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NOTATION

A(z) Plant root extraction function

a Activity of iomns

B Specific moisture capacity. Slope of water content-
suction curve.

c Concentrations of the solute in the solutions, also Henry's
Law constant.

ey Concentration of solute in the nth layer.

® Initial salt concentration in the solution.

es Total salt concentration in the solution.

D Dispersion coefficient (cmz/hr).

d Distance from the soil surface (cm).

E Equilibrium concentration of ions in the exchangeable phase.

E° Initial concentration of ions in the exchangeable phase.

ET Exchange capacity (eq/g).

£ Function symbol.

;3 Derivative of the function f.

G Gravitational head (cm).

g Function symbol.

H Hydraulic head (cm).

h Pressure head (cm).

I Ionic strength.

i Subscript for depth increment.

) Superscript for time increment.

K Equilibrium exchange constant, also hydraulic conductivity

(em/hr).



NOTATION (Continued)

Ksp Solubility product constant.

K[CaSOA] Dissociation constant for CaSO4 ion pairs.

K[Mg304] Dissociation constant for MgSO4 ion pairs.

KCa—Mg Ca-Mg exchange coefficient.

KCa—Na Ca-Na exchange coefficient.

k Rate constant.

N Total number of plates in the column.

n Number of plates in a column up to point z.

i3 Equilibrium parameter Q%), dimensionless.

S Sink or source term.

s Column capacity parameter, dimensionless.

t Time (hr).

At Time increment (hr).

gt Number of units of leaching solution.

v Volume of the solution fed to the column.

v Average interstitial flow velocity (cm/hr).

u Bulk packed volume of the column up to point z (cm3).

W Water content by weight (%).

X Symbol for cation exchanger.

X,Xp 5K,y Symbols for the change'in initial concentration to get
equilibrium concentration.

¥s¥q Symbols for the change in initial concentration to get
equilibrium concentration.

Z Valence of the ioms.

Z,ZE Modified solubility product constants for calcite.



NOTATION (Continued)

Depth of column (cm).
Depth increment (cm).
Water content by volume (fraction).

Pore volume at any depth.

Void fraction or pore fraction.
Density of the soil (g/cma).

Density of the solution (g/cm3).

Plate height (cm).
Solution capacity parameter, dimensionless.
Cation exchange capacity per unit length of the exchanger.

Ratio of gm of soil to liter of solution (g/liter).



ABSTRACT
Model for Predicting Simultaneous Distribution
of Salt and Water in Soils
by
Satish C. Gupta, Doctor of Philosophy
Utah State University, 1972
Major Professor: Dr. R. J. Hanks
Department: Soil Science and Biometeorology

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 CaC03, CaSOA, 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



other column experiments was poor. The poor agreement seems to result
from the irregular dissolution of the applied powdered salts. The
distribution of individual ions was not accurately predicted by the
model. The disagreement between the predicted and measured values was
large at high salt concentration. Complex ion formation, insufficient
description of exchange and activity coefficients at high salt concen-
tration are suggested for this lack of agreement. Further development
and field testing 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 return
flow 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 field 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 simple systems which is not affected
by the above chemical effects is the transport of non-adsorbed salts
like chloride and nitrate. Bresler and Hanks (1969) have successfully
built a computer model to describe the movement of these salts in the
soil profile, under varying 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.



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.H-, Mg-H-, Na+, Cl_, HCO;, and

SOA'
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LITERATURE REVIEW

Column Chromatography

Most of the models developed for tracing salt 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 with a material balance



over a cross sectional layer of the column of thickness dz:

dc dc , JOE _
'E'Fdw"'av—o (33

where c is the concentration of solute in the solution phase, E is the
concentration of solute in the solid phase, z is the distance from the
top of the column, o is the pore or void fraction of the column and v

is the volume of the solution fed to the column. Under saturated flow

the general solution of this equation is

v
= ale) 4 ST TRy 12

where ¢ is the amount of adsorber per unit of length, £'(c) is the
derivative of f(c) with respect to ¢, f(c) is the adsorption isotherm
defined in such a way that E = ¢f(c) and g(c) is any function deter-
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
mathematically but is limited in application to soil because of the
assumption of instantaneous equilibrium and negligible channeling.

Hiester and Vermeulen (1952) started with another material

balance equation

dc| _ [3E dc
i %Jv L [8v]u+a[8vJu (3]
where u is the bulk packed volume of the column (u® = 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



+ +
A" + BX > B + AX [4]
and the rate equation being

Lk fe(By - B) - £ (e, - )] 5]

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

3(E/E,) 3(c/c )]
- [ 2], - [ OJT -

ST s ds

equation [3] to

and equation [5]

3(E/E.)
T S g 1 A
e G R |

o

Hiester and Vermeulen (1952) have provided the graphical and numerical
solution to 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 model of Hiester and Vermeulen differs from the proceeding
model of DeVault in that rate dependent processes are considered in
lieu of the assumption of equilibrium. However, both the models
ignore the dispersion of salts.

The third model that is based on kinetics is by Lapidus and
Amundson (1952). They have developed a model which takes into account
the dispersion in addition to the mass flow. Previous work of Nielsen
and Biggar (1962) has shown this model as the most satisfactory of all
models investigated for predicting the spreading of a non-interacting
solute, in porous media, where spreading results from diffusion and
dispersion. When exchange is also considered the material balance

over a layer dz is,

2
s 8% s8R

2 ot
9z

o}
>
=

I

+ + [8]

el
I

|
N
)|
=3

where D is the dispersion coefficient. Depending upon the boundary
conditions the equation can be solved analytically (Nielsen and Biggar,
1962) or numerically (Lai, 1970). Some of the assumptions implied

in the above model are that the velocity profile can be represented

by an average ;, the diffusion 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
study of three models, DeVault (1943), Hiester and Vermeulen (1952),
and Lapidus and Amundson (1952) was reported by Biggar and Nielsen (1%3)
using Oakley sand. They concluded that all the theories were generally
inadequate to describe the 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
the 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,
afc) +-3—C éiz_c. =0 9]
v |z Bz 2 522 e [
ZaLV

where A 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 ecm). The solution of equation [9]
for a homogeneous saline profile at large values of N and in the case

of a linear adsorption isotherm, may be represented by

/N [10]

i
c = - erfc
2

oIl

where N is the number of depths above a distance z, p = a%g,
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n 2
erfcn =1 - %-j e Y du. p is the density of the soil, and d is the
[e]

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 Martin 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 e, is found from

i (n - 1) (t" = n+1)
l ' 0.1 0.9
‘T ca+D ! @- 1) ! % [11]

where e, 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



P gg, ~ 8, j_lez
;= _1 {————————J e {——i] [12]

where i and j are depth and time, respectively. 0 is the moisture con-

tent and SSi is pore volume at any depth. ci is then corrected for

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
discontinuous and unknown 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 Mielsen (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 with a material balance equation

)| _ [ ey _ 8(ve)
lj?n; ]z i l:az (eD Sz) 3z T8z (13]

where v is the volumetric flux of water given by Darcy's law, t is the
time, S is the sink or source term due to the solubility of mineral or

exchange between solid and solution phase. Equation [12] is similar to
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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 features 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

56 5
£2m ik i lila) [14]

where 0 is the water 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 v is given by Darcy's law

5 % 66 [-g—‘z*] [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 solutioms by
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Freeze (1969). The numeric form of equation [14] is

4 g ) =iy o _j-l_j]j-l/2

%1 - & _[hi—l+hi—l+2G hy K
At - 2
2(Azi)

5 ! 3 ol =L e gl

(hi e Bkt hi+l]Ki+1/2

" 5 [17]
Z(Azi)

where G is the gravitational term. G = Azi for vertical infiltration
down, G = —Azi for vertical infiltration wup and G = 0 for horizonal
infiltration. Azi is variable in the present model. The derivation
of equation [17] assumes a unique relationship between pressure head,
h, and water content, 6. If the assumption holds then it is possible
to write a relationship between 6 and h,

AT Jandi sl
R . [hi ity ] Him 12
B

e Be (18]
where B is the specific moisture capacity defined as
Substitution of equation [18] reduces equation [17] to
e e S |
ESR 2, §7e] © W2
e s madoal Gl TS

2(Azi)2nji =i
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An equation similar to equation [20] can be written for each

. : ]
depth increment involving unkown of hi(i = 1,2,3,40800, n)"

boundary condition supplies the value of hg and hi . Equation [20]

The

1
can also be expressed as
aa nd 4B nd-ccnd =D [21]
R | 1% 1+ 1 i
where
ae g T 12
o 1 = 1/2
L Z(Az)ZBj_12
17 %1
d =12, gl =12,
t -~ 1/2 1% 1/2
B ete) "2 Tl bl W
Ay ET
i -1/2
o ARy wap
{8 2.3 - 172
Z(Azi) Bi
j - 1/2
K At : .
ooy =) " ¥ e S e s <
2(Az,)“B]
i i
RS
B 51/ 2 [hj—1+2G_hj—l]
2(Azi)znji—l/z T i+1

when boundary conditions are substituted, n equations result in

tridiagonal matrix

BB, -CC;, O hy DD,
h
-AA, BB, - CC, hz oD,
-AA, BB, -CC 3 = |DD (22
30R3H 3 3
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Equation [22] is solved for hi by the regular techniques of
solving tridiagonal matrix (Carnahan, Luther, and Wilkes, 1969). The

water content, 0, is estimated from the relationship between 6 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]

Gc 9 dc 3

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. § 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 exists, the

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

Tageey] _ _ [a&c)'l
|EgERElzv oz lz (23]

Numerical approximation of equation [23] leads to

174 i 4 & Yol TSienid

[ejcj R 1] [;j -1/24-12_31-1/243-1/2
At == Az

[24]
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; i i Ji= g2 e =t j=-1/2 L
with the approximation, ¢ ey and ex o3 ci =g

equation [24] reduces to

S T I S e T i

Io -2 -1 2i -1/zci-1)_2_;+ o ‘lei‘l]/ei . [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

Caso, . 21,0 ca™ + s0 + 25,0 . [26]
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The solubility of gypsum is described by the solubility product con-

stant concept

Ksp = ca %50, = “ca’s0, Vi 504 % 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

(YCa = Ygo ), and ¢ is the equilibrium concentration of ions designated
4

which are defined further as follows.

