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ABSTRACT

A computer program for prediction of the cation distribution
resulting from irrigation of a layered soil was prepared. Half scale
models of a ten-layer soil profile were constructed from chemically
unaltered Gila Loam and Gila Silt Loam soil samples. A synthetic
Colorado River water was the percolating solution. Comparison of pre-
dicted and experimental results showed satisfactory agreement.

A gypsum requirement prediction loop was inserted into the
program. This loop predicted the quantities necessary to reduce the
exchangeable sodium percentage of a given layer to a desired level.
Intensive experimental investigation proved this method of prediction
accurate.

The dependence of the hydraulic conductivity of a soil upon its
exchangeable sodium percentage was taken advantage of in an attempt at
prediction of infiltration rates during irrigation. Despite elaborate
precautions against interference by extraneous factors, the attempt was
not successful. The source of error was probably the formation of a
soil film of high exchangeable sodium percentage at the interface be-

tween the soil column and the percolating solution.

viii



INTRODUCTION

The maintenance of optimum infiltration rates is a major concern
in irrigated agriculture and ground water recharge. As the soil mois-~
ture supply is depleted in arid regions, it must be possible to put
water into the soil. If this is not accomplished crops suffer from
lack of water. The worth of a ground water recharge site is solely de-
termined by the rate at which it can put water into the underground
aquifer system. Any physical or chemical changes which hinder infiltra-
tion lessen the value of a ground water recharge operation,

The chemical entity often responsible for lowered infiltration
rates is the sodium ion., When present on the soil exchange complex in
sufficient quantity, this ion can create a soil surface virtually im-
pervious to water. As many waters in arid regions contain a large pro-
portion of sodium, decreasing infiltration rates are a constant problem.
Many lands, once productive, are now desert wasteland due to the ef-
fects of sodium on the soil complex (12). This is not an inevitable
occurrence,

Water for domestic use is preferably high in sodium. Such
water is called "soft water." The problems encountered inm recharge
and irrigation operations with this water are grave. These waters de-
stroy the water transmitting properties of the soil and are, therefore,
avoided in recharge and irrigation operations,.

As the effects of sodium iom are a result of its adsorption
by the soil complex, the addition of calcium will alleviate

1



difficulties encountered during infiltration. The most cormom source
of caleium used for this purpese is gypsum, Ca.SOh 2 H20.

The intention of this research was to provide accurate methods
for prediction of the cation distributiom resulting from irrigatiom of
a layered soil, the gypsum required to reclaim a sodium infested lay-
ered s0il, and the infiltration rates exhibited by a homogeneous soil
being irrigated.



LITERATURE REVIEW

Excessive exchangeable sodium has an adverse effect upon the
rate of water movement into and through the soil (e.g., 6, 12, 14, 24).
Henderson (15) and Quirk and Schofield (25) percolated waters of vary-
ing sodium per cent and salinity through soil columms. Both studies
found that for a water of a given salinity, the hydraulic conductivity
of the soil column decreased as the per cent sodium of the water in-
creased. This effect was particularly noticeable with waters of low
salinity. |

Doneen (7) has taken the differences in permeability between
soils into account in a permeability index (PI); units are meq/L:

(Na* + (HCOB')%) x 100

- . dl

Na* « Ca*t + Hg'“

This is a revision of the possible sodium per cent formula (12)., The
bicarbonate is added as a square root to the numerator instead of be-
ing subtracted from the denominator. Doneen relates the index to soil
properties by establishing different standards for light, medium, and
heavy textured soils. Waters of progressively higher index are per-
mitted as the texture of the soil lightens,

The permeability index is based upon the line of thought
previously pursued by Eaton (12, 13) and Doneen et al. (6). It gen-
eralizes the relations between soil texture and infiltration rates.



These relations are quite unpredictable. The permeability index may
therefore lead to large errors.

A common amendment to soils afflicted with low infiltration
rates, due to the presence of excessive sodium on the exchange complex,
is gypsum. Several methods (21, 28, 30) have been devised to predict
the quantity of gypsum required to reduce the exchangeable sodium per
cent to an acceptable level.

