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ERRATA

The authors wish to add this information to NOAA Technical Memorandum

ERI. GLERL-41,  Documentation of Sh'U--A Sediment/Vater  Co~um Contaminmt

,yodeZ, August 1982, by Gregory A. Lang and Steven C. Chapra.

The FORTRAN program listed in Appendix B was written for a CDC Cyber

750 FORTRAN Extended Version 4.8 compiler. Successful application of this

code to other compilers is not g u a r a n t e e d .

In addition, the authors wish to reference the two software packages

used in the program. The first package is the IHSL Library, Edition 9. It

is a product of International Mathematical and Stntfstical Libraries,

Incorporated, NBC Building, 7500 Bellaire Blvd., Houston, Texas. The

subroutine ZSYSTM, called on page 41, Appendix 8, was used from this package

to simultaneously solve a set of non-linear equations. ZSYSTM has sub-

sequently been replaced in the IMSL Library by the subroutine ZSPOW. The

second software package is the DISSPLA version 8.2 software system. It is a

product of the Integrated Software Sys tems  Corporation (ISSCO). 4186

Sorrento Valley Blvd., San Diego, California. The subroutines called on

pages 46 and 47, Appendix B, (excluding the subroutine RMAX) are all part of

DLSSPLA and were used to generate the plots in figures 4 and 5.
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DOCUMENTATION  OF SED--

A SEDIMENT/WATER  COLUMN CONTAMINANT MODEL*

Gregory A. Lang and Steven C. Chapra

Presented is documentation of a mathematical model devel-
oped to simulate the contaminant level in the sediments and
overlying water column of a well-mixed lake. The contaminant
is segmented into three fractions, organic, inorganic, and
dissolved, each with different physical and kinetic proper-
ties. The principal application of the model would be predic-
tion of the year-to-year and steady-state response of the
water column and sediments to changes in the loading rate of
contaminant and/or particulate matter. A simulation of 23gPu
in Lake Michigan is presented as an example of the model's
use.

1. INTRODUCTION

Presented here is a brief description of a sediment/water column con-
taminant model called SED. It was developed by Dr. Steven Chapra, now a
Professor at Texas A & M University, while he was at NOAA, Great Lakes
Environmental Research Laboratory. Much of his work dealing with this model
appears in "Long-term models of interactions between solids and contaminants
in lakes" (Chapra, 1982), and Engineering Approaches for Luke Management--
Vol. 2: Mechanistic Modeling (Chapra and Reckhow, 1982).

SED is a mathematical model designed to simulate the concentration  of a
contaminant in the sediments and overlying water column of a lake. It
operates on an annual time scale, ignoring within-year variations. Its
principal application would be to predict the year-to-year and steady-state
responses of the water column and sediments to changes in the amount of con-
taminant and/or particulate matter entering the lake.

2. MODEL DEVELOPMENT

The contaminant being considered is divided into three components--that
associated with organic particulate matter, that associated with inorganic
particulate matter, and that dissolved in the water. Adsorption/desorption
plays an important role in such a kinetic segmentation scheme because only
the portion of a contaminant that associates with particulate matter is sub-
ject to settling and resuspension and only the dissolved component is sub-
ject to diffusion and vaporization.

"GLERL Contribution No. 325.



The water column is idealized as a completely mixed volume resulting in
a lake-wide average contaminant concentration. The sediments are horizon-
tally subdivided into well-mixed "slices" varying in thickness from a half
of a centimeter near the sediment/water interface to several meters in the
deep sediment. This spatial segmentation scheme (figure 1) yields a lake-
wide mean annual estimate of the level of contaminant in the water column
and provides the vertical profile of contaminant in the sediments.

SED comprises two main parts--a solids budget and a contaminant budget.
The solids budget uses information such as the loading rate of particulate
matter, density and porosity of the sediments, and various settling rates to
calculate the steady-state concentrations of organic and inorganic par-
ticulate matter in the water column and sediments, as well as the burial
velocity (or sedimentation rate). The contaminant budget uses information
such as the physical characteristics of the lake, the loading rate and kine-
tic properties of the contaminant, and the results of the solids budget to
predict the concentration of the three forms of contaminant in the water
column and sediments. See flow chart in figure 2.

2.1 Contaminant Budget

The contaminant budget consists of a set of coupled differential equa-
tions that result when mass balances are written for each of the three con-
taminant components within their respective "pools." A pool is simply a
place of residence, so to speak, for each of the three components. Each

/

Water Column

Mixed Sediment

2nd Sediment  Layer

3rd Sediment  Layer

FIGURE l.--Spatial  segmentation scheme used &I SED.
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FIGURE Z.--Flow  chart representing the pathways  of  SED.

well-mixed volume comprises three such pools--the organic solids volume
(organic pool), the inorganic solids volume (inorganic pool), and the liquid
volume (liquid pool). Contaminant levels within the three pools in each
control volume depend on system inputs, system losses, and interactions be-
tween pools. Inputs are in the form of contaminant loading; losses include
flushing, settling, vaporization, and decay; and interactions between pools
consist of adsorption and desorption, resuspension,  settling, and diffusion.
See figure 3.

2.1.1 Water Column Balance

The term "water column" is somewhat imprecise--it refers to the entire
lake volume, which includes all three pools, and not just to the liquid

pool, as the  term might suggest. But, since the porosity of the water
column is assumed to be equal to one, the  volume of the liquid pool Is, in
fact, essentially equal to the volume of the entire water column. This
distinction is important in the sediments where the porosity is less than
one. Presented below are the differential equations for the three pools in
the water column and for the entire water column.

3



Water
Column

Mixed
Sediment

RS K

/”

RD K

f

RS K

f-

2nd Sediment
Layer

;;h$adiment  [+&+a+ j ~ llZ!$iln

FIGURE 3.--Overview of contaminant  budget .  Arrows  r e p r e s e n t
pathways of contaminant into and out of the system, between
control volumes, and betieen  pools.
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2.1.1.1 Organic Pool. A mass balance for the contaminant associated
with the organic solids in the water column can be written as

dv
m o,w= k
0," dt

m
ad,o,w 0," =I," - kde o w mn w "o w, , , , -i+- mo w vo w

t,w ' '

(absorption) (desorption) (flushing)

where m
0,"

"0,"

V
A"

v A
0," + x-Em
V mo,w '0," Vt m o,m "o,m , , ,- ko w m. w "0 w'
t,"

(settling) (resuspension) (d-v)

= mass of organic suspended solids, grams dry weight",

= curies** of contaminant associated with the organic
solids per mass of organic solid, curies per gram,

(1)

k=d,n," = adsorption rate of contaminant from liquid pool to OrganiC
PO019 cubic meters per gram per year,

kde,n," = desorption rate of contaminant from organic pool to liquid
pool, per year,

?,W

Q

"t ,"

"0,"

Aw

"r

Am

= curies of contaminant dissolved in liquid pool per volume of
liquid pool, curies per cubic meter,

= advective water flow leaving lake, cubic meters per year,

= volume of water column, cubic meters,

= settling rate of organic solids, meters per year,

= average surface area of the water column, square meters,

= resuspension rate, meters per year,

= surface area at sediment/water interface, square meters,

*For simplicity, the term "dry weight" will be dropped, and henceforth
the term gram will stand for "grams dry weight" unless otherwise noted.

**
Keep in mind that not all contaminants are measured in curies (e.g.,
PCB's are measured in mass units, such as pg).
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"t ,m = volume of first sediment layer (mixed sediment), cubic
meters,

%,m = mass of organic solids in mixed sediment, grams,

yo,m = curies of contaminant associated with the organic solids
in the mixed sediment per mass of organic solid, curies per
gram,

ko,w = decay rate of contaminant in the organic pool, per year,

t = time, years, and

W = subscript denoting water column.

2.1.1.2 Inorganic Pool. A mass balance for the contaminant associated
with the inorganic solids in the water column can be written as

d"i wA =
mi,w dt

k
ad,i,w mi,w '1,~ , , , ,- kde i w mi w vi w -+-m

t,"
I," "I,"

(adsorption) (desorption) (flushing)

“I,” A”
v A
-IL-!!!

v mi w "I w + V
t,w ' ' t,m

mi,m 'i,m p , ,- ki w ml w vi w' (2)

(settling) (resuspension) (de-y)

where the terms are identical to the terms for the organic pool, except that
the subscript -o- has been replaced by the subscript "I," denoting inorga-
nic.

2.1.1.3 Liquid Pool. A mass balance for the contaminant dissolved in
the liquid pool can be written as

dc
l,w

"1," dt = WC(t) - Q cl w - vv As cl w + kde o w no w v,, w,, , ,

(loading) (flushing) (vaporization)  (desorption)

- kad o w mo w '1 w + kde I w mi w "I w - kad i w mi w '1 w,, , , ,I , , ,, I ,

(adsorption) (desorption) (adsoprtion)

' Es Am
+ (zb+zm)/2 (Cpw,m - '1," ) + vr @ A, c

pw,m - kd w "1 w '1 w' (3)
, , ,

(diffusion) (resuspension) (decay)
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where "1," = volume of the liquid pool, cubic meters,

W,(t) = loading rate of contaminant dissolved in the liquid pool,
curies per year.

"v = vaporization rate, meters per year,

A, = surface area at air/water interface, square meters,

4 = porosity of sediments,  dimensionless,

Es = diffusion coefficient, square meters per year,

'b
= thickness of the laminar boundary layer above the

sediment/water interface, meters,

=m = thickness of mixed sediment layer, meters,

=pw,m = curies of dissolved contaminant per volume of liquid pool
in mixed sediment, curies per cubic meter, and

k
d."

= decay rate of contaminant dissolved in liquid pool, per year.

Note that

where Em = molecular diffusion,  square meters per year.