At =
Let x moles per liter of Ca  and SO4 that dissolve or precipitate
co &> ++ =
and Ca, “504 are the initial molar concentration of Ca and SOA’

3 P =
respectively. Then the change in relative composition of Ca ' and

SO4 is
o
Cca = ca + x [28]
[ 2
SO4 = SO4 +x . [29]

Combining equation [28] and [29] with equation [27], results in equation

of the form

x4 Bx+tC =0 [30]

where
o °
B = ca + “s0

I 2
¢ = %ca SOA - Ksp/Y~ .

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 CaSO4 = Ca++, SOZ - H,0 system involves

2
the formation of undissociated CaSO4. The dissociation constant
K[CaSOZ] of ion-pair is defined as
Ca °504Y2
K By W e [31]
Poaste ] . Sogmely

where CCaSOZ is the molar concentration of the ion-pairs and Yy for ion-
pairs is taken as unity.
Let % be the moles per liter of Ca++ and SOZ which forms undis-

o
sociated CaSOa. If the initial concentration of CaSO4 ion-pair is

o
cCaSOZ’ then the change in concentration will be

o
SCa = Sca - Xy [32]
e Co
80, = "S0, - x, [33]
-3 (e} Co o
Cas0, = "Cas0, + x; [34]

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

rearrangement yields an equation of the form

2
Ax] + Bx, +C = 0. [35]

The chemistry of undisscciated MgSO, is similar to CaSOA and results

4

in an equation similar to equation [35], where

o ot

o o
2 cCa or Mg + Y2 Sso

= K[CaSOZ] or [MgSOZ] Gl 4
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o

o o
ol @ C: o c o o
C=7Y" "Ca or Mg SO4 K[CaSOZ] o [MgSOZ] CaSO4 or MgSO4
Equation [35] can be solved for X When the system contains gypsum,
the undissociated CaSOA becomes constant
eS0T e L [36]

K[CaSOZ]

Dissolution or precipitation of lime. An equation relating to

the dissociation of lime in water with its constituent is shown as

caco, ~ ca't + c03 [37]

3 <«
and the solubility of calcite is usually described by the solubility

product constant Ksp;

Ksp = 2ca 2co [38]

3

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

CO; concentration is a function of partial pressure, and HCO3 concen-

tration is usually the predominant form in which CO2 occurs in soil

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

o 4 -
H,CO, + CaCO, _ Ca' + 2HCO, [39]
a 32
Ca “HCO,
K = e [40]
H,C0,

If an equilibrium system is under constant pressure of CO2 and if
the activity coefficient of non-charged species (HZCO3) is unity,

equation [40] becomes
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2
e _a a
Z= K H2C03 = "Ca Hco3 [41]
2
B/ et B C c
ZE = 5 Ca "HCO, [42]
Yea YH(303

where y is the activity of associate ion.
It has been pointed out by Olsen and Watanbe (1959) that the

solubility of CaCO, in the soil is different from pure calcite, and

3
the H2C03 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 ZEto 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 content 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, is the moles per liter of Ca++ that dissolves or precipitates,

2

then the equilibrium concentration of Ca++ and HCO; is

o

ca = “ca + x, [44]

(o]
[ 3 {4
HCO, = "HCO, + 2x, . [45]

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

a cubic equation
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3 5
Ax)+Bx, +Cx, +D=0 [46]
where
A=4
o (o]
B= & [cCa * Cheo ]
3
02 o (o]
G “Hco, ey o,

o o
D = {CHCO3 Con = ZEJ.

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

Cation exchange. An equation that describes Ca-Mg exchange is

Zca iy Zea [47]
aMg Ca-Mg EMg
where K is the exchange coefficient for Ca and Mg. Let y moles

Ca-Mg
of Mg++ per gm of soil go into solution or are adsorbed. Let the
initial concentration of Ca++ and Mg++ be cga and c;g moles/liter in

2 EX be moles/gm adsorbed on the soil matrix.

the solution phase and ECa’ Mg

. " o +=+ S .
The change in the relative composition of Ca and Mg from the inter-

action of solution and adsorbed phase is then

(o]

ECa 5 ECa e L48]

By = Eyg * ¥ [49]

Cca = cga + By [50]
[e]

Sy, g By [51]

where B is the ratio of gm of soil to liter of solution. Combining
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equation [48] to [51] with equation [47] results in quadratic expres-

sion
2
Ay +By+C=0 [52]
where
A=8 {l - KCa—Mg]
o o 2 2
B=28 [EMg + KCa—MgECa % “Ca + KCa—Mg Mg

o 0 0 .0
G CCaEMg h KCa—MgCMgEMg'

Equation [52] can be solved for y.
Gapon's equation was used to describe the non-symmetrical exchange

between Ca and Na

va E
-E=K _Ca.' [53]
aNa Ca-Na ENa

Using the same reasoning for calculating the equilibrium concentration

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

Ayi + Byi + Cyi + Dyl +E=0 [54]

where vy is the change in concentration required to reach equilibrium

from initial concentration, and

2

A= -4 B

KCa—Na

2
I 2 o 2 o
il AB{Yl/Z N # KCa—Na Ca Bk KCa—NacNaJ

where Yl/Z is the ratio of activity coefficent of Ca to Na,



- [} o _ 2 o o o
C =4y [cCa * ENaB] 4K BE, [BE + 2¢ ]

Ca-Na [ Ca Na
= Kz c02
Ca-Na "Na
. O o 2 o o o o
D = E 4 + L2
Na Y1/2[ “ca ENaBJ 2KCa-NaECacNa(stNa i cNaJ
02 o 2 02 02
E = Ea®a’1/2 ~ Kca-Na®NaBca -

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

equilibrium concentrations.
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MATERIALS AND METHODS

The applicability of the theoretical model was tested in the

laboratory as well as in the field experiment.

Laboratory Experiment

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

Streets.

Column set up

The column consisted of 12 stacked rings with an inner diameter
of 10.4 cm and an outer diameter of 11.4 cm. The top ring was 8.5 cm
high, whereas the other 11 rings were 5.1 cm 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 together by three brass rods. The bottom ring had a plate at
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



24

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 cm. 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 #1. 'Sprinkler irrigation' condition with a layer of salt at
the soil surface. CaC12'2H20 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 water 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 Mmhos/cm at 25 C 864
catt me/1 316
Mgt me/1 3.88
Nat me/1 1.6
Cl™ _ me/l 0.17
HCO 5 me/1 017
SOZ me/1 8.3
me/1 0.84

Cas04 ion-pair
MgS0, ion-pair me/1 1.02
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Table 2. Initial conditions for column experiments

Case {1 Case #2 and #3

Calcium (me/1) 15.83 15.0
Magnesium (me/1) 11.31 9.87
Sodium (me/1) 1.67 1.49
Sulphate (me/1) 26.80 24.78
Chloride (me/1) 0.75 0.30
Bicarbonate (me/1) 1.26 1.28
Exchange capacity (me/100 gm) 11.0 14.0
Gypsum (gm/100 gm) 0.0 0.5

Water content (fraction) 0.0175 0.0175

Case #2. '"Rain" condition with a layer of csalt at the soil surface.

The salts applied were CaCl, * 2H20 (1993.6 kg/ha), MgCl, * 6H20 (3225.6

2 2

kg/ha), and NaCl (1523.6 kg/ha). The chemical composition of the soil

used in this case is given in Table 2. The soil was wetted with distil-

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

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

was then segmented and analysed by the same procedure as in case #1.
Case #3. '"Irrigation-evaporation-irrigation" with a layer of

salt at each irrigation. Before wetting CaCl2 & 2H20 salt was applied

at the rate 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 #2. The irrigation water applied 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 outlet plugged for another 196.8 hours

@0.0304 cm/hour. At the end of evaporation the soil 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 the 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 conductivity bridge using a 2 ml pipet cell with
a cell constant of one. Measurements were taken at room temperature
and corrected to 25 C.

Chloride concentration was determined potentiometrically using
a silver billet electrode and a saturated calomel electrode in con-
junction with a corning model 12 expanded scale pH meter.

The solution extract was diluted with lanthanum oxide in concen-
trated HCl and the concentration of calcium, magnesium, and sodium
was analysed by atomic adsorption spectophotometer (Perkin Elmer

Model - 303).
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Figure 1. Pressure head-water content relationship for Mesa sandy loam.
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Figure 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

s
= »
H)0 + CO, [ H' + HCOj [55]
%y cho3
K=——2= [56]
cP
co,

where a is the activity of the ions designated, a = my, m is the

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

Yo, = 1,0 = 1 in pure water. Thus, CO, can be replaced by m
2 2 2 CO2

= 1
CPCOZ’ where ¢ is Henry's law constant (0.0344 at 25 C), Pc02 18
partial pressure of 002 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

co E}1++ 0] 57
H o C3 [ ]
®x %co,

L [58]
HCO3
where K = 4.69 x 10_11. Details of this method are given by Olsen

and Watanbe (1959). These concentrations were just an approximation
to start with and were corrected by subroutine EXCH to bring into
equilibrium with 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 1N sodium acetate at pH 8.2. A
similar procedure was followed for exchangeable sodium except that it
was extracted with 1N 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 saturation

extracts were analysed as described previously.

Exchange constant

Exchange constants are defined by equation [47] and [53]. 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 3 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



31

2.0¢
(a)
y _ 5.0
\ y = 0.25 + =
\
o0
2 10"
«: 13
s \
N
S
. \".\...___ o o
_________________ -——---
1 - ! 1 |
0 50 100 150 200
2.0-
h ®)
i
) . 3.0
‘ y = 0.6 + =
20, 0-‘
i 5 e
\\ .
L ‘.‘_:““$_J__L-__‘_'__1___~____-_
L L]
e 1 1 ! —
0 50 100 150 200
Concentration of solution (me/l)
Figure 3.

Variation of Ca-Mg exchange coefficient with solution
concentration a) surface soil, b) sub soil.
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at 15, 45, 75, 105, and 165 cm depth at site A, and, 15, 45, 75, 135,
and 165 cm depths at site B. Duplicate tensiometer cups were 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 cm
intervals to a depth of 120 cm. Alfalfa was the major crop grown.
Sprinklers were used as means of irrigation. CaCl2 . ZHZO (4390.4
kg/ha) and NaCl (3561.6 kg/ha) were applied before the first 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 exchange 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 major responsibilities. First it reads the initial and



Table 3.

