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ABSTRACT 

Model for Predicting Simultaneous Distribution 

of Salt and Water in Soils 

by 

Satish C. Gupta, Doctor of Philosophy 

Utah State University, 1972 

Major Prof essor: Dr. R. J. Hanks 
Department: Soil Science and Biometeorology 

xi 

Knowledge of water and salt movement in soils is necessary 

for development of a management scheme for controlling the quality of 

irrigation return flow. A computer model was developed to predict the 

distribution of water and salts in the root zone under varying initial 

and boundary conditions. The model consists of water flow and salt 

flow sub-models. The water flow sub-model considers the numerical 

approximation of the general water flow equation with modification for 

water loss by evapotranspiration (and thus root extraction). The salt 

flow sub-model considers the mass flow of salts, chemical exchange, 

precipitation or dissolution of Caco
3

, Caso
4

, and formation of undis

sociated Ca and Mg sulphate. 

The model was tested under laboratory and field conditions by 

comparing predicted values with experimental measurements. Satisfactory 

agreement was noted for the water content distribution in almost all 

the experiments. The model yielded approximately correct values of 

total salt distribution in the field and one of the column experiments. 

The agreement between the measured and predicted values for the two 



xii 

other column exper i men t s was poor . The poor agreement seems to result 

f r om the irregular dissolution of the applied powdered salts. The 

dis tr ibution of individual ions was not accurately predicted by the 

mode l . The disagreemen t between the predicted and measured values was 

lar ge a t high salt concentration . Complex ion fo r mation, insufficient 

des cr ip tion of exchange and activity coefficients at high salt concen

tra tion ar e suggested for this lack of agreement. Further development 

and fie l d t esting of the model are needed . 

(112 pages) 



INTRODUCTION 

Public awareness of environment degradation has created an 

urgent need for re-evaluation of management techniques in various 

industries including agriculture. It has been claimed that re t urn 

fl ow from various irrigation projects is one of the major contributors 

to the quality deterioration of streams. Government agencies have 

given high priorities to the problem of water quality of irrigation 

return flow and possible means for its control. A project was 

initiated on the Hullinger Farm near Vernal, Utah in 1970, to develop 

and fie ld test a scheme to predict and control the quality of irriga

tion return flow. In this scheme it is necessary that the process of 

simultaneous transfer of salts and water in soils be understood. The 

dissertation of this writer involved this part of the project. 

The transport of chemical substances through a porous medium in 

either liquid or vapor depends upon the combined action of diffusion 

and mass flow. However, chemical interactions such as adsorption, 

fixation, precipitation, and breakdown or decay adds to the complexity 

in transport processes. One of the simp l e systems which is not affec t ed 

by the above chemical effects is t he t rans por t of non-adsorbed sal ts 

like chloride and nitrate . Bresler and Hanks (196 9) have successful ly 

built a computer model to describe the movement of thes e salts in t he 

soil profile, under var ying boundary conditions. Since a great number 

of solutes react with the soil it is necessary to deal with this prob

lem to represent more closely the real situation. 
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Fortunately, in recent years, with the wide spread use of digital 

computers and better understanding of chemical processes in soils, there 

are methods available which show promise of being capable of handling 

the flow of interacting ions in soils. 

The purpose of this study was to develop and field test a model 

for predicting the concentration of adsorbed ionic species in soils 

under unsaturated flow with root extraction. The following specific 

chemical processes are considered. 

1. Precipitation or dissolution of gypsum, calcite. 

2. Formation of undissociated Ca and Mg sulphate. 

3 . Interaction between ions in solution and solid phase. 

++ ++ + - -The ionic species considered are Ca , Mg , Na , Cl , HC0
3

, and 

so;:. 
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LITERATURE REVIEW 

Column Chromatography 

Most of the models developed for tracing ·1alt disturibution in 

soils are based on the laws of conservation of ·nass. They state that 

the amount of salt added by water applied to t .e soil layers, minus the 

amount leached out and the amount absorbed by plants is equal to the net 

increment (positive or negative) of salts in the soil layer. 

Any attempt to gather information on the vertical transport of dif

ferent ions or salt solutions through the soil results in a mass of 

chromatographic theories. Two different approaches can be defined in the 

literature. The first one is based on the kinetic process called the 

"rate theory" (DeVault, 1943; Hiester and Vermeulen , 1952; and Lapidus 

and Amundson , 1952). The second one is the plate theory of Glueckauf 

(1949), Thornthwaite, Mather, and Nakamusa (1960), Dutt et al. (1971, 

and Bresler (1967) in which the height of a plate in the column is the 

unit of calculation. Historical development of the two different schools 

of thought will be reviewed separately in the following sections. 

Rate theory 

One of the simplest rate theories is that of DeVault (1943) . It 

is also described as the equilibrium chromatography. It requires that 

the penetrating solution move through the porous medium at such a rate 

that a dynamic equilibrium between the ions in solution and adsorbed 

phase shall be maintained. The theory starts wi th a material balance 
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over a cr oss sectional layer of t he column of thickness dz: 

0 [1] 

where c is the concentrat ion of solute in the so lution phase, E is the 

concentration of solute in the solid phase, z is the distance from the 

t op of the column, a is the pore or void fraction of the column and v 

i s the volume of the solution fed t o the column. Under saturated flow 

the genera l solution of this equation is 

v 
z = g(c) + a + ~ f '( c) [2] 

where ~ is the amount of adsorber per unit of length, f ' (c) is the 

derivative of f(c) with respect to c, f(c) is the adsorption isotherm 

defined in such a way that E = ~f(c) and g(c) is any function de te r -

mined by the initial distribution of solute through the column. 

Rible and Davis (1955) applied this theory with some success to 

predict ion distribution in soils. The theory is less involved 

mathematic ally but is limited in application t o soil because of the 

assumption of instantaneous equilibrium and negligible channeling . 

Hiester and Vermeulen (1952) started with another material 

balance equation 

[3] 

where u is the bulk packed volume of the column (ua = void volume) 

up to point z. Their work was the extension of work started by Thomas 

(1944) who took account of the rate of exchange by second order 

kinetics. The starting point is 
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(4] 

and the rate equation being 

k [c(E -E) -! (c
0

- c)] 
T K 

[5] 

where A+, B+ are cations and X is the exchanger, ET is cation exchange 

capacity, c
0 

is the total cation concentration in solution, k is the 

specific rate factor, and K is the equilibrium constant. They further 

defined dimensionless parameters, solution capacity parameter T, 

column capacity parameter s, and equilibrium parameter r, to reduce 

equation [ 3] to 

and equation [5] 

- ra (E/ET)l 

l: aT j s 

ra (c/ co)l 

l: as JT [6] 

[7] 

Hiester and Vermeulen (1952) have provided the graphical and numerical 

solution t o the equation (6] and [7] in terms of parameter T, s, and r. 

Bower, Gardner, and Goertzen (1957) tested this theory in the soil 

system. They found a reasonably good agreement between the theoretical 

and experimental values for the distribution of dissolved and exchange-

able ions in the soil solumn as a function of depth and volume of solu-

tion applied. Gardner and Brooks (1957) distinguished between immobile 

and mobile salt moving with the same velocity as the leaching front. 

They adopted and tested the theory of Hiester and Vermeulen (1952) in 

laboratory column and field plots of Pachappa sandy loam. Agreement 

between the predicted and experimental values was found to be satisfactory. 



The mode l of Hiest er and Vermeulen di ffers from the proceeding 

model of DeVaul t in tha t r ate dependent processes are considered in 

lieu of the assumption of equilibrium. However, both the models 

ignore the dispersion of salts. 

The thir d model that is based on kine ti cs is by Lapidus and 

Amundson (1952). They have developed a model which takes into account 

the dispersion in addition t o t he mass f l ow. Previous work of Nielsen 

and Biggar (1962) has shown this mode l as the most satisfactory of all 

models inves tigated for predicting t he spreading of a non- in t eracting 

solut e, in porous media, where spreading results from diffusion and 

dispersion . When exchange is also considered the material balance 

over a layer dz is, 

[8] 

where D is the dispersion coefficient. Depending upon the boundary 

conditions the equation can be solved ana l ytically (Nielsen and Biggar, 

1962) or numerically (Lai , 1970). Some of the assump tions impl ied 

in the above mode l are that the velocity profile can be rep resen ted 

by an ave rage v, the di ff usion coefficient is constant, equilibrium 

between the two phases is established and there exists some relation-

ship between the ions in solution and the exchanger. A comparative 

st udy of three models, DeVault (1943), Hiester and Vermeulen (1952), 

and Lapidus and Amundson (1952) was reported by Biggar and Nielsen (1<:63) 

us i ng Oakl ey sand. They concluded that all the theories were generally 

inadequate t o describe t he experimental values. The lack of agree-

ment was attributed to the inadequate description of exchange, the 



use of the average value of the flow velocity and the diffusion 

coefficient . 

Plate theory 

In the plate theories the column is regarded as being divided into 

a large number of segments or plates. Within each plate the concentra-

tion is considered to be uniform both in sorbent and liquid phases, the 

two concentrations being assumed to be at equilibrium. It is immaterial 

whether an exchange process, diffusion process, or any other process is 

envisaged as the main dispersion process. It is also implied that there 

is only one unit of length to which this definition applies . If the 

height of the plate is too long, the concentration may not be regarded 

as uniform and if it is too short no equilibrium is possible between 

th e two concentrations. 

One of the plate theories that has been extensively tested in the 

soil system is that of Glueckauf (1949). The starting equation is, 

(~] + (k] _ Q. (32c] = 0 
av z az v 2 az2 v 

[9] 

where ~ is the plate height. In 1956, van der Molen applied this theory 

to the desalinization of soils under the influence of Dutch climate 

(mean annual precipitation about 70 em). The solution of equation [9] 

for a homo geneous saline profile at large values of N and in the case 

of a linear adsorption isotherm, may be represented by 

co .E......:.....! r::-N c = T erfc >' N 

7TP 

where N is the number of depths above a distance z, p 
v 

apd' 

[10] 
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erfc n = 1 - ~ Jn e-u
2

du. p is the density of the soil, and d is the 
0 

distance from the soil surface. Some general agreement was found in 

theoretical and observed values. Dyer (1965) studied the distribution 

of chloride and nitrate ions in adjacent irrigated and non-irrigated 

areas and observed a close fit of theoretical values with the observed 

ones. 

Finally, there are two other very practical theories that have 

nevertheless retained the characteristics of chromatographic transport. 

Both the theories consider the fixed plate height. Thornthwaite et al. 

(1960) and Frissel and Poelstra (1964) have described the transport of 

strontium through soils. Their method is based on Hartin and Synge 

(1941) theory except that the plate height is fixed and it is assumed 

that 0.1 part of Sr in each layer is leached downward to the next 

layer, for every unit of the leaching solution added to the soil . If 

at the beginning of leaching only one layer is loaded, the concentra-

tion in the nth layer en is found from 

c 
n 

t' I 
(t'-n+l) 

O.l (n - 1) 0 _9 ( t' - n + 1) 

(n - 1) l 
c 

0 
[11) 

where c
0 

is the total concentration in the first layer and t' is the 

number of leaching cycles. 

The other approach which has received wide spread attention is by 

Dutt (1963) and his co-workers. He has used his method for calculating 

the quality of water percolating through soil containing gypsum. The 

concentration of salts at any depth and time is given by 
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c~ 
1 

[12] c~ 
1 - 1 

where i and j are depth and time, respectively. 8 is the moisture con-

tent and 8Si is pore volume at any depth. c~ is then corrected for 
1 

solubility of minerals and exchange with the soil. 

The advantage of this type of approach is that it is possible to 

introduce such factors as solubility of minerals, etc. Since exchange 

constants are used it means no linear adsorption isotherm is necessary. 

The main drawbacks of Dutt (1963) model are that the process is 

dlscontinuous and unknmvn dispersion is present even when physical 

dispersion is ignored in the model. 

Review of the different models applied to the soil for describing 

the movement of salt are discussed by Frissel et al. (1967) and Biggar 

and Nielsen (1963). For the most part previous investigators have used 

constant flow velocities . A notable exception is the work of Bresler 

and Hanks (1969) who describe the numerical technique for simultaneous 

flow of water and salt in unsaturated soils and allow for time dependent 

velocities. This work was essentially a combination of Bresler (1967) 

model for salt flow,and Hanks and Bower (1962) model for water flow . The 

model starts wi th a material balance equation 

13 (Bc)l = fj_ (Bn .££) _ a (vc) + ;1 z 
[at ]z [az az az ,J [13] 

where v is the volumetric f lux of water given by Darcy's law, t is the 

time, is the sink or source term due to the solubility of mineral or 

exchange between solid and solution phase. Equation [12] is similar t o 
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the equation given by Lapidus and Amundson (1952) . The present model 

of Bresler and Hanks (1969) contains the important features of rate as 

well as plate theory. The plate height is variable with depth but is 

constant with time. The model ignored the dispersion and sink or source 

term. However, a critical examination of the numerical method indicates 

a tendency for the concentration profile to spread for non-interacting 

salts rather than have a sharp profile, thus indicating a "built in" 

dispersion in numerical approximation like Dutt (1963). The 

model has been tested in the laboratory and gave values which agreed 

well with the experimental results. The theoretical development of 

this model and its modifications are described in the next section. 
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THEORETICAL CONSIDERATIONS 

The present model is essentially the combination of the model for 

water and salt flow by Bresler and Hanks (1969) and Dutt et al. (1971) 

models for solubility of minerals and exchange between the solution and 

solid phase. The essential fea tures of both models are discussed in 

the following paragraphs. One dimensional flow is considered in the 

model. 

Water Flow Model 

The basic water flow equation for one dimension is taken as 

a;; + A(z) 
dZ [14] 

where e is the wat er content and A(z) is the plant root extraction 

function. The theoretical development of A(z) have been discussed 

by Nimah (1972) and will not be discussed in the present derivation 

(A(z) = 0). The volumetric flux of water vis given by Darcy's law 

- ["H] v = - K<e> az- [15] 

where K( 6 ) is unsaturated hydraulic conductivity and H is the hydraulic 

head defined as 

H h + z [16] 

where h is the pressure head. A numerical solution of equation [14] 

is given by Hanks and Bower (1962) and a review of solutions by 



Freeze (1969). The numeric form of equation [14] is 

8~ e~ - 1 H 1 1 

lit 

_H 

1 hj l + 2G - hj -
- 1 + 

1 - 1 

2 (l'lz. )
2 

1 

- l + h~ + 2G - h~ - l 
1 1 + 1 

2 (l'lz . )
2 

1 

1 
hi] 

Kj - 1/2 
- 1 /2 1 

l j - 1/2 
1 Ki + 1/2 

12 

[17] 

where G is the gravitational term. G = l'l zi for vertical infiltration 

down, G = - l'lz i for vertical infiltration up and G = 0 for horizonal 

infiltration . l'lz i is variable in the present model. The derivation 

of equation [17] assumes a unique relat ionship between pressure head, 

h , and water content, 8 . I f the assump t ion holds t hen it is possible 

to wri te a relationship between e and h, 

_e .:::i __ e'"'~=--: ---1 ~ [hi 
l'l t 

1] 
_ B~ - 1/2 

1 

h~ 
1 

l'l t [18] 

where B is the specific moistur e capacity defined as 

Bj - 1/2 
1 [~lj -1/ 2 

ah i . 
[19] 

Substitution of equation [18] reduces equation [17] to 

hj hj - 1 H 1 h~ j - 1 
hi] 

Kj - 1/2 
1 + 1 + 2G - hi - 1/2 l. l. - 1 - 1 -

t 2 j -
2(l'l zi) Bi 

1/2 

hj - l + hj + 2G - h j - l 
i i i + 1 

h~ 1 j - 1/ 2 
1 + 1 Ki + 1/2 

[20] 
1 2 
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An equation similar to equation [20] can be written for each 

depth increment involving unkown of h~( ' n)' The 
1 1 = 1, 2,3, ·····, 

boundary condition supplies the va lue of h; and h~ + 1 . Equation [20] 

can also be expressed as 

where 

j - 1/2 
6t Ki - 1/2 

1 + 

j - 1/2 
6t Ki + 1/2 

l + 2G - hj 
1 i 

when boundary conditions are substituted, n equations result in 

tridiagonal matrix 

~B1 - ee1 
0 hl DD1 

ec2 
h2 DD2 l-AA, "> -

-~3.B~3.-cc3 
h3 

DD3 

... . . . . . 
lnn'n -AA BB h 

n n n 

[21] 

[22] 



Equation [22] is solved for h~ by the regular techniques of 
1 

14 

s olving tridiagonal matrix (Carnahan, Luther, and Wilkes, 1969). The 

water content, e, is estimated from the relationship between e and h. 