2.1.1.4 Total Contaminant in the Water Column. It is often more
desirable to work in terms of the total contaminant (i.e., the sum of the
three components), thus reducing the number of equations per control volume
to one and greatly simplifying the calculations. Since sorption reactions
typically proceed much faster than input-output processes, a local equi-
librium can be assumed and equations (l), (2), and (3) can be combined to
yield

V
dct w----r-=w(t)-+m  v -Qm

t,w dt c t,w O,"
0," vt " I," "I," - Q 5,"

V A
OS" 'rn v

_ "i," As
v
t,w O*" 0." v

t,"
mi," "I," - "v As 5,"

$ Es Am
v A

+ (Cp",m - Cl,") + p In " + rmm
2' t,m o,m o,m V
b t,m

i,m vi,m

7



+ vr $ A, c - k. w mo w "o w - ki w mi w "I w - kd w "1 w '1 w'P",m , , 9 a,, 3 3 9
(4)

where ct," = curies of total contaminant in water column per total
volume of water column, curies per cubic meter, and

2'
b

= thickness defining the gradient between the mixed sediment
and the overlying W a t e r  (= (zb + 2,)/z),

Some new terms must be introduced to relate the individual terms vn,",

"i,w. =*d ~1," to the total concentration, ct,". Remember that, since the
porosity of the water column is essentially equal to one, the volume of the
liquid pool equals the volume of the water column, or

"1," = "t,w'

And it follows that the concentration of dissolved contaminant with respect
to the liquid pool, cl,", is essentially equal to the concentration of
dissolved contaminant with respect to the total water column, or

'1," = =d,w'

where Cd," = curies of contaminant dissolved in liquid pool per total
volume of water column, curies per cubic meter.

Defining the terms

m v
c = 0,” 0 , ”

0,” v
t,”

and

5," "I,"
c. = v
1,"

t,"

(5)

(6)

where co," = curies of contaminant associated with organic solids per
tot.81 water column volume, curies per cubic meter, and

ci," = curies of contaminant associated with inorganic solids per
total water column volume,  curies per cubic meter,

8



yields an expression for the total contaminant in the water column in terms
of its three components,

or

c
t,w = 'd," + co w + =I (7)

, , w

m V

't,w = =d,w
+ 0," 0," + mi," "I,"

v
t,"

v *
t,"

(8)

In a temporal sense, many sorption reactions are rapid and are
assumed to reach equilibrium much faster than the yearly time scale of the
model. This equilibrium is a dynamic state representing a balance between
adsorption and desorption, as in

k m
=d,w =

k
ad,o,w 0," de.o,w "0," "0,"

and

k
ad,i,w mi,w =d,w = kde I w *I w "I W',, 3 s

With the above assumption, the following partition coefficients can be
defined:

k V
K

ad,o,w
d,o." = kde o w

- 0,"

, 3 'd,w

and

k
K

ad,i,w

d,i," = kde i w
"i,"-

, , 'd,"'

(9)

(10)

where Q,n," = organic partition (or distribution) coefficient in the water
column, cubic meters per gram, and

Kd,i," = inorganic partition (or distribution) coefficient in the
water column, cubic meters per gram.

Equations (a), (9), and (10) can be combined and rearranged to yield

'd,w = Fd,w =t,w' (11)

9



“here Fd,w =
I 3

m0," Kd,o,w + mi," Kd,i,w
l+ v v

t," t,"

and

c =F c
0," 0," t,w'

m
0," Kd,o,w

v
where F,,, = t,"m

0," Kd,o,w + mi,w Kd,i,w
l+ v V

t," t,"

and

Cl,” =
F
I," =t,"'

mi,w Kd,i,w
v

where Fi," = t,"
m
0," Kd,o,w + mi,w Kd,i,w

l+ v
t,"

V
t,"

Thus,

'1," = 'd,w =
F
d,w =t,w'

V
tw

V =LF c
0," no,, 0," t,w'

and

v
“I,”

=t,wF
ml," 1," 't,w'

10
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Note that

Fd,w + Fo,w + Fi,w =
1.

Finally, by substituting equations (14), (15),  and (16) into equation (4),
the total contaminant balance in the water column can be reexpressed as

V
dct  w

t,w dtA = WC(t) - Q ct w - v As Fd w ct w - v. w A, F. w ct "
, " 9 , , ,

' Es Am
- "I w A" Fi w =t w + zi cFpw,m 't,m* - Fd,w 't,w 1

l , ,

+ vr A, c *X - k
t,m d," 't,w Fd,w =t,w , , , ,- k. w "t w F. w =t w

- ki w “t w Fi w Ct we, , 3 3
(17)

2.1.2 Mixed Sediment Balance

The mixed sediment is the first segment below the water column and is
usually between 1 and 2 cm in depth. It is so called because of the intense
mixing, or bioturbation, caused by the benthic organisms that reside there.
The mixed sediment also comprises three pools--the liquid pool (also called
the pore water), the organic pool, and the inorganic pool. Presented below
are the differential equations for the three pools in the mixed sediment.

2.1.2.1 Organic Pool. A mass  balance for the contaminant associated
with the organic solids in the mixed sediment can be written as

*It will be shown in the following section that cpw,m = Fpw,m =t,rn.

**It will also be shown that the sum of the three resuspension terms equals

"r A, =t,m*

11



dv
m o,m= k
o,m dt

m c
ad,o,m o,m pw,m - kde o m *o m "o m + "o w Aw F. w 't w, , , , , , s

(adsorption) (desorption) (settling)

"b Am
v A

--m v
V

~2-zmm
V

V
o,m o,m t,m 'Pm *,* - k. m mo m "0 m' (18)

t,m
, , p

(burial) (resuspension) (dec=y)

where cpw,m = curies of contaminant dissolved in pore water per volume of
pore water, curies per cubic meter, and

"b
= burial velocity, meters per year.

The remaining terms are identical to the  terms used for the organic
pool in the water column, except that the subscript "w* has been replaced by
the subscript "m," denoting mixed sediment.

2.1.2.2 Inorganic Pool. A mass balance for the contaminant associated
with the inorganic solids in the mixed sediment can be written as

dv.
l,m= k

*i,m dt ad,i,m mi,* 'pw,m , , , , ,- kde i m mi m "I m ' "I w Aw Fi w 't w9 ,

(adsorption) (desorption) (settling)

(19)

"b Am
v A
-rm

-V*i,m "i,m Vt m mi,m "i,m , , ,- ki m mi m '1 m'
t,m

(burial) (resuspension) (de-y)

where the terms are identical to the terms used for the organic pool in the
mixed sediment, except that the subscript "0" has been replaced by the
subscript "I," denoting inorganic.

2.1.2.3 Liquid Pool. A mass balance for the contaminant dissolved in
the pore water in the mixed sediment can be written as

12



v dcpw,m -
pw,m dt

k
de,o,m *o,m "o,m - kad o m mo m ', , , pw,m ' kde I m mi m "I m, , , ,

(desorption) (adsorption) (desorption)

-k
' Es Am

ad,i,m mi,m 'pw,m
+

%
(Fd,w 't,w - 'pw,m 1

(adsorption) (diffusion)
.

+
' Es Am
z
m,2

('pw,2 - 'pw,m) - "b ' Am 'pw,m - "r ' Am 'pw,m

(diffusion) (burial) (resuspension)

-k
d,m "pw,m 'pw,m'

(de-y)

(20)

where Vpw,m = volume of the pore water, cubic meters,

CP",2 = concentration of contaminant dissolved in the pore water in
the second sediment layer, curies per cubic meter, and

z
m,2

= mixing zone between mixed sediment and second sediment
layer (= (zm + 22)/2), meters.

The remaining terms are identical to the terms used for the liquid pool in
the water column, except that the subscript "w" has been replaced by the
subscript "m," denoting mixed sediment.

2.1.2.4 Total Contaminant in the Mixed Sediment. Again it is desir-
able to work in terms of the total contaminant;  therefore, adding equations
(18), (19), and (20) yields

v
dct mA C"

t,m dt 0," A" Fo w =t, 9w + "I," A" Fi w =t, ,w

+ ' Es Am
1

=b
(F

' Es Am
d,w 't,w - 'pw,m ) + z

m,2
('pw,2 - 'pw,m)

13



"b Am "b Am
-7m v

t,m *,m *,m --*I,* "i,mv
t,m

- "b ' Am 'pw m,

v A v A
-rm " -2-E

Vt,m *,m *,m V
t,m

mi,m "i,m - "r ' Am 'pw m,

-k
d,m "pw,* 'pw,* , , , , , ,- k. m *o m "0 m - ki m mi m "i m' (21)

where ct,* = curies of total contaminant in mixed sediment per total
volume of mixed sediment, curies per cubic meter.

It is again necessary to relate the individual terms v*,~, "I,~, and
cpw,m to the total concentration, c~,~. The volume of the pore water can be
related to the total volume of the mixed sediment by the porosity, as in

v = 4vt **pw,m ,

The concentration of contaminant dissolved in the pore water can also be
related by porosity to the concentration of contaminant dissolved in the
total mixed sediment volume, as in

'd,m = "pw,m' (2.7.)

where Cd,m = curies of contaminant dissolved in the pore water per total
volume of mixed sediment, curies per cubic meter.

Defining the terms

m v
c = o,m o,m

*,* V
t,m

and

mi,m "i,m
'i,m= Vtm '

,

(23)

(24)

14



where co,* = curies of contaminant associated with organic solids per
total volume of mixed sediment, curies per cubic meter, and

ci,m = curies of contaminant associated with inorganic solids per
total volume of mixed sediment, curies per &bic meter,

yields an expression for the total contaminant in the mixed sediment in
terms of its three components as follows:

c
t,m = 'd,m + 'o,m + 'i,m

or

m v
c = e= +

0,m 0,m + *I,* 'i,m

t,m pw,m v v *
t,m t,m

(25)

Equation (26) can be further simplified by the use of the following equa-
tions:

(26)

m
o,m = po ,+*
V
t,m

and

(27)

(28)

where p, = mass density of the organic solids in the mixed sediment, grams
per cubic meter,

41~ = volume of the organic solids per total mixed sediment volume,
dimensionless,

Pi = mass density of the inorganic solids in the mixed sediment,
grams per cubic meter, and

Qi = volume of the inorganic solids per total mixed sediment
volume, dimensionless.

Note that

15



$J +@*+@I  =I*

Thus,

't,m = @Cpw,m + po "0 "0,m + pi @I "I m',

Again, partition coefficients are defined as

k
K

ad,o,m

d,*,m = kde o m
- "*,m

c
, , w,m

(29)

(30)

k

Kdim=k
ad,i,m _ "I+

, , de,i,m 'pw,m'
(31)

where Kd,o,m = organic partition coefficient, cubic meters per gram, and

Kd,i,m = inorganic partition coefficient, cubic meters per gram.