Initial conditions for field experiments

Depth ngt::t Calcium Magnesium Sodium  Sulphate Chloride Bicarbonate Gypsum
(cm) [CD) (me/1) (me/1) (me/1) (me/1) (me/1) (me/1) (gm/100 gm)
0 - 30 0.2347 36.0 14.31 5.04 44.25 10.35 0.75 0.0
30 - 55 0.2446 25.75 14.19 4.22 34.08 9.16 0.92 0.5
55 - 100 0.2764 2725 16.29 7.13 44.05 567 0.95 0.5
100 - 115 10.3053 35,10 19.95 4.91 57.84 1.30 0.82 0.5
115 =~ 1685 0.3661 32.0 16.25 4.39 50.54 1.26 0.83 0.5

7€
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Table 4. Boundary condition in the field experiment for soil water
flow }
Time Flux at the Surface ET Flux
(hes) 2 1 Comment
(10 x cm/hr) (10™ 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 0.0 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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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 the powder form
rather than in solution, it was assumed that they were soluble at the
given water content of the soil. The program then calls for subroutine
EQEXCH. This subroutine calculates CaSO4, MgSO4 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
At. No great difference was noted in the predicted values when sub-
routine EXCH was called each At. The counter for this check is
initialized to zero after each call for subroutine EXCH.

Then the program increments the time counter with At and
initializes the old values with the recently computed values of the
variables used in salt and water flow. The routine 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 for 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 At 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 C1, 504, and HCO3 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 irrigation 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 vs depth and time during
the period.

2. Chemical composition of the soil solution vs 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 At
if At 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 sclid 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 adjusted 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 analytical
methods are not available when excess calcium carbonate is present,
an improved method for their calculation is necessary. This sub-
routine calculates exchangeable ions from initial soil analysis. It
also calculates the concentration of Ca++, Mg++, SO:, CaSO4 ion-pair
and MgSO4 ion-pair from their total analysis. Theory underlying
this subroutine is discussed in the following sections.

Sulphate occurs in basic solution in more than one form. 1In
addition to free sulphate ion, there are two forms which have been
shown to be of importance in base saturated soil-water systems;

these are undissociated, soluble CaSOA (Dutt, 1964) and MgSO4 (Tanji

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

°rso, = ®so0

c
4 4 * “Caso, + cMgs%. [59]

Similarly, the total calcium, cTCa and magnesium cTMg is

©rca = %ca + Scaso [60]

4

CrMg = Mg + cMgSO4. [61]

The thermodynamic equilibrium constant for equilibrium between

the undissociated species in solution and the appropriate ions is



and

4ca aso4

K. . o0y = ——
[Cas0,] ®cas0g

a.. @
Mg SO4

K O Hirm—————————,
[MgSOA] aMgSO[?

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

X, W © c
SO4 Ca TCa SO4

K 01 4 Ya. Y e
[CaSOAJ Ca SO4 SOA
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and similarly combining equation [61] with [63] we get

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

equation
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Equation [66] is solved by Newton Raphson method for g *
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
= +
By = Eg, + By, + By, [67]

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

and [53] with [67] results in

ET
E = : [68]
Ca a K
Na + Ca-Mg aMg $1

KNa—Ca va 3ca
Ca

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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2
0.509 z2
log y, = - ——* [69]
1 % o/
where
2
Thagll i
LE=low 2 i) Sy, [70]
o

where i is the ion species of interest, n is the total number of ion
species in solution, Z is the valence, and po is density of the solution
(p, = 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
Yi CaCl2
Y B resimmr et [71]
€8 yige1
Yi NaGl
"Na T TYRCL beal
As a first approximation, it is assumed
YCa++ = YMg++ = YSOZ [73]
Yya® = Yicoj {75

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 #1
Figure 8a is the plot of experimental and predicted soil moisture
distribution after 35.6 hours of infiltration. Total salt distribution
curves corresponding to the soil moisture distribution are given in
Figure 8b. Figure 8a shows that the predicted water content is
slightly higher than the measured values at depths greater than 40 cm
and vice versa at depths below 40 cm. 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 the same in both cases. The concentration of
salt in the upper 18 cm had the same total concentration as that of the
irrigation water. However, below 18 cm there are some differences
between the measured and predicted values. The predicted concentrations
are less than the measured values between 18 and 33 cm while below 33
cm, 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 cm is the low predicted water content.

However, the agreement is considered good enough for most purposes.



Water content (6)

0.1 0.2 0.3 0.4

T T U 1
i
|
!
|
101 |
!
|
1
!
]
20F 1
]
!

(a) i

e /
=) 30[- I

S !

/

L+ /
&
a  40L
Predicted
a'l
50 2
o
o
//
- <——Measured
60L
Figure 8. Comparison of predicted and measured a) water content, b)

for condition of case #1.

Total salt concentration (me/l)

90 180
T

60L
total salt concentration

LY



48

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
with depth and maximum concentration occurred at about 58 cm. Predic-
ted concentration of calcium, 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/l. 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 1/2 to 2 times
greater than its measured concentration below 30 cm depth while the
predicted 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-

total salt concentration 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 infiltration, 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 YCa = YMg = YSOA'

= :
. YMg in

Table values (Robinson and Stokes, 1955) indicate YSO < YC
4
pure solution. The difference between their values is quite prominent
at high ionic strength.
Still another cause for disagreement may be that NaZSOA’ CaCO3,
MgCOS, 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.

Case {2

Three different salts (CaCl MgClz, and NaCl) having a common

22
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-
dicted 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 #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. Measured total salts distri-
bution indicated the presence of two peaks at about 12 and 52 cm depths,
while the model predicted a single depth (38 cm) 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 cm 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 ioms
at the 12 cm 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 to 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 cm 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 with the soils. Since chloride
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ions do not interact with the soil, it is expected that the given
assumption holds good for chloride.

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 l4a) and
the third (Figure l4c) 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 cm 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 C1 . 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 then 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 measured 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
concentration. 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
formation not included in the model at the present time.

In two 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 involved in the present
model or some reasons unknown at the present time. Since the salts
were applied in the powder form they were assumed to be soluble at the
initial water content. It was concluded that this assumption is one of
the reasons for the apparent differences in the predicted and measured
values. Different ion concentrations in these experiments followed
the same distribution as the total salts.

The investigation regarding the applicability of model suggests
that more tests are needed. It does appear to yield approximately
correct values for 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. 1In 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 sait
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 amcunt of solution for chemical
analysis, under field condition was difficult. Further research on the

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

Depth Dzziity Cz:t::\t EC gg;ii Calcium Magnesium Sodium Chloride

(cm) (®) (umhos)  (me/1) (me/1) (me/1) (me/1) (me /1)
0 =" 5 iy 0.346 866 9.3 4.4 2.9 2.0 0.6
Bl = 1022 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 bob 4.4 3.2 0.3
1552 = 20.3 119 0.350 1100 12.4 4.6 6.0 1.7 1.5
203 = 25:4 119 0.348 2410 24.4 9.0 13.1 2.3 16.1
25,4 = 30.5 X.21 0.340 3162 29.8 10.9 16.5 2.5 23.6
305 = 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 1555 0.326 6000 79.1 27.5 46.9 4.7 529
45.7 - 50.8 1.14 0.322 7190 94.2 B11S5 56,8 6:.5 64.3
50.8 - 55.9 1.15 0.300 6524 90.2 30.6 53.8 5.8 52156
55.9 =61.0 1,15 0.281 13840 167.3 41.9 114.9 10.5 144.0

SL



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

Depth Degzilt(y C‘g:::::;t EC gg;‘:: Calcium Magnesium Sodium Chloride
(cm) (6) (dmhos)  (me/1) (me/1) (me/1) (me /1) (me/1)
0 = 51 110 0.397 379 4.4 1.6 0.6 2,2 0.2
5:1 = 1052 dsd2 0.386 552 6.4 2.6 150l 27 0.3
10:2 ~ 15.2 115 0.405 1894 26.2 12:3 8.9 5.0 73
15.2 =~ 20.3 1L.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
Z23.4 ~ 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 0.370 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 1+3 86.5
55.9 = 61.00 1.13 0.324 9230 115.3 59,1 49.6 6.6 81.8

9l




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

Depth Dzzil;ty COZ:ZEE EC g:;:; Calcium Magnesium  Sodium Chloride
(cm) (®) (umhos) (me/1)  (me/1) (me/1) (me/1) (me/1)
()R S o e 0.376 1408 20.8 2.2 4.0 4.6 2.9
5ok = il0.2  IJL3 0.388 6090 77.0 16.5 5. 54.8 33.5
10,2 - 15.2 1.12 0.376 11040 128.2 50.0 36.9 41.3 100.4
15:2=20+3 1.16 0.394 7372 76.5 38.5 20.0 18.0 52.2
203 - 25.4 1.16 0.412 6532 78.0 38.0 22.4 17.6 43.9
25.4 - 30.5 1.16 0.404 5745 63.2 29.3 20.2 13.7 34.5
30.5 - 35.6 1.18 0.416 5320 61.4 29.5 il.1 14.8 29.0
35.6 — 40.6- 1.16 0.419 6128 70.9 34.5 22.4 14.1 35.7
406~ 45.7 I1.14 0.418 7380 83.0 42.0 26.3 14.7 49.9
45.7 = 30.8 1.0 0.419 10653 121.9 63.5 44.3 13.8 89.2
50:8 ~ 55.9 1.17 0.451 11610 126.4 70.0 48.9 23 101.1
55.9 - 61.0 1:16 0.473 9379 111.4 63.5 42.0 6.4 89.5

4L




Table 8. Chemical analysis of saturation extract for field experiment

Depth EC 2‘;;2 Calcium Magnesium Sodium Chloride
(cm) (Umhos) (me/1) (me/1) (me/1) (me/1) (me/1)
(a) 324 hours
0 - 30 3281 42.9 18.5 11.3 13.1 1642
30- - 60 6952 72.9 32.4 41:.1 8.4 576
60 - 90 2941 41.4 12.8 22.4 6.3 357
90 - 120 3178 46.0 16..:3 23.9 5.9 0.4
b) 329 hours
0 - 30 4571 59,1 12,3 6.9 40.0 14.1
30 - 60 6996 70.6 2255 417 6.4 519
60 - 90 4562 48.1 14.9 26.5 6.6 13.8
90 - 120 3670 47.9 14.3 27.2 6.4 2.5
c) 627 hours
0 - 30 6468 73.0 211 67 45.2 40.2
30 - 60 8981 88.6 46.7 332 8.7 78.1
60 - 90 7260 73.6 34.1 34.8 4.8 53.3
90 - 120 4462 52.8 30.6 177 4.6 16.4

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

Depth e
24 hrs 40 hrs 324 hrs 339 hrs 627 hrs

(cm)