Salt Flow Model 

The rate of flow of salts at any plane in the direction of flow 

may be given by the equation [12] 

(e D oc ) _ o (vc) + 8l z 
oz oz J 

The first term on the right, in the above equation, represents the 

contribution from diffusion to the flow of solute and the second term 

represents the contribution from viscous flow. S is the sink or source 

term due to solubility of minerals and exchange of ions in solution 

with solid phase. Each component of equation [12] is discussed 

separately. 

Mass flow of salts 

If the dispersion is absent and no sink or source ex.ists, the 

flow of salt is due to the mass flow of water expressed as 

_ r~l 
[ oz J z 

Numerical approximation of equation [23] leads to 

[23] 



with the approximation, c~ - l/ 2 
~ 

equation [24] reduces to 

c~ - 1 and 
~ 

j - 1/2 
ci - 1 

15 

j - 1 
ci - 1' 

0 [25] 

Equation [25] and its modification are used to compute the mass flow of 

salts due to water. 

Dispersion of salts 

If there is no dispersion, there should be piston flow of salts and 

sharp boundary in the salt distribution should exist at the wetting 

front. Since the numerical approximation involves the mixing of solu-

tions and then averaging over a new water content (equation [25]) a 

diffuse salt boundary exists at the wetting front. Although in the 

present model dispersion is ignored explictly, the mixing of salt 

indicates a "built in" dispersion in the numerical method of salt flow. 

Sink or source term 

The concentration of salts at each depth is modified due to the 

chemical reactions like precipitation or dissolution of minerals and 

exchange between ions in solution and soil matrix. Both these proces-

ses contribute to the source or sink term in equation [12]. 

Dissolution or precipitation of gypsum. A slightly soluble salt 

often present or added to the soil is gypsum . An equation relating 

gypsum to other constituents in soil is 

[26] 
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The solubility of gypsum is des cribed by the solubility product con-

stant concept 

Ksp 
-5 2.4 X 10 [27] 

where Ksp is the solubility product constant, a is the activity of the 

ions designated , y is the activity coefficients of divalent ions 

Yso ), and cis the equilibrium concentration of ions designated 
4 

which are defined further as follows. 

Let X moles per liter of Ca++ and so~ that dissolve or precipitate 

0 0 

and cca, 0 so4 are the initial molar concentration of Ca++ and SO~, 

respectively . Then the change in relative composi tion of Ca++ and 

so;; is 

0 

CSO + X • 
4 

[28] 

[29] 

Combining equation [28 ] and [29] with equation [2 7], results in equation 

of the form 

x
2 + Bx + C 0 [30] 

where 

B 

c 

Equation [30] can be solved for x. 
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Undissociated Ca and Mg sulphate. In addition to the dissolution 

or precipitation of gypsum, the CaS04 - Ca++, so: - H20 system involves 

the formation of undissociated Caso
4

. The dissociation constant 

K[CaSO~) of ion-pair is defined as 

cca cs04y2 
[31) 

where cCaSO~ is the molar concentration of the ion-pairs and y for ion

pairs is taken as unity. 

Let x1 be the moles per liter of Ca++ and so: which forms undis-

sociated Caso4. 
0 

If the initial concentration of CaS04 ion-pair is 

0 

cCaSO~ then the change in concentration will be 

0 

cca cca - xl [32) 

0 

cS04 CS04 - xl [33 ) 

0 

cCaSO~ = cCaSO~ + xl [34) 

when equation [32), [33), and [34) are combined with equation [31), 

rearrangement yields an equation of the form 

0. [35 ) 

The chemistry of undissociated Mgso
4 

is similar to Caso4 and results 

in an equation similar to equation [35), where 

A / 

B - (K[CaSO~) or [MgSO~) + y2 c~a or Mg + y2 c~o4] 
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c 
0 0 

y 2 cca or Mg cso - K o 
4 [Caso

4
] or 

Equation [35] can be solved for x
1

. When the system contains gypsum , 

the undissociated caso
4 

becomes constant 

Ksp [36] 

Dissolution or precipitation of lime. An equation relating to 

the dissociation of lime in water with its cons tituent is shown as 

CaC0
3 

+ Ca++ +co; [ 37] 

and the solubility of calcite is usually described by the solubility 

product constant Ksp; 

Ksp [38] 

where a is the activity of ions designated by the subscript. Since 

co; concentration is a function of partial pressure, and HC0
3 

concen

tration is usually the predominant form in which co2 occurs in soil 

water systems, it is more convenient to consider the following reactions. 

H
2

co
3 

+ CaC0
3 

+ ++ 
+ Ca + 2Hco; [39] 

2 
aca aHCO 

K 3 [40] a 
H

2
co

3 

If an equilibrium system is under constant pressure of C0
2 

and if 

the activity coefficient of non-charged species (H
2

co
3

) is unity, 

equation [40] becomes 
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2 
z K 

c H
2

co
3 

aca a 
HC0

3 
[41] 

z 2 
ZE cca cHCO 

2 3 [42] 
Yea YHCO 

3 

where y is the activity of associate ion. 

It has been pointed out by Olsen and Watanbe (1959) that the 

solubility of Caco
3 

in the soil is different from pure calcite, and 

the H
2

co
3 

content in the soil solution is variable at different moisture 

contents. This in turn means that the value of Z, in the soil, varies 

with water content . A comparison of equation [38] with [41] and [42] shows 

Z and ZE to be equivalent to the solubility product constant. Dutt et 

al. (1971) determined the following relationship between Z and water 

content. 

log Z - 1.68 log W - 4.46 [43] 

where W is water con t ent by weight expressed as percent. The same 

relation is used in the present model. ZE is then estimated from 

equation [42]. 

Using the same argument as in the case of solubility of gypsum 

that x
2 

is the moles per liter of Ca++ that dissolves or precipitates, 

then the equilibrium concentra tion of Ca++ and Hco; is 

[44] 

[45] 

Substituting equation [44] and [45] in equation [42] results in 

a cubic equation 
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0 [46] 

where 

A 4 

B 4 [ c~a + c~co3] 

c 
0 0 [ 2 

cHco
3 

+ 4 cca c~COJ 
D 

[ c~C03 0 
- ZEJ. cca 

Equation [46] can be solved for x2 by Newton Raphson iteration method. 

Cati£!1_~.£~~.. An equation that describes Ca-Mg exchange is 

where KCa-Mg is the exchange coefficient for Ca and Mg. 

of Mg++ per gm of soil go into solution or are adsorbed. 

[47] 

Let y moles 

Let the 

initial concentration of Ca++ and Mg++ be c~a and c~g moles/liter in 

the solution phase and E~a' E~g be moles/gm adsorbed on the soil matrix. 

The change in the relative composition of Ca++ and Mg++ from the inter-

action of solution and adsorbed phase is then 

Ec~ Eo 
Ca - y [48] 

~g ~g + y [49] 

0 
+ Sy [50] cca cca 

0 
- Sy [51] cMg ~g 

where S is the ratio of gm of soil to liter of so lution. Combining 
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equa t ion [48] to [51] with equat i on [47] results in quadratic expres -

s i an 

A/+ By+ C 0 [52] 

where 

A s [1 - K l Ca-Mg 

[~g 
0 0 

s + K Eo l + cca + c B Ca-Mg Ca KCa-Mg Mg 

c 

Equation [52] can be solved for y. 

Gapon 's equatiorl was used to describe the non-symmetrical exchange 

between Ca and Na 

~ E 
~=K ~ 
~a Ca-Na ENa 

[53 ] 

Using the same reasoning for calculating the equilibrium concentration 

as in the case of Ca-Mg exchange, equation [53] reduces to 

[54] 

where y
1 

is the change in concentration required to reach equilibrium 

from initial concentration, and 

A -4 K s2 
Ca- Na 

B = 4S[y + 2 K
2 

E
0 S + K

2 
c

0 l 1/2 Ca-Na Ca Ca-Na Na 

where y
112 

is the ratio of activity coefficent of Ca to Na, 
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c 4Yl/2 [ c~a + E~aa] - 4K
2 

a Eo [aE~a + 2c~a] Ca-Na Ca 

K2 
2 

0 

Ca-Na cNa 

D 

E 

Equations [30), [35), [46), [52), and [54] are used to calculate the 

equilibrium concentrations. 



MATERIALS AND METHODS 

The applicability of the theoretical model was tested in the 

laboratory as well as in the field experiment. 

Laboratory Experiment 

23 

In the laboratory the experiment was done using a lucite column 

packed with air dry soil. The soil used in the experiment was obtained 

from the Hullinger Farm near Vernal, Utah. The farm is located west 

of the airport, about 1 and 1/2 mile south of 5th East and Main 

Stree t s. 

Co lumn set up 

The column consisted of 12 stacked rings wi th an inner diameter 

of 10 .4 em and an outer diameter of 11 . 4 em . The top ring was 8.5 em 

high, whereas the other 11 rings were 5.1 em high. The rings were 

interlocked by a groove and projection arrangement coated with petroleum 

gel to prevent leakage of water from the column. The whole column was 

bolted t ogether by three brass rods. The bottom ring had a plate a t 

the bottom with an outlet at its center to collect the effluent. To 

avoid sealing the outlet with soil, it was covered with a screen and 

a filter paper. 

Packing of the column 

In order to avoid layering of soil in the column while packing, 

the following procedure was adopted: Two sieves of 4 mm and 2 mm 

size were placed one above the other at the top of the column. Air 
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dried, sieved soil is passed through the 4 mm and then onto the 2 mm 

sieve at such a rate that sieves were not blocked. The column was filled 

to a height of about 61 em. The soil was leveled at the surface by hand. 

The uniformity in the packing was checked with the density probe 

(Davidson et al., 1963). 

Column experiment 

Three different cases of initial and boundary conditions were con-

sidered. 

Case Ill. "Sprinkler irrigation" condition with a layer of salt a t 

the soil surface. CaC1
2

·2H
2

0 salt was applied at the rate of (4547.2 

kg/ha) before wetting with the irrigation water . The soil was wetted 

by simulated sprinkler irrigation (0.57 cm/hr). The soil was leached 

until the wetting front nearly reached the bottom of the column (35.6 

hrs). The column was then segmented. Each segment was weighed to esti-

mate the bulk density. Portions of the soil from each segment were used 

to extract soil solution and to determine the wate r content. Exchange-

able cations were determined from the other portion of the soil left in 

each segment. The chemical composition of irrigation water and soil is 

reported in Tables 1 and 2, respectively. 

Table 1. Chemical composition of irrigation water 

EC !Jmhos/cm at 25 c 864 
ca++ me/ 1 3.16 
Mg++ me/1 3.88 
Na+ me/1 1.6 
Cl- me/1 0.17 
HCO 3 me/1 0.17 

so;; me/1 8.3 

CaS04 ion-pair me/1 0.84 

MgS04 ion-pair me/1 1.02 
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Table 2. Initial conditions for column experiments 

Case Ill Case 112 and //3 

Calcium (me / 1) 
Magnesium (me/1) 
Sodium (me/1) 
Sulphate (me/1) 
Chloride (me/1) 
Bicarbonat e (me/1) 
Exchange capacity (me/100 gm) 
Gypsum (gm/100 gm) 
Water conten t (fraction) 

15.83 
11.31 

1. 67 
26.80 
o. 75 
1. 26 

11.0 
0 . 0 
0.0175 

15.0 
9. 87 
1.49 

24.78 
0.30 
1. 28 

14.0 
0.5 
0 . 0175 

Case /12 . "Rain" condition with a layer of salt at the soil surface. 

The salts applied were CaC12 • 2H
2

0 (1993.6 kg/ha), MgC1 2 · 6H20 (3225.6 

kg/ha), and NaCl (152 3. 6 kg/ha). The chemical composition of the soil 

used in this case is given i n Table 2. The s oi l was wetted wi th distil-

led water by simulated rain (0.58 cm/hr) fo r 37.6 hours at which time 

the wetting front was nearly at the bottom of the co lumn. The column 

was then segmen ted and analysed by the same procedure as in case Il l. 

Case //3 . "Irrigation-evapora tion-irrigation" wi t h a layer of 

salt at each irrigation. Before wetting CaC1 2 · 2H
2

0 salt was applied 

at the rat e of 4547 . 2 kg/ha. The soil was wetted for 35.4 hours by 

simulated sprinkler irrigation (0.59 cm/hr). The same soil was used 

as in case 112 . The irriga tion water app l ied had the same composition 

as in case #1 . A water table was created at the end of infiltration 

and evaporation was allowed @0.095 cm/hr for 75.8 hours. The chemical 

composition of water of the water table was the same as that in the 

irrigation water. Evaporation was then continued without a water 

table and with the bottom outle t plugged for another 196.8 hours 

@0.0304 em/hour . At the end of evaporation the soi l was wetted by 
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simulated irrigation (0.78 cm/hr for 23.7 hours) with a layer of salt 

at the soil surface. The salt applied was NaCl (3427.2 kg/ha). During 

infiltration t he bottom outlet was unplugged. At the end of the last 

irrigation, the column was segmented and analysed by the same procedure 

as in cases #1 and #2. 

Physical properties of the soil 

In order to test the applicability of the computer model it is 

required to have appropriate data of the hydraulic properties of the 

soil. These properties are hydraulic conductivity-water content 

(Figure 1) and pressure head-water content (Figure 2) relationships. 

The data reported by Andrade (1971) for the given soil was used in 

this study. 

Chemical analysis 

Electrical conductivity of the soil solution was measured with a 

Beckman Model RC-19 conduct ivi t y bridge using a 2 ml pipet cell with 

a cell constant of one. Measurements were taken at room temperature 

and corrected t o 25 C. 

Chloride concentra tion was determined potentiometrically using 

a silver bille t electrode and a saturated calomel electrode in con

junction with a corning model 12 expanded scale pH meter. 

The solution extract was diluted wi th lanthanum oxide in concen

trated HCl and the concentration of calcium, magnesium, and sodium 

was analysed by atomic adsorption spectophotometer (Perkin Elmer 

Mode l - 303). 
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Figure 1. Pressure head-water content relationship for Mesa sandy loam. 
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Jigure 2. Hydraulic conductivity-water content relationship for 
Mesa sandy loam. 
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Bicarbonate ion concentration in the irrigation water was 

calculated using the relationship 

[55] 

K [56] 

whe re a is the activity of the ions designated, a= my, m is the 

molality and y is the activity coefficient. At the reference state 

aH
2

0 = 1 in pure water. Thus, co2 can be replaced by m
00 2 

= cP
002

, where cis Henry's law constant (0.0344 at 25 C), PC
02 

is 

partial pressure of C0
2 

in atmosphere (3 x 10-4) and K = 4.45 x 10-7. 

Bicarbonate ions concentration in the soil solution was estimated 

from the relationship given by equation [38] and 

K 
[57] 

K [58] 
aHC0

3 

where K = 4.69 x l0-
11

. Details of this method are given by Olsen 

and Wa tanbe (1959). These concentrations were just an approximation 

to start with and were corrected by subroutine EXCH t o bring into 

equilibrium wi th the system. 