McGeorge and Breazeale (21) treated each of several soil sam-
ples with one of a series of solutions containing verying amounts of
gypsum. The resultant soil-water mixtures were filtered and the fil-
trates tested for gypsum. The smallest gypsum supplement which ylelded
gypsum in the filtrate was considered to be the gypsum requirement.

Schoonover (28) based his method upon the same principle as had
McGeorge et al. (21). Instead of using a series of solutions of differ-
ing gypsum concentration, he equilibrated ome soil sample with a satur-
ated gypsum solution. This mixture was filtered and the calcium and
magnesium concentrations determined. The difference between the calcium
concentration of the gypsum solution and the calcium and magnesium con-
centrations of the filtrate was called the gypsum requirement,

The methods of McGeorge et al. (21) and Schoonover (28) deter-
mine the quantity of gypsum necessary to equilibrate a saturated gypsum
solution with the exchangeable and soluble ions in the soil. These
methods suffer from a lack of relation to conditions existent in the
fields The static systems used in the experimental determination of
the gypsum requirement fail to take into account the leaching condi-

tions prevalent in reclamation procedures involving gypsum. The
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relative adsorption of sodium and calcium varies with the moisture con-
tent of the soil (26). The water-soil ratios used in these methods
(21, 28) are invariant and higher than those found in the field.
McGeorge et al. (21) and Schoonover (28) used distilled water in their
experiments, thereby neglecting the influence of irrigation water qual-
ity upon the cation exchange processes in soil. Reclamation is often
carried to depths exceeding the one-foot depth with which these methods
are concerned., Neither method enables the user to choose the resultant
exchangeable sodium per cent reduction.

The U, S, Salinity Laboratory (30) proposed a method based upon
the assumption that the calcium furnished by a gypsum addition will re-
place an equal amount of adsorbed sodium, For example, if the exchange-
able sodium per cent is thirty and the cation exchange capacity is
twenty meq/100 g, it would take a gypsum addition of three meq/100 g to
reduce the sodium per cent to fifteen., The authors were cognizant of
the inadequacy of their assumption. The effects of the exchangeable
sodium per cent and the salinity of the s0il solution upon the relative
adsorption of calcium and sodium were noted as primary sources of error.
To account for these factors the authars recommended multiplication of
the gypsum requirement, reached by their method, by a carrection coeffi-
clent of 1.25.

The gypsum requirement method of the U. S. Salinity Laboratory
(30) does offer a way to vary the gypsum requirement to meet differing
degrees of sodium per cent reduction. Otherwise, it is subject to the
same criticisms as the methods of McGeorge et al. (21) and Schoonover
(28).
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McGeorge (20) compared the gypsum requirement tests of McGeorge
et al. (21), Schoonover (28), and the U. S. Salinity Laboratory (30).
He found mo significant disagreement between the values yielded by the
three methods. No distinct pattern appeared to relate the results ob-
tained from these methods.

Eaton (13) based a gypsum requirement upon the composition of
the irrigation water. He divided the gypsum requirement into three
categories: (1) that required to lower the sodium per cent of the
water to an acceptable value, which the author chose as seventy per
cent; (2) that necessary to offset precipitation of carbonate and bi-
carbonate compounds of calcium and magnesiumj (3) that which accounts

for plant uptake of calciwm. Units are meq/L:

(1) = Na* x 0.429 [2]
(2) = (HCO] x (100 - % leaching) )/100 [3]
(3) = (0,30 x (100 - % leaching) )/100 . (L]

Eaton offers no theoretical support or experimental evidence in favor
of these equations.

A better method for determining a gypsum requirement would be
to evaluate the changes in the cation distribution which such an addi-
tion would cause. This can be done only if a system which predicts the
reactions befween the exchangeable ions and the ions in the soil solu-
tion is available. Several such systems have been devised.

Rible and Davis (27) adapted the chromatographic theory of

De Vault (5) to ior exchange in soil columns. The basic equations



of the theory are:

(1) X = FM%'-GF [5]

where X is the depth, A is the pore volume per unit length of colum,
V is the volume of the effluent, M is the amount of exchanger per unit
length of colusm, and f'(cl) is the first derivative of the relatiom

between the replacing ion and the displaced iom.