30 0.20 0.32 0.24 0.32 0.28
45 0.24 0..32 0.28 0.33 0.29
75 025 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 0.42 0.42 0.41

Table 10. Electrical conductivity (Mmhos) profiles at the field water

content

Depth Time

it 24 hrs 48 hrs 76 hrs 324 nrs 327 hrs 627 hrs

(cm)

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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PROGRAM-SOIL WATER.SALT FLOW WITH PLANT UPT AKF

PROGRAM OF SEP. 251971

HWET 1S PRESSURE OF HIGHEST POSSIBLE WATER CONTENT

v IS BOUNDARY CONDITIONS AT TOP AND TIMES CONDITIONS APPLY

DETT IS TIME INCREMENT TO START WITH AND LOWEST TO USE

CONG IS SMALLEST WATERCONTENT CHANGF ALLOWED EACH COMPUTATION

GRAVY IS GRAVITY COMPONENT USUALLY THE SAME AS DELX

DELW IS WATER CONTENT DIFFERENCE CORRFSPONDING TO TABLE INCREMENTS

T IS WATER CONTENT TARLE HAS EQUAL SPACED INCREMENTS

TIME IS CUMULATIVE TIME AT START OF COMPUTATION

TT IS 1.0 FOR LAASONEN AND 0.5 FOR CRANK NICHOLSON

CUMT IS TIMF AT END OF COMPUTATION

TAR=1e. FOR ZERC FLUX AT BOTTOMsTAA=O FOR HIKK) CONSTANT A
FROM G(I) OR H(IN=GLI)

CTM IS LOWEST VALUE OF DELT PERMITTEN--IF AS LOW STOPS

HORY IS PRESSURE OF LOWEST POSSIBLF WATER CONTENT

PP IS PRESSURF TASLE (WL TTING)STARTING WITH LOWEST PRESSURE

D IS CONDUCTIVITY TABLE STARTING WITH LOWEST WATER CONTENT VALUF

GQ SAME AS ABOVE EXCEPT STARTS FROM WETTING

€ IS WATER CAPACITY AS A FUNCTION OF DEPTH BEGINNING AT TOP

DELX IS DEPTH INCREMENT

W IS WATER CONTENT AS A FUNCTION OF DEPTH BFGINNING AT TOP

H IS WATER PRFSSURE AS A FUNCTION OF DEPTH BEGINNING AT TOP

WATL IS LOWEST POSSISBLE WATER CONTENT

WATH IS HIGHEST POSSIBLE WATER CONTENT

CB IS A CONSTANT TO MULTIPLY D ARRAY BY--USUALLY 1.0

K IS ND. OF DELX INCREMENTS .MM NO. OF TIMES He¢W PRINTED.KIT NO.OF A 12

STARY HERE FOR A NEW PROGRAM A 13

MI IS TO PRINT HeW ARRAYS EACH ITER.+IER NO. OF V ELEMENTS A 14

HROOT IS YHE ACTUAL ROOT WATER POTENTIAL

BB REPRESENTS PLANT UPTAKE ADDITIONS

HLOW IS THE MINIMUM RCOT POTENTVIAL ALLOWED

HHI IS THE MAXIMIM ROOT POTENTIAL ALLOWED

ET IS THE POTENTIAL EVAPOTRANSPIRATIONs ALWAYS NEGATIVE

WFDD IS THE WATER FLOW RATE AT THE SURFACE

ETPL IS THE POTENTIAL TRANSPIRATIONALWAYS NEGATIVE

SUMS--SALT CONCENTRATION GOING OUT

TET IS THE BOUNDARY POTENTIAL ET.ALWAYS NEGATIVE«LTV ARRAY

DDsHeGs Yo WeRDF s AsSE +SSsSD ARRAYS ARE OF SAME DIMENSION AT LEAST =KK

PeDeT+ARE OF EGUAL DIMENSIONS »ARE EQUAL TO 60 AT MOST

SF+TET,V ARRAYS ARE OF SAME DIMEMSION AT LEAST -IER

CS=CALCIUMsMS=MAGNESTUM+SN=SODIUM,CL=CHLORIDE » SUZSULPHATE \HC=BICARB ONATE

CE+ME oENs ARE EXCHANGBLE CALCIUM¢MAGNES1UMSODIUM

CAL+CAS+ARE CALCITE.

CAL +CASoARE CALCITE AND GYPSUMy CSO+MGSOARE ION P AIRS

CSGeMSO s SNO»TLO ¢HCO ¢SUO 9CSX +MGSXs ARE OLD CONCENTRATIOS

AMeAC+SAMSAC+ARE TABLES OF IONIC-STRENGTH ACTIVITY COEFFICIENT OF

CALCIUM AND SODIUM IONS

TCA+TMGeARE TOTALCONCERATIONS(CATIONS+ION-PAIRS)

DIMENSION CF(35) ¢ME(35) ¢SNF(35) +SUF (2351 ¢CSOF (3510 MGSF (35) +CLF (35)

DIMENSION HCF(35)

DIMENSION DD(25) e H(25)0GI25) s Y1250+ (25) s RDF(25) ¢ AL 25) ¢ SE (25)

DIMENSTION SS(25)eSD(25)+C25)«B(25)+E(25).F(25)

DIMENSION SFUE5) +TETU651.VIE5)

DIMENSION P(50) «D(50) T (50)

OIMENSION CS(27)yMS(2T)eSNI27)sSUL2T)eCLE27)IsHCI2T) +CEL26 Vs ME(26)

DIMENSION EN(26)+CASE27)5CSOL 271 eMGSX(2T)«THGI2T)



DIMENSTION CSG(27)sMSO(2 7) «SNO(27) ¢CLOL2 7) vHCO(27) oSUO (2 T) «CSXL2T)

DIMENSION AM(271.AC(27) «SAM(26) «SAC(26)
DIMENSION TCA(26)

DIMENSION CAL(27)+MGSNL27)

REAL MF ¢MGSF

REAL MGSO +MGS XsMSP

REAL MSO

REAL MSMEsMFA,MSA

WRITE(6+8765)

R755 FORMAT (1H 1o 25X s P24 8209006900 0440550003s00sr00ssststatrsrssceninns

sessasrssr s’
WRITE(68766)

8756 FORMAT(LH +»3uXs*CROP ALFALFA..ROOT DEPTH IS
WRITE (6+9999)

3999 FORMAT(1H +25Xs*DATA ARE FROM 3/8/1971 TO11/9/1971 CROP ALF ALFA«

1=0.10ET*)
WRITE(6+8767)

(2) FEET. ")

3

BT767 FORMAT(IH s 25Xs "0 0est0satsiosestssdatssonsost ssssssdsvirssossanes

sesssssssess’)

READ 163s ML

LMM=0

LMMZLMM+]1

READ 163+ KeMMe IERNB.ND

KK=K+1

READ 165+(DDUI) +I=Z1 oKKI)

READ(Ss165) (TET(I)+T=1¢1ER)

READ(S+165) (QDF(I) 121 KK)

KC=1

ET=TET 1)

LL=MM

READ(Ss 1651 (P (1) +1=1,ND)
READ(S+165)(D(I) e I=1:ND}

READ 165¢ (W(I)+IZ1 +KK)

READ 165+ (VII)sI=1eIER)

READ 165+ DELX+DETT+CRAVY +CONGsDELW « TIME
READ 165¢ TTsCUMT+TAAWHLOWyHHI»RRES

READ 165¢ HORY+HWET +WATLs WATHSCB
BOUNDRY CONDITIONS FOR SALT FLOW

READ 165¢ (SF(I) o121 #TER)
READIS. 1651 (CFUINe1=1+1ER)
READIS+16S)(MF(I)eI=1+1ER)

READ(Ss 1651 (SNF(TI)» » IER)

READ (S 165) (SUF(T)s I=1s IER)
READ(Ss 165) (CLF (I}
READ(5+ 165) (HCF (1)
READ(S» 1653 (CSOF (L) «I=1 +TER)
READ(S»165) (MGSFII) oI +IER}
WRITE(6+166)(CF(T)e
WRITE(6+166) (MF(I)sI=1s IER)
WRITE(6¢166) (SNF(I) oI
WRITE(6+166) ISUFIT)
WRITE(B¢166) (CLF(I)+I=1+IER)
WRITE(6¢166) (HCF(I) oY
WRITE(6+166) (CSOF(T1sI=1s IER)
WRITE(B+166) (MGSF(I),s =10 IER)
READ(55165) AM

READ(Ss165)AC

READ(Ss 1651SAM

READ{(5+ 165)SAC

WRITE(6+166) (AMIT)+ACII)sIZ1e 27)
WRITE(6+166) (SAMII) ¢SACII)eI=1e26)

82
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] INTTIAL CONDITIONS FOR SALT FLOW
READ(S+ 165V (CSUI) o121 +KK)
READ(Ss165) IMS(I)eI=1 KK}
READ(Se 165) {SN(I) 121 ¢KK)
READ(Ss 1651 {SULT) «I=1 ¢KK)
READ{S» 165) (CLUI)+I=1¢KK)
READ(Ss 165 (HC(I)oI=1 oKK)
READ(Ss165) (CAL(I) s I= 12 KK}
READ(Sv165) (CAS(T)e ['= 10 KK)
WRITE(6+166) (CSIT)eI=1sKK)
WRITE(B 1661 IMS(I)e I=1sKK)
WRITE(E«166) (SN(I)w I=10KKY
WRITE(E+166) (SULTI)s I=1eKKD
WRITE(6+166) (CLUT) s I=1sKK)
WRITE(6+166) (HC(I) s I=1s KK)
WRITE(6+166) (CALIT) +I=1 ¢KK)
WRITE(6+166) (CASCL) +I=1 +KK)
WRITE (6s+169)

WRITE (Es163) KeHMs IERsNBND
SMAX-WATH*400.
P(11=P(1)+1.0E+03

T(11:=0.0

STIM=Z0.0

DO 300 I=2+ND
TII)=DELW+T(I-1)