Equations (29),  (30),  and (31) can be combined and rearranged to yield

'pw,m =
F
pw,m 't,m' (32)

where Fpw,m = 0 + p $
1

K
d o m + 'i "I Kd I m'** ,, , ,

and

c =F
0,m 0,m 't,m'

where F,,, =
'o $0 Kd o m

@ + P, Q. Kd o ; ; pi ei Kd i m’, , , 9

(33)

16



'i,m = Fi,m 't,w'

pi '1 Kd I m
"here FiBm = @ + po $. Kd o i ; pi @i Kd i

3 , I 9
*'

and

'd,m =
F
d,m 't,m'

where Fd,m = $Fpw,m.

Thus,

'pw,m
=F

pw,m 't,m'

'd,m = '$cpw,m =
F
d,m 't,m'

v
tm

V n--F c
*,m mo,m *,m t,m'

and

v
tm

"i,m
=LF
mi,m i,m 't,m*

Note that

Fd,m + Fo,m + Fi,m =
1.

(34)

(35)

(36)

(37)

(38)

(39)

Finally, by substituting equations (36),  (37),  (38), and (39) into
equation (21), the total contaminant balance in the mixed sediment can be
reexpressed as

dc
V t,m _ A F
t,m dt - "0," w 0," 't,W + "I , w Aw Fi w 't w - "b Am 't m, 9 ,

17



- "r Am 't,m - kd m "t m Fd m 't m - k. m "t m F. m 't m3 > , 9 , I , ,

-k
i,m "t,m Fi,m 't,m

+
' Es Am

%
(Fd,w =t,w

-F
w,m 't,m)

+ ' Es Am

=1,2
(FP",2 =t,2

*-F
pw,m 't,m 1. (40)

2.1.3 Deep Sediment Balance

The total contaminant budget for the remaining segments is formulated
in much the same way as that of the mixed sediment layer. The settling term
is represented as a product of the settling velocity, sediment surface area,
and concentration at the interface between each segment. The concentration
at the interface depends on the levels in both segments, which can be
approximated by

‘j,k = aj,k 1c. + Bj,k Ck'

where Cj,k = the concentration at the interface between the jth and kth
segment,

cj = concentration in the jth segment,

= concentration in the k
th

Ck segment, and

a,P = weighting factors (a + @ = 1).

Presented below is the final equation for the total contaminant in segment
I, where i = 2,ns (ns being the total number of segments),

v dct I
A = vb A, (“i-1 i ‘t i-1 + Pi-1 i ‘t 1)t,i dt , > , ,

- "b Am ('1 i+l 't I + @I I+1 't,i+l)> , ,

*It will be shown in the following section that cpw,2 = Fpw,2 =t,2*
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+ @ Es *m (F pw,i-1 Ct,i-l
-F

zi-l,i
pw,i Ct,i 1

+
@ Es *In

-F
zi,i+l

(Fpw,i+1 Ct,i+l P",i =t,i 1

- ki i "t i Fi i =t i - k. i "t i F. i3 2 3 9 , B 3

where i = segment number.

c
t,i - kd i "t i Fd i =t i' (41)

I , > ,

The remaining terms are the same as those used in the total contaminant
balance in the mixed sediment.

2.2 Solids Budget

The contaminant budget previously described relies on the knowledge of
the levels of particulate matter in the water column and sediments. There-
fore a solids budget is obtained that yields the concentration of organic
and inorganic solids in the two regimes, as well as the rate of burial to
the deep sediments.

The spatial segmentation scheme of the solids budget is somewhat dif-
ferent than that of the contaminant budget. The system is divided into only
two well-mixed zones, the water column and the mixed sediment, with uni-
directional burial to the deep sediments.  It is assumed that the solids
balance is at a steady state and that compaction is negligible (i.e., poro-
sity is constant).

The inorganic solids are assumed to be strictly allochthonous, i.e.,
they originate outside the lake and are transported into the system via the
the wind and tributary streams. The organic solids are assumed to be
autochthonous; i.e., they originate within the lake via primary production.

2.2.1 Inorganic Solids

Writing mass balances for the inorganic particulate matter in the water
column and mixed sediment results in the following differential equations:

V
dsi wA

t,w dt
= Y - Qsiw - Vi," A" Si," + "r *ID pi @i (42)

,

(loading) (flushing) (settling) (resuspension)
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and

V
dbi @,I

t,m dt = vi w A, si w - vr A, pi +i - vb A, pi b,, (43)
3

(settling) (resuspension) (settling)

where 61,~ = concentration of inorganic suspended solids in the water
column (= mi,w/V t,w), grams per cubic meter,

Y = loading rate of inorganic solids, grams per year, and

Pi @. -1 - concentration of inorganic solids in the mixed sediment
(= mi,m/Vt,m), grams per cubic meter.

Remember that

@ + 60 + @I = 1.

2.2.2 Organic Solids

(44)

The concentration of organic solids is assumed to be directly propor-
tional to the level of particulate organic phosphorus,  as in

P
S 0,"-
0,"

%

and

P
PO e* = *,

%

(45)

(46)

where so," = concentration of organic suspended solids in the water
column (= %,"/Vt,"), grams per cubic meter,

P
0,"

= concentration of particulate organic phosphorus in the water
column, milligrams of phosphorus per cubic meter,

P
*,m

= concentration of particulate organic phosphorus in the mixed
sediment, milligrams of phosphorus per cubic meter,

2 0



"pd =

P O  @o =

fixed stoichiometric coefficient, milligrams of phosphorus per
gram, and

concentration of organic solids in the mixed sediment
(= q,m/Vt,m), grams per cubic meter.

A mass balance written for total phosphorus in the water column yields

V
dpt w--2-=W -Qp

t,w dt P t,w - vo," *"PO" -, "i w *w pi w, ,

(loading) (flushing) (settling) (settling)

+ vr Am (P, m + pi,,)> (47)

(resuspension)

where pt w = total phosphorus concentration  in the water column, milligrams
of phosphorus per cubic meter,

UP = rate of total phosphorus loading, milligrams of phosphorus per
yea=,

Pi,"
= concentration of particulate inorganic phosphorus in the
water column, milligrams of phosphorus per cubic meter, and

'i,m
= concentration of particulate inorganic phosphorus in the
mixed sediment, milligrams of phosphorus  per cubic meter.

Note that

Pt,w = pd,w + PO w + Pi,“’ (48),

where pd," = concentration of dissolved phosphorus  in the water column,
milligrams of phosphorus per cubic meter.

The individual terms p, w and pi w can be expressed in terms of total
phowho=us, pt ", with the u& of som2? conversion factors, as in

PO," = Fp,o,w pt,w* (49)
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lT
where F

P,O," =,+a+:d,i,p 'i,"'

and

Pi," =
F
p,i,w Pt,w'

where F
Kd i p 'i,w

P,i>" = 1 + lTo'+'K
d,i,p 'i,"

The terms (I, and Kd,r,p are partition coefficients that relate the par-
ticulate and dissolved fractions, as in

P
(lo = o,w

'd,w

and

K "P,i,"
d,i,p = pd w '

l

where vp,i," = mass specific concentration of phosphorus associated
inorganic solids, milligrams of phosphorus per gram.

Substituting equations (49) and (50) into equation (47) yields

with

(50)

V
dpt w

t,w dtA = w - Q pt,w - "0," *w Fp,o," pt,w - "i," *w Fp,i," pt,wP

+ vr Am (P, m + qm)- (51)

The mass balance equations for organic and inorganic particulate
phosphorus in the mixed sediment are, respectively,
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dp
V 3 = v. w A, F
t,m dt P

P,O," t," - "r *m po,m - "b *m 'o,m

(settling) (resuspension) (settling)

- Km V
t,m 'o,m

(remineralization)

(52)

and

V dpi,m
A F

t,m dt = "i,w w p,i," P
t," - "r *m '1 m - "b *m 'i,m,

(settling) (resuspension)  (settling)

(53)
+K," Pt,m o,m'

(remineralization)

where Km = remineralization  rate, per year.

Equations (42), (43),  (44),  (Sl), (52), and (53) represent six non-
linear equations with six unknowns--si,w, @i, vb, pt,", po,*, and pi,*.
These equations,  except equation (44), can be set equal to zero (steady-
state assumption) and solved simultaneously*. Once these six parameters
have been determined, then equations (45) and (46) can be used to calculate
S,,, and $,,, respectively. Finally, the values for so,", si,", $o, $i, and
vb are made available for use by the contaminant budget.

3. MODEL USE

Numerical integration is used to solve the set of differential
equations that constitute SED. Initial contaminant values at time zero are
required in all segments (i.e., the water column and each sediment layer).
The physical and kinetic parameters, such as the lake and contaminant data,
must also be defined before the start of the simulation. The annual rates
of contaminant loading W, are read from an input file. SED is capable of
estimating the loading rates for years when there are no data by linearly
interpolating between years for which data exist.

*The authors used one of the IMSL packages (subroutine  ZSYSTM) available at
NOAA, Great Lakes Environmental Research Laboratory.
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Before integration can begin, certain model parameters must also be
specified, such as the year corresponding to time zero and the number of
years of simulation. It is also necessary to have a print step to determine
how often during the simulation the results are to be printed (e.g., after
every year). A maximum time step of integration (i.e., one that will pre-
vent instability) is internally calculated, but the actual time step is set
at a lower value to increase accuracy. A mass balance is calculated at the
end of each time step as a check that mass is being conserved throughout the
simulation. Complete lists of the lake, contaminant, and model parameters
used in SED are presented in tables 1, 2, and 3, respectively. All of these
parameters must be defined to assure proper execution.

The model output consists of the results from the solids budget, con-
taminant budget, initial calculations, and mass balance. To assure their
accuracy, the annual contaminant loading rates and various other input para-
m e t e r s  are also printed as output. Finally, SED draws five plots--
contaminant loading versus time, total contaminant concentration  in the
water column versus time, total contaminant concentration in the sediments
versus depth, concentration of contaminant dissolved in the pore water ver-
sus depth, and concentration of contaminant associated with the solids in
the sediment versus depth. An example of the model output is presented in
the following exercise.