@ & = (- @)/ -en) %)/ Co (1K) (6]

where Q is the exchange capacity, e is the pore volume per unit length,
x is the length of the colummn, C o is the concentration of iom in the in-
fluent, C ‘is the concentration of ion in the effluent, and K is the
equilibrium exchange constant,

Four experiments were performed on a homogeneous soil. A cal-
cium water was passed through a sodium soil, a magnesium water was
passed through a calcium soil, and the reverse of these two procedures
was also run. The theory predicted the cation distribution most suc-
cessfully for the case of sodium replacing calciume With the other
three ion pairs the theory underestimated the size of the szone of par-
tial replacement. For the case of calcium replacing sodium the theory
predicted no such zone whatsoever,

The experimentally found zones of partial replacement were not
very large though. Thus the predicted values rarely deviated from the

experimental values by as much as twenty=five per cent.
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There are inherent weakmesses in the method tested by Rible and
Davis. Tt is extremely difficult to arrive at the mathematical solu- |
tions of the equations [5, 6] predicting the cation distributiom. The
authors simplified the task by using mono-cationic waters and soils.
Were a layered soil used a unique solution to the equation would be
required for each layer. Inclusion of slightly soluble salts, such as
gypsum or calcium carbonate, would present almost insurmountable diffi-

culties.

The experiments did reveal the modes by which calcium moves in
the soil. When displaced it temds to be partially replaced throughout
the entire profile. When it is the replacing cation it is extensively
adsorbed to a given depth, bemeath which it is present to a minor de-
greee

A method for prediction of cationic exchange processes by use
of second order reaction kinetics was developed by Bower, Gardner, and
Goertszen (3). This work was an extension of the theories of Hiester
and Vermeulen (16). The equation relating the concentration of the iomn

in the influent to that in the effluent is as follows:

£ . IE/K,/EE/58) + ap(AR)ES)/RAE,4E) ) .« [1]

0
where t is the solution capacity parameter, S is the columm capacity
parameter, J is a complex integral imvolving a modified Bessel function
of the first kind, and K, C, and Co are as used previouslye.

Experiments were conducted with mono-cationic waters and soils
as well as with di-cationic waters and soils, In all cases excellemt

agreement between predicted and experimental results was found. The



discrepancies between the theoretical and actual results were negli-
gible,

It is lamentable that this system is extremely hard to use in
large scale operations. The equation [7] is difficult to solve. Ex-
tensive laboratory wark not normally done in routine analysis is nec-
essary., For a tri-cationic system in a layered soil containing gypsum
and calcium carbonate, the problems posed by the methods of Bower et al.
(3) are virtually insoluble.

An attempt at partial simplification of the equation [7] used
by Bower et al. (3) was made by Brooks, Goertzen, and Bower (4). The
concentration of sodium in the soil solution, CNa’ and the concentra-
tion of the sodium adsorbed by the soil, QNa’ can be calculated from

the following equations:

C_KQpZ % _
1
CN& = X (Co -(-—(—;-.?ZT-) ) I_B]
1 Ckep(D-12) % )

where p is the bulk demsity of the soil, f is the soil porosity, D is
the depth of irrigation water applied, Z is the depth within the soil,
and the other symbols are as previously used.

The authors concede that the equations [8, 9] have varying ac-
| curacy. These equations are approximations which are most accurate
when the per cent sodium of the applied water is over eighty five and
the per eent sodium of the initial seil solution is over twenty five.

Thus, the simplifications of fered by Brooks et al. (L) are of greatest
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value with waters classified as a major sodium hazard by prevalent
standards (6, 30)s The successful application of these approximations
by the authors is therefore of only academic value.

Nielsen and Biggar (23) have found extensive evidence of dis-
persion of solutes in the soil moisture stream. These findings are of
pertinence to systems which try to predict ion exchange. Most models
of ion exchange in dynamic soil-water systems presume water flow to pro-
ceed through the soil in a piston-like fashion. This precludes consid-
eration of dispersion. Biggar and Nielsen (2) tested the theories of
Rible and Davis (27), Bower et al, (3), and Lapidus and Amundson (19).