The concentration of sulphate ions was estimated from the dif-

ference of total salts and the summation of chloride and bicarbonate 

ions. 
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For the analysis of exchangeable cations, 5 to 7 gms of wet soil 

sample was washed with 150 ml of 95 percent ethanol in a leaching 

funnel until free of chloride. Exchangeable calcium and magnesium were 

extracted by leaching with 100 ml of lN sodium acetate at pH 8.2. A 

similar procedure was followed for exchangeable sodium except that it 

was extracted with lN ammonium acetate (pH 7.0). Analysis of cations 

was made as described previously. 

Because of the insufficient amount of solution, collected in the 

field experiments for chemical analysis, soil samples were collected 

and saturation paste prepared (Richards, 1954). The 

extracts were analysed as described previously. 

Exchange constant 

saturation 

Exchange constants are defined by equation [47] and [5 3]. Their 

values were determined from the known concentration of ions in the 

solution and exchangeable phase. Although their names implies a con

stant value, they vary with the total salt concentration in the present 

system. It would be more appropriate to define them as exchange coef-

ficient rather than exchange constant. Figures and 4 are the plot of 

these coefficients with total salt concentration. Exchange coefficients 

for case #1 are given by Figures 3 a and 4a, while for case #2 and #3, 

their values are given in Figures 3b and 4b. 

Field Experiment 

The field experiment was conducted on the Hullinger Farm near 

Vernal, Utah. The soil type was Mesa sandy loam. Tensiometer, salinity 

sensors, and four probe units were installed in the center of the plot 
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Figure 3. Var iation of Ca-Mg exchange coefficient with solution 
concentration a) surface soil, b) sub soil. 
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Figure 4 . Variation of Ca-Na exchange coefficient with solution concen
tration a) surface soil, b) sub soil. 
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at 15, 45, 75, 105, and 165 em depth at si t e A, and, 15, 45, 75, 135 , 

and 165 em depths at site B. Duplicate tensiometer cups we re also 

installed at the given depths to obtain soil solution samples. To 

facilitate the collection of reasonable amounts of soil solution for 

electrical conductivity (EC) measurements , suction was applied on the 

solution cups for 8 to 12 hours depending upon the moisture content of 

the soil. Soil samples were collected for chemical analyses at three 

different times during the experiment. Samples were taken at 30 em 

intervals to a depth of 120 em. Alfalfa was the major crop grown. 

Sprinklers were used as means of irrigat ion. CaC1
2 

· 2H20 (4390 . 4 

kg/ha) and NaCl (3561.6 kg/ha) were applied before the fi rst and second 

irrigation cycles. Initial and boundary conditions to the above experi

ment are given in Tables 3 and 4, respectively. Chemical composition 

of irrigation water was reported in Table 1 . Soil moisture distribution 

was determined by the neutron probe and water loss by evapotranspiration 

was estimated from the lysimeter data. 

Computer Model 

The computer model of Dutt et al. (1971) for solubility of 

minerals and exchang~ between ions in solution and soil was combined 

with the salt and water transport model of Bresler and Hanks (1969). 

The resultant model consists of a main program and five sub programs . 

The sub programs are designated as:(l) PLOT, (2) EXCH , (3) EQEXCH, 

(4) SALT, and (5) ACOF. 

Main program 

Figure 5 is the flow chart for the main program. The main program 

has several majo r responsibilities. First it reads the initial and 



Table 3. Initial conditions for field experiments 

Depth Water 
Calcium Magnesium Sodium Content 

(em) (9) (me/1) (me/1) (me/1) 

0 - 30 0.2347 36.0 14.31 5.04 

30 - 55 0.2446 25.75 14.19 4.22 

55 - 100 0.2764 27.25 16.29 7.13 

100 - 115 0.3053 35.10 19.95 4.91 

115 - 165 0.3661 32.0 16.25 4.39 

Sulphate Chloride 

(me/1) (me/1) 

44.25 10.35 

34.08 9.16 

44.05 5.67 

57.84 1. 30 

50.54 1.26 

Bicarbonate 

(me/1) 

0.75 

0 . 92 

0.95 

0.82 

0.83 

Gypsum 

(gm/100 gm) 

0 . 0 

0.5 

0.5 

0.5 

0.5 

w ..,_ 
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Table 4. Boundary condition in the field experiment for soil water 
flow I 

Time Flux at the Surface ET Flux 
Comment (hrs) (102 x cm/hr) (101 x cm/hr) 

24.0 -0.300 -0.300 

16.0 0.0064 0.0 Irrigation 

8.0 0.00 0.00 

24.0 -0.211 -0.211 

120.0 -0.187 -0.187 

72.0 -0.135 -0.135 

60.0 -0.219 -0.219 

15.0 0.0062 0.0 Irrigation 

69.0 -0.224 -0.224 

2 .0 0.0037 o.o Rain 

70.0 -0.190 -0.190 

24.0 0.0021 0.0 Rain 

24.0 -0.226 -0.226 

24.0 0.005 0.0 Rain 

24.0 -0 .227 -0.227 

24.0 -0.198 -0.198 

27.0 -0.191 -01.91 
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Figure 5 . Fl ow diag ram f or MAIN. 
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boundary conditions. The initial conditions in this experiment include 

the concentration of salts applied on the soil surface at the beginning 

of the experiment. Since the salts were applied in t he powder form 

rather than in solut ion, it was assumed that they were soluble at the 

given water content of t he soil . The program then calls for subroutine 

EQEXCH . This subroutine calculates Caso
4

, MgS0
4 

ion-pairs and equili

brium concentration of exchangeable ions. The input and transformed 

data are then printed to provide the user with a record. Concurrently , 

the main program calls for subroutine PLOT which plots the water and 

salt content with depth. After setting various counters and initiali

zing certain values the program computes the new values of pressure 

head and water content. 

The routine then executes a large outer loop for the number of 

depths in a profile. Within this loop the routine checks for the 

amount of water leaving or entering the top or bottom of a soil segment 

at a particular depth. If the amount of moisture flow is not negligible 

subroutine SALT is called which computes the flow of salts due to mass 

flow of water. A check is then made to call the subroutine EXCH . The 

check insures that changes in concentration of ions due to solubility 

of minerals and exchange are calculated every hour rather than every 

6t. No great difference was noted in the predicted values when sub

routine EXCH was called each 6t. The counter for this check is 

initialized to zero after each call for subroutine EXCH. 

Then the program increments the time counter with 6 t and 

initializes the old values with t he recently computed values of the 

variables used in salt and water flow . The r outine then calls for sub

routine PLOT and prints the output. 
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A check is then made for the new boundary conditions and cumulative 

time f or which the program is allowed to run. If the time equals the 

cumulative time then it stops after the subroutine PLOT is called and 

the needed output information is printed. Otherwise, it goes back to 

statement 16 and executes for the next ~ t increment. 

Input data. The input data needed are as follows. 

1 . Hydraulic conductivity-water content and pressure head- water 

content tabular data covering the range of water content to be en

countered during the period of interest (basic soil property). 

2. Air dry and saturated soil water contents (basic soil data) . 

3. Root distribution with depth (active roots for adsorbing 

water) for the period . At present the model has no provisions for 

changing this with time (basic plant property) . 

4. Plant water potential below which the plant wilts and the 

actual transpiration will be less than potential transpiration (basic 

plant property). 

5. Activity coefficient-ionic strength tabular data covering the 

range of ionic strength encountered in the system. 

6. Water content-depth tabular data at the beginning (initial 

conditions). 

7. Chemical composition depth tabular data at the beginning 

(initial conditions) . This involves the knowledge of the chemical 

analysis of the important chemical species . At present it considers 

Ca, Mg, Na cations and Cl, so
4

, and HC0
3 

anions . 

8. Potential transpiration and potential evaporation rate or 

portential irrigation or rainfall rate as a function of time for the 

period (boundary conditions). 
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9. Chemical composition of the irrigat ion or rain water (boundary 

conditions). 

10. Presence or absence of a water table at the bottom of the soil 

(boundary condition). 

Output data. The type of output data that is available is almost 

infinite. Consequently, a selection of the desired data is made from 

the following. 

1. Soil water content and pressure head VB depth and time during 

the period. 

2. Chemical composition of the soil solution VB depth and time 

during the period. 

3. Estimated evaporation and transpiration as a function of time. 

4. Water flow into the water table or up from the water table 

as a function of time. 

5. Chemical composition of the water going into the water table 

or up from the water table as a function of time. 

6. Estimated plant water potential as a function of time. 

Subroutine PLOT 

This subroutine plots the salt and water content with depth. 

Subroutine EXCH 

Figure 6 is the flow chart for this subroutine. The subroutine 

is called in the main program approximately every hour or at each 6t 

if 6 t is greater or equal to one hour. This implies that in a time 

of one hour equilibrium is established between the ions in the solution 

and solid phase . Adjustment in the concentration of different ions due 
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to solubility of minerals and exchange with soil particles is made in 

this subroutine. The adjus ted concentrations are then returned to the 

main program. 

Subroutine EQEXCH 

Since the concentration of exchangeable cations are necessary to 

predict changes in soil solute composition, and , reliable analy tical 

methods are no t available when excess calcium carbonate is present, 

an improved method for the i r calculation is necessary . This sub

r outine calculates exchangeable ions from initial soil analysis . It 

also calculates the concentration of Ca++, Mg++, so:, Caso
4 

ion-pair 

and Mgso4 ion-pair f r om their total analysis. Theory underlying 

this subroutine is discussed in the following sections. 

Sulphate occurs in basic solution in more than one form. In 

addition t o free sulphate ion, the r e are t wo forms which have been 

shown t o be of importance in base saturated soil-water systems ; 

these are undissociated, soluble Caso
4 

(Dutt, 1964) and MgS0
4 

(Tanji 

and Deneen, 1966 ) . Thus the total sulphate in solution is 

[59] 

Similarly, the total calcium, cTCa and magnesium cTMg is 

[60] 

[61] 

The thermodynamic equilibrium constant for equilibrium between 

t he undissociated species in solution and the appropriate ions is 



42 

[62) 

and 

[63) 

Combining equation [60) and [62), we get 

[64) 

and similarly combining equation [61) with [63) we get 

~gSO~ [65] 

Combining equation [59) with [64) and [65] result in a cubic 

equation 

A x3 + B x
2 + C x + D 0 [66) 

where 

A= Yi (Yea Yso4]2 = [YMg Yso4}2 

B = y; ((K[ CaSO~) + K[MgSO~)) + y~ (cTMg + 

c K o K o 2f K o [CaSD4) [MgSD 4) + y2 TMg [CaSD4) + cTCa K[MgSO~) 

- cTS0
4 K[CaSO~) + K[MgSO~ )J 

D cTSO K[MgSO~) K[CaSO~)· 4 
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Equation [66] is solved by Newton Raphson method for cSO . 
4 

Concentration of Ca++, Mg++ are calculated using equations [60], [61], 

[ 64] , and [ 65] . 

Equations [47] and [53] are used to describe Ca-Mg and Ca-Na 

exchange in this model. If calcium, magnesium, and sodium are the 

only cations in the soil then 

[67] 

where ET is the cation exchange capacity. Combining equations [47], 

and [53] with [67] results in 

[68] 

Exchangeable cation concentrations are calculated using equations 

[53], [67], and [68]. 

Figure 7 is the flow chart for this subroutine . This subroutine 

is called only once at the start in the main program. 

Subroutine SALT 

The subroutine calculates the changes in salt concentration due to 

mass flow of water. The mass flow of salt is computed by equation [23]. 

Subroutine ACOF 

This subroutine is called in both subroutines EQEXCH and EXCH. It 

calculates the activity coefficients of monovalents and divalent ions. 

In the dilute solution activity coefficient of ions can be adequately 

described by a modified form of Debye Hiickel law for mixed electrolytes 
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Figure 7. Flow diagram for EQEXCH. 
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[69] 

[70] 

where i is the ion species of interest, n is the total number of ion 

species in solution, Z is the valence, and p
0 

is density of the solution 

(po = 1). 

In concentrated salt solution as used in the present experiments, 

table values (Robinson and Stokes, 1955) of activity coefficients are 

used. Activity coefficients of individual ions are calculated from 

the mean molal activity coefficient of salts using the following rela-

tionship 

3 
y± CaC1 2 

y;Kcl 
[71] 

2 
y+ NaCl 

YNa a y±KCl [72] 

As a first approximation, it is assumed 

[73] 

[74] 

This subroutine looks up the table value of divalent or monovalent 

ion activity coefficient corresponding to a given ionic (I) strength . 
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RESULTS AND DISCUSSION 

To test the applicability of the model predicted values are 

compared with the experimental measurements. Results of each case are 

discussed separately. 

Column Experiment 

Case Il l 

Figure 8a is the plot of experimental and predicted soil moisture 

distribution a f ter 35. 6 hours of infiltration. Total salt distribution 

curves corresponding to the soil moisture distribution are given in 

Figure 8b . Figure Sa shows that the predicted water content is 

slightly higher than the measured values at depths greater than 40 em 

and vice versa at depths below 40 em. These differences are due to 

the hydraulic parameters used in this model which were determined for 

an undisturbed soil while in the column the soil was loosely packed. 

Observed and predicted total salt concentration (Figure 8b) have 

the same distribution pattern. The depth at which the maximum concen

tration occurs is almost t he same in both cases. The concentration of 

salt in the upper 18 em had the same total concentration as t hat of the 

irrigation water. However, below 18 em there are some differences 

between the measured and predicted values. The predicted concentrations 

are less than the measured values between 18 and 33 em while below 33 

em, the reverse is true. These differences are hard to explain with 

the present state of information. One of the reasons for high predicted 

salt concentrations below 40 em is the low predicted water content. 

However, the agreement is considered good enough for most purposes. 
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The comparison of the experimental and predicted concentrations 

of individual ions comprising the total salts is plotted in Figure 9. 

Since the sulphate and bicarbonate ion concentrations were calculated 

and not measured the plot for these ions are not drawn. Calcium and 

magnesium includes the corresponding ions and ion-pairs. Ion-pairs of 

sodium ions are assumed to be the same as the total sodium concentration. 

In general both the cations and anions followed the same distri

bution as that of total salts. The concentration of each ion increased 

wi th depth and maximum concentration occurred at about 58 em. Predic

ted concentration of cal cium, magnesium, and sodium seemed to be in 

close correspondence with the experimental values at low salt concen

tration. However, there is a significant difference between computed 

and measured cation concentrations at total salt concentration greater 

than 45 me/1. This lack of agreement seems to result from the inadequate 

description of the cation exchange process at the higher salt concen

trations. Since measured and predicted total salts distribution are 

in reasonable agreement, it is expected that the cations comprising 

the total salts also follows the same trend. This, however, is not 

ture. The predicted calcium concentration is about 1 and l /2 to 2 times 

greater than its measured concentration below 30 em depth while the 

predi cted magnesium and sodium concentrations are less than the 

measured values . Since relative concentration of each cation is 

controlled by the exchange coefficient, the above differences seems to 

be due to inadequate information concerning exchange coefficients. 
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It has been assumed in this study that a given exchange coefficient-

t otal salt concen tration relationship holds at all levels of salt con-

centration . This assumption is not necessarily true as discussed in 

the previous paragraph. Since concentration of each cation at the end 

of infiltration is affected by the composition of solution in the 

early hours of i nfiltration, the correct values of exchange coefficients 

seems to be important at high salt concentrations in soils. 

Another cause for disagreement may be the assumption involving 

the activity coefficients. It has been assumed that Yea = yHg = Yso 
4 

Table values (Robinson and Stokes, 1955) indicate Yso <Yea< yMg in 
4 

pure solution. The difference between their values is quite prominent 

at high ionic strength. 

Still another cause for disagreement may be that Na2so
4

, eaco
3

, 

MgC0
3

, and other complex ion formations are not considered. This may 

be important because there is an increase in complex ion formation 

with increase in salt concentration. 