Example. Use the parameter values used in tables 1, 2, and 3 to simulate
the concentration of 239Pu in the water column and sediments of Lake
Michigan from 1953 to 1977.

A copy of the model output for the above simulation is presented in
appendix A and the five plots are presented in figures 4 and 5. A complete
listing of SED is presented in appendix B.
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TABLE l.--Lake  pwameters used in the simulation of 239Pu in Lake Michigan
IChapra, 1982; Chapm and Sonzogni, 1979; Bannermzn  et al., 1974).

Parameter Symbol Value Units

O"tflo"

Air/water surface area

Lake surface area

Sediment surface area

Lake depth

Sediment layer depths

Mixing zone

Number of segments

Settling velocity of inorganic
solids

Settling velocity of organic
solids

Settling velocity to deep
sediments

Resuspension rate

Inorganic solids concentration
in the water column

Organic solids concentration
in the water column

Rate of inorganic solids
loading

Porosity

Ratio of inorganic solids
volume to total volume in
sediment

Q

As

4"

A,

2"

=S

sb

ns

"I,"

"0 ,"

"b

Vr

9,"

SO,"

Y

e

$1

60 x 10'

56 x 10'

50 x LO9

30 x 10
9

90.5

*

0.01

30

109.5

54.75

t

0

t

t

6 x 10
12

0.8

t

m3 yr-l

m2

m2

In2

m

m

m

* y=-1

* y=-1

m yr-l

* y=-1

g m-3

g ms3

g v-l
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TABLE l . - -Lake  parameters  used in  the  sim&tion of 23gPu  in Lake
Michigan-4cont.I

Parameter Symbol Value Units

Ratio of organic solids
volume to total volume in
sediment

$0 t

Inorganic solids density

Organic solids density

Total phosphorus loading rate

Stochiometric coefficient-
organic P/dry weight

Partition coefficient-inorganic
P/dissolved P

P i 2.5 x LO6

PO 1.27 x lo6

WP 6 x 10L2

W 10

Kd,i,P 0.001

g mm3

g mM3

mgP yr-1

mgp 23-l

m3 g-1

Partition coefficient-organic
P/dissolved P

% 0.333

Remineralization  rate of
organic P to inorganic P

Km 0.001 yr-'

*The segement depths, starting from the mixed sediment, are as follows
(in centimeters):

2, 20 x 0.5, 1, 2, 4, 8, 16, 32, 64, 128, 256.

tThese values are internally calculated by the solids budget and then
input to the contaminant budget.
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TABLE 2.--Contaminant  pammeters  used in the simulation of 23gFu in
L a k e  Michigan  (Chapm,  1982 ;  Wahtgren  et  al . ,  19801

Parameter Symbol Value Units

Loading rate WC *

Initial contaminant concentration cn 0

Molecular diffusion "%I 1.21 x 1o-5

Vaporization  raJe "v 0

Decay rates in water column kd,w. ko,w, ki,w 0

Decay rates in sediments kd,m, ko,m, ki,m 0

Inorganic partition coefficient Kd,i,w 5 x lo5
in the water column

Organic partition coefficient Q,O," 5 x LO5
in the water column

Inorganic partition coefficient Kd,i,* 2 x lo4
in sediments

Organic partition coefficient Q,o,* 2 x lo4
in sediments

Cl yr-1

Cl mW3

cm2 s-l

* y= -1

yr-l

yr-l

*See figure 4 (left).
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TABLE 3.--Model  pdmmeters used in the sirmdation of 23gPu  i n  L a k e  M i c h i g a n

Parameter Symbol Value Units

Year at time zero

Number of years of simulation

Print step

Time step

to

"Y

tP

t C

1953 y=

25 y=

1 y=

0.005 y=

28



Loading

Time

a

r

Water Column  Concentration

01950 I I1960 ,970 1960
Time

FIGURE  4.--Loading rate of 23gPu  to Lake Michigan, 1953-77 (Ci yr-1) (left),
and simulated total concentration of 239Pu  in water column lpCi m-3)
(right).

f/f,r,#,F;,
0 0.05 0.10 0.15 I00 5 10 15 20 'Oo 1 * 3 4

PCi m-3 pCi m-3 pCi g-1

Concentration

FIGURE 5.--Simutated  total concentration of 239Pu in Lake Michigan sedi-
ments, 1973 (p Ci rr3)(teft); simulated pore water  concentration, 1973
(pCi nr3) ( m i d d l e ) ; s imulated solids concentration, 1973 (pCi gd-l)
(right).
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Appendix A--EXAMPLE OF MODEL OUTPUT FOR 23gPu SIMULATION IN IARE MICHIGAN
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.  .  .  ..LAKE  PARANETERS-LAKE  M I C H I G A N . . . . .

D ICU n,YR,  = .6OOOE+ll
AS Isa n, = .5600t+~l
AY (5.0 M, = .5OOOE+ll
AM  (50 M, = .,OOOE+ll
ZY IHI  = 90.500
“0 ,n,YRI  = 5 4 . 7 5 0
“1 ,II,YRI  = 1w.500
YR ,“,YR,  = o.oocl
IS In, = .310
PZ, ,G,YR,  = .6000E*13
YP ,nc PI”@,  = .6OOOE+13
KREM  ,,YR,  = .oo*o
KDlP IC”  M,G,  = .I3010
PARA = .3333
bPtl ,tlP P,Gl = 10.30

. . . . . CONTAnlNANT PAKAREIERS-PLUTONIUM  . . . . .

KRY ,,YR,  = 0 . 0 0 0
KRS (,YR, = 0 . 0 0 0
KOOY  ,C”  !?,G, = .500
KOIW  IC”  n,c,  = .500
KDOn ,C”  tl,GI  = .OZ”
KDIM  IC”  “,Gl  = .ozo
E S  (5
“V cn

. . .

PTU t
POtI  ,
Plil  ,
SIN ,
PHII

0 PIIYR, = .0*44
IYRI  = 0.0000

..SOL,DS BUDGET  . . . . . .

nc PlC”  n, = 8.0186
nG P,C”  nr = .3771E+Oh
nc P,CU  n, = .1879E+05
G,C” n, = 1.0840

.1703
“6 ,ri/YR,  = .46’17E-03

. . .  .  ..IN.TIAL  cALcu.ArIoNs......

SUN (G/C”
SIN ,G,C”
PHIO*KHOO
PHIllRHO,
FDW  =
FOW =
FIN =
FPwn  =
FOrI  =
FObI =
FI” =
PHI =
PHlO =
P H I ,  =

nr = .*oo,
n, = I.08*0
,G,CJ  n, = .3771E+05
(C/C”  I, = .4258E+Cl6

.bO9OE+OO

.60WE-cl1

.3301t+00

.1079t-03

.rjtl3OE-04

.8136E-01

.‘i,llbE+OO

.A”05

.“297

.1703
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I

SEGMENT S E G M E N T  D E P T H ALPHA(I,l+ll BETA(I.I+ll

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
16
19
20
21
22
23
24
25
2b
27
28
29
30
31

-020
.005
.005
.005
.005
.035
.005
.035
.005
.035
.035
.005
.005
.005
.OD5
.035
.OD5
.035
.005
.OD5
.035
.OLO
.020
.040
-080
.lbO
.320
.640

1.280
2.550
5.120

1.0000
.5000

.5000

.5000

.5000

.5000

.5000

.5000

.5000

.5000
-5000
-5000
.5000
.5000
.5000
.5000
.5000
.5000
.5000
.6667
.6720
.8610
.9555

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

T H E  TIME  S T E P  O F  IYTEGRATION  ,YEARSl  - .005

0 . 0 0 0 0
.5000
.5000
.5000
.5000
.5000
.5000
.5000
.5000
.5000
.5000
.5000
.5000
.5000
.5000
.5000
.5000
.5000
.5000
-5000
-3333
.3280
.1390
.0445

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

. . . . . . . . ..“ASS  B A L A N C E  R E S U L T S  ,C”RIESI..........

Tl”E I N P U T OUTPUT OlFF ACCUN
1977. 103.4880 3.1413 100.3467 100.3467

FLVSH YAYUR DECAY S E T T L E
3.1413 0.0003 0.0000 0.0000
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. . . . . . . . . . . ..LOAD.NG (CURIESIYEARI...........

T I M E LOAO

1 9 5 3 . 0 . 0 0
1 9 5 4 . 3.3b
1 9 5 5 . 3 . 7 5
1956. 4 . 4 8
1 9 5 7 . 3 . 4 2
1 9 5 8 . 7 . 5 6
1 9 5 9 . 9 . 2 4
1 9 6 0 . 2 . 2 4
1 9 6 1 . 3 . 4 2
1 9 6 2 . 9 . 5 2
1 9 6 3 . 19.15
1 9 6 4 . 1 4 . 5 6
1 9 6 5 . 6.lb
196b. 1 . 8 5
1 9 6 7 . 1 . 6 8
1968. 1 . 4 0
1 9 6 9 . 1 . 9 6
1 9 7 0 . 2 . 4 1
1 9 7 1 . 2 . 1 3
1 9 7 2 . .73
L973. .62
1 9 7 4 . 1 . 4 6
1 9 7 5 . 1 . 1 2
1976. .56
1 9 7 7 . .?3

. . . . . . . . . . . . . . . ..CONCENTRAT.ON  I N  T H E UATER COL”“N.................

1IME

1953.
1 9 5 4 .
1 9 5 5 .
1 9 5 6 .
1 9 5 7 .
1 9 5 8 .
1 9 5 9 .
1960.
1961.
1962.
1 9 6 3 .
1 9 6 4 .
1 9 6 5 .
1 9 6 6 .
1 9 6 7 .
1968.
1969.
,970.
1971.
1972.
1973.
1974.
1975.
1976.
1977.