SUAZSULI}
CLA=CLtI)
HCAZHC(T)
SEA=CSUT)+MS(I)+SNIT)
CALL EQEXCH(CSA¢MSA +SNAeCLASUAHCAGCEAMFAJENAyCSPoMSP¢SER vAMy AC o
GSAMSAC)
CSUII=CSA
MSIT)I=MSA
SNCI)=SNA
SULTI=SUA
CLETII=CLA
HCC(T)I=HCA
CE(II)=CEA
ME(T)=MEA
ENCIIZENA
CSO(T)=CSP
MGSO(I)=MSP
SE(I)=SEA
WRITE (601661 CSETIoMSETI oSN oCL (T)oSULL) HCIT JsCECIYMELTY JENIT) o
GCSOLI1»MGSO(T)
600 CONTINUE
€S(2)=2590.9588
CL(2)=2590.95R8
825 WRITE(6.911)
D0 910 I=1lsKK
9110 WRITE(G+166) (CSTI)oMSET)IsSNIIIoSUIT)+CLAIIoHCUI) » CECI) s ME(T Do ENCT)
1+CAS(I)+CSOCTN)
WRITE(6+166)1MGSO

Cm — mm i e s

SEC1)=SF(1)

83
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14

ono

CSt1)=CF(1)

MSC1I=MF (1)

SNE1)=SNF (1)

SUL1I=SUF (1)

CLU1)=CLF (1)

HCU11=HCF (1)

CSO(1)=CSOF (1)

MGSOt1)=MGSF (1)

CWFLX=0.0

EOR=VI(1)

DELT=DETT

TM=Z1.0-7T

TBB=1.0-TAA

YMA XZWATH

DO 14 I=1+KK

SSTIN=SECI)

SDUII=SE(I)ew (1)

YOIIZW(T)

PIT=0.0

0O 1S5 I=2+K
PIT=W(I)*(DD(I+1)-DD(I-1))1/2.4PIT
WRITE (641700

TH=D(1)
D(1)=(D(1)*(P(2)-P11)))eCB
JZ(W(1)-T (1)) /DELK+ 1.0
HO1)Z(P(J+1)-PLJ)) oW1} -T(J))/DELW¢PLJY
GU1IZH(]1)

CUIIZDELW/(PLU+1)-PLIY)

WRITE ( 641661 T(1)+P(1)eTWeDt1)eCl1)sDDI1) sW 1)+ HI1)ROFIL Ve SE(1)
DO 3 I=2+KK

TW=D (D)
DUY)I=DCI)«tP(II-P(I-1))+CRB+D(I-1)
JT(WIT)-T(1))/DELW+1.0
HUIIZ(P(J+1)-P LU » (WU I)-TEJII/DELWPLY)
C(II=DELW/(2(J+1)-P(U))

GITIZHITI)

WRITE ( 6+166) TCI) oPCTY e THeD(I)eCCIIeDDCI) oW (I s HIT) oRDF (I Vo SELLD
CONTINUE

NZKK+1

DO 2 TI=N«ND

TW=D(T)
D(IN=DIINI*(P(I)-PLI-1))+CB+D(I-1)

WRITE (6+166) T(I)+P(I)oTHeDCI)

D IS NOW DIFFUSIVITY TIMES DELW NOT CONDUCTIVITY
WRITE (6+179)

D0 5 [=2+1ERs2

WRITE (64166) VI(I)eVII-1)eTET(I-11sSFLI-1)
WRITE (6, 1800

WRITE (6+166) DELXsDETT +GRAVY »CONGe DELW +TIME
WRITE (6+s181)

WRITE (6+s166) TT+CUMTsTAAHLOMWs HHL» RRES
WRITE (6+172)

WRITE (6+166) HDRY+HWET +WATLs WATH.CB

KCK=1
HROOT=G61(2)
RUNOF=0.0
CUMS=0.0

CUMM=0.0
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c-
16

20

21

23

2

22

30
24
25
26
27

30

32

SUMAZD.D
CALL PLOT (KK WATHs WeDD+SMAXsSD)
WRITE(6+166) TIME

— —-COMPUTATION OF CONDUCTIVITY (B) AND WATER CAPACITY

WKP=W(1)

IF (ECR-0.0) 17+19+18

Wl1)ZWATL

H(1)ZHDRY

60 TO 19

W(1)ZWATH

HU1)ZHWET

TUWH=(WEL)+Y(1))e0.5

JZUTWW-T(1))/DELW+1 .0

BBZ(TWW-T(J))/DELW

DIFFAZ(D(J+11-D(J))«RR+D(J)

HIZ(PUJ+1)-PLJ))+BBeP(J)

DO 37 I=1¢K

TWZ(W(Te1)+YUI+1)) 0.5

JZ(TW -T(1))/DELW+1.0

BB=(TW-T(J))/DELW

DIFFB=(D(J+1)-D(J))+BR+D(J)

GIZ(P(J+1)-PtJ))+BBePL )
213 IF(HI-6I)20+32,20

B(1)=(DIFFA-DIFFB)/(HI-GT)

IF ¢1-1) 21271 33

IF (EOR-0.0) 22+33.22

rad ER=(R(11o(H(1)*TT-H(2)+TT-G(2)+TM+G(1)*TH+DDI2)})/DDL 2}

IF (ABS(1.1+FOR-ERI-ABS(D.1+%EOR))
IFI{KCK.EQ.1) GO TO 220
IF(KCK-10) 305» 236+ 236

3 H{1)Z(EORSDD(2)/B(1I1+HI 21 aTT-G{1)eTM+G(2)+TM-DO(2)3/TT

IF(HU1).LT.HDRY) HU1)=HDRY
IF (H(1).GT.HWET) H(1)=HWET
GO0 10 33

fu H{1)=HKP
WEL1) ZWKP
KCK=KCK ¢1
G0 10 19

5 KCK=KCK+1
IF (ER-EOR) 280 33.26
IF (W(1)-WATH) 25¢33, 33
BOT=wW(1)
W(1)Z(W(1)+TOP)*0.5
GO TO 28
IF (W(1)-WATL) 33+,33.27
TOP=MW(1}
W(1)=(W(1)+BOT)*0.5

28 J=(W(1)-T(1))/DELW+1.0
BBZ(W(13I-T(JI)/DELW
IF (EOR-D.0) 3043 3+ 30
HI1)Z(P(J+11-P(J)) *BR+P (J)

218 TWWZ(W(1)+Y(1)) 0.5
JTUTWW-T(1))/DELW+1.0D
BB=(TWW-T(J)) /DELW
DIFFAZ(D(J+1)-D(J))+BB+D(J)
HIZ(P(J+1)-P(J))*BB+P(J)
G0 TO 219
BIINT(D(J+1)-D(INI/(P(J+1) -PII))

2364236423
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33

35
37

6FR B

5555
365

420

4on

401
403

86

IF (T-1) 33+21.33 A
TUW=TW A
HI=GT A
DIFFAZDIFFB A
THZ(WII+1)+Y(I+1))*0.5 A
JZ(TW -T(1))/DELW+1.0

CUT+1)=DELW/(PLI+1I-PLI)) L3
CONTINUE A
KCK=1

IF(EOR.GT.0.0.AND. ET.GE.0O.0) GO TO 6F66

IF(EOR.GT.0.0-AND.ET.LT.0.0) GO TO S555

ETPL=ET-EOR

IF(ET.GE.0.0) GO YO 39

IFLETPL-0.0) 365+ 3939

EYPLEY

HHOLD=HROOT

HROOT=HLOW BB
SINK=0.0

DO 250 I=2+K

E(I)=GHTI)-0.5715¢SE(T)-DD(TI)*RRES

DO 420 I=2.K

IF (HROOT-E(TI).GT.0.0) GO TO 42

SINK=B(I)*RDF (1) +(HROOT-E(I)) ¢SINK

CONYINUE

IF(SINK-ETPL.GT.0.0) GO TO 402

HROOT=HHOLD

HROOT=1i.2¢HROOT

SINK=0.0

DO 421 I=2+K

IF(HROOT-E(I).67.0.0) GO TO 421

SINKZB(I)®RDF (1) #(HROOT-E(I))+SINK

CONTINUE

IF(SINK-ETPL) 411,402,410

HRLOZHROOT

HROOT=HHOLD

LCOUNT =D

HROOT=0.8¢HROOT

LCOUNTZLCOUNT ¢1

IF(LCOUNT.EQ.S) GO TO &90

SINK=0.0

DO 422 I:=2+K

IF (HROOT-E(I).GT.0.0) GO TO 422

SINK=B(I)*RDF (1) (HROOT-ECI)) ¢+SINK

CONTINUE

IF(SINK-ETPL) 412+,402+ 413

HRHIZHROOT

GO TO 491

HRHIZHHI

LCOUNT=D

HROOT=HHOLD

SINK=0.0 BB
DO 800 I=2.K BB
IF (HROOT-E(I).GT.D.0) GO TO 400

SINK=B(I)*RDF (I)*(HROOT-E(I)) ¢SINK

CONTINUE BB
LCOUNT=LCOUNT +1 BB
IF(LCOUNT.EQ.20) GO TO 402

IF(ARS(SINK-ETPL)-0.002)402+402+401

IF(SINK-ETPL) 40 3040 2. 40 4 BB
HRLOZHROOT BB
HROOT=0.5* (HROOT+HRHI) BB



60 T0 405 BB
404 HRHTZHROOT
HROOT=.5+ (HROOT+HRLO) BB
60 TO0 405 38
39 DO 251 I=2.K
SINK=D.0
251 A(IZD.D
60 To 38

A IS THE DEL WATER/DELT CAUSED BY PLANT EXTRACTION
4m DO 406 I=2+K
IF(HROOT-E(T).GT.0.0) GO TO 407
A(T)I=B(I)+(HROOT-E(T1)* 2. 0¢RDFIII/(DDLT+1)-D0CI-1))
60 T0 406
4n7 A(I)-0.0
406 CONTINUE

oo

c e e o e e e e i e e
C-— —COMPUTATION OF TRIDTAGONAL MATRIX MAIN BODY
38 D0 42 I=2.K

POT=(DOD(I+1)-DD(I-1)1/(2.0+DELT)
DLXAZIDD(I)-DDCI-1))
DLXB=(DD(I+1)-0D(I))
BB=C(I)ePOT/TT+B(I)/0LXB+B(I-1)/DLXA
DAZ(C(IV*POT*G(I)e (R(I)/DLXB)«(TMs(G(I+1)-G(I))-DLXBI+(B(I-11/DLXA
1)o(THe (GIT-1)-6G(I1)+DLXAI¢A(IIa(DD(I+1)-DDII-11)¢0.5)/TT
IF(1-2) 390+ 390, 40

390 IF(H(1).GE.HWFT.OR.H(1).LE.HDORY) GO TO 394
DAZDA-((B(I-1)/DLXA)*(TMe(G(T-1)-G(I))+DLXA))/TT+EOR/TT
BR=BR-B(I-11/DLXA
GO TO 393