The equation obtained fram the theary of Lapidus and Amundson was:

-é:;' = %(erfc((x(Q*eCo)-CoV)/(llDVCO(Q"eco)/v)% )

« exp(vx/D) erto((x(aseC )ec T)/LDVC (QveC )/0)% ). [10]

A1l variables are as previously defined, except that v is the
average flow velocity, and D the apparent diffusion coefficient. It
should be noted that this equation [10] does consider diffusion.

The authors found breakthrouwgh by magnesium, which was displac~
ing calcium, in advance of that predicted by all three theories, As
the velocity of flow decreased the deviations increased. Decreased con-
centration of both replacing and displaced ioms accentuated the dis-
crepancies, as did unsaturated flow.

The authors attributed the difficulties encountered by the
theories to their insufficient consideration of the effects of disper-

sion, Biggar and Nielsen are too critical, however, when they claim
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that this defect renders the theories inadequate. The greatest error
exhibited by the predictions based on the theories of Rible and Davis
(27) and Bower et al. (3) is twenty-five per cent in the saturated
case, for which the theories were designed. The Lapidus and Ammdson
theory (19), which does contain a diffusion factor, errs by as much as
forty-five per cent and must be considered umsatisfactory.

The greatest dispersion effects occur during unsaturated flow
of water through soil. Biggar and Nielsen (2) advise the use of this
type of flow to move a replacing cation further down the profile than
would occur under conditions of saturated flow. In particular, they
note the difficulties encountered when deep leaching of calcium is de-
sired to correct a sodium problem and state the possible pertinence of
their findings to reclamation procedures,

Dutt and Tanji (9) have derived a method from chemical thermo-
dynamics for the prediction of ion exchange in dynamic soil-water
systems., Six equations have been combined to form the general case far

a computer program. These equations are:

Calcium-Magnesium Exchange:

&N, ++ N
=Rt 8

Sodium-Calcium Exchange:

2
Nat | ¢! Nﬁa [12]
ag e NogMpa*t 1o5 Nog? 1.5 NMg)



Solubility of Gypsum:

Toaet %0, " Kgp " 2k X 107 [3]

Undissociated Caleium Sulfate in Solution:

a a a
ca™ %30 = ca*t %s0,"
4 : N

C - - I
Cas0), 9 b9 x 1072 []

Jonie Strength:

2 2
u =3 i% €424 [15]

Extended Debye-Hiickel Theory:

. -0, 509 Zj (u)%
gK" 1+ (u)-3

[26]

In these equations, a refers to the activity of an ion, C to the concen-
tration of an undissociated entity in solution, N to the concentratiom
of an iom on the soil exchange camplex, K to the calcium-magnesium
equilibrium exchange constant, K' to the sodium-caleium equilibrium ex-~
change constant, & to the activity coefficient, u to the ionic strength,
and C a:nd Z to the concentration and valence, reaspectively, of an ion
species i or j present in m concentration in the solution.

It should be noted that the activity of aa ion is equal to the
- product of its concentration im sclution and its activity coefficient.
The extended Debye-Hiickel theory, devised for pure sclutions, has been

found applicable to soil solutians (10).
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The most recent accomplishment with this program was the cor-
rect prediction of the cation distribution in a homogeneous calcium
s0il treated with a sodium-magnesium wat.er.l Previously the solute
composition of the effluent from a colunm containing calcium, magnes-
jum, sodium, and gypsum had predicted with good accuracy (11).

In contrast to the systems previously discussed (3, L, 19, 27)
the method of Dutt requires quantities found in routine laboratory
analysis, except that the exchange constants have to be determined.
The only mathematical operation necessary is the preparation of the
data cards for the camputer program. This is in marked comtradistinc-
tion to the complex operations noted in the other systems mentioned.

Dutt has worked exclusively with soils saturated with calcium
prior to insertiom in the filtration tube. These soils have alsc been
leached with distilled water to free them of soluble salts, These
simplifications have helped avoid interference from dispersiomn. The
computer program assumes piston fashion movement of water through the
s30il column. Were large quantities of salt present in the soil prior
to the passage of water through the soil column, there would be in-
~ ereased likelihood of discrepancies between predicted and experiment-
ally found values due to dispersiom.