TOTAL OISS
CIICU  ” Cl,C” 1

0.
.5975E-12
.IO4BE-11
.14b5E-ll
.1544E-11
.2334E-11
.3140E-ll
.2413E-ll
.216bt-11
.3099E-11
.5410E-ll
.6072E-11
.5010E-ll
.3580E-11
.2650E-ll
.2013E-ll
.1711E-ll
.IbOlE-ll
.1482E-11
.1158E-11
.9329E-12
.938BE-12
.8822E-12
.7461E-12
.6887E-12

0.
. 3638E-12
.6379E-12
.8921E-12
.9402E-12
.1422E-ll
.1912E-ll
.1469E-ll
.1319E-11
.1887E-11
.3295E-ll
.3697E-11
.3051E-11
.ZlBOE-11
.1614E-ll
.122bE-ll
.1042E-ll
.974RE-12
.9024E-L2
. 7053E-12
.568LE-12
.5717E-12
.5372E-12
.4544E-12
.4194E-12

lNORG
CI,C” n

0.
.1972E-12
.345BE-12
.4835E-12
.509bE-12
.7705E-12
.1036E-ll
.7965E-12
.7150E-12
.1023E-11
.17BbE-11
.2004E-ll
.1654E-11
.1182E-ll
.8745E-12
.6645E-12
.5649E-12
.5284E-12
.4891E-12
.3823E-12
.3079E-12
.3099E-12
.2912E-12
.2463E-12
.2273E-I2

INORG ORG
CIIGR CIlCU M

0. 0.
.1819E-12 .3644E-13

.6389E-13

.8935E-13

.941bE-13

.1424E-12

.1915E-12

.3190E-12

.4461E-12

.4701E-12

.7108E-12

.95bOE-12

.7347E-12

.6596E-12

.9437E-12

.Ib47E-11

.1849E-11

.1525E-11

.1090E-11

.8068E-12

.6130E-12

.5211E-I2

.4874E-12

.4512E-12

.3527E-12

.284lE-12

.2858E-12

.Zbc?bE-I2

.2272E-12

.2097E-12

.1472E-12

.1321E-12

.1890E-12

.3300E-12

.3703E-12

.3056E-12

.2184E-12

. IblbE-12

.122BE-12

.1044E-12

.9763E-13

.9038E-13
.7064E-13
.5690E-13
.5726E-13
.538OE-13
.4550E-13
.4200E-13

ORG
CIIGM

0.
.1819E-12
.319OE-1’L
.44blE-12
.4701E-12
.710BE-12
.956OE-1’L
.7347E-12
.6596E-I2
.9437E-12
.1647E-1’I
.1849E-11
.1525E-11
.1090E-11
.8068E-12
.613OE-12
.5211E-12
.4074E-12
.4512E-12
.3527E-l-c
.2841E-12
.2858E-12
.268&E-12
.2272E-12
.2097E-12
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. . . . . . . . . . . . . . . T O T A L  CDHCENTRATION  I N  T H E  SEOIf’lENl...............
ICURIESICU  METER)

.0200
1973. .1183E-06

-0425
1 9 7 3 . .1954E-0’3

.0675
1 9 7 3 . .1627E-11

.0925
1 9 7 3 . .2221E-15

.1175
1973. .7781E-20

.3500
1 9 7 3 . .1149E-29

7.7.900
1 9 7 3 . .142BE-47

.0225
.7?77E-07

.0475
.5b35E-09

.0725
.3117E-12

.0975
.3145E-16

.1250
.4304E-21

.5900
.1320E-32

.0275 .0325
.3987E-07  .168lE-07

.0525 .0575
.1479E-09 .35606-10

.0775 .0825
.5584E-13 .9386E-14

.1025 .1075
. 4229E-17 .5413E-18

.1500 .1700
.8952E-23 .9290E-25

1.0700 2 . 0 3 0 0
.7208E-36  .1883E-39

.0375
.6095E-08

.0625
.7905E-11

.0875
.14BbE-14

.1125
.t.blOE-19

-2300
.4705E-27

3 . 9 5 0 0
.2363E-43

. . . . . . . . . . . . . . . . ..coNC~NTK~TION I N  THE POSE W A T E R . . . . . . . . . . . . . . . . . .
(CURIESIC”  M E T E R  O F  P O R E  WATER,

.0200
1 9 7 3 . .1276E-10

.0675
1 9 7 3 . .1755E-15

.0925
1 9 7 3 . .Z396E-19

.1175
1973. .8393E-24

.35OO
, 9 7 3 .  .1239E-33

7 . 7 9 0 ”
1 9 7 3 . .1540t-51

.0225
.8389E-11

.0725
.3362E-16

.0975
.3392t-20

.1250
.4543E-25

.5900
.1423E-36

.0275 .0325 .0375
.43OOE-11 .1814E-11 .6575E-12

.0775 .0825 .0875
.6023E-17 .lOlZE-17 .1603E-18

.1025 -1075 .1125
.4561E-21 .5839E-22 .7130E-23

.I400 .l?OO .2300
.9657E-27 .1002E-28 .5075E-31

1.0700 2 . 0 3 0 0 3 . 9 5 0 0
.7775E-40 .2032E-43 .2549E-47
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. . . . . . . . . . . . . . . . ..CONCENTRAllON  O N THE S O L I D S . . . . . . . . . . . . . . . . . .
,C”RIES,GRAN  O F  S O L I D ,

O R G A N I C - - I N O R G A N I C

1 9 7 3 .

1 9 7 3 .

1 9 7 3 .

1 9 7 3 .

1 9 7 3 .

1 9 7 3 .

1 9 7 3 .

1 9 7 3 .

1 9 7 3 .

1 9 7 3 .

.0200  METERS
.2552E-12 .2552E-12

.0325 METERS
.3627E-13 .3627E-13

.0475 METERS
.12lbE-14 .121SE-14

.Ob25 M E T E R S
.1705E-lb .1705E-lb

.0775 M E T E R S
.1205E-18 .12”5E-I8

.0925 NETCRS
.4791E-21 .4791E-21

.1075 HETkKS
.llbBE-23  . llbe.E-23

.125” PIETEKS
.9285E-27 .9285E-27

.2300 IETERS
.1015E-32 .lOlSE-32

1.0700 ‘,ETEKS
.1555E-41 .155jt-41

.0225 M E T E R S
.167BE-1Z . lb78E-12

.0375  METERS
.1315E-13 .1315E-L3

.0525  M E T E R S
.3191E-15 .3191E-15

.Ob75 M E T E R S
.35lOE-17 .3510E-17

.0825 “ETERS
.2025E-19 .2025E-19

.0975 PIETERS
.h784E-2* .b784E-22

.1125 M E T E R S
.I42bE-*4 .l42hE-24

.1400 ?,ETERS
.1931E-28 .1931E-28

.350”  l4ETEKS
.2478E-35 .2478E-35

2 . 0 3 0 0  NETERS
.4”63E-45 .40b3E-45

.0275  M E T E R S
.BbOlE-13 .8bOlE-13

.0425 “ E T E R S
.4215E-14 .4215E-14

.0575 M E T E R S
.7681E-16 .7681E-16

.0725 M E T E R S
.6725E-18 .6725E-18

.0875 “ E T E R S
.3205E-20  .3205E-20

.1025 M E T E R S
.9123E-23 .9123E-23

.1175 M E T E R S
.1679E-25 .lb79E-25

.l?OO NETEKS
.2004E-30 .2004E-30

.5900 WtTERS
.2847E-38 .284,E-38

3 . 9 5 0 0  M E T E R S
.5099t-49 .5099E-49

7 . 7 9 0 0  NETCRS
, 9 7 3 . .3080E-53 .3”tlDE-53

09.30.15.UELP. 0.365KLNS.
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Appendix B.--LISTING OF SED
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PROGRAN  SEDlINPUT,OUTPUT~TAPE6*OUlPUl~lAPElrTAPEZ,TAPE3l
C
C**+********+*+t**  SEDIMENTIUATER  C O L U M N  C O N T A M I N A N T  RODEL  +******++*****
C
C  P U R P O S E  :
C T H E  P U R P O S E  O F  T H I S  P R O G R A M  I S  T O  SINULATE  T H E  CONCEN-
C TRATION  O F  A  CONTANINANT  I N  T H E  S E D I M E N T S  A N D  O V E R L Y I N G
C YATER C O L U M N  O F  A  N E L L - M I X E D  L A K E  B A S E D  O N  U S E R  S U P P L I E D
C Y E A R L Y  L O A D I N G  R A T E S .
C
C I T S  P R I N C I P A L  A P P L I C A T I O N  YOULD  BE T O  P R E D I C T  T H E  YEAR-
C T O - Y E A R  AND S T E A D Y - S T A T E  R E S P O N S E S  O F  T H E  W A T E R  C O L U R N
C A N D  S E D I M E N T S  D U E  T O  C H A N G E S  I N  T H E  AMOUNT  O F  C O N T A H I N A N T
C A N D / O R  P A R T I C U L A T E  H A T T E R  E N T E R I N G  T H E  L A K E .
C
C
C  I N P U T  :
C
C
C
C
C
C
C
C
C
c
C
C
C
C
C
C
C
C
C
C
C
C

R E A L  U N I T  1 :
C O N T A H I N A Y T  L O A D I N G  R A T E S  :

T X  - Y E A R  C O R R E S P O N D I N G  T O  L O A D
W Y  - L O A D I N G  R A T E  I F  CI/CTl**2/YRl

R E A L  U N I T  3  :
D A T A  P O I N T S  F O R  P L O T S  :

PLTIHE  - Y E A R
P L C D N C Y  - NATER C O L U M N  C O N C E N T R A T I O N

(P CIlCU Ml
D E P T H 1  - D E P T H  tCfl1
PLCDNCl  - T O T A L  S E D I M E N T  C O N C E N T R A T I O N

( M I C R O  CIlCU RI
D E P T H 2  - D E P T H  tCtll
PLCDNC2  - P O R E  WATER  C O N C E N T R A T I O N

(P CIlCU M O F  P O R E  WATER)
D E P T H 3  - D E P T H  (CtiT
P L C O N C 3  - S D L I D S  C O N C E N T R A T I O N

(P Cl/CR  O F  S O L I D )

C
C  O U T P U T  :
C R E A L  U N I T  6
C
C
C
C
C
C
C
C

FORIIAT
F10.3
F10.3

F 7 . 1
F 7 . L

F 7 . 1
F 7 . 1

F 7 . 1
F 7 . 1

F 7 . 1
F 7 . 1

COLUMN
l-10

1 1 - 2 0

1-7
8-14

l - 7
8-14

1-7
II-14

l-7
B-14

LAKE PARAMETERS
CONTAMINANT PARAMETERS
S O L I D S  B U D G E T  R E S U L T S
I N I T I A L  C A L C U L A T I O N  R E S U L T S
SEGNENT,  SEGRENT  D E P T H ,  A L P H A ,  B E T A
T I N E  S T E P  O F  INTEGKATIDN
M A S S  B A L A N C E  R E S U L T S
L O A D I N G  R A T E S