Three different salts (Cael 2 , Mgel2 , and NaCl) having a common 

anion were leached with distilled water. Figure 10 shows the water 

content and total salt distribution at the end of 37.6 hours of infil-

tration. There is a good agreement between the observed and the pre-

dieted water content distributions. However, the measured total salt 

concentration is quite different than the predicted values . There is 

not any regular increase with depth of the measured total salts. There 

is no well defined depth at which maximum concentrations of total salts 

occurs. The zig-zag distribution of total salts indicates that there 
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may have been alternate addition of salty and non-salty water at the 

surface. It is postulated that this kind of behavior results from the 

assumption that all the salts are soluble at initial soil water content. 

Since the salts were applied in the powder form, it seems that some of 

the salts were not solublized after the first wetting. Because the water 

was applied in drops and manually checked for its uniform application at 

the surface, it is believed that these salts eventually became dis

solved at irregular time intervals and led to this type of distribution. 

There may also be analysis problems or errors unaccounted for. 

Figure 11 gives the distribution of individual ions. Measured 

concentration of almost all the ions follows the same general distri

bution of total salts. There is a poor agreement between the measured 

and computed values for all the ions. The model at its present stage 

does not predict this kind of distribution. 

Case 1/3 

This is the case where wetting-drying-wetting cycle was followed. 

Figure 12 shows the soil moisture and total salt distribution at the 

end of the experiment. Agreement between measured and predicted water 

content is reasonable considering the assumption that hydraulic proper

ties used were for an undisturbed sample. Meas ured t otal salts distri

bution indicated the presence of two peaks at about 12 and 52 em depths, 

while the model predicted a single depth (38 em) at which maximum con

centration occurred. Since enough water was applied at the second 

irrigation, it is expected that all the salts would have moved to the 

bottom of the column at the end of the second infiltration . As sodium 

ions (Figure 13c) are the major component contributing to the peak in 
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total salt concentration, at 12 em depth, it seems that all the NaCl 

salt added before the second irrigation apparently did not dissolve 

immediately after irrigation, as is assumed in the model. Crystals 

left undissolved eventually became solublized at some later time in 

the irrigation cycle and led to the peak in total salt and other ions 

at the 12 em depth. 

Figure 13, the plot of individual ions, shows the same distribu

tion pattern as that of total salts. Measured chloride ion distribution 

also supports the postulation discussed in the last paragraph. 

Field Experiment 

The model was tested under field conditions at Hullinger Farm near 

Vernal, Utah. Water movement and, thus, the salt movement due to the 

presence of roots was also considered. In order t o avoid the 

complexity arising due to layered soil, the soil profile was assumed 

to have uniform properties throughout. Presence of gypsum was con

sidered in the initial conditions below 30 em depth. The model was 

tested over a period of two drying and wetting cycles. Hysteresis in 

the hydraulic properties was ignored. Comparison of the predicted and 

measured values was made at three different times in the cycle. Since 

no measurements of individual ions were made on the solution samples 

at field water content, an approximate method was used to arrive at the 

concentrations from the saturation extraction analysis. The method 

involves the assumption that the individual ion concentration changes 

in the same proportion with changing water content as does the electrical 

conductivity of the solution. This assumption may not be exactly valid 

for complex ions and ions which react wi th the soils. Since chloride 



ions do not interact with the soil, it is expected that the given 

assumption holds good for chloride. 
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Figure 14 is the plot of water content distribution at three 

different times during the cycle. There is a good correspondence be

tween the measured and predicted values on the first (Figure 14a) and 

the third (Figure 14c) samplings. Although, the predicted water con

tent does not agree too well with the measured values on the second 

sampling (Figure 14b) both distribution follows the same trend. 

Electrical conductivities of solution at field water content and 

saturation extract are plotted in Figure 15. The ratio of the two 

values was used to correct the saturation extract analysis to get ion 

concentration at field water content. Except the first sampling 

(Figure 16a), the predicted values closely relate the corrected total 

salt concentration. Since the saturation extract analysis represented 

an average of 30 em depth, the corrected concentrations are represented 

by histograms. Depth at which the maximum concentration occurs is 

deeper in measured than in predicted distribution. This may be the 

result of discontinuity in the measured distribution. 

Figures 17, 18, and 19 give the individual cation distribution. 

Measured calcium concentrations are generally less than the predicted 

values, while the reverse is true for sodium and magnesium concentra

tions. These differences seem to result from the assumption that cation 

concentration changes in the same proportion as does the EC of the 

solution. Since the preference of exchanger for the ions of higher 

valence increased with dilution of the solution (Helfferich, 1962) it 

is expected that the proportionate increase in calcium and magnesium be 

more than in sodium. The approximation used to get the ion concentration 
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at field water content, however, assumes the same dilution effect for 

all the cations. 

Sodium concentration measured in the saturation extract is also 

higher than the computed values while the opposite is true for the 

magnesium and calcium concentrations. Since the area under total salt 

curves is about the same for both measured and predicted distribution, 

the relative concentration of cations depends upon the exchange coef

ficients as discussed previously in case #1. 

Chloride concentrations are plotted in Figure 20. It follows the 

same distribution as that of total salts . The agreement between the 

measured and predicted chloride concentration is fair. However, the 

depth at which the maximum chloride ion concentration occurs is dif

ferent in both measured and predicted distribution. This lack of 

agreement seems to be due to the discontinuous nature of measured 

chloride distribution curve. 

Figure 21 gives the depth and salt concentration of the drainage 

water during this experiment. Since no measurements were made only 

computed values are plotted. It shows the capability of this model 

to provide this kind of information, which is useful in devising a 

scheme for quality control of irrigation return flow. 
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SUMMARY AND CONCLUSIONS 

A model was developed to describe the simultaneous flow of water 

and salts in soils under varying initial and boundary conditions. Water 

and thus the salt movement due to plant roots extraction was also con

sidered. To predict the distribution of adsorbed ionic species, correction 

due to sink or source term was made in their concentration. Specific 

chemical processes contributing to sink or source term in the model are .: 

1. Dissolution or precipitation of gypsum and lime. 

2. Formation of undissociated Ca and Mg sulphate. 

3. Exchange between cations in solution and the soil matrix. 

The principles of solubility product and equilibrium exchange were 

used. The solutes considered were Ca++, Mg++, Na+, and Cl-. The model 

was tested under field and laboratory conditions. In the laboratory 

three cases with different initial and boundary conditions were studied. 

In the field the experiment was conducted with alfalfa as the major 

crop. 

Tensiometer, salinity sensors, four probe units, and solution cups 

were installed in the center of the plots. Two wetting and drying 

cycles were followed. Measurements of water content and salt concen

trations were made three times in the experiment. Experimental measure

ments were t hen compared with the predicted values. 

There was a close correspondence between the measured and predicted 

water content in all experiments. However, predicted total salt con

centration agreed fairly well with the 1neasured values only in the 
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field and one of the column experiments. Chloride ions followed the 

same distribution pattern as that of total salts in the above experi

ments. Predicted calcium concentration was higher than the measured 

values while the opposite was true for predicted magnesium and sodium 

concent rat ion. It is postulated that these differences results be

cause of (1) insufficient description of the exchange and activity co

efficients at high salt concentrations, (2 ) and other complex ion 

fo rmation not included in the model at the present time. 

In t wo laboratory experiments there was a poor agreement between 

the predicted and measured total salt concentration. The lack of 

agreement seems to result from the assumption i nvolved in the present 

model or s ome reasons unknown at the present time. Since the salts 

were applied in the powder form they were assumed t o be soluble at the 

initial water con tent . It was concluded that this assumption is one of 

the reasons fo r the apparent differences in the predicted and measured 

values. Different ion concentrations in these experiments followed 

the same distribution as the t otal salts. 

The i nves t igation regarding the applicability of model suggests 

that more tests are needed. It does appear to yield approximately 

correct va lues f or total salt but individual species are not as 

accurately described. 
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SUGGESTIONS FOR FURTHER RESEARCH 

Probably no research has ever been conducted that did not bring 

up more questions than were answered. This one is no exception. Since 

the model was not tested under a variety of initial and boundary con

ditions for salt flow, it should be further investigated in the field 

and laboratory to determine its suitability. In addition, there 

appears to be at least six related areas where more investigation is 

needed to improve and test this model. They are: 

1. What is the effect of "built in" dispersion in numerical 

methods on the salt flow? 

2. How do the activity coefficients of different ionic species 

vary at high salt concentration in soil solutions? 

3. How do the exchange coefficients behave in the mixed salt 

solutions at high salt concentrations? 

4. What is the correction due to other complex ion formations 

at high salt concentrations ? 

5. Because it was felt in this study that powdered salt does 

not dissolve immediately after wetting under unsaturated flow condi

tions, it is suggested that salt solutions rather than salt crystals 

should be used. This may be a problem in the field and needs further 

consideration. 

6. The extraction of a sufficient amount of solution for chemical 

analysis, under field condition was difficult. Further research on the 

methods of solution extraction is desirable. 
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Appendix A. Tables 



Table 5. Measured bulk density, water content, electrical conductivity, and ion concentration 
profiles for conditions of case #1 

Depth Bulk Water EC Total Calcium Magnesium Sodium Chloride Dens ity Content Salts 
(em) (6) (llmhos) (me/1) (me/1) (me/1) (me/1) (me/1) 

0 - 5.1 1.15 0.346 866 9.3 4.4 2.9 2.0 0.6 

5.1 - 10.2 1.16 0.353 744 8.5 4.3 2.6 1.7 0.3 

10.2 - 15.2 1.20 0.353 852 11.9 4.4 4.4 3.2 0.3 

15.2 - 20.3 1.19 0.350 1100 12.4 4.6 6.0 1.7 1.5 

20.3 - 25.4 1.19 0.348 2410 24.4 9.0 13.1 2.3 16.1 

25.4 - 30.5 1.21 0.340 3162 29.8 10.9 16.5 2.5 23.6 

30.5 - 35.6 1.17 0.331 3448 38.8 14.1 21.8 2 .9 24.6 

35.6 - 40.6 1.14 0.332 5440 58.8 21.0 34.4 3.4 46 .7 

40.6 - 45.7 1.17 0.326 6000 79.1 27.5 46.9 4.7 52.9 

45.7- 50.8 1.14 0 . 322 7190 94.2 31.5 56.3 6.5 64.3 

50.8 - 55.9 1.15 0.300 6524 90.2 30.6 53.8 5.8 52.6 

55.9 - 61.0 1.15 0.281 13840 167.3 41.9 114.9 10.5 144.0 

.... 
IJ> 



Table 6. Measured bulk density, water content, electrical conductivity, and ion concentration 
profiles for condi tions of case #2 

Depth Bulk Water EC Total Calcium Magnesium Sodium Chloride 
Density Content Salts 

(em) (8) ().!mhos) (me/1) (me/1) (me/1) (me/1) (me/1) 

0 - 5.1 1.10 0.397 379 4.4 1.6 0.6 2.2 0.2 

5.1 - 10.2 1.12 0.386 552 6.4 2.6 1.1 2.7 0.3 

10 .2 - 15.2 1.15 0.405 1894 26.2 12.3 8.9 5.0 7. 3 

15.2- 20.3 1.15 0.40 6612 84.3 36.3 26.7 11.4 54.3 

20.3- 25.4 1.15 0.377 8064 98.2 45.0 38.3 14.9 82.5 

25.4 - 30.5 1.10 0.267 6480 61.2 29.4 23.5 8.3 47.5 

30.5 - 35.6 1.22 0.396 4836 43.6 20.6 16.4 6.6 22.0 

35.6 - 40.6 1.18 0.397 12031 142.2 61.9 52.1 28.3 87.8 

40.6- 45 .7 1.15 0.385 8252 75.9 39 .4 26.7 9.9 68.0 

45.7- 50.8 1.12 o. 370 10186 125.0 62.5 54.2 8.3 104.0 

50.8 - 55.9 1.13 0.359 9590 90.1 47.4 35 .4 7.3 86.5 

55.9 - 61.0 1.13 0.324 9230 115.3 59.1 49.6 6.6 81.8 .... 
a-



Table 7 o Measured bulk density, water content, electrical conductivity, and ion concentration 
profiles for conditions of case #3 

Depth Bulk Water EC Total Calcium Magnesium Sodium Chloride 
Dens it~ Content Salts 

(em) (6) (].Jmhos) (me/1) (me/1) (me/1) (me/ 1) (me/1) 

0 - 5ol 1.11 Oo376 1408 20o8 l2o2 4o0 4o6 2o9 

5ol - l0o2 1.13 o. 388 6090 77o0 l6o5 5o7 54o8 33o5 

l0o2 - 15o2 1.12 Oo376 11040 128o2 50o0 36o9 41.3 100o4 

15o2 - 20o3 1.16 Oo394 7372 76o5 38o5 20o0 l8o0 52o2 

20o3- 25o4 1.16 Oo4l2 6532 78o0 38o0 22o4 l7o6 43o9 

25o4 - 30o5 1.16 Oo404 5745 63o2 29o3 20o2 l3o7 34o5 

30o5 - 35o6 1.18 Oo4l6 5320 61.4 29o5 l7ol l4o8 29o0 

35o6 - 40o6 1.16 Oo4l9 6128 70o9 34o5 22o4 l4ol 35o7 

40o6- 45o7 1.14 Oo4l8 7380 83o0 42o0 26o3 l4o 7 49o9 

45o7-50o8 1.17 Oo419 10653 121.9 63o5 44o3 13o 8 89o2 

50o8 - 55o9 1.17 Oo451 11610 126o4 70o0 48o9 7o5 101.1 

55 0 9 - 61.0 1.16 Oo473 9379 111.4 63o5 42o0 6o4 89o5 " " 



Table 8. 

Depth 

(em) 

0 - 30 
30· - 60 
60 - 90 
90 - 120 

0 - 30 
30 - 60 
60 - 90 
90 - 120 

0 - 30 
30 - 60 
60 - 90 
90 - 120 

Chemical analysis of saturation extract for field experiment 

EC Total Calcium Magnesium Sodium Salts 
()lmhos) (me/1) (me/1) (me/1) (me/1) 

(a) 324 hours 

3281 42.9 18.5 11.3 13.1 
6952 72.9 32.4 41.1 8.4 
2941 41.4 12.8 22.4 6.3 
3178 46.0 16.3 23.9 5.9 

ill 329 hours 

4571 59.1 12.3 6.9 40.0 
6996 70.6 22.5 41.7 6.4 
4562 48.1 14.9 26.5 6.6 
3670 4 7. 9 14.3 27.2 6.4 

i£2. 627 hours 

6468 73.0 21.1 6.7 45.2 
8981 88.6 46.7 33.2 8.7 
7260 73.6 34.1 34.8 4.8 
4462 52.8 30.6 17.7 4.6 

Chloride 

(me/1) 

16.2 
57.6 

3.7 
0.4 

14.1 
51.9 
13.8 

2.5 

40.2 
78.1 
53.3 
16. 4 

.... 
00 
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Table 9. Water content (8) profiles for field experiment 

Depth 
Time 

24 hrs 40 hrs 324 hrs 339 hrs 627 hrs 
(em) 

30 0 .20 0.32 0.24 0. 32 0.28 
45 0.24 o. 32 0.28 0.33 0.29 
75 0.25 0. 32 0.27 0.33 0.28 

105 0.29 0.33 0.31 0.34 0.31 
135 0.38 0.40 0. 39 0.40 0.39 
165 0 . 41 0.42 0.112 0.42 0.41 

Table 10. Electrical conductivity (~mhos) profiles at the field water 
content 

Depth Time 
24 hrs 48 hrs 76 hrs 324 hrs 327 hrs 627 hrs 

(em) 

15 4082 3740 6915 8747 8883 
45 3369 33657 32422 15070 14745 14350 
75 4068 4252 13877 7032 7175 9285 

105 3111 6686 6382 3930 4410 4756 
135 3426 3279 3012 3372 3594 4373 
165 2671 2820 2765 2654 2700 2622 
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Appendix B. FORTRAN Program 