394 DA=DA+H(I-1)#B(I-1)/70LXA

393 F(I)=NA/BB

E(1)=(B{I)/DLXB) /BB
G0 TO 42
40 IF (I-K) 4108 3043
41 E(T)=(B(I)/DLXB) /(BR-(B(I-1)/DLXA)*E(T~-1))

FUY)S(DA+(B(T-1)/DLXAY*F(I=1})/(BB-(B{I-1)/DLXAYsELT-1)1}
42  CONTINUE

43 BB=RA-TAAsB(I1)/DLXB
DA=DA+TAA+ (B(I)/DLXBI*((G(I)-G(I+1))+TMeDLXB)/TT+TBBs B I)/DLXBeH(
LKK)
H(I)=(DA+(B(I-1)/DLXA)*F(I-1))/(BB-(B(I-1)/DLXAY*E(TI-1))
4y 1=1-1
HIT)=E(T)sH(I+1) +F (D)
IF (1-2) 4545044
4s TF(TAA-1.0)47 +4 6046
46 H{KKI=H(K)*DD(KK)-DDI(K)
47 DO 60 I=2+KK
300  IF (H(I)-HWET-DD(I)} RO 6O 55
85 HUI)ZHWET«DOIT)
60 CONTINUE
C-— —COMPUTATION OF WATER CONTENTS AS A FUNCTION OF PRESSURES JUST COMP
IF(H11) .GE.HNET.OR.H( 1) .LE.HDRY) GO TO 1005
WFDD=EOR
H(1)Z(EQR*DD(2)/BI1)+H( 2)sTT-G( 1) +TM+G (2} «TH-DD(2))/TT
GO TO 134
1M 5 WFDD=B(1)# ((H(1)-H(2))¢TT (G 1)-G(2)1+TM+0D(2))/0DL 2}
134 I=1
62 IF (HU(I)-G(I)) 659116465
65 NHI=S4

NLO=1
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66
67

68

69

70

72

116

268

269

130
131

132
133

J=25
IF (HUI)-P(JY) 677268

NLO=J

Jr=J

JZUNHI-NLO) /72 ¢NLO

IF (J-JT) 66+70¢66

IF (HUI)=-PLU)Y T1e72e72

J=d-1
WAT=(H(I)-P(J))*DELW/(P(Je1)-P (I +T (J)
WIEI)ZWAT

G0 T0 117

WiIyzyeny

DO 28 T=2+KK
WITIZCUI) e (HUT)-GUIY)eY (T)

60 T0 269

SUM3=0.0

Sum2:-0.0

SUM1=D.0

00 131 I=2+.K

SUM1=WIT)+SUM ]

SUM2=Y(I)+SUM2

IF (ABS(SUM1-SUM2)-ABS(SUM3)) 1 31.131.130
SUM 3=SUM1-SUM2

CONTINUE

IF (ABS(SUM3)-ABS({CONG) )6 3+ 63 +1 32
IF(DELT-DETT#0.1)63+63., 133
DELT=D.S*DELT

60 T0 38

SUM1:=0.0

SUM2:=0.0

DO 80D I=2.K
SUML=WII)«(DDI{Te1)~-DDCI-1))/2.+SUN]
SUM2=Y(I)+(DD(I+1)-DDUI-1))/2.+SUM2
CWF=SUM1-PIT

WFRDD= (SUM1-SUM2)/7DELT

WFUUZBINB)*( (HINB) ~H(NB¢1))*TT4(G(NB)-GINB+1)) +TH+DDI(NB+1)-DDI(NR))

1/(DDINB+1)-DDINB)}
CUMS=WF DD +DEL T+CUMS
CumM FUU*DEL T+CUMB
SUMA=SUMA+SINKsDELT
CWFLX= (SUMI-SUM2)
KB=K-1

DO 444 T=1eKK
CSG(I)=CS(TI
MSOLI)=MSID)
SNO(T)=SN(I)
cLocr=CcL ()
HCO(I)ZHC (I

SUO (TI)=SULT)
CSX(I)=CSo(I?
MGSX(I)=MGSO(TY)

CONTINUE

STIMZSTIM+DELT

KBzK-1

MASS FLOW OF DIFFERENT IONIC SPECIES
D0 920 I=1+KB
DELX=(DD(I+2)-DD(I))/2.0

WFRUZ(B (I} #( (HCI)=H(T+1))«TTo(G(I)-G(I+1))eTHMeDD( I+ 1)-DOIT) I4DELT)

88
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1/(DD(I+1)-DD(T))

WFRD=(B(I+1)¢((H(T+1)-H(I+2))eTT+(G(I¢1)-G(I+2))»TH+DDLI+2)-DD(T+1

J))#DELT)/Z(DDLI+2)-0D(T+ 1))

254 IF(ABS(WFRU).LT.0.000 1.AND.ABS(WFRD).LT.0.0001)G0 TO %20
CL1=CLO(I)
CL2=CLO(T+1)
CL3=CLO(I+2)
CLUZWITI+1)
CLS=Y(I+1)
CALL SALT (CL1+CL2¢CL 30 CLU»CLS+CLAvWFRU+WFRDsDELX +I+EOR)
CL(I+1)=CLE
cLi=suo(I)
CL2=SUO0(I+1)
CL3=SUO(I+2)
CALL SALT (CL1+CL2+CL 3+ CLUsCLSsCLReWFRUNFRDeDELX «I4EORY)
SUlTI+1)=CLE
CL1=HCO(I})
CL2=HCO(I+1)
CL3=HCO(T+2)
CALL SALT (CL1+CL2+CL3s CL4CLSoCLReWFRUIWFRDeDELX ¢TI #FOR)
HC(I+1)=CLE
CL1=CSG (I
CL2=CSG(1+1)
CL3=CSG(I+2)
CALL SALT (CL1+CL2sCL 30 CLUSCL SeCL R WFRU«WFRNsDELX +1+EOR)
CS(I+1)=CL6
CLI=MSO(I)
CL2=NSO(T+1)
CL3=NSO(I+2)
CALL SALT (CL1+CL2¢CL 3+ CLUCLSsCL G+ WFRUSWFRDsDELX +14EORD
MS(I+1)=CLE
CL1=SNOC(T)
CL2=SNO(Te«1}
CL3=SNO(I+2)
CALL SALT (CL1¢CL2sCL 3 CLUsCL S+CLAsWFRUCNFRDsDELX +IvEOR)
SN(I+1)=CL6
cL1=CSx(I
CL2=CSX(Te¢1)
CL3=CSX(T1+2)
CALL SALT (CL1+CL2+CL3sCLUsCLS+CLE+WFRUSWFRDeDELX #1+EOR)
CSO(I+11=CL6
CL1=MGSX(I)
CL2=MGSX(I+1)
CL3=MGSX([+2)
CALL SALT (CL1+CL2¢CL 39 CLY4¢CL SeCLEvWFRUYWFRDsDELX +I+EOR)
MGSO(I+1)=CLE
SE(I+1)=CSUI*1)+MSE(I+1)¢SN(I+1)+CSO(I+1)+MESO(T+1Y
TCA(I+1)=CS(I+1)+CSO(TI+ 1)
TMG(T+1)=MS(T+1) +MGSO(I+1)
LS=I+1
IF(STIM.LT.1.01G0 TO0 920

475 WAZW(I+1)
CSA=ZCS(I+1)
MSAZMS(I+1)
SNAZSN(TI+1)
SUAZSU(TI+1)
CLA=CL(I+1)
HCAZHC(I+1)
CEA=CE(TI+1)
MEAZME(I+1)
ENAZEN(I+1)

89



9
C= ==
704
706
135
13%

13

~

200

-

138

01l

139
141
JUDY

w2
143

CSP=CSO(I+1)
MSP=MGSO(T+1)
CAP=CAL(I+1)

SEAZSE(I+1)

CALL EXCH(CSAsMSAsSNAZSUASCLACHCACEAMEAsENAYCSP +MSP2CAS Ay CAPsWA o
KSEA «AMs AC#SAM+SAC)

CS(I+1)=CSA

MS(I*1

SN{I+]1)=SNA
SULT+11=SUA
CL(I+1)=CLA
HC(I+1)=HCA

CSO(T+1)=CSP

MGSO(TI+1)=MSP

CAL(T+1)=CAP

CAS(T+1)=CASA

SE(I+1)=SEA
TF(CS(I+1).LT.0.0)CS(I+1}=0.0
IF(MS(I*1).LT.0.0IMS(T+1)
IFCSN(Ie1) o LY,0.0)SN(T+ 1)
IF(SU(T+1).LT.0.0}SULT+1)=0.0
IF(CAS(I+1).LT.0.00CASLI+ 1)
TIF(CSOtI+1).LT.0.01CSO(I+11=0.0
TCA(Y+L)=CS(T¢1)+CSOLI+ 1)

TMG (I+1)=HS(T+¢1)+MGSO(I+1)
CONTINUE
IF(STIM.GE-1.MSTIM=N.0

DO 704 I=1eKK

SDEIN=SECT)eNtT)

IF(FOR-0.0) 136+ 1364 135

RUNOF = (EOR-WF DD) *DEL T+RUNOF

TIMEZTIME«DELT

IF (LL-MM) 13R+137,137

CALL PLOT (KK «WATHs WeODeSHAXSD)

WRITE (62166} (H(I) o121 eKK)

WRITE(6¢166) (SECI)eI=1KK)

WRITE(E+166) (ALT) 122 0K)

WRITE(6+911)
WRTITE(E+111)(CSEIDeMSET)IoSNCIIoSUCTICLET)I o HCOT) o CECT) o ME (1) ENCT)
JeCASIIVSECL) #IZ14LS)

WRITE(62001)

FORMAT(1H +2X »"CASO"s GX o *MGSO*s 6X +* CAL * o7 Xs "TCA®s TX o* THG® )
WRITE(6+2000) (CSO(T) s MGSOCT) o CAL {T) ¢TCACI) o TMGIL) «T=1 4L S)
LL=0

WRITE (6+184)

WRITE (6+111) TIME.CWFsEORsHROOT +RUNOF » CUMS sCUMBs SUMA oW FRDD ok FUUS S
1E(20)

IF (SUM3-N.0) 139.301139

DELT=2.0DELT

GO YO 145

TW=ARSICONG*DELT/SUM3)

IF (TW-0.1¢DETT) 181¢ 14 2y 182

TWZ0.1DETT

GO TO 1uu

IF(TW-1000.0¢DETT)1 44 ] 440143

TWZ1000.0DETT
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14 IF(TW.GT.2.0+0DELT) GO TO 301

C-— —TEST TO SEE IF EVAP OR RAIN INTENSITY

145
147

2o

142
149
1St

152
1S3

155
156

157
158

159
160

162
163

DELT=TW

IF(TIME-VIKC+1))148,147 148

CALL PLOT

WRITE

60 166)

(KK oWATHs WeDD9ySMAX, SD)

(HII) o121 eKK)

WRITE(6+166) (SE(T)s I=1eKK)
FORMAT{SE 10.4)

WRITE(6

WRITE(E+111)(CSUI)oMSCTIIoSNIT)IeSUCT)oCLUTI)IoHCUT) o CECI) o ME(T ) ENCI)

*+311)

sCASIT) +SECT) +IZ1oKK?