38



C
C

‘C
C
C
C
C
C  P L O T T I N G  :
C R E A L  U N I T  2
C

C
C
C  S U B R O U T I N E S  :
C
C
C
C
C
C
C
C

S I M U L A T I O N  R E S U L T S
- W A T E R  C O L U M N  C O N C E N T R A T I O N
- T O T A L  S E D I M E N T  C O N C E N T R A T I O N
- P O R E  UATER  C O N C E N T R A T I O N
- SOLIOS  C O N C E N T R A T I O N

L O A D I N G  R A T E  VEKSES  T I M E
W A T E R  C O L U M N  C O N C E N T R A T I O N  V E R S E S  T I R E
T O T A L  S E D I M E N T  CONCENTRATIDN  V E R S E S  D E P T H
P O R E  NATER  C O N C E N T R A T I O N  V E R S E S  D E P T H
S O L I D S  C O N C E N T R A T I O N  V E R S E S  D E P T H

R M A X  - C A L C U L A T E S  MAXIMUH  V A L U E  F R O M  A R R A Y  O F  V A L U E S
ZSYSTM  - S I M U L T A N E O U S L Y  S O L V E S  S E T  O F  N O N - L I N E A R  EOUATIONS

( A V A I L A B L E  I N  INSL  SOFTYAREI
F U N C T I O N  S O L I D  - S U P P L I E S  ZSYSTN W I T H  S E T  O F  N O N - L I N E A R

ECIUATIONS

I N T E G E R  P L O T Y R
R E A L  KDIW~KOO~rKDIM,KDOHrKRWIKRSINYRtKDIPIKREM~INPUT,ZNIT,VIN~VON

CTN~50,401,AL(40,40l,TT~50lD I M E N S I O N
DINENSION
DIRENSION
DINENSIDN
DIflENSION
O I M E N S I O N
D I N E N S I O N
DIIIENSION
D I M E N S I O N
D I M E N S I O N
D I M E N S I O N
E X T E R N A L  ,ULLU

C
C
C  S E G M E N T  L E N G T H S  ICM,

D A T A  ZS/2..20*.5,1.,2.,4.,‘3.,16.,32.,64.,128.~256./
C
C
C  L A K E  P A R A M E T E R S - - L A K E  NICHIGAN

ZY-90.5
AH-50000.OE6
AS-56OOO.OE6
P-60 .OE9
V I - . 31365.
v o - . 15*365.
V R - 0 . 0
AM=30000.0t6
z8-1./100.
PHI=.80
RHflD-1.27E6
RHD1=2.5E6
PSI-6.0ElZ
WP-b.OEl2
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C

C
C
C
C

C
C

C
C

C
C

C
C

C
C
C
C

C
C

C
C

C
C

C
C

C
C
C

C

KREM=.OOl
KDIP--001
PARA-.
APD-10.

VTW=AN+ZY
VTM=AN+ZSl11/100.

NDDEL P A R A M E T E R S
N U M B E R  O F  S E G M E N T S  ( M U L T I P L E S  O F  T E N  A R E  B E S T  F O R  O U T P U T )

N S - 3 0

P R I N T  S T E P
T P - 1 .

T I M E  S T E P
T C - .  0 0 5

N U M B E R  O F  Y E A R S  O F  SINULATION
N Y R - 2 5 .

Y E A R  A T  T I R E  Z E R O
TINE~ll-1953.

C O N T A M I N A N T  P A R A M E T E R S - - P L U T O N I U M
D E C A Y  R A T E S

KRY-0.
KRS-0.

P A R T I T I O N  C O E F F I C I E N T S
KDIW-5.OE5
KOOK-5.DE5
KDIM-2.OE4
KDON-2.OE4

D I F F U S I O N  C O E F F I C I E N T
EH-l.ZlE-5
ES=EN*PHI**Z

V A P O R I Z A T I O N  R A T E
v v - 0 . 0

I N I T I A L  C O N C E N T R A T I O N S
cw-0.
CT'dIll-CW
DO 10 I=l,NS
cM(I)=o.
CTNllrI)=CMlll

10 CONTINUE
CMlNS+1l=CMlNSI

L O A D I N G
C O N Y - l . 0
D O  3 0  I-lrY9

READlL.1010lTX~I~.~W~II
IFIEDFllT 1 4 0 . 2 0

C O N V E R T  F  CI/CM**Z/YK  T O  CllYR
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C

C
C
C

C

C
C
C

C
C

C
C
C

C
C

C

C

2 0  YYlIl-YWlI~+1.OE-15*AS*lOO**Z/CONV
3 0  C O N T I N U E

I N T E R P O L A T E  F O R  N O - L O A D  Y E A R S
40

5 0
6 0

TTXll)-TX(l)
Yc(lI-wYIlJ
I-2
N Y - N Y R
D O  6 0  J-Z,NY
TTXIJI-TTXIJ-ll+TP
IFlTTX~J).LE.TX~I1l  G O  T O  5 0
I-I+1
YC~J~-YW~I-1l+lYY~I~-~~~I-lJ~/~lXlIl-lXlI-l~l*lTlX~J~-lXlI-l~I

C O N T I N U E

CONVERSIONS

7 0

ES-ES*60.*60.+24.*365./0
KDIW-KDIW/l.OEb
KOOW-KDOW/l.OEb
KDIM-KDIti/l.OEb
KDOtl-KDOtl/l.OEb

D O  7 0  I-1rNS
.?slIl-zs~Il/1oo.

C O N T I N U E
LSlNS+ll-ZStNSl

P R I N T  L A K E  P A R A M E T E R S
WRITElb,1OZO~O,AS,AY,AM~ZU,VO,Vl,VR,ZB,PSI,~P,KRE~,KDIP~PARA~APO

P R I N T  C O N T A M I N A N T  P A R A M E T E R S
WRITElbr1030lKRY,KRS,KOO~,KDOnrKDIn,ES,VV

S O L I D S  B U D G E T
PAR(l)*PSI IPAR(‘I tPAR(31-VI (PAR(S)-A,U
PARI 5).VR SPAR(S)-AN $PARl7)-RHO1 SPARIB).PHI
PAR(9)-APD SPARILO).RHO0  IPAR(YP $PAR(lZl-VO
PAR(13)-PARA $PAR(14)-KDIP IPAR(151-KREM SPARllbl-VTfl

ZSYSTf4 PARANETERS
EPS-l.OE-6
NSIC-6
ITMAX-
N - b
X(1)-377100.
X(Z)-18790.
X(31-8.0186
X(41-1.0840
X ( 5 1 - . 1 7 0 3
X(b)- .4647E-3

C A L L  ZSYSTR~SOLID,EPS,NSIG,N,X,ITMAX,tiA,PAR,IERl

POtI-X(11
PItI-XI21
PTU-X(31
SIW-X(4)
PHII-X(51
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VB-Xl61
C
C P R I N T  S O L I D S  B U D G E T  R E S U L T S

WRITEl6,104DlPTW,PDNrPInrSlWlPHII.VB
C

PHID=PDM/lAPD*RHOD~
SIM=RHOI*PHII
SOM=RHilO*PHIO
SOW=PARAill.rPARA+KDIP*SIW)+PTWlbPD
FIW=KDIW*SIW/I1.+KDIN*SIW+KDOW*SOWT
FOW=KDOYtSOW/l1.+KDIW*SIN+KDON*SDUl
FDW=ll.-FOW-FIY)
FPYfl=1.O/lPHItPHII*RHOI*KDIfl+PHIO*RHDO*KDOMl
FDM=PHI*FPWfi
FUM-KDOM~RHD0~PHIO/lPHI+KDIM*RHOIIPHII+KDOH*RHOO*PHID~
FIM=KDIM*RHOItPHII/IPHItKDIM*KHDI*PHII+KDOM*RHOO*PHIO~

C
C
C  I N I T I A L  C A L C U L A T I O N S
C M I D - S E G M E N T  L E N G T H S

zYYl1I=zsl11
ZYYl2l=LSl1)+zSl2I/Z.

C ZYY,1l=ZS,1)  B E C A U S E  LST SEG I S  C O M P L E T E L Y  M I X E D
DO 60 I-3rNS
ZYYlI)=ZYYlI-ll+ZSlI-ll/2.+zsiI~/2.

80 C O N T I N U E
C
C C A L C U L A T I O N  O F  VMrZ,ALPHA  A N D  RETA

D O  1 5 0  I=l,NS
VMlIT=AM*ZSlIl
zYYYlI+ll=zYYlIl*1oo.
ZYYYllI-0.
ZlI,I+1l=lZSlIl+zSlI+l~l/2.
ALlI,Itll=ZSlI+1l/lZSo+ZS(I*111
ALPHAlI,Itll=l.05-ES*FPWM/lZlI,I+l~*VBl
IFlALPHAII.ItlT.LE.1.Ol  G O  TO 1 2 0
ALPHAlI,I+1l=1.0
G O  T O  140

1 2 0 IF(ALPHAlI,I+1l.GT.ALo)  C D  T O  1 3 0
ALPHAlI,I+ll=ALlI,I+ll

1 3 0 IFlALPHAlI,I+lI.GE.O.5l G O  T O  1 4 0
ALPHAlI,I+ll=0.5

140 BE,A,1,1+1)=1.-ALPHAlI,I+ll
1 5 0  C O N T I N U E

C
C
C
C

C
C
C

C
C
C

ALPHAilrZT-1.0
fJETAllrZT=l.-ALPHAFlrZ)

P R I N T  I N I T I A L  C4LCULATIDN  R E S U L T S
URITEl6r10501SOU,SI~rSOnrSIM,FDU,FOU,FIU,FPUH,FDM,FOM,FIM,PHI,PHIO

*,PHII

P R I N T  SEG"ENT  L E N G T H S  A N D  UEIGHTING  F A C T O R S
N R I T E 1 6 . 1 0 6 0 1

C A L C U L A T I O N  O F  T I M E  S T E P
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D O  1 7 0  I-1rNS
TTII~.L./~Z.+lEStFPYHl/ZiI,~+l~*+Z+KRS-V8/Z~I~~*ll*~BETA~~~~*l~-A

l LPHAi111+1)ll
I F ( I . G T . l l  G O  T O  lb0
TNIN=TT(ll

1 6 0 IFTT,,IN.LE.TTlIIl  G O  T O  1 7 0
TMIN-TTLII

1 7 0  C O N T I N U E
TCC-TMTN
NCC-TPITCC
NCC=NCC*l
TCC-TPINCC
IFlTCC.GT.TCT  G O  T O  180
T C - T C C

C
C P R I N T  TIME  S T E P  O F  I N T E G R A T I O N

160 WRITEl6r10B0lTC
C
C I N I T I A L  HASS

CNT  I - O .
D O  1 9 0  I=l,NS

CMTI=CMTI+CMTIl*VMlIT
1 9 0  CON1 I N U E

INIT=CW+VTN+Ct4TI
C

I N P U T - O .
O U T P U T - O .
F L U S H - O .
V A P O R - O .
D E C A Y - O .
S E T T L E - O .