PROGRAM-SOil \UT(PoSALT oflOW WITH PLANT UPT AKr" 
PROGR AM OF SEP. 2'i • 1<:1 71 
HWET t~ PFH<i<;;URE Of HTGHEST POSSlALE WAHR CONTfNT 
VIS ROUI'·WARY CONDITIONS AT TOP &NO THIES CONDITIONS APPLY 
O( TT IS Tl~E TNCRfH E NT TO ST ART WTTH AND LOWE ST TO USE 
CO NO IS SMALLEST WAHRCONT(Nl CHANGf. ftllOWEO EACH COMPUTATION 
GRAvY IS GRAVITY COMPONENT USUALLY THE SAME o\5 DELX 
OELW 15 WATER CONTENT OIFFERfNCE CORRfSPOND lNG TO TABLE lNCREtHNTS 
TIS WAHR CONTENT TriPLE HAS EQUAL SP ACED INCREMENTS 
TIME IS CUMULATIVE Tl~( lT START Of COMPUTATION 
TT IS 1.0 FOR LAASON(N AND 0.5 FOR CRANK NICHOLSON 
CUHT 15 Tl"4f AT (NO OF COMPUTATION 
TU~l• FOR ZERO flUX AT BOfTOH.TAA:.Q FOR HIKt<l CONSUNT 

fRO"! G i ll OR HIII::Gill 
CTM I S LOWEST VALU[ OF Q[LT P(RMITTEil--IF AS LOW S T OPS 
HORY IS PRESSURE OF LOWI:ST POSSIBLf WATER CONf(NT 
PP I S PRES<;URf T4Rl[(W[fTING)STARTJNG WITH LOWEST PRESSURE 
0 IS CONDUCTIVITY TARLE <;TARTING WITH LOW EST WATER CONTENT VALUf 
QQ SA'1[ AS ABOVE EXCEPT ST ART S FR0'1 WETTING 
C IS WAT[R CAPACITY A<; A FUNCTION OF O[PTH IHGtNNING AT TOP 
OELX I S DEPTH INCREMENT 
W IS WATER CONTENT A'i A FUNCTION Of DEP TH RfGINNING AT TOP 
HIS WATER P'?fSSUR£ A<; A fUNCTION Of DEPTH BEGI NNIN G AT TOP 
WAll IS LOWE S T POSSiqLE WATER CONTENT 
WATH IS HI GHEST POSSlRLE WATfR CONTENT 
CB IS A CONSTANT TO 'IULTIPL't 0 ARRAY R't--USU AL LY 1.0 
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K IS NO. Of DELX INCQ f. M[NTSoMH NO. Of TIMES H•W PRINTEOoKIT NO.Of 17. 
C-- -- S TA QT HERE fOR A NEW PROGQAM 13 
C HI I S TO PRINT HoW ARRAYS EACH ITER .. dER NO. Of V ELEME~TS Ill 
C HROOT IS THE ACTUAL ROOT WATER POTENTIAL 
C BB REPRESENTS PLANT UPTAKE AD DITIONS 
C HLOW IS TH[ MINIMUM ROOT POTENTIAL ALLOWED 
C HHI IS THE HAXlHlM ROOT POTfNTIAL ALLOWED 
C ET I S THE POTENTIAL E VAPOTRANSPIRATIONoALWAYS NEGATIVE 
C WfOO IS THE WATER flOW RAT( AT THE SUR FACE 

(TPL IS THE POTENTIAL TRANSPIRATIONoALWAYS NEGATIVE 
SUMS--SALT CONCENTRATION GOING OUT 
lET I S THE BOUNDARY POTENTIAL [f. ALWAYS N(GATJV[ol'T\1 ARRAY 
OOoHoGoYtWoROFoAtSE . ";SoSO ARRAYS ARE OF S AME OIH[NSION AT LEAST =KK 
PoOtToAR[ Of EQUAL OIMENSIONSoAR£ EQUAL TO 60 AT HOST 
SF•lEToV ARRAY S ARE OF SAME OIHEHSION Af l(AST ::J(R 
CS =CALC I UH oHS =M AGNES 111M tSN::SOOI UH oCL =C HLOR I DE, SU:: SULPHA T£ oHC:: 81 CARR ONATE 
CEoM[o[No"RE EXCH .. NGOLE CUCIUHoHAGNfSlUMoSODIUM 
CAloCA'io i.RE rALCITEo 
CAt oCA'i oA R£ CALCITE AND GYPSUHoC<.OoHGSOoAR£ ION PAIRS 
C SG oH"iO, SNO oCLO oHCO o'S UO oCSX oHGS X, ARE Ol 0 CO NCENTR AT (0 S 
AHoAC .SA HoSACoARE TABLES OF I ONIC-STRENG T H ACTIVITY COEFFICI£NT Of 
CALCIUM AND SO DIUM IONS 
TCA , l MG o AR E TOT A LCONCER AT tONS I C lT ION S • ION -P AIR SJ 
0 lfi4ENSION Cf I 35) ,HFI3 51 oSNF (3 SJ oSUF 13 51 oC SO Ft 351, HG S F (3 SJ oCLf tPil 

D IM ENSION HCF(35J 
0 IH[ N S I ON 0 0 ( 2'5 I , H C 2'~ I , G·t 2'5 J • Y ( 2''ll , W I 2'5 I , RO f ( 2'5) , A I 2'5 ) , SE 12' 51 
DIMENSION SSt 2'5) tSOILJSJ oCI2'5) .812 5) ,(12'5) of (2'51 
DIMENSION SffbSI •HTI651o VI651 
OIHEN<iJON PI50io0150)oTI501 
0 lH ENS I ON CS I 2'7 I • M S I 2 1) , S N I 27 1 • SUI 2 T I • Cl I 27 l o HC I 2 7 J oC [( 26 lo 11( I 2 f,) 
OIMEN'i JON (N I 26 I ,Cf,S t 71 l o CSOI l7) oHGSX 12' 71 oT HG 12 7) 



0 I MEN<; J 0 N CS G I 2 7 I • HSO I 2 71 , S NO I 2 71 oC LO I 2 71 oH CO f? 71 • SU O f 2 71 oC SX I 2 7 I 

OIM(~<\ J ON AHI271oACI?71oSaHt?61o S ACf26J 
OIM[N<\JON TCAI261 
DIMfNS!ON CAllt'7loMG$f")l271 
REAL Hf oH G'\f 
REal MGSOoHGo;;X,MSP 
REH 11$0 
REAL M S oH [ oH ~ aoi1 SA 

WRJ TEI6 o87 65 1 
!\7h5 FOR!11TI1Hlo25Xo• •••• ••••••••••• ••••• ••••••••••••••• •• • ••••••• ••••• ............. , 

WRJ Tf 16 o8 7F.61 
87'>J> fORMITilH , 34X o'CROP o\l f llFA •• ROOT OfP TH I S 1 71 FHT. ' I 

WR!Tflf.olJqqq) 
qqqg fOR~aTilH o2'iXo 'DHA AR [ fROM 31811971 TOll/911971 CQOP AlFAlfA, f 

l ::Q. 10[ T' I 

A7f.7 fORMaTflH o2'5Xo'•••••••••••••••••••••••••••••••••••••••••••••••••• ............. , 
P.EAO 16lo HL 

lHH ::L I1H•l 
R[AD 16h MoMMo f[RoNBoNO 
MM :: K•l 
READ lbSoiOOIII ol ::l oiOO 
REIDI5olb5l lf[T(IIoJ :: lolERI 
REAOI'iolf.5 1 IC1Dfftlol :: loKKI 

£1::. TE T I 11 
ll :: MH 
R£ AD I c;, 16 5 I fPC I l d:: lo NO I 
REA 0 I 'i • }f, 5 I I 0 I I l • I :: l• NO I 
READ lf.5o IWI Jiol::loiO(J 
READ 1f,5, lVIII ti :: IoiERI 
READ 165o DELXoO(JJ,f:RAYYoCONOoOELWoTIM( 
R(aO 165• TToCUMTollAoHLOWoHHioRREo;;; 
READ 1[,5 , HO R'f' oH WE T oW&TloWATHoCB 
BOUNORY CO NOI TJON S FOR S ALT FLOW 
PEAD lf.Soi S FIIloi :: J,J (R I 
REAOI'io1f:.Sl ICfll loJ .:: tolERI 
RE .. 0 I 5, 1f> 5 l I~ F C I I ol .:: 1 o J ER I 
REAOfS, lf.Sl I~NF I llo I .:: lo J[R I 
ROOI'iolf:.SIISUFIJio I~ lolfRI 

RE A 0 I So 1f. 5 I I CLf I I I , I :: I o J[ R I 
RE .. 0 I 5o 16 S I I H CF C II , 1 ~ lo U: R l 
REAOI5ol6511CSOF II loJ .:: loJERI 
REA 0 I'\ • 16 5 l C ~ GS F f I I • I :: 1 ol f R I 
WRJ T[ 16 ol !i611 CF Ill, J -_::- lo IERl 
WRITE 16 ol661 I Hfl I lo I = l• J[Rl 
'o/R!T(f£.,16611SNFIII oi::J ,JERI 
WRTT£16 ol F.61 I SUFI I I ol ::} olERI 

WR JT[I6ol661 CCLF Ill •l = lol£RI 
WRJ TE 16 ol6611HCF Ill •I :: 1 eHR I 
WRIH 16ol l>61 CC'SOFI!lo I= lt IERJ 
WR1T[t6,J66J CHG SF I llol:: loi[RI 
R(A01'itl65JAM 

R[ l01 'iol65J.\( 
R[AOCSo 1651SUt 
READ I So 165 15AC 
WRI T£(6ol661 IAHI II• ACf II• I = h n1 
WR] T[ C 6 o UiEil f S AM I I I o'S lC f J) • I :: l• 26 I 
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JNTIAL CONDI TIONS ,-OR S ALT FL OW 

R( A 0 I 5 • 16 S l I CS I l J .1 :: 1 t K K I 

REA 0 I <; , 16 5 J I MS I I I .I -:: I • K K J 
REA 0 I 5 • lEi 5 I I o::; N I I l • l :: 1 • K K I 
RE o\l'll co, 16 51 I<; U I I l • I-:: t , K 10 

RE A 0 I <; • 16 5 I I Cl I I 1 .I -:: I , K K I 
R[ A 0 I 5 • 16 5 I I HC I I J , 1 :: t oK 10 
RE AO I"io1L5l CCAll JJ,J::t.KKJ 

R'E AD l'i o 16511 CA S I It, t ·:: 1- KK l 
WRIT( I L o1 66 I I (II) I I I • I :: lo KK I 
WR J HI 6 ol f:F. l I MS I I l • I ~ lo KK I 
WRIT£ 16 o1 6r.l I S NI I I• I~ lo KK I 
WRIT£ c r.. t66 1 I~U I 1l • I ~ lo KK I 
WR IT£ u ; •1661 ICL I 11, I '-= lo KK I 
WRIT£1Eiol6LI I HCIIIo 1-=tt KKJ 
WRil[IGol661tCAL([I ol :: loKKI 
WR I T£ I 6 o1 6L I I C 4 S I I I • 1 ::1 , t< K I 
WRIT[ 1 6 ol6'H 
WRIT E IGo16ll K oHMoi(RoNA oNO 
S MA X::W ATH•&tOO .. 
PI 1 I :: P I 1 J • I • 0£ • 03 
TIll -::Q. 0 
S TIM::O .. O 
DO qoo I ::2- NO 
Til I -::OELW•T 11 - 1 l 

9111 PI II -::PII I•t .. 0£•1)3 
c---- --- ------------------- -------------- ----------------

00 hUO I ::2tKK 
C'\f. ::C'i ll) 
HS t. :: MS t I I 
S NA::SNtll 
suA::Su tiJ 
Ctt.::C L t II 
HCA::HC II) 
S( ll :: CS I I I '"'Stl J+ S NIII 
C Al l [ Q[XCH I C '\ A oH SA oSNA oCl A o S UA ,HCA, C[ .loH FA, £N Ao C S P oH S P t S [A eA Ht A( • 

Q'iUI oSAC I 
CS I 1) -:: C SA 
M'i I I 1 -:: HS A 
'iNCI J -::S NA 
'iU t I J ::SU A 
CL II J -:: C L A 
HCI IJ::H(A 
CE t tJ::CEA 
HEIIJ ':: M[A 
[N( I J:: (NA 

CS OITI :: CSP 
HGSO I J I :: MSP 
S£ 1[1 -::SEA 
WR I H f 6 o l 66 JC<; C I I t HS It J tSN II I •Cl It J ,"iU U J oHC f1 I e C El IJ ,MEl Jt ,£ Nl T l • 

GCSO I J I • '1G S O It J 
600 CONTINUE 

CSI 2 1::25CJ0. 9 5 88 
CLI 2 J -::2 5 1J O.CJ5R8 

R?S WRITEt6•91ll 
00 CJlO I :: loKK 

ql 0 WRl T[ t 6 .tf.LJ I CS I H tHSI I I•'SNt I I.SUt I I•Clf lh HCI Tl • C£ 11 J• Ht: (J I• EN II 1 

l•C,'SIU.C S Otlll 
WR IT[I 6 ol661HGS O 

c - - -- -- -------- ---~-- -- - ------ ----------- ---- -- ---- - ----
sEt li =S F ( 11 
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CS fli .= Cf I 11 
I'!S ili -:: Hffll 
SNI1J ::: SNF I 11 
SU I }) :: SUF Ill 
ClllJ = CLFfll 
HC I tJ :: HCF Ill 
CS Oiti :: CS OF(ll 
MG S Oil I :: HG S FI U 
CWFL(= Q.O 
(OR -: VIP 
DEl T ::QE T T 
H! :: t.o-rr 
TBB = t.O - TAA 
Y/11 x :: wATH 
00 111 1 :: 1 oKI< 
S'itlt :: SEIII 
50 I [ I:: 5 [ I I I • W I 1 I 
y ( 11 ::w ([I 
P rr :: o. o 
[)0 15 1:: 2 ,t( 

1 !) PIT::W i ll•IDDII•li - DOII-lii/ 2 .•PIT 
WRITE 16ol701 
Tw :: O 11 I 
0fl) :: (Q(li•CPI 2 1 - PI JIII •C B 
J:: I WI II- T 11 I I I DEl W • t. 0 
Hlti :: CPIJtli-PIJII •fWf 1 1 - TIJI 1/0flW•PIJI 

Gill ::H II I 
Clll:nELW/IPIJ • li - PC Jll 
WRIT( I 6ol661 TC))oPflloTWoOilloCilloOOilloWIII•Hfll•ROFill;o S Fill 

DO l t : 2.KK 
Tw :: o 111 
Dill ::011 J•tPIII - PI J-lii•CR+OI 1 - 11 
J :: I WI I J - l 11 I I I OE l W + 1. 0 
HI l I :: I P I J + 1 I - PI J I I • I WI 11 - T I J I 1/ O[l W • P ( J I 

Cf I I : DELW/IPIJ+ll - Pf Jll 
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GIJI ::HCIJ 86 
WRITE I 6 o l f; F. I T IIloPCJJ,T\IoOIJJ , CIIIoOO illoWilloHIII·RDFIII. Sflll 

CONTI~U[ 

N:: kl< •1 
00 Z T ::. NoNO 
rw :: o 111 
0 I I I ::0 f I I • I PI I I - PI I -1 1 I •C B • 0 I 1<- 11 

WRIT( 1 6ol661 TllloPIIIoTWoOCII 
0 I S '!OW OIFFUS JVITY TIME S Q[LW NOT CONOUCTIVITT 

WRITE f6ol1~1 

DO<; I::ZoHRoZ 
WRITE 16o16F.J Vll1oVII ·- 1J ol[T i l-11o S FCI - ll 

WRIT[ 16olA01 
WRITE 1 6 o1661 O£LXoO(TloGRAVYoCONQ o O£lWollH£ 

WRIT£ C6olRll 
WRITE l f.olfi61 TToCUHloTUoHLOWoHHloRR£S 

WRIT[ 1 6ol121 
WRIT£ 16ol66J HOR'foHW£T oWATLoW'ATHoCB 

1((1(:: 1 
HROOT :: GC21 
RUNOF :. Q.O 
CU HS :: Oa 0 
CUMB::Q.O 
CUMI'4 ::0a0 
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SU H.t. :O .O 
CUL PLO T CMK oWA THo WoOOo S HAX. SU I 
WR!TEfE..l 66 1 TIME 

