DDE concen-
trations, both shown in the linear scale
water column comparisons of Figure 8. The
reported total DDE concentrations were ac-
tually measured after a glass wool filtration,
which probably removed a significant por-
tion of the adsorbed particulate DDE. Mass
budget calculations [2] indicated an appar-
ent toss of total DDE mass during this time
period. The mode! computations suggest
that the missing DDE was associated with
the water column particles removed by the
filtration.

Additional insight into the fate of DDE
can be cbtained by considering the analyti-
cal solutions and the magnitudes of the pa-
rameters affecting chemical fate. For the
initia] period, the total water column trans-
fer-decay rate, 5,, is dominated by the solids

settling velocity term. In contrast to the
Lindane situation, the water column parti-
tion coefficient of DDE is large enough
{x, = 50,000 L/kg} to make the particulate
fraction significant {f;; = 6.545) and remov-
al by settling dominates over water column
decay and diffusive exchange. By contrast,
the total sediment transfer-decay rate, 55, is
controlled by the diffusive exchange rate,
KifayH; = 0.002/d which is substantially
less than that for Lindane (0.107/d) due to
the higher sediment partition coefficient of
DDE. As a consequence, the initial rapid
depletion of water column DDE and the
corresponding sediment increase is entirely
controlled by the fast decay rate:

gi=5 +5= w|f|:vlle (14)

This fact is reflected in the choicz of t = 10
days as the dividing point between the two
periods. At the end of 10d the sediment has
increased in concentration to ¢y = 32.6
u@/L which is a wenfold greater concentra-
tion than that achieved by Lindane in the
same time period. The difference is due to
the markedly different mechanisms which
transferred each chemical to the sediment:
whereas diffusive_exchange dominated
Lindane transport, particie setting domi-
nated DDE transport.

Duning the second period, the total water
column transfer-decay rate, s,, is dominated
by diffusive exchange and water column de-
cay as a result of reduced particle settling.
The total sediment transfer-decay rate, s, is
the same as during the initial period. As a
result, the ratio controlling the slow decay
rate, 5p/s, + 5q, increases markedly, as does
the slow decay rate, g;. The half life of DDE
decreases almost threefold as a result of the
decrease in settling velacity, since decay oc-
curs only in the water column and settling
provides & mechanism whereby DDE is
transferred 1o the sediment.

The behavior of the water column con-
centration after the initial period can be
viewed as the sum of the DDE responses
due to the DDE in the water column and

g5
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thatinthesedimentatt = [0d(t’ = 0). The
formula that results is:

el = 891096874 4+ 00320 0ns
+ LI2je® — et

where the first line is the water column con-
centration due to the initial condition in the
water ¢olumn, and the second line is the
contribution due 1o the sediment initial con-
dition. Note that a significant contribution
to the early response ('~ 3/g, = 47 d,
t = 57 d) is due 10 the initial condition in the
water column. Thereafter, however, its im-
portance diminishes and its contribution to
the response is negligible. By contrast, the
DDE initially in the sediment then controis
the response and the water column concen-
tration is determined by the g; decay terms.
Both water column and sediment concen-
tration are decaying with a ha'f-life of about
700d.

The importance of the various parame-
ters can be understood as follows. The long
term fate of DDE is controlled by the initia)
quantity deposited in the sediment during
the first 10 d, which in turn is controlled by
the rapid decay rate, g; = w,lo/H,. Hence,
the settling velocity, water column partition
coefficient and solids concentration is each
important. The long term decay is deter-
mined by the slow rate:

52
8= 55 Ky (16)

The ratio of the transfer-decay rates during
the second period is dominated by the terms:

s KM 0.002
$,+5, K +KlgH, 0033 + 00288

(in

The rate of diffusive exchange is of primary
importance since it is this mechanism that is
transferring DDE from the sediment to the
water column, where it is subject to decay.
Hence the diffusive exchange rate and the
sediment parameters m; and ry (which af-
feet fy)) are both important. Finally, the
water column decay rates for photolysis and

volatilization are, of coure, critical since
they sum to form Ky which is the second
factor in the slow rate expression, Equation
116). - .