C
C P R I N T  H E A D I N G  F O R  B A S S  B A L A N C E  R E S U L T S

YRITEi6r1090J

:
NP=NYR/TP*.000001
NC=TP/TC+.OOOOOl

C

:
C  S T A R T  O F  INTEGKATION

D O  2 7 0  J-1rNP
D O  2 5 0  K-1rNC

C
IF1J.EP.l)  G O  T O  Z O O
TItlE~Jl=TIME~J-1~+TP

C
C
C YATER COLURN  B A L A N C E

2 0 0 CNLD-YCT  J)
CYFL-O*CY*l-1.  I
CWVV=VV+AS*FDW*CN*l-1.1
CUOS=VO*AW*FOU*CU*T-1.1
CYIS=VI*AW*FIU*CU*l-1.1
Ci,RE=VR*AM+tMll)
CYDB-ES~AM/llZB+ZS~1~l/Z.)+(PHl*FPNN*CM~l~-FDU*CN~
CYDB=PHI*EStAM/~lZB+ZSo)/Z.~*~FPNN*CM~l~-FDK*CNl
CWDK=KRW*VlJ*CY+i-1.  I
DCWDT=~CWLD+CYFLttYVV+CNOS+CNIS+CNRE+CND~~CNDK~/VTN
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M I X E D  S E D I M E N T  L A Y E R  B A L A N C E
CMOS=CYOS+l-1.)
CMIS=CUIS*I-1.1
CflRE=CWRE*l-1.1
CHSL=VBtAM~(ALPHA(lr21*C~llrZ)*CN~2~~*(-l.~
CMDU=CWDB*(-1.1
CM~B=~HI~ES+AM/Z(l,Z~*(FPWn,Cno-FPNN*CMlll)
C,,OK(1l=KRS*VM(ll~CMot(-1.1
~C~~~T(~)=(CM~S+CHIS+C#RE+CMSL+CNDU+C~~D~+CHOK~~~~/VM(~~

R E M A I N I N G  S E D I M E N T  L A Y E R S  B A L A N C E
D O  2 1 0  I=Z,NS
CtlSG=CllSL*l-1.1
CMSL=V~~AM+(ALPH~(I,I+~~*CH~I~+BETA~I,I+~~*CN~I+~~~*~-~.~
CMDU-C~DB*l-1.~
CMDB=PHI~tS~AM/ZlI~I+l)rFPU~*~CMlI+ll-CMlI)l
C,,DKlIl=KRS*Vfi(Il*CMor(-1.1
DCMDTlII=~CMSG+C~SL+CNDU+CMDB+CMDK~II)IVM~I~

2 1 0 CONTINUE
C
C
C  M A S S  B A L A N C E
C L O A D I N G

INPUT=INPUT+CWLD*TC
C
C LOSSES

CDKI-0.
D O  220 I-1rNS

COKI=CDKI+CflOK(I~
2 2 0 C O N T I N U E

OUTPUT-OUTPUT-(C!,FL+CWVV+CWDK,CDK+CDKI+CMSLT*TC
C
C

FLUSH-FLUSH-CUFL=TC
VAPOR-VAPOR-CWVV*(C
DECAY-DECAY-lCYDK+CDKI)sTC
SETTLE-SETTLE-CMS-*TC

C
C
C
C I N T E G R A T I O N

CW=CW+DCNDT+TC
DO 2 3 0  I-1rNS

CHlIl=CMlIl+DCMDT(I)*TC
2 3 0 CONTINUE

C
C ACCUMULATION

CHTI-0.
D O  2 4 0  I-1rYS

CflTI=CRTI+CfilIl~YM~II
2 4 0 C O N T I N U E

ACC-(CYtVTU+CMTIl-INIi
C

2 5 0  C O N T I N U E
C

CTW(Jl=CY
CDYlJI=FDW*CK
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COUlJ)=FOY*CU
CIUlJl=FIU*CU
VOUlJl=COuIJI/SOU
VIUlJI=CIUlJl/SIU
CTYXlJl=CTulJI/1.OE-12
D O  2 6 0  I-1,NS
CTMlJ,IT=CMlll
CPuNl  J.1 l=FPWH+Cfll  I)
VOHlJ~Il=FOtl*CtllI)/TPtiIO*RHOOl
VIMlJ.Il=FIM*CMlI~/TPHII*RHOIl

C
IFlJ.LT.NPT  G O  T O  2 6 0

C  P L O T Y R = Y E A R  T H A T  S E D I B E N T  R E S U L T S
P L O T Y R - 1 9 7 3
PLOTYR-PLOTYR-TIHEL1),1

A R E  T O  B E  P L O T T E D

CTMXII+11=ClHlPLOTYR,Il/l.OE-6
CPUMXlI+1I=CPUMlPLOTYR,I~/l.OE-12
VOMXII+1l=VOR~PLOTYRII)II.OE-12
VIRXlI+1l=VIM~PLOTYR,I~/l.OE-12

2 6 0  C O N T I N U E
CTMXl11=CTHX(21
cPUMx(1)=cPYMxl2I
VORXlll=VOHXL2I
vINxl1~=vI~xT2I

C
C

2 7 0  C O N T I N U E
C

P R I N T  M A S S  B A L A N C E  R E S U L T S
O F F -  I N P U T - O U T P U T
uRITE~6.1100~TIMElNP~,INPUT,OUTPUT,DFF,ACC,FLUSH~VAPOR,DECAY,SETTL

l E

P R I N T  C O N T A M I N A N T  B U D G E T  R E S U L T S
WATER COLUMN

YRITE~6rlllOl
URITEl6.ll2OIlTIflElJ),HClJl,J=l,NP)
URITEl6rll30~
uRITEl6,1140llTIMElJl,CTuiJ~,CDU~J~rCIY(Jl,VIUlJl,COulJ~,VOUlJ~,J=

*lrNPI

T O T A L  SEDIBENT
URITEl6.1150l
DO 290 K-l.NS.10

n-K+9
IFlfl.LE.NSJ  G O  T O  280
Pi-NS

2 8 0  URITEl6.1160~lZYYlIl~I=K,Ml
uRITE~6rll70~lTIMEIJl,lCl~lJ,I~~I=K,Hl,J=PLOTYR~PLOTYRl
WR1TE~6.11801

2 9 0  C O N T I N U E
C
C
C P O R E  YATER

URITEl6rll90)
DO 310 K-l.NS.10

N-K+9
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IFlM.LE.NSI G O  T O  3 0 0
M-NS

3 0 0  URITEl6,ll60llZYYlIl,I=K,Nl
UR1TE16,1170)(T1~ElJI,lCPU~lJ,1l,1=K~Ml,J=PL~TYR,PL0TYRI
URITEl6,llBOl

3 1 0  CONTINUE
C
C
C S O L I D S

URITEl6r1200l
D O  3 3 0  K-lrNS.5

H-K+4
IFlR.LE.NSI  G O  T O  3 2 0
H-NS

3 2 0 YRITEl6.1210llZYYlII~I=K,Rl
UR1TEl6,1220llT1HElJl,lV0MlJ~1l,V1filJ~11,1=K,Hl,J=PL0TYR,PL0TYRl

3 3 0  C O N T I N U E
C
C
C
C
C
C  P L O T  R E S U L T S

C A L L  RMAXlCTUX,NP,CUHAXl
C A L L  RMAXlUC,NP~CLNAXl
C A L L  RHAXlCTMX,NS,CflMAXl
C A L L  RHAXlCPUtiX,NS,CPUMMAXl
C A L L  RNAXlVOHX,NS,VOflHAXI
CMAX(1l=VOllHAX
C A L L  RMAXIVIMX,NS,VINHAXl
CHAXt21=VIMMAX
C A L L  RHAXlCMAX,ZrCSWAXl
CS,,AX=CSMAX/1.25

C
READl3,1230l  lPLTI~ElIlrPLCONCUIIl,I=l,9l
READl3.1230l  lDEPTHllIlrPLCONC1l1lrIllrBl
REAG~3.12301  lDEPTH2lIl,PLCONC2lIl,I=l,6l
READl3.12301  lDEPTH3lIlrPLCONC3l1l.I-l,l6l

C
C

CALL
CALL

*I
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

IDl”LANG=r4l
TEKTPNl”AUTOHC-YES,BAUD=24OO,BATCH,CENTER,lERfi=4Ol4~ENDS~,lOO

EGNPL(ll
NOBROR
PHYS0RI1.0.1.0l
TITLE(~LOAOING~“.-10O,“TIME”,4,“CURIES/YEARS”,lOO,4.,4.l
HESSACL”LAKE  MICHIGAN--PLUTONIUM~=,lOO,3.0,5.5l
XTICKSIZI
XINTPX
GRAFl1950.,10.,19H0.,0.,“SCALE=,CLHAXl
FRAME
CURVElTIME,YC,NP,Ol
ENOGKIll
PHYSORl6.0.1.01
TITLEl=i,ATER  COLUHN  CONC%“rlOO, =TIl,E”.4r”E-12  CUKIESlCU MS=.1