C----CQ HDUT.t.TION OF CONOUCTI VIf T 181 AND WI.TER C APACITY 1(1 

1 6 TOP:: WATH 
BOT::WATL 
HKP :: Hfll 
WKP :: Will 
IF IEOR-0.01 11·1'3•18 

11 Wll) : WAll 
Hill :.HQRY 
GO T(l 19 

18 WIII : WATH 
Ht 11 : HWET 

19 TwW -:: IWili•Y(}II•O.S 
J::C TWW - Tilii/Of L W• J .. O 
BB: ITWW-TtJII /OELW 
DIFFl :: COfJ•li -O IJI J•f! R• OIJI 
Hl::IPIJ•l i -Pf JIJ•BB•Pf Jl 
DO 37 I::l ek 
TW:CWII•tl•'t'll•lii•O.o; 
J:fTW - Ttlii/O( LWq.O 
B B::ITW - TIJII/O(L W 
Olf FA.: IOIJ•li -OI JI I • BF'-O( JI 
Gl::tPtJq J -P t Jl I • Btl+PI Jl 

? 1 q IFCHI - 61120 o32• 20 
20 B tii:CQIFFA-OTFfBI/tHI -GI I 

If Cl - 11 21·21•13 
2'1 If ([n R-0 . 0 1 22.33• 17 

P [ R :: f~ l li•CHili•TT-Hf 2J •TT - Gf71•TH•Glli•TI1•00 1 Z HI/00tZI 
If flB S fl.l• fOR -ERI - ARS I O .. l•£ORJI 2ll> •2l6o23 

23 lffKCK. (O .U GO TO 220 
IFIIH:K - lOt' 30 5 • 23Go 7JJ; 

ZJJ; Hltt : I [ OR•OOIZI/Bit;•HI 2 1•TT - Gili•TM+GI21•TH - 001 1 1i/TT 
IFIHill.LT.HOR't'l HltJ : HOPY 
If IHt l i .. GT . HW[l) H(JJ :: HW [l 
GO TO 33 

2211 Hfii :.t-i KP 
WI 11 :: WKP 
KCK :: KCK •1 
GO TO 19 

30'i KCK :: K(K •1 
I F t£ P-£0R I 2 th 33 •2 6 

2-. I F CWI11 - WATHJ 2So3l•l3 
25 BOT::Will 

WI 11 ::. IW lll•TOPI •0 .. 5 
GO TO 28 

26 IF IWC1J - Wt.Tll 13+31• n 
27 TOP ::. Wfl1 

W( 11 "-:: (W I 1 J +BOTJ •O. S 
?8 J : t WfU-TilH/O[LW+t . O 

8S::I WI 11-T fJJ 1/0[LW 
lff[OR - O.OJ JO,J l•lO 

30 Hf1J :: tPIJ+l1-PIJI1• BR +PIJI 

32 

ltEI TWW::IW11J+YI11J•0. 5 
J::l TWW - TI 11 1/0ELW•l.O 
88:: I TWW- T IJ1 1/0ELW 
OIFFA ::. tO IJ+l1-0fJJ I•BB+OIJJ 
HI::IPIJ+li - Pt J11•BB+P( J I 
GO TO 2 19 
B f I I :: 10 IJ•li - OfJ)J ll PIJ•li-PCJ I J 
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• 10J 
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IC£ 
1<11 

A 1(JI 

A I 1D 
A I U 
• 112 

113 
I I" 

A I 1£ 
A 1 17 

• 120 
A 1 Zl 

A 1 zr. 
A I lJ 
• 12!! 
A 1 Z'l 

130 
1n 
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• 1 l8 

A I 1D 
A 1 11 
A I l2 

A I 42 



lS 
31 

IF IT- 1 I J3 • '2 t. l3 
rww =r w 
H[ :G T 

TW: IW I I •1 I • Y I I • 111 •(I. 5 
J :: fTW -T I 11 1 /Q[lWtl .Q 

C I l + 1 I ::Q[L WI I P I J • 1 J- P I J I I 
CONTJNU[ 
KCK :: l 
IFI[OR .. GT.Q .. Q .. ANQ .. ET.G[.Q.QI GO TO &J;£.£. 
JFIEOR.GT.Q.Q.ANO.[T .. LT.O.OI GO TO 5555 

6~1> [TPL::ET-EOR 
JFIET .. GE .. O .. OI GO TO ~q 

Ifi[TPL-0 .01 J6S o 39o3q 

Sr.<\5 ETPL :.E T 
36'i HHOLfl::HROOT 

HROOT::HLOW 
SINK::Q.Q 
DO 250 J::2oK 

r-lO EIII ::GIIJ-O.S715+5£1TI - OOIII+RRE 'S 
00 4?0 I ::2 oK 
IFIHI?OOT -E IJI. GT .O.OJ GO TO 420 
5 INK ::8 I I l • ROF f I I • I H R 0 0 T- [ I II I + 5 INK 

4?0 CONTINUE 
JFI 'il N)( -(f PL .. GT.Q .. Ql GO TO ~2 
HROOT::HHOLO 

aqn HROOT-:=}.2+HROOT 

STNK::O.O 
00 471 t ::2 oK 
IFIHROOT - EIIl.GT .O .. OI GO TO 421 
S lNK::R( II+ ROF II I+IH POOT-f l II !+SINK 

4 7\ CON T lNU [ 
If C 'S INK -£ TPL I '&1 1-40 2• 41 0 

411 HRlO=HROOT 
HROOT::HHQL[' 
LCOUNT =0 

1417 HROOt=o. a •HR OOT 
LCOUNT =LCOUNT •1 
lfllCOUNT .. (Q.Sl GO TO 1190 

SI NM =11 . 0 
DO 422 t=Z•K 
IFIHROOT-ECIJ .. GT .. O.OJ GO TO 1122 
SINK =B I I 1 •ROF I I I • I HROOT -£ f I I J •S IN I( 

It;?':? CONTINUE 
If I SINK-( TPL J ltl 2• ItO 2• 41 J 

ltPi HRHI=HROOT 
GO TO lt<Jl 

11~0 HRHI=HH( 
11'31 LCOUNT=O 

HROOT -:: HHOLO 
405 S INK=O .. O 

DO '-00 I =2 •K 
JFIHROOT-Eili.GT.O.Of GO TO 400 
SI NK =B I I I •ROF C I 1•1 HROOT-(f I I 1 +SINK 

1100 CONTINUE 
LCOUNT=LCOUNT+l 
IFCLCOUNT.EG.20) GO TO 1t02 
If I IPS I S INK-[ TPL 1-0.002 lit 02•1102 tit 01 

401 lf1Sl~K-£TPllit03t402•404 

ItO~ HRlO=HROOT 
HROOT=O .. 5 • IHROO T •HRHI 1 
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GO TO lfOS 
If Qt. HRHJ =HROOT 

HROOT:O. S + IHR 00 T +H Pl 0 I 
GO TO lf05 

~~DO ?"it I=l•K 
S lNK : Q.O 

?"i 1 l I II :l). 0 
GO TO 3 8 

A Y'i fHE DEL WAT£R/0£LT CAUS£0 BV PLANT [lTRACTION 
14 fl7 00 1406 I::l•K 

IffHROOT-EI!I .G T.O.OI GO TO tt01 
AI I I :1\ (J J+IHROOT -E I I II• 2. O•ROFII 1/IOOf 1•1 I -DO l 1-1 U 
GO TO ttO£> 

401 AIII :Q .O 
4Qt. CO NfTNUE 
c ---------------------- --- ------ -- ---------------------- -- -

•• 
•• •• 
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c- - -CO ?o!PUTATION OF T R I O I& GO NAL MATRIX MAIN BODY 1 SR 
38 DO 4 ? I =2 •K 159 

POT::.IQDfi•11-00Cl-liJ/t2.0•0£LTI 160 
OLXA::tQO(lJ-OOt 1 - 111 161 
OLXR:IOOII•lJ-00(111 llil 
BB::.CIII • POTITT•Bili/OLXB+ Rfi - 11/0LXA 1621 
OA : tc I I hPQ T• Gl I J+ I R I I 1/0L X 81 • IT H• I G Cl • U -G f !J 1- D LX 81 +I 81 1- 11/0LX l 1 62 2 

11• I f~• I G U- 11 - G I I I I• OlX AI •A I I I • I flO I I +11 - 001 I - liJ • 0 .. SliT T 
If I I -2 1 390• JqOolfO 

~ 0 lffHIII.GE.HWfT.OR.HIU.lE.HORVI GO TO 391f 
D l ::Q 1, - I I B I I- I II Dl X A I • I T M • I G I I - 1 I - G t I II +DL XA I I ITT • EO R ITT 
BR :: 8 R- BIl-l 1/ OL U 
GO TO 3~3 

~" QA ::Q li+Hil-ll+BI(-li/OLX.l 
l"q .1 flli::.Ol/88 

[IJ 1 : 18111/0LXBl/RR 
GO TO It Z 

ttO IF Il - K I 41 o4 lo lf3 
41 [IT I :: 18 I I 1/0L X81/l RA-181 I-11/0l )lA l+E II - 111 

ffJ I : IOA•IBII -ll/OLX.IIl+Ffi - 111/ CBB- 181 I - I JIOLXAI•Eli-111 
qJ CONTINUE 

lfJ B8=Rq-Tlh81li/0LXR 
0.11 ::0 1• T ll• C8f 1 I /OlX 81• t t GC I 1 - GI I +lii•TM•OLX 81/ TT• TB B• 8{ Il/OLX S•Hf 

l KK I 
H t 11 :: 10 l • I 81 I -11/0l X l1 •F t I - 11 I /I RR-1 R t I -1 )"! DlX AI • Ef I- 1 I I 

qlf t = l - 1 
HI I J =f f I I •H 11 •11 +F t I I 
IF 11-21 4SoltS o lt~ 

ItS JFITAA - I.Oiit7••H;•"6 

A 1 6£ 1 

' 1 £.7 
lr.s 
lli'3 
I 70 

171 
173 
17<1 
17<11 

A I 75 
A I 1!; 

• 1 7J 

lf6 HIKK I = H IK I+ODfKK I-DOCK I 8 118 
~7 DO 60 ] ::.2 oKK 
Hl O IF IHIJI-HWET-ODIIJf F.Oo60e55 
SS Ht I I :HW[l +DOl I I 
&0 CONTINUE A 1 'Y 
C---COMPUJATION Of WHEP CONTENTS AS A fi..NCTION OF PRESSURES JUST COHP A 199 

IF CHfti.GE.HWET.OR.HI li .. LE.HORYI GO TO 1005 
WFDO::EOR 
Hf 11 :: t [OR•OOI 21/81 11•Ht 21•1 T-Gil1+TH •Gt 21•T H- 00121 I ITT 
GO TO 1 34 

1111 5 WFOO::.Bf li•HHfli-HI711+TT+tGt l)-GI211•TH+001711/00 1 21 8 1 8~ 

1 Jq I= 1 
6 2 IF t~fli-G I III 6Stll6o65 

65 NHI= ~ If 
• 2 a; 

NL0::.1 • 2 (J7 



66 
67 

68 
69 

70 
71 
72 

IF CHIIJ - PIJJ I 67o72d~8 

NHJ -:: J 
GO TO 6'3 
NLO :: J 
JT :-J 
J::INHJ - Nl01/7+Nl0 
IF IJ- JTI G6o70o66 
If IHIIJ - P IJII 7lo72o72 
J=J - 1 
WA T:: I HI I J- PI J I I • 0( l WI f P I J •1 I -PI J J I + T IJ I 
WI 1 I :: WAT 
GO HI 1 17 

111> WI I I :- 't( II 
117 00 ?~A J :- 2oi<K 

26A WIIJ ::CI!J•IH III - GIIJI+YIII 

GO rn z &q 
26q swo: :- o. o 

sul"z =o.o 
su~ 1 ::o .. o 
00 UJ J :: 2oK 
SUM} :- WII I •SU~ 1 
SUM? :: TCIJ• SUM"l 
IF lo\BSISUMl-SUM7.1 - lRSCSUM311 lll-1 31•130 

130 SUM 'li ::S UMl-SUM 2 
111 CONTJ~U[ 

IF IA8SISUM3J - A8 '; CCONOIH>lo£.Jol12 
l '1i7 lF 10ELT-OETT•O.tJ63 · &lol3l 

l'li3 DEL T:-O.S•OELT 
GO TO 3 8 

f: l SUMt :-0.0 
SW1112 :: Q .. O 
00 ROO I :- 2oK 
SUH t :-WIIJ+ IO OI 1•11 - 00t I-1 I 112.•SUM1 

000 SUM? :: T C 1 1•1 001 I +11 - 001]-11 I /2 .. +5UM2 
CWF -::S UHl-PlT 
WfROQ:- I SUP'H- 5 UM 2 )I DEL T 
WfUU =B C NS 1•1 I Mt NIH ~ H C NR•11 I • TT+ I GINB J-GINB+ 11 I •TH +DOt NB +1 1- OOCN All 

I 1(00 CN 8+11-0D I NBII 
CUM<; =wF DO •DEL T • CUH S 
CUHB =WFUU•DEL T+CUHB 
SUH A =SUJ'U,+S I NK• DEL T 
CWFLX= ISUH1-':.UH21 

00 lflflf J =1• KH 
CSGtl1=CSIJ1 
HSOII1=H S fJ1 
SNO I I) =-sN f Jl 
CLOtll =Cll I 1 
HCOIIJ =HCIJI 
suo c u =su 111 
CSXIII =CSOIII 
HGSXIII=HGSOllJ 

lf44 CONTINUE 
STJH=St IH+OEL T 
KB=K~l 

HASS FLOW OF DIFFERENT IONIC 'SP ECIE S 
00 920 I=t.KR 
DEL X=fODI I •2l-DDII 1112.0 
WfR U =t 8 I 11 • I t H l [ 1- HI I +1 1 ) • TT + f G ( II - G II • 1 I I + TH + 001 I+ 11 -0 Of IJ I• I)( LT I 
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Il(0011•li - DDIIII 
loiF R 0 .:: I B I I q I • I I HI I • 1 I - HI I• L I I • T T • I G f It 1 l - G I I • Z II • H'l +0 ot I• Zl- 0 0 I I• 1 

Jll•DEL T J/10011• 2 1-0 01 I•lll 
?Ci4 IrllB<;C~o~FRUl.LT.O.DOOI.lNO.ABStwF' R Ol.LT.O.OOOtH1 0 TO <J?O 

CL } .:: r:LO II l 
CL2.::CLQIJq) 
CL3 .:: CLOil+21 
CL4:: WCI•l I 
CLS.::YII+ll 
CALL 'SALT ICLloCL7oCl1oCl4oCL 5 oCl f\oWFRU ololfROo0£LXoloEORl 
ct c I•u =cu; 
CLI=SUOIII 
Ct l.::S UOCI•ll 
CtJ::suo c I •21 
CALL S ALT IClloCL2oClloCllioCl5•ClfioWFRU oWFR0o f)£ LXolo£0RI 
SUI 1•1 l::CL6 
Cl) .:: HCOIJI 
CL2:: HCOII•l l 
Ctl:::HCO I 1+2l 
CALL 'SAlT IClloCLZoCL 3oct4oCl5oCLf. oloiFRU oWFROo 0£LXoloFOR I 

HCI l•ti ::CL6 
Cl I ::CSG Ill 
CL2 :: CSG 11•11 
CL3::C''SGCI•2 1 
CAll <;ALT IClloCl l.oCl1oC1.4 oCL SoC l f> ololf RU oWfROo0 £Llolo£0RI 
C'S II•l1 ::CLD 
(l)::HSO (J I 
CL;? .:: M'iO I I •II 
Ct 3:: MSOII•21 
CALL 'S AL T CClloCLZ. Ct :hCL4oCLSoCl fi oWfRUoWFROo0(LXol•fORI 