WRITE(E

WRITE(6+2000) (CSO(T)sMGSOUT) e CALUT) e TCALT)o TMGHI) o1 21 oKK)
WRITE (6+166) TIME,CWFsEORyHROOT+RUNOF » CUMS +CUMB» SUMA oW FRDD oW FUU

DELT=DE

w2001}

i

EOR=VIKC+2)
SEC1)=SF(KC+2)
ET=TET(KC+2)
MS(1)=MF (KC+2)
CSU1I=CFUKC+2)

CSO(1)=CSOF (KC+2)
MGSOt1)=MGSFIKC+2)
HCC1)=HCF(KC+ 2)

KC=KCe+2

TF(TIME.LT .32 4.0.0R.TIME.GE

SNU2)=SNI2)+(630.5555/Wi2))
CLE2)=CLU2)+(R30.5555/W(2))

G0 Y0 1

IFCTIME«DELT-VIKCs 11115101500 1589

51

DELTZV(KC+1)-TIME

LL=tLe1

IF (TIME-CUMT) 1534152+ 152
IF (ML-LMM) 1
YUOLI)Z(W(1)eY(1})*0.5
JZUY(1)-T(1))/DELW+1.0
BB=(Y(13-T(J))/DELW

IF (EOR-0.0)
GI1)Z(P(J+1)-P(J))*BB+P ()
DO 161 I=2sKK
JZUW(II-T(1)) /DELW+ 1.0
BB=(W(I)-T(J)I/DELW
GIINZ(P(J+1)-P(J))*BB+P(J)
TWI(W(I)I=YLI))+uWIT)

IF (Tw-
IF (TW-
TWZWATL
60 TO 1
TUZWATH
YOIy =Wt
WIT)ZTW

WATH)
WATL)

60

n

SS(IN=SE(L}
CONTINUE
SSt1)1=SE(1)
GO TO 16

sToP
FORMAT

2013

62016291

155+ 156+ 155

157+157+ 159
158+ 160+ 160

(EOR)
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165 FORMAT (7E10.4)
166 FORMAT (1D0E12.5)

111 FORMAT (11F12.4)
159 FORMAT(IH «* K MM TER NB ND")

17n FORMAT (119H WATER POTENTIAL CONDUCTIVITY DIFFUSIVITY
1C(T) DEPTH W-DEPTH H-DEPTH RDF-DEPTH SE-DEPTH)

172 FORMAT (53H HDRY HWET WATL WATH cBe)

174 FORMAT (S54H TIME END SOIL FLUX ET FLUX SALT CONC. )

180 FORMAT (66H DELX DETT GRAVY CONG DELW
1 TIMED

181 FORMAT (R6H TT CuMT TAA HLOW HHI
1 RRES)

184 FORMAT (1H »* TIME CWF EOR HROOT RUN
10F CuMS CuMB TRANS . W FRD D WF Uy
2SEC200 %)

911 FORMAT (12 0H cs MS SN su {
Yo HC CF ME EN GYPSUM )
END

10

SUBROUTINE PLOT(NsWMAXs WVALUE +X VALUETHAX +TVALUE)
DIMENSION ALINE(101)+WVALUE(25) «XVALUF €25)¢ TVALUE (25)
DATA FILL+AXISsCHAR »CHARCSAME/ZLH +s1HovlHWo1HSe1H/
MRITE (6s7) WMAX,TMAX
DO 1 JUz1.101
ALTNE(J) ZAXTIS
WRITE (6+8) (ALINE(K)eK=1+101}
00 2 J=1.101
ALINE(J)=FILL
ALTNE(1)=AXIS
D0 4 L=1sN
J=100.0¢ (WVALUE(L) /WHAX)+ 1.5
JJT100.0¢ (TVALUE (L) /TMAX) #1 .5
TFtJelTal) U=
IF(J.GT.101) J=101
IFCJJaL T 1) Ju=1
IFtJJ.6T.101) Ju=101
IF (J-JJ) 1011+ 10
ALINE (J)=SAME
60 T0 12
ALINE (J)=CHAR
ALINE(JJ)=CHAB
12 WRITE(6+9) XVALUE(L)»WVALUE(L)s TVALUE(L)s (ALINE(K)+K=1s101)
ALINECJJUIZFILL
ALINE(J) =FILL
ALINE (1) =AXIS
CONTINUE
DO S J=1+101
ALINELJ XIS
WRITE (6+8) (ALINE(K)eK=10101)
RETURN

5

«

7 FORMAT (24H X VALUE WVALUE SVALUE +SXs17H MAX WAT CONT IS eF 7,4¢ b

1 MAXY SALT CONCENTRATION IS®¢eF9.2+1H )
FORMAT (31X+101A1)

9  FORMAT(IH +F6.1¢F9.4sF8.2+7H +101A1)
END
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nu
w1l
s02

4

me
mn3
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105

SURROUTINE EXCH(A¢F eSeGoHoHCO3sEToCToSATs CASOeAGS s XX To CALe PW1+SEA

MsAM RCsSAMsSAC)

DIMENSION AM(27)+AC(77) +SAMIZ 6) ¢SACI26)
DOUBLE PRECISION 2Z2Z7

MHZ=1

I1G=1

PW1=PW1¢100.0/1.16

BZ100N00.U/PW 1

B1=PW1

A=A/ (1000.0+2.0)

F=F/(1000.0¢2.0)

6=6/1(1000.0+2.01)

$=$/1000.0

H=H/1000.0

HCO3-HCO03/1000.
AGSO=AGSO0/(1000.%2.)
CASO=CASO/(1D0N0.*2.}

DA IS K(CA-NAVEXCHANGE COEFFCIENT
DA=4.5377

D=0.25+5.0/SEA

US=SORT (2.0 (A¢F+G) +D0.5¢ (S¢H+HCO 3}
IF(Ues2.LT.0.003)G0 T0 100

CALL ACOF (AMyACsSAMsSACIUsADIAMO)
ASA=ADIeAMO+* 2.0

60 70 101
ASAZEXP(-7.0242+U/{1.0+U))

IF(CAL) 1000+602+603

IK=1

AAATHS2.

ZEZAAA/(B1++1.68)

GO T0 24

Ix=2

ZE=Z(-1.68+ALNGIBL}-4.U6)*2.3
ZEZEXP(ZE) /ASA

AL=A

TFEXXT) 404y 26

U=SGRT(2.0¢ (A+F+G)+0.5% (S¢H+HCO 3))
IF(U*+2.L7.0.003)6G0 T0 102

CALL ACOF (AMyACoSAMSACoUsADIANOY
AA=ADIs 2

GO0 T0O 103

AAZEXP(-9.366+U/ (1.0+U))
IF(2.46-5-AsG+AA) 26 418+ 18

X=0.0

UZSORT(2.0% (A+F+G)+0.5¢ (S+H+HCO 3))
IF(U*+2.L7.0.003)G0 TO 104

CALL ACOF(AMsACsSAMSAC,U+ADIAMD)
EX=1.0/(ADTI*# 2}

60 T0 105
EXZEXP((9.366¢U1/(1.0%U))

BB=A+G

CC=A®G-(2.4E-S)*EX
R=SORT(BB«BB-4.0+CC)

X=(-BB+R) /2.0

CAS1:4.897€-3-CASO

DEL=ReXXT-CAS 1

IF(DEL-X)27+2 R. 28

X=X XTsB

XXx1=0.0

CAS1:=0.0

ATA eX
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e
?

35

7

131

any
4nz

n7
108

81

303
nz

G=6+x
USSORT(2.0%(A+F+G)+0.5¢ ISeH+HCO 3) )
IF(U++2.LT7.0.003)60 T0 106

CALL ACOF (AMyACsSAMSACeUADI¢AMO])
AAZADT®e2

GO TC 7

AAZEXP(-9.366+U/(1.4U))
BB=-(4U.9E-3+AAsA+AA+G)
CC=AA®A*G-4.9FE- 3+CASO
XXXX=BBeBB-U.0sAAsCC

IF(XXXX)350 3536

X1=0.0

G0 TO 37
X1=(-BB-SQRT(XXXX))/(2.0+AA}
CASO=CASO+X1

AzA-X1

6=6-X1

GO TO 4u

IF(G)1e1+6

IFCAYLe 207

IF(CASO )4 U UY 7

AAeX

6=6+X

XXT=XXT-X/B

CASO=CASC+CAS 1

XXT=XXT-CAS1/8B

a2-a

IT=1

IHZ1

MXZ=1

IF(S)180+181+80

IF¢SAT)B0+515+80

19=2

IF(SAT-ETI4N2 +4 034403

Z=SAT/10.

z1=2

60 T0 S

ZZET/10.