,~ I*00,4.*-r.,
C A L L  GRAFI1950.  rl0.r 1980.rO.r”SCALE “.CUMAXl
CALL  FRAME
C A L L  MAKKLRIZI
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C A L L  CURVElPLTINE~PLCONCU,9~-11
C A L L  CURVElTIilE~CTYX,NP,OJ
C A L L  ENDGRIZJ
C A L L  ENDPLIOJ

C
C A L L  BGNPLIZJ
CALL  NOBRDR
C A L L  RESETl’XINTAX”1
C A L L  PAGElB.5r13.0)
C A L L  P H Y S O R l . 6 r 1 . 2 5 1
C A L L  TITLEl”TOTAL C O N C ‘.-lO,‘E-6 CURIESlCU HS”,lOO,“DEPTH ICNJS”tl
l 00,3 .5 ,4 .5J

C A L L  RESSAGl”LAKE  RICHIGAN--PLUTONIUR 1973S”r100,4.1Br6.0J
C A L L  GRAFlO.r=SCALE”rCRMAX,lO..2.,O.J
C A L L  F R A R E
C A L L  CURVEICTtlX,ZYYY.l6rOl
C A L L  ENDGRllJ
C A L L  PHYSORl4.7.1.25J
C A L L  TITLEI’PORE  UAlER CONC",lS,"E-12  CURIESlCU  M O F  PUs”rloo~”  “9

tlr3.5.4.5)
C A L L  GRAFIO.r”SCALE”rCPURRAX,lO.,2..O.J
C A L L  FRAflE
C A L L  CURVElCPWflX,ZYYY,16,0)
C A L L  ENDGRIZI
C A L L  PHYSORlB.B,1.251
C A L L  TITLEl”SOLIDS  CONC'rll."E-12 CURIES/GR OF SOLIDS".lOO~"  "~1.3
l .5.4.51

CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

FRARE
LINESPIZ. I
LINESI” ORGANICS”rIPAK,lJ
LINESl”INORGANIC~“.IPAK,2J
L E C L I N
CURVElVOMX,ZYYYrl6rOI
DASH
CURVElVIflX,ZYYY.l6rOJ
RESETl”DASH”l
LEGENDlIPAK.2,1.5~.35J
scLPIcl1.2l
MARKER(O)
CURVElPLCONCl,DEPTHl,B.-1J
MARKER12  I
CURVElPLCONCZ,DEPTHZ,b,-ll
SCLPICl.5)
MARKER131
CURVElPLCONC3,DEPTH3.16.-11
ENDGR I31
ENDPLIOI
DONEPLCALL

9 9 9  S T O P

C  F O R M A T  S T A T E R E N T S
1010 FORMATlZF10.3l
1 0 2 0  FORRATl”l”r///” . . . ..LAKE P A R A R E T E R S - L A K E  MICHIGAN.....“//5X,“O  IC

+U RlYRl =“,E13.4/5X,“AS  IS0 R I =",E15.4/5X,'AU  IS.9 RJ =“rE15.4/5X,
*“AM  IS‘, H I ==,E15.4/5X,"Zn  IMJ =“rF15.3/5X,“VO  IRlYRJ =“rF12.3/5X.
*“VI lH/YRI =“,F12.3/5X,“VR  IM/YRJ  ==rF12.3/5X,“ZB  IMJ =“rF15.3/5X,
*‘PSI IGIYRJ .“,E14.4/5X,“UP  IMG PIYRI =“rE12.4/5X,“KRER  IIYRJ =“,F
+10.4/5X,“KDIP  ICU RIG) =“,F7.4/5X,=PARA  =“rF17.4,/5X,“APD  IRP P/Cl
* =“rFB.Z//l
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1 0 3 0  FORRATl”O”r*  .  .  .  ..CONTARINANT PARARETERS-PLUTONIUR.....“//5X,“KRU
+l/YRJ =“,F15.3/5X,“KRS  IIYRJ =',F15.3/5X,"KDOU ICU R/G) =“VFll.3/5
l X,“KDIU ICU fl/GJ ="rFll.3/5X,"KDOR ICU R/G) ="rFll.3/5X+"KDIR (CU
* R / C ) ="rFll.3/5X,"ES  IS0  RIYRJ  =“rF13.4/5X,“VV  IRIYRJ ==rF16.4///J

1 0 4 0  FORRATI” .  .  .  .  ..SOLIDS  BUDGET......“//5X,“PTU INC PlCU RJ =*.F
*8.4/5X,“POR  IMG P/CU RI ="+E12.4/5X,"PIR IRG PlCU HJ =“.E12.4/5X,”
*sin lG/CU HJ =“rF11.4/5X,“PHII =“rF19.4/5X,“VB IRIYRI =“rElB.4///J

1 0 5 0  FORBATl/” .  .  .  .  ..INITIAL CALCULATTONS......*//~~,=~~~  IGICU IO =
*"vF15.4/5X+"SIU  IGICU  N J ="rF15.4/5X,=PHIO+RHDO IGICU RJ ="rE13.4/
*5X,"PHII*RHDI  IGICU HI ="rE13.4/5X,"FDU  ='+E19.4/5X+'FOU ="+E19.4/
l 5x+"FIn =“rE19.4/5X,“FPUR =".ElB.4/5X,"FDN ="rE19.4/5X+"FOM ="rE19
l .4/5X+"FIR =",E19.4/5X,"PHI ='rF15.4/5X,"PHIO  -"rF14.4/5X,*PHII  =*
+rF14.4///)

1060 FORflATl//6X,=SEGRENTn,6X,“SEGRENT  D E P T H ” r3X,“ALPHAlI,I+ll=r4X.“BET
*AlI+I+1J"//J

1 0 7 0  FORRATl7X,13r7X,F10.3,llX,F6.4,9X,F6.4l
1080 FORRATl///5X,“THE  T I R E  S T E P  O F  I N T E G R A T I O N  (YEARS)  =“rF5.3//1
1 0 9 0  FORRATl”O”r///36X~“..........NASS B A L A N C E  R E S U L T S  ICURIESI.....“,”

* . . . . . “//3X~“TIHE=r7X,“INPUT “rBX,“OUTPUT”r7X,=DIFF”,9X,“ACCUR”,l6X,
+“FLUSH”~BX,“VAPOR’,BX,=DECAYn,BX~”SETTLE”/J

1100 FORRATl2X,F5.0,4F13.4,BX~4Fl3.4J
1110 FORMATl”l”r////9X,“.............LOADING (CURIES/YEAR1 . . . . . . . . “,“.*

~.~l/22X~~‘TIHE~rl2X~~LOAD~‘/J
1120 FORfiATlZlX+F5.0,9X+F7.2J
1 1 3 0  FORNATl’1”,////35X,” . . . . . . . . . . . . . . . ..CONCENTRATION I N  T H E UATER “t

*“COLURN  . . . . . . . . . . . . . . . .."///23X~"TIHE~+llX."TOTAL=+9X.=DISS=+lOX.=
*1NORG”r7Xt”INORG”.10X.“ORC”r9Xr”-ORG”/37Xr”CI/CU  N”r7X,=CI/CU H”r7X
*r”CI/CU M”r6X,“CI/GW”rBX,“CI/CU  M=rbX,“CI/GR”/J

1140 FORRATl22X,F5.0+BX,ElO.4,4X,ElO.4,4X,ElO.4+2X+ElO.4,4X,ElO.4,2X,El
*0.41

1150 FORRATl”1”.///17X,=......................TOTAL C O N C E N T R A T I O N  =r”IN
* T H E  SEDIIIENT  ICURIESlCU RETERl.....................‘//)

1160 FORMATl6X,lOF12.4/l
1170 FORHATI1X,F5.O,2X,10El2.4J
1180 FORRATl=O”l
1 1 9 0  FORMATl~1”,///2OX,“..................CONCENTRATION I N  T H E  P O R E ” , ”

l U A T E R  ICURIESICU  METER OF PORE YATERI..................=//J
1 2 0 0  FORtlATl”l”r///2OX,”  . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  CONCENTRATION ON THE =r=SOLID

l S ICURIESIGRAM  OF S3LIDJ.................. =/55X,“lORGANIC--1NORGAN
*ICI’/)

48



C
C
C

F U N C T I O N  SOLIDlX+K+PARJ
DIRENSION  Xlbl ,PARl16l
G O  T O  l10,20,30+40r50+60lrK

C
10 S~LI~=pAR(1)-pARl2J~Xl4J-PARl3J*PARl4J*Xl4J+PARl5l*pARl6J*Xi5J*pAR
l l7J

RETURN
2 0  SOLID=PARl3~+PARl4~*Xo-(PARl5J+Xl6lJ*PARl6J*Xl5l*PARl7J

RETURN
3 0  S0L10=PARlBJ+Xl5l+Xlll/lPARl9l*PARllOJJ-l.

RETURN
4 0  SOLID.PAR~~~)-PAR~~I*X~~J-PAR~~~~*PAR~~~J/~~.+PAR~~~J+PAR~~~~*X~~J

t)lPARl4JtXl3~-pARl3l*PARll4l*Xl4l/ll.+PARll3l+PARll4~*Xi4J~*pARi4~
*+Xl3J+PARl5l*PARl6l,(X(lll+Xl2Jl

RETURN
50 ~OLID-~AR(~~)~PAR~~~J/~~.+PAR~~~~+PAR~~~~*X~~~J*PAR~~J*X~~J-~~AR~~
l l + X l 6 J l + P A R l 6 l * X l 1 J - P A R l l 5 J * P A R l l 6 J * X l l J

RETURN
60 ~O~I~=~AR(~J~PAR(~~)~X~~(/~~.+PAR~~~J+PAR~~~J*X(~J(*PAR(~~*X(~J-(P

tAR(5J+X(6ll~PARl6J*<o+PARll5l*PAR(l6J*X(l~
RETURN
END

C
C
C

S U B R O U T I N E  RNAXlARRAYrNNN,ARAXJ
D I M E N S I O N  ARRAYl70J
ARAX-ARRAY111
0 0  1 0  I=Z+NNN

IFlARAX.GT.ARRAYlIJJ  G O  T O  1 0
ARAX-ARRAY(I)

1 0  C O N T I N U E
ARAX=ARAX+1.25
RETURN
END

.
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