M'if I•li .:: CL6 
CLI ::SNO(II 
CL2::SNOII•ll 
CL3.::'SNOII<>21 
CALL SALT ICLloCl 2'oCLJoct.4 oCl 5 oCL J> oWF RUoWFROoO(LXoloEORI 
'S NII•li ::CU; 
CLJ.::CSX I I I 
Ct7 :: Co;;;x f I +1 I 
Ct3 ::- CSXCI•2l 
CALL S ALT I CLl oCl 2oClloCL4oClSoCl6o WF RU oWFROoO£LXolo£0RI 
CSOIJ+l J .:: CL6 
Ctl :: HGSXIII 
CL2 = MG 'i XI 1•11 
CLJ-::MG'SXI [+l l 
CAll S ALT IClloCl 2oCL~oC1.&toCL5oClf>oWFRUoWFROoO£LXolo£0RI 
MGSOII •li :: Cl6 
S EC I+JI .:: CS (J•li•HSII•U•SNI I• li•C S OI I•II•HG SO f 1•11: 
tC A I I • 1 I ::C S ( J •1 I •CS 0 I I • 11 
tHG I hll =HS I J •II •HGSOII+ll 
l s.:: 1•1 
IFI S TIH.Lf.I.OIGO TO qzO 

475 WA :: W(l+l) 
CSA .:: f 'i I I •U 
HS A:: M'ill•ll 
'iNA.::SN II• lJ 
'iU A::SU ( I• lJ 
CLA::CL ( l•lJ 
HCA::HCII•ll 
CEA::C£(1+ l) 
H(A:: HE ( I• U 
[NA = ENI 1•11 

89 



CSP :: cc;o 11• 1 l 
MSP :: HG$ 011+11 

CAP ~ CAL ti•ll 
C &SA ::CA S II•JJ 
S EA :: SE I I • 11 
CAll [X CHI CS A • H <; A o S N A • SUA o Cl A o HC A , C E A o H [ A o [ N A o CSP +HSP oC AS Ao CAP • WA • 

1< SEA • AM, AC oS AH oS ACI 
CS fl•U::C S l 
t't S I I•li :: HS A 
SNI l+lJ :: SNA 
SUfl• tl:: SU A 
Cll 1+11-=CLA 
HCfl•li =HCA 
CECJ ·qJ::C [ A 
H[l!•ll::"[l 
[N I Jq) -:[ NA 

C5 0CJ•l1 ::CSP 
HGSOII•ti :: HSP 
CAltl+ti::.CAP 
CASII+li::CASA 
SE fi•li:: SE A 
JFIC SI I•ll.LT.O.UlC S IJ•li -=O .. O 
If IH SI I•li. L T .. O.UIM$1 I• u ::o.O 
lfi'SNII+li.LT.0.01 S NII + 11::0 .. 0 
IF I S UI 1•11 .LT . 0. 0 I SU I I+ II ::o .,Q 
IFIC A<i.l l•ll.l T .O .OlO 'i f I+ U::Q.O 
TFIC SO II+ll. l T.O.OIC SO I I+ U::Q.O 
TC A I J •11 ::CS II +II •CS 0 I I+ 1 I 
THG I 1•11 :: H$ 11 .. 11 •HGSOI 1•1 I 

92'11 CONTINUE 
IF I S T I11 .. GE .1. Q) S T IH -::0 . 0 

c- - -- -- -- ---- ---------- ------ ----- - --------- ----- - - - --- ---- ----
oo 7014 I :: t.KM 

701.1 SOIII ='S flll•WIII 
7nr. JFff.OR - O.QJ 136o 13 f,. 135 
ll'l RUN OF = IEOR - WFODI•OELT•RUNOF 
ll t=; liHE :: Tl!otl•DEl f 

If ILL - HHJ 13Rol3 7ol37 
n1 CAll PLOT CKKoWot.T HoWo OOoSIUXo 'S OI 

WRIT£ 1Gol66J IHIIJ o] :: toi<KI 
WRIT [ If, o1 66 1 I 'S£ 111• J :: l1KKJ 
WRIT£ I 6 ol 66 I I A I I l1 1 ::7. 1 K I 
WRJT(If.o 'H11 
WRtl£16•1111 fC 'S f lloH'Sf lloSNI I lo SUfl torLI lloKC( IJ 1 C(tiJ.I't[ Ill. ENCI I 

JoCA S fllo 'S[ I[I11 :: 1ol'SI 
WRIT£1Go20011 

2£1111 FORI"'ATilH o 2X o 1CA SQ 1 ,s;llo'HGSO'o 6Xo'CAL'o7Xo'TCA'o7Xo'THG'I 
WRI l [ fG o200011C 'S OI llo HG'SOI I I, CAL til 1TCAf 1 l o Tl1 G I [I ol =t ol. 'SI 

90 

B llf5" 

... 
H7 . ' .. 

Ll ::0 A 3 52 

WRI lf 16o 1841 
HB WRITE C6oll11 TlHEoCWfoE ORIHROOTo RUNOfiCUHS oCUHBo SU HAoWfROO oWFUUo S· 

l[ ( 2 01 
If ISUHJ-0 .. 01 13'3o301-llq 

Yll OELT::Z .. O•Ofll 
GO TO 145 

I3q TW :: AB S ICONO• OflT/ SU H]I 
14rt If nw-o .. t•DETTI l4lol142ol4 2 

l" 1 TW :: O .. t•OETT 
GO TO llflf 

14 7 If ITW-lOOO .. O•O[TTillfll oll+4 • 1143 
l4 l HI= 1000 .. 0 •DET T 

A 3 st 
A 3 5'l 



}44 IFITW.GT.2.0•0£LTI GO TO lOl 
DEL T : T W 

(---TEST TO 'SH If [\lAP OR RI'IIN INT(III <; ITV IEORI HA S (H.GNG£0 

l4 !'i IFITII'f[ - \IIK C+lllli48d47dll8 
114 7 CALL PLOT (1(1( oWATI·hWoOOoSMAXo'SDI 

WRIT£ 1£,.1661 IHIIJol:loiO<I 
'oiRJ f£16.}661 1 5 £ I 1lo [:: loKK I 

2ffiU FOR"1olf15E10.1ll 
'oiRI T[ 16 o'311 I 
WRTH16 o1lll IC:'SI II oM<;( 11oSNI llo'SUI llorL I lloHCI Ito CE ll lo H[ 111• [Nil I 

l oC A '5 I fJ o'S ( I I I • I :: 1 o K K I 
WRITEI6o200ll 
WR 1 TE ( b o 2 00 01 I C'S 0 I I I o MG'SO I J I o C.6l fi I , T ("A I I I , TM G II I o I ::t oX K I 
WRY Tf 16ol66J TIM[o CWfo ["'RoHROOT oRUNflfo CUM") oCUMRo SUHA oWFR 00 oW FlJU 

DEl T ::0[ T T 
[OR::\IIKC+ll 
SEI tJ ::S FIKC•21 
E T:: TET IKC •"lt 
M'Siti :: MFIKC•21 
C'Siti::CFIKC+?I 
'S NitJ ::SNF" IKC+ 21 
CLIII::CLFIKC+?I 
<;UI}I ::S UFIKC•71 
C'SOIII::C'SOF"IKC+21 

MGSO I 11 ::HGS F I KC•"ll 
HC IJI :: HCf I KC• 71 
KC::KC•2 

SN I 71-= SN I 2 1 • I fiJ 0. 55 S5/ W 12 I I 
CL I 7 I :: C l ( 2 I • I F.3 O. 55 55/loi I 21 I 
GO TO 1 51 

1'' ·~ IFITJJIIE•!JELT - Vfl'.(+llll5lol5hl~'3 

l4'l DELT::\IIKC+li-TIHE 
151 LL ::LL•l 

IF ITIM( -CU HTI t 5 3olS l o 157 
l'i ? IF llo!L - LMMI 162ol62 ol 
15l Ylli:.(WIIJ•Yt 111•0.5 

J::fYfli-Tilii/DELW+t .. O 
B B :: I Y I 1 I - T ( J I 1/ 0 (l W 
JF I(OR - 0.01 155ol5G• 155 

1 5'i Gtll:.-tPfJ+li - PI.JII•BB+PfJI 
151i DO lF.l I-=2•1<K 

J :- I W ( f 1- T f 1 I J /Of lW + ). 0 
P.B:.-IWfii-TIJII/DElW 
Gl I I ::(P IJ+1 1-P(JJ) •RB+PfJI 
TW :: I W f I 1 - Y f I I I• W (I I 
IF (TW-WUHI 15 7ol5 7• 15'3 

157 1F fTW -WATll 151hl60• 1"60 
15 11 TW:.-WATL 

GO TC' 1 GO 
159 TW::WATH 
160 Y f I J :-w t II 

SS I IJ:.S( f Il 
IG 1 CO NTINUE 

SS f li=SE f 11 
GO TO I G 

1G "l STOP 

lG~ FORH&T f20ll1 
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t. 3 75 

A 3 1.Q 

A 3 .. 
A l 85 

386 
3 87 

389 
3'll 
393 

• 3 ... 

A 3 9S 
A 3% 
A l 97 . "'" 3'19 

•m 
• '01 
l Hl2 . "" 
A It 07 
•• (I! 

A IJ 11 



,., FORHl T n Et o. Qt 

1 &r, FORI'41 T (l 0£ 11 .. s I 
!11 fORMJ T I I I f 12.4 I 
Jc; •l fOR Ml T I lH • ' K "" ![0 NB NO' I 

170 FQRM H 111(\H WATER POTENTIAL f. O NOUCT t VI TY 01 FF US IV Il Y 

1 c Cll DfPT H W-O[PT H H-0£P T 11 ROf-OC PTH S£-DEPTH I 

172 FOP ,.IIT t SJH HDRY HW[ T W AT l W AT H c •• 

17 • fORM AT t 54H TI H( ENO S OIL FLUX rr fLUX SllT COhC. 

18 0 FORM aT 166H ('I[ LX Q[lT GR AVY CONQ Ofl W 

1 TJH[ I 

18 1 FORMH I F.GH TT CUH T TU HLOW H HI 

1 RRE S I , .. FORM AT "" •' TIM( CWF [00 HROOT ou • 
IOF CUM'\ f.UHB TRANS . w FRO 0 wr uu 
2 S£ I 7.0 1 'I 

"" FOR HAT I 120H c s HS SN su 
YL HC cr "' [N G YPSUI'I 

£NO 

SUB ROUT I N[ P L OT IN oW MAX , loo'V AlU £ oX VJL U[o TH AX oT V &lU[I 
OIHEN"'ION llTN£C lOlloWVALU £ 1 2S ioXVlLU~="I2Sio TVAL U£ C2SI 
DATA Fll l•A'<l S oCHA P oCH AR o 'i AH[/lH olH.olHiolo!H'i olH•I 

WRIT[ C6 on W~AKoHUX 
OOtJ = t-101 
ALIN( IJI : AXI S 
WR IT[ f 6o81 fll i N(II<JoK : tolOll 
00;) J = I.tOI 
ll]N[CJI:flll 
ALJNE:(li:A.XI'S 
00 4 t :t.N 
J =: t 00.0• I WVALU£ ( U / WMlX I • 1. 5 
J J:tQO. 0 • ( T VAlU ( Cl I /TMA X l • l . S 
If tJ.LT .l) J:t 
J FCJ.GT. lOll J:lOI 
JFCJJ.LT.ll JJ =: l 
IFCJJ.GT.tOll JJ : l O l 
IF I J -J JilO •l l• 10 

11 AliN[ CJJ =:S AHf 
GO TO 1 2 

111 AliN E (JJ :C HAR 
ALJN[IJJJ:(HAR 

11 WR' ITEC6oCII XVAlU£ClloWYILU(fl)oTVALU[fllolALJN£1KioK : lol01J 
AlJN[IJJJ =: flll 
ALINEIJ I:.f lll 

'i S ALIN£1li :AHS 
CONTINUE 

00 'i J=-1· 101 
AllNE CJI:.lXI S 
WRITE C6 o 8 1 fAliNE fKioK : tolOU 
REl"URN 

7 FOR,.AT 124H X VALU E WV llUE SVlLU£e!iXel7H HAX WAT CONT 1Sef7.1f•' 
1 ,_AX S ALT CONCENTRATION l'S'eftJ.z,tH 1 
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• • 13 

• 4 17 -

Z1 
23 
2S 
n 
28 

32 

•• 
FOIHU T (]lX•lOlAll 55 
FORMA T tlH ,FG .. l•f9.1f•F8.2•7H •101111 
END 



SUR POU T I N[ EXCH f A of. ~ . G oHoHCO 3o E T oCT o'i A To CA 'SO • AGS Oo XX To CALo P'lllo~[ A 

"'o AMoACo 'SA Mo 'i ACI 
OIH[N~ION AMC 'J7J oA((77 J o 'SA Joti 2G ~o '5 ACI 26 J 

DOU BLE PRE CI S ION lll 
MH :: l 
IG = t 
Pwt = Pwl•l 00~011~ 1 6 
8-::lOOOQ Q,. tJ/P\oll 
B 1 ::PW 1 

A::A/11000-0•7.-0J 
f::f/ ( 1000-0 • 2 .. 0 I 
G::G/tl000-0•2.01 
s=S/10oo .. o 
H::H/lDOQ.O 
HC0 3::HC0 3/l DUO. 
lG SO:: AG'SO / I 1000. • 7 .1 
C A'SO:: CA 'S 0/110 no. • 2 .1 
DA I S K((A - NAIEX CH AN G( COffFCI E NT 
QA :: ~a . 5377 

Q::0 .25+S .OI 'SF A 
u::'SQRT 1 2.0• I A • F •GI • O. ">• f S •H•HCO 31 I 
IFCU .. 2 .LT. Q.OQ3J GO TO 100 
CALl ACOfCU .. ACo 'S AM.SACoUoAOJ.AHOI 
A'SA::A OI•AHO .. 7.0 
GO TO lDI 

I"U A5 A::fX PI - 7. Q7 1t2•UIII.O+UJI 
hJl JF((AL11000o G02 ofi 0 3 

f>07 II< ::.1 
AAA :: "5 2 .. 