1=2

U=SQRT(2.0%(A+F+G)+0.5+ (S+H+HCO3))
IF(Us*2.LT.0.003)6G0 10 107

CALL ACOF(AMsAC+SAMSACU+ADIAMO)
EX=ADI/AMO#®s2

GO TO 108
EXZEXP((-2.361+U)/ (1. 0+UD)
AAT-4.0+DA*DAsB*B

BB=4.0sB+ (EX*+2.0+DA+DAsET«B+DA*DA+S)
CC=8.NsEX*(A+SAT#B)-4.0*DA*DA¢BET# (BSET +2.0+5)-D As DA S ¢S
DD=SAT®EXs (4. 0%A+SAT+B)+2.0+DA+DAsET*S#(2.09BeET+S)
EE-SAT*SATsAsEX-DA+DAsSsSeET+ET
ZZ=-((((AA®Z+BB)#Z+CC)»Z+DD)+Z+EE)
22Z=11(4,00AR¢Z+3.0%BR)*7+¢2.0+CC)+Z¢DD}
22=221222

IF(22-0.01302+303+,302
IF(Z-0.0)302-515+ 302

222=2272

2-2+721

IF(IH.GE.5)G0 T0 83

TH=TH+1

IF (DABS(Z27)-0.001)83.8 3s 81
IF(Z.GE.0.0)60 TO 305
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552
551
550
510

512

513

514

515

M
™2

109
nu

n3

mu

795

m™u

a1

61

(¥4
65U

95

IF(SAT.LT.ABS(Z¢2.03)Z=SAT/2.0
A=A +Be7
IF(A)S10e510:512
SAT=SAT-2.+7

ETZETe2Z

S=S+2.+Be7Z

AzA-RBeZ

2=-21

IF (MX.GE.5)60 TO 512
MXZMX+]

GO TO0 81

$=S-2.0+BeZ
IF(MX.GE.5)G0 TO S13
MXZMX+1

IF(S)550, 550513
EVET=2

IF (MX.6E.S)IGO TO S14
MXZMX+1

IF(ET)551+551 «5 14
SAT=SAT+2.0e7
IF(MX.GE.5)G0 TC S15
MX=MXe]

IF(SAT) 552552+ 515

A3-A

BB=A+Bs (CT+0sFT) +D+F
+(1.0-D)
CC=(AsCT-DsF+ET)
R=SORT(BB«BB-8.0+AA+(CC)
Y=(-BB+R1/(2.0%AR)

A=A +BeyY

F=F-Rey

EYZET~Y

CT=CTsY

IF(G) 790,790,791
IF(F1790,790.792
IF(U**2.L7.0.003)G0 70 109
CALL ACOF (AMsACeSAM.SAC+U+ADI.AMO)
AAZADI=»s2

GO Y0 110
AAZEXP(-9.366¢U7(1.+U))
] (5.9E-3+AA+F +AAs6)
CC=AAF+5-5.9F-3+AGSO
XXXX-RB+BB-4.0*AA+CC
IFEXXXX)733+793+794
X1=0.0

G0 TO 795
X1=(-BB-SQRTIXXXX))/(2.0%AA)
AGSO=AGSO+X1

FzF-Xx1

6=6-%x1

CONTINUE

GO TO (600-601) +TK
AAZ4.O

CC=HCD3#++2+4.0sA*HCO3
DD=AsHCO03s*2-7E
IF(HCO3-A)61s 6162
2=-HCO3/4.

60 TO 650

Z=-A/2.

21=2



63

il
3N0

hu

£S 1
73
A0U

RIS
6o

u8
49

sn
51

52

1000
R7

7Z=-({(AAs72+BB)«Z+CCIeZ+DN)
22Z=((3.0%AAs7+2.0RB)#24CC)
1IF(2Z-0.N1300 301,300
1F122Z-0.0) 300+ 6000 300
22=227222

222=2212

2=2+22

IF(IT.6E.51G0 T0 64

IT=ITel

IF (DABS(Z22Z)-.001)64s 6463
AzA 7

HCO3=HCO03+2.+27
TF(HCO03)752+752+651
HCO3=HCO03-2.+27

GO TO 63

IF (A)752¢752+753
CAL=CAL-Z

ZX=A$HCO3es2
1IF(ZX-7E)60F+ R0 5+ 605
IK=2

DEL=A-AL

IFLI6.GE.5)IGO TO 8
16-16+1
IF(DEL+1.0E-5)24s 4B s4 8
IF (DEL-1.DE-5149+ 4924
DEL=A-A2

IF (DEL+1.0E-5)124s5N+50
IF (DEL-1.0E-5151+51+24
DEL=RA-A3
IF(DEL+1.0E-5)24+52+52
IF(DEL-1.0E-5)8 ¢8024
APZA

CONTINUE

CONTINUE
A=A+1000.0%2.0
FzFe1000.0%2.0
$=S¢1000.0
6=6%1000.0%2.0
HZH+1000.0
HCO3=HCO03+1000.
CASO=CAS0+1000.0¢2.0
AGSO=AGS0+1000.+2.0
SEA=A+F +S+CASO+AGSO
RETURN

END

SUBROUTINE EGFXCH( CAsAMGsSOSsCL 9SOsHCO3 +E Se CS ¢ SAS «CASOs AGSO «SEAJAM

YsACeSAMLSAC)

DIMENSION AM(27)+AC(27) +SAM(26) +SACI2E)

CA=CA/(1000.0+2.0)

AMG=AMG/ (1000.0%2.0)
S0S=S0S/1000-
S0=S0/(1000.0%2.0)

CL=CL/1000.

HCO3-HC03/1000.0

EC=0.11E-03

DA IS K(NA-CA) OR 1.0/K(CA-NA)

EXCHANGE COEFFCIENT
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DA=D.3115

D=0.25+5.0/SE4

CASO=D.0
U=SORT(2.0%(CA+AMG+S0) + 0.5+ (SOS+HCO3I+CL))
AGSO0=0.0

IF(U9+2.LT.0.0031G0 TO 42

CALL ACOF (AMs AC+SAM,SACsUADI+AMO)
ACT2=ADI®s2

G0 TO0 150

ACT2=EXP(-9.366%U/ (1.04U))
IF(S011000,71 3,712

AAZACY2sACT2
BB=ACT2+(10.8F—3+(ACT 2+ (AMG+CA-S0)))

CC=?8.91E-6+(ACT2+ (AMG® 4. 9E-3¢(CA*5.9F-3)-(S0+10.8E-31))

DD=-S0+28.91F -6

2=S0/2.

z1=2

2Z=-(((AA+Z+BR)*Z+CC)+Z+DD)
22Z=t(3.0%AA*Z2+2.0+BR)+Z2+CC)
2z=2721222

222=2272

2=2+22

IF (ABS(2ZZ)-.001)840s RY Or 86 3
S0T=S0

s0=2

IF(SOI 710710711

s0=so0T

2=21

60 YO 863
CASX=SO«CR*ACT2/(5.9F-3¢ACT 2¢50)
CX=CA-CASX
AGSX=SO®AMG®ACT 2/(5.9E -3+ ACT2+50)
AMX=AMG-AGSX

UU=SORT (2.04 (CX+AMX+S0)+0.5+(SOS+HCO3+CL))

IF CABStUU/U-1.)-1.0E-4) 40 +4 0 41
uzuu

so=sov

GO YO0 42

CASO=CASX

AGSO=AGSX

(3 (= §

AMG=AMX

ACT1=SORT(ACT 2}
ACTMZ=SGRT(ACT 1)
ACTMZSGRT(ACTM)

CA=CAs2.

AMG=AMG*2.

MG+ ARE IN EQUIVALENT/LITER

ES=EC/({ACTM*SOS/({DA*SQRT(ACT 1#CA) ) ) +1.+(D* ACT1«AMG/(ACT1 sCAN))

ZACTMsSOS*ES/(SORTIACT 1+CA)*DA)

€5=C5/2.
CA=CA+1000.0
AMG=AMG+1000.0
+MG+ARE IN ME/LITER
S0S=S0S+1000.0
CL=CL*1000.0
S0=S0#1000.0° 2.0

HCO 3-HC03+¢1000.0
CASO=CAS0+1000.0+2.0
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AGSO0=AGS0*1000.U+2.0

SEA=CA+AMG+S0S+CASO+AGSO

WRTTE (641001 CAsAMGsSOSe CL #S0s HCO3 +F 50 C5 ¢S AS vAGSOs CASO+SEA
FORMAT (12E10.4)

RETURN

END

SUBROUTINE SALT(AeBsCeDeEeF oWFRUWFRDDEL Xs Js EOR)

SE AND SS ARF NEW AND OLD CONCENTRATIONS

DIMENSTON SS(3) eW(31.SE(31.Y( D)

I1=1

SStIN=A

SS(I+1)=B

SStI+2)=C

W(T+11=0

Y(I+1)ZE

IFtJ.E0.1160 TO 201

IF (WFRU.GE .D.0.AND.WFRD.GE.0.01GO TO 205

I1F (WFRULE .U0.D.AND .WFRD.LE.O.DIGO TO 209

1F ( WFRU.GE.0.0.AND.WFRD.LE.0.01GO 10 208

IF (WFRULLE.O.0.AND .WFRD.GE.D.0)GO TO 210
SECT+1)=(SS{I+1)eY(T+1)+(SSIII»WFRU-SS(I21)eWFRD)/DELX) /W IeL)
GO0 To 200"

1F (EOR-0.0) 203+ 204+ 202

IF(WFRD.G6T.0.01GO TO 206
SE(2)=(5S(2)9Y(2)-(SS(3)1+WFRD)/DELX) /W (2)

G0 To 200

SE€21=(SS(2)#Y(2)-(SS(2)#WFRO)/DELX } /W (2)

GO TO 200

IF(WFRD.LT.0.MGO TO 207

GO T0 206

IF(WFRD.GT.0.016G0 TO 205
SECT+1)=¢SS(Te1) oY (T+1)e(SSEI)*WFRU-SS (T+2) ¢ WFRD) /DELX)/W (T¢1)
GO YO 200 °

SE(I+1)=(SS(I+1)aY (I+11+(SSETe1)sWFRU-SS(T+2)8WFRD)/DELX) /W (I+1)
60 T0 200
SECT+1)=(SS(I+11aY(T+1)¢(SSLIe1)sWFRU-SSIT+1)*KFRDI/DELX) /W (T#1)
IF(SE(T+1) LT.0.0)SE(I+1)=SSUI+ 1)

FZSE(I+1)

RETURN

END

SUBROUTINE ACOF ( AMs AC+SAMsSAC U+ADI+AMO}
DIMENSION AM(27)+AC(27)+SAMI(26) +SACI26)
UzUes2

IF(U.LE.15.0060 TO 1

ADI=587.0

G0 TO 2

DO 751 I=1e27

IF(U.GT.AM(I)IGO TO 751

AGZU-AM(I-1)
ADIZAC(I-1)+((AC(I)-ACII-1))+AG)/(AMITI-AM(I-1))
G0 TO 2

CONTINUE

IF(U.LE.5.00G60 TO 3

AM0=1.295



604

60 TO 4

DO 604 I=1+26

IF(U.GT.SAMII)IIGO TO AOG

AGZU-SAMII-1)

AMO=SAC(I-1)#((SAC(I)I-SACII-1))#AG)/ (SAMII)-SAMIT-1))
60 YO 4

CONTINUE

RETURN

END
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