Figure 9 compares the calculated masses
of Lindane and DDE in the water column
and sediment during the calibration period.
On Day 100, 2.07 grams (75%) of the initial
2.77 grams of Lindane can be accounted for
in the water ¢olumn and sediment layer of
the quarry. Of this amount, more than 75%
is present in the water column. Similarly,
1.93 grams {70%) of the injtiat input of DDE
also remains on Day 100. This is somewhat
Surprising, in view of the order of magnitude
higher water column decay rate of DDE re]-
ative to Lindane. The persistence of DDE is
directly related to the relatively higl, per-
centage of that chemica) stored in the sedi-
ment and hence not available for photolysis
or volatilization. The model calculations
show that more than 96% of the remaining
1.93 grams of DDE in the system at Day 100
is in the sediment layer.

MODEL YERIFICATION AND PROJECTIONS

Approximately five years after the initial
dosing of the quarry, on June 21, 1977, sev-
eral sediment samples were collected and
analyzed for DDE (R. G. Zepp, personal
communication). Although this follow-up
sampling and analysis was of limited scope,
it provides a basis for z preliminary verifica-
tion of the model.

Two methods were used for sampling; in
each case the depth of sample was oniy
known to within a rough approximation.
The reported DDE concentrations on a
solids mass basis were converted to volumet-
ric ¢oncentrations and adjusted to concen-
tration ranges which reflect the uncertainty
in sampling depth and which correspond 1o
2n assumed depth of DDE penetration of
1.5 em.These DDE concentration ranges,
3.4t011.2 xg/l for Sample A and 2.9t0 4.2
ug/L for Sample B, represent almost 2n or-
der of magnitude decrease in the sediment
DDE concentration since the time of the
quarry experiment. The DDE level in water
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Fig. 9. Comparison of masses of Lindane and DDE in quarry system during first year.

column samples collected at the same time
as the sediment samples was Jess than the
detection limit {30 ng/L) of the analytical
technique which was employed.

Model projections for DDE and Lindane
are shown in Figure 10. These projections
are simply a continuation of the previously
presented model calibration with kinetic
and transport parameters held constant in
time after Day 10. The initial rapid decrease
of DDE in the water column during the first
year is followed by an exponential rate of
decrease over the next 11 years. The sedi-
ment concentration time history parallels
the warer column profile, and at the time of
the June 1977 sampling, the calculated sedi-
ment concentration is 5.6 ug/L. Considering
the simplifying assumptions in the modeling

framework, the uncertzinty associated with
many of the parameter estimates, and the
precision of the data, the calculated and ob-
served concentrations at t = 5 years are
considered to be in excellent agreement. The
fact that the calculated and observed water
column concentrations are less than the de-
tection limit gives further credence to the
modeling analysis. The mode! results also
indicate the projected DDE levels in the
quarry sediment 10 years after the original
dosing, in June 1982, were approximately |
/L

Lindane concentrations were not mea-
sured at the time of the 1977 sampling. The
maodel projections indicate that the Lindane
concentration in the water was eventually
reduced to the same concentration as DDE

S7

352 D.M.DiToroano P. R. Paguin

ODE LINQANE
Iy =
H S e wf
R S
= 2z
] 8w
uE g va gl —_ -
=Q ")
w
vs =z
al b e g
‘o o
- -
L 1 L i 1 o A | J. i L l
) . . . ] ] [ + ' 0 ) 1
- BauECg DRECRRTQu -
L ® Feway cousgy o M ap
T B itooe -
. 3 -
T -
- ol ooy
T 2 o
o e
A oe
na Copt i muti b 0 Bor 508 eass
B oo £ |
= =
1 1 |
o ] « 0 [] < i . ' o z
Laune 123 faunt o7 1 taumg 17 [RULT T
TiME AFTER RELEARE [ YCAAS | Yis{ aFTEA RELLASE (YEAAS |
GATE TIPS 4uD STACEY, unAul,ITHED

Fig. 10. Long tertn model verification/projection for Lindane and DDE.

after about five years, while the sediment
Lindane concentration was two to three or-
ders of magnitude lower than the sediment
DDE concentration at that time. The esti-
mated mass of Lindane remaining in the
quarry of 0.014 grams is less than 5% of the
mass of DDE in the system at that time
{0.330 grams), even though the estimated
water cojumnn decay rates for DDE were an
order of magnitude higher than the decay
rates for Lindane. This is especially surpris-
ing when one considers that the Lindane
concentration in the water column was
much higher than the concentration of
DDE during the first year, thereby giving
the appearance that Lindane was the more
persistent chemical. These mode! results un-
derscore the significance of chemical parti.
tioming on chemical fate and highlight the
importance and wiility of a modeling frame-
work which incorporates realistic mecha-
nisms of water column and sediment
interaction.
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