~1" ZE::UA/ fB l .. t- 6 R I 
GO TO 2 4 

f.IJ 3 IK ::2 
Z[:: t - t .. F,B•A LO G f Bl l - lt .. 461• 2 .. 3 
Z(::[XPil£1/ASA 

7tl A 1 :: A 
JFfXXTI4o4t26 
u ::'SQ IH I 2 .. 0 • I A •F •G I + 0. c;• I 'S+ H+H CO 31 1 
lfiU•• 2 . LT .. Q.OO l i GO TO 10 2 
CALL I.C OFIAHoACt SA J'\o S ACoUoAOitAHOI 
AA :: ADI• • 2 
GO TO 1 Ol 

tn 2 AA ::( XP f- 9.366 • U/Il.O+UII 
trl l lff 2.4[-5-A • G•AAJ 2(> ol 8ol8 
;>{; x::o .o 

U::'SQR T 12 .. 0• I A+f•GI + [l,. 5• CS•H•HCO 31 1 
Ircu .. z .. tr.a· .. ooltGO ro 104 
CALL ACOffAM.ACo 'S AHo SA CoUoAOloAH O I 
Ex ::· t.O/C .. Ol .. 21 
GO TO 1 0 5 

tnta [X::[XPCCC:J .. 3 66• U1/Cl .. O•UIJ 
lOS BR::A•G 

CC::ohG-12 .. 4( -51•(1( 
R::'S QRT f 88 •88 - ... O•CC J 
X=I-88+R1 12. 0 
CA S 1::4,. 8'1 7[ -3-C ASO 
OEl.=fhX XT-CA S 1 
1Ff0£L - OZ1o2Ao 28 

n x=xxT•B 
X XT :: 0.0 
CA S t =O.Q 
A::"A •X 
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G::G •'I 
U::SQIH I 2.0• I A +f •GI • Q. 'i• I S •H•HCO ll I 
IFIU•• 2 .LT.Q.OO JIGO TO 106 
CAll ACOfCAI'(.A C o S A~oSAC•UoAOioAHOI 

AA :: AOT• •2 
GO TO 7 

HI£. AA ::[J'PI-l3 .3G6•UII1.•UJ I 
AR ::- 14.~[ -]+A A•A•AA•GI 

CC::AhA•G-4.9[- jo(ASO 
~ll X X::FIB •BB - 4. 0• A A•CC 
IF I X XIC X I J'io JS o] G 

]<; X 1::0.0 
GO TO 3 7 

~ )(1::1-RB-SGRTIXXXXI 1112.0•AAI 
~7 CASO ::C ASO•X 1 

A::A- J:1 
G::G- X1 
GO TO 4 4 

JfiAit.t-7 
IF I 05014 4• 44 o7 

7~ A::A +X 
G::G +X 
UT ::XlCT- ](18 

CA'SO::CA<iC•CAr; 1 
ICICT-::XXT-CASliB 

44 A'l::A 
IT::} 
IH::t 
14'11:::1 
IFISI80o18Io80 

li\1 IFt'SATJ80o515o80 
Rn JJ=7 
lft14 JFISAT-El14n7•403•'-0l 
4112 z::s ATtt a. 

l l:: z 
GO TO 5 

4n J z::f T 110. 
ll =z 
u::SQJH t 2. 0•1 A •f •GI • 0. 'it tS+H+HCO 311 
IFIU .. 2.LT.0.0031GO TO 107 
CALL t.COF I AMo t.C o'SAH •'i A( •U oAOJ oAMO I 

[X::AOI/AHO••? 
GO TO 108 

1117 [IC::[Jil>CI-2.341•UIIIl.O+UII 

88::4,. O• 8• IE X+?. O•O A • a a •ET •B•O A•OA •'S 1 
CC::4.f1t[](t IA+'.iAT•B 1-lf.O•OA•DA•B•ET•I B•ET +2. O•'S 1- 0 A•OA•S •'S 
QO::SA f •EX • I If. O•A +S AT•8 I •2.0•0 A•DA•E T •'S • I ?.0 •B• Ef• 'SI 
EE ::<;a f • 'S AT •A• EX- OA •DA•S• 'S •[Tt ET 

81 zz::-tltiAA•Z•BAI•Z•CCI•Z•DOI•Z+E£1 
lll= I II rt.O• AA•Z•J. D• R~ I • Z •2·0 •CC I •Z•DO I 
Zl::ll!Zll 
If I Zl-0.0 I 302 o3 03 ol07 

3tH Ifll-O.OI302·515o302 
Vl2 Zll=llll 

l=l•ll 
JFtiH.GE.SJGO TO 83 
IH::IH•l 
IF I OARS I lll I -0.001 I Rlo8 J, 81 

8l IFIZ.G[.Q.OIGO TO 305 
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lf( S l T .L T.ASS i l + l .OI J Z:. S AT/ ;? .0 
1Q.I S A:: l•B• l 

Iff A I '> 1 [h !il ilo <;} 2 
c;c;z S AT ::S AT - 2.• Z 
sc; 1 (T ::ET • ? 
~C. U S::S +Z.+B+Z 
'l lO A:: A- R+ Z 

Z::- Zl 
IFIMX.G£ .. 5160 TO 512 
HX :: !4)(q 

GO TO 8 1 
Sl l S::S-2 .0•8•1 

JFIMX.GE .. SIGO TO 511 
HX :: f'H•l 
lff S I 5 50+550·~11 

51 3 [1::(1 - 7 
IFOIX.G[ .. SIGO TO 5 1 q 

P.U :: MX•l 
JFC£11551•551•514 

51 q S A1 ::Stl• 2 .0•l 
JFO'IX.G[ .. SJGO T O 515 
Hl :: MJ•l 
IFfS&Tl552•5Sb515 

51 5 A J :: A 
BB :: it,+B+ICT+O+fT I •O•f 
AA ::BqL .. 0-01 
CC::U.+CT-O•F•ET I 
R:: SQRT f88•RB-4 .. O+AA•r r. I 
Y:: 1-BB•RI/ 12. 0• AAI 
A::A +8+ Y 

f::f-A+V 
ET ::£1-Y 
C f ::CT+Y 
IF I G 17<JO• 7~0· 7'31 

7q 1 1F (fl1'30· 790· 79 2 
7'1 2 IFIU .. 2 .. LT .. 0.0031GO TO 109 

CAll ACOFfl!'1oACo 5 AHeSAC.UeAOI,AHOI 
AA :: AOI • +2 
GO TO 110 

lfl '3 Ao\ ::[XPI - <J.JGG+U/Il.•UII 
lliJ 88 :: -IS.q[-J+Al+f+AA+GI 

CC :: U. +F •G-5. '3£ -J+AG SO 
X IIX X=RB •88-11 .. 0• A A+ CC 
If I XXXX J 7~3 ,7 'H .7~1t 

7'l3 11=-0 .. 0 
GO TO 795 

1q II Xl = l -RB-SQRHXXXXI J /I z .. 0• Ul 
7CJ'> AGSO=AG'SO+X 1 

r =r-x 1 
G= G-X 1 

"Mil CONTINUE 
GO TO f60£h60U ,JK 

fill AA=-lt .. O 

CC =HC03• • Z+lt .. 0• A •HC03 
DD=A•HC03••Z-ZE 
IFIHC03-AI£il•F>l•£i2 

61 Z=-HCOJ/11 .. 
GO TO 6SO 

F>7 z = -A/2,. 
,; c; u Zl =Z 
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f.~ zz:-tf fi,A •Z•BBJ • l •CCI• Z •DOI 
zzz= 11 3 . o• .t.A• z• 2. o •RRI, z• cc 1 
IF tn- o.n 13 on., 0 1 , Jon 

'q_JJ JFilZ2 -0 .UI~(lfJ,£.UOolO O 

31ltJ zz::llllll 
Zll=Zlll 
z=l •rz 
JFIIl.GE .. <;IGO TO 61& 
JT :: IT•l 
IF I DABS flZZ I - . 001 H. ta. 6 4 o6 J 

f,4 l: A •2 
HC0J::HC03•2.• Z 
JfiHCOJI752o752o £.5 1 

-,c;z HCOJ=MCOJ-2 .•2 

•=•-z 
z=-Zl 
GO TO 6 J 

F;<;J Iflll75 2 o7 52e75J 
7<;J CAl :: Cll -1 
~;nu zx:: -. ~COJ•• 2 

If 1Zli- 7E160ho hOSoGOS 
hrl5 IK ::2 
F;n;:, DEl=A -Al 

JFfiG.GE.SJGO TO 8 
I G: iG .. I 
Iff DEL •1. OE-5 12 lh 48 o4 R 

48 IFID£ L- l. OE-S II&q.49•2 ll 
l&q Q[l:: A- A2 

If 1 Ofl•t.or -5 12 "• sn.o:;n 
'in JfiD[l-} .. 0£-5 151-Sl o?U 
">1 DEL:: A- A 3 

If 1Dtl•t.IJ£ -5 12llo52•c; 2 
9 IFIOEL-l.0(-518·8·?4 
8 AP :: A 

1 0110 CON TINU E 
F.7 CONTJ"'UE 

A:: A•IOOO.O• Z. O 
F : F •1 00 0 . O• 2. 0 
s::s nooo.o 
G::G• li)QO.O• Z.O 
H:: H•lOOO.O 
HCO 3::HC 03 •1 00 0 .. 
C ASO::C ASO •l DOn .. O• 2 .. 0 
AGSO::lGSO•l 000.•2 .. 0 
Sf A:: A •f •S •CA S O• AGSO 
RET UR"' 
[ NO 

SUB ROUT IN[ EOFX CHI CA, AM Go S O So Cl, SO• HCO 3 of So CS • S AS o( AS Q, AGSO o'S f A oA M 
'f .AC'" tSAM o'S AC) 

OI HEN<;ION AHI77l•IC1 271 o'S I,MI261o o;;; A(I261 
Cl::C AI llQOO .. O•Z .. O I 
AMG:: AHG/ ( 1QQ0. 0 • 2 .01 
sos::sos11 ooo. 
SO::SOfll000.0•2·01 
Cl :: CL/1 00 tJ. 
HC03::1-iC03flOO O .. O 
EC::.O .. tl£ - 03 
DA I S K INA - Cll QR } .. Ofl< CCA-NA I [X CHANG[ COEFFCl E NT 
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QA::0 .. 11 1S 
O::Q .. ZS+"i.,Q/SE A 
CASO::Q .. Q 
U::5QIH 11 .. 0* I CA +AMG +SO I+ Q .. S• I 505 +HCO J+CL I I 
AG50::Q .. U 
IFIU .. ? .. lT .. O .. OUJIGO TO 47 
CALL ACOfiAMoAC.5AM, <;ACoUo AOloAMOI 
ACT2:.AOiu2 
GO TO 150 

4 7 ACT2::£XPI -~ .. . H>6•UI( t.O•UII 
t <;IJ IFISOI1000o7l3o712 
712 AA :: ACT2•ACT2 

A B:: AC f 2 • I 10 .. 8 €- 3 +I AC T 2'+ fA MG + C A -SO I I I 
CC:: 78. '3 1£ -6 + I A ( T 2 • I ,H1\o + 4. 9£- 3 + I c• + S. 0 [- 3 1- I 50 • 1 0 • 8£- 3 I I I 
oo::-so •28 .. 9l£-6 

PI"JU 1::50 1 2. 
A"iU Z l ::z 
AAJ zz:.- lfiAA• Z•BR I•Z+CCI•Z•OOl 

zzz= IIJ.Q+AA• Z+ 2.0 • BJ\I+Z+CCJ 
zz:Zltzzz 
zzz::zuz 
Z::Z +Z l 
If I AB<;ClZl)- .001184 0• --It 0• 86 J 

AAt1 sor::5n 
so::z 
IFIS0l7l0•7Wo711 

7\U 5Q:SO T 
z:: z 1 
GO TO A63 

711 CASX:.50+CA•ACT2114.,qf-3•ACTZ•SOJ 
CX::CA-CASX 
AGS X : :SO+ AI"IG• ACT 211 5. 9f- 1+ i\C T7 • SO l 
AHl = AMG - AGS X 
uu::SCHH 12.0+ fCX+ AHX + 50 1+0.5 • I S OS •HC03+Cll I 
IF I AR S I UU/U-1 .. J -1 . Of- 41 40 o4 0• 4'1 

4 1 u::uu 
so::s oT 
GO TO 4 2 

40 CASO ::C i\ Sl 
AGSO::AG'iX 

AMG :: AP'IX 
71 3 ACll ::SOR TIACT21 

ACTM ::SORT I ACT 11 
ACTM::5QRTIACTHI 

CA ::C••z. 
AHG::AHG •2. 

C--c AoP'IGoARE IN EQUIVALENT/LITER 
E 5 ::[ C I I ( ACT H• SO 5/ 1 0 A • 'i Q Rl I ACT 1• CA I I I +1 • + I D• ACT I• A MG /I At T 1 •C AI l I 
S A!) :: ACTM•'iOS+ES/ ISORTI ACT J+CAI•Oi I 
CS::[C-ES-SAS 
[5::[5/2. 
cs ::csn. 
CA::CA+lOOd.O 
AM6::AHG+l 000.0 

C--C A•HG.ARE IN H[lliTER 
SOS::SOS +lOOO.O 
CL :: CL•lOOd .. U 
so::so•t oo u. o• 1. o 
HCO 3=HCOJ •1 00 O. U 
C ASO ::CASO •1 00 n .. O•:l. 0 
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AGSO = AGSO •I 00 [l,. U• 2 . 0 
SE A =c A+ AHG+ SOS • C ASO• AG'i 0 
~RT HI 6 • l 001 CA • AH G . ':)O<;. . Cl•SD • H'C03 • ( 5 • CS oS AS o•l(jSO o C'A SO o'i (A 

IOU f0~11 A T 11 2E IO.QI 

1001) !?[ TURN 

( NO 

SU B ROUT IN ( 'i ll T I A .a • C•D•E of oWfR U • WfROoOEl x. Jo EOR I 
SE ANO SS ARF NEW ANO Ol O CONClh l RA flON S 
0 1MfN 5 J ON SS illoWI 31 o ';[IJI ,Y( ll 

I = 1 
ss cn=a 
SS fl•ll .=:B 
ss e I•n =c 
WCI•li =O 
Y I I +11 =E 
JffJ ,. EG.liGO TO 20 1 
lfCWfRU.GE.O.O.ANO.WfRO .. GE .. O.OIGO TO 705 
J f fWf RU. LE .. Ll.O.ANO .. Wf RO .. L[.Q ... OIGO TO 20<) 

lffWf RU .G( .. Q.O .. ANO.Wf RO. L E .. O.OJGO TO 708 
IFfWf i? U .. LE .. O .. n. AN O . Wfi?O.G(.Q .. OIGO TO 210 

iU 5 SE I I • 1J = IS S I I + 11 • Y I I • 11 + I '5 S I I I • ~ r RU- 55 I I • ll • wF RO I /0 [l X I /W U + J I 
GO TO 2 00 . 

X11 lf fEO R-0 .01 203• 20 't. 707 
701i lF CWf RO .. GT . Q .. OIGO TO 206 
2l11 S[ f 71=15SI21• YI 2 1- I S5 1 31 •Wf ROI /0[ll i/W 121 

GO T CI 200 
206 SE I?I = I SS f21•YI Z I- I '>'i 121 •WfROJ/0ElXI/WC21 

GO TO ? 00 
2f1Q lFIWfRO .. LT. Q.OIGO TO ?07 

GO HI 206 
71'12 IfiWf ~O .. GT .. O .. OIGO ro· 205 
XI 8 SE I I+ I J = IS S I I + 11 • Y I T + 11 + I SS I I I • WF RU- <;.S I T + 2 I • Wf' RO I /0 El X I / W (] +I I 

GO TO 2 00 ' 
21.1 9 <;.[ I I • 11 .= I SS 11 + 1 I • Y I I+ 11• I S S I I +1 I • Wf RU- S 5 I T + l I • lolfR 0 I I 0 f.l X I /W (J +I I 

GO Til200 ' 
7 1 U SE I I • 1 I = I 'iS I I • I I • Y I T + lJ • I 'iS I I •1 I • Wf RU-SS I I • 11• WFR 0 I 10 El X I /lol (! + 1 I 
71'1 U IFISEII•li·LT .. O.QI 'S EII+U=S'S II+ll 

F=SE H+ll 
R[ TUR N 
END 

S UBROUTINE A COf I AH, A'C ,s AH, S AC •U ,A OJ , AMO I 
OIMEN'SJON AH1?7l.IC( 27 lo SA HI 26J , 'S AC1 2 f>l 

u=u• • 7 
IF'I U .. L£ .. 15 .. 0160 TO 1 
A01 = 587 .. Q 

GO TO 2 
DO 751 1 = 1•27 
IffU .G T .. AHIIIIGO TO 751 
AG =U- AP1 I I - ll 
AO I =: ACI 1 - lJ+ I lAC Ili - AC li-lii• AGI/UH If 1-AHII - 111 
GO TO 'l 

7Ci.l CONTINUE 
1 lffU.l[ .. S .QIGO TO 3 

AHO= l .. l q5 
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GO TO &t 

00 F.Uif 1 =- 1•26 
IFIU. GT.S AHCJIJ GO TO Rl ll 
AG::-U-S AHII-11 
AMO= S AC ( I - l l • I I 5 AC I I 1-5 AC I I- 1 I I • A G II IS A HI I I -S AHI I - 1 U 
GO TO If 

6 P4 CONT11>4UE 
RET URN 
f_ ('vI) 
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