The waters used by Dutt have contained only sulfate and chlor-
ide anions. Waters containing carbonates and bicarbonates have been

" avoided, as there is no means in the program of treating the

1, Gordon R. Dutt, Cation Exchange in Soil Colusmms, Paper in
Preparation for Soil Sei. Soc. Am. Proc.
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precipitation of the carbonates of calcium and magnesium. If the pro-
gram were applied to a soil-water system containing magnesium, calcium,
carbonate, and bicarbonate, difficulty might be encountered.



THEORY

Chemical Thermodynamics

It is the aim of this research to provide an easily used method
for prediction of the cation distribution of a dynamic soil-water sys-
tem, closely approximating those found in everyday work. It is hoped
that gypsum requirements, and hydraulic conductivities during infiltra-
tion, may be predicted by similar means. The method proposed by Dutt
and Tanji (9) offers the most promising approach,

The cations on the soil exchange complex may exist in a state
of thermodynamic equilibrium with the cations in the soil solution.
Many equations have been written to describe this conditiom (18). A1l
yield the same result when cations of equal valence are being consid-

ered:

[
=

o
o |

[27]

where the activities of the ions in solution are a and the molar com-
centrations of the adsorbed ions are N, K is the equilibrium exchange
constant and has been found to generally range from 0.62 to 0,70 (18,
26) when calcium is A and magnesium is B,

With ions of differeht valence many different equations result
from the various approaches (18). An equation which has a good thermo-

dynamic basis is a modified Kerr tequaf..'u:m.2

2., Hassan Hajrah, The Effect of Cation Exchange on Gypsum Re-
quirement of Soils - 1965, Unpublished M,S., Thesis, University of Ariz,

15
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[2¢]

where the symbols are as used above and W is the clay content of the

[

= K%x

[

aB

soil expressed as a decimal. K equals 1.385 x 10*4 when sodium is A
and calcium is B. The sodium-magnesium constant may be obtained by
multiplication of the calcium-magnesium and sodium-calcium constantse
It is equal to 0,93 x 10”‘.

When gypsum is present in the soil a condition of thermody-
namic equilibrium may also exist between the solid form of gypsum, um-
dissociated calcium sulfate in solution, and calcium and sulfate ioms

in solution,

—y —> + -

CaS0), () 2 CaS0) ((a10s,) 08 + SO [19]
The relation between the solid phase and the ions in solution is given
in [13]. That existing between the ions in solution and undissociated
calcium sulfate is [])4:] . When gypsum is present in the solid state
this equation [lh] becomes :

Ksp

CCaSOh - Kl-)— = }9 x 103 . [20]

The extended Debye-Hickel theory [16} has been found accurate
for soil solutions (10). This is because of the small influence of the
fofces exerted by the soil upon the behavior of ions in the soil solu-
tion. However, in very dilute soil solutions it has been found that
the solubility product of gypsum does vary. This is explained by Dutt

(8) as being a result of the unusually high soil forces present in such
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solutions. In so0il solutions normally encountered there is probably
little interference from the soil forces.

Adaptation of Thermodynamic Equations to Conditions

Extant in Soil and to Computer Techmiques

In order to use these equations [13, 1, 15, 16, 17, 18, 20] 1n
progrems (A, B, C, D), it is necessary to modify them to f£it the dynamic
conditions extant in the soil. If gypsum is imritially present in a
quantity sufficient to maintain a saturated gypsum solution at equilib-

rium, the following modifications are made.

STEP ONE:
cCa Cga +X [21]
Can = CO +X 22
S0, 50, [22]
Noyp = Ngyp - X/BT [23]

where C° is the initial iomic comcentration and C the equilibrium iomic
concentration in the seoil solutionm, N°1s the initisl concentration, amd
N the equilibrium concentration in the soil. X represents the changes
in the system as it goes from initial to equilibrium conditions, amd BT
is the grams of soil per liter of solution. These equations [15, 16,
21, 22] are substituted into [13] .

X+ (c, + cgoh) X+ (c3, Cg"u - Kgp (exp(EX)) ) = 0 [24]

where

EX = (9.366 % @)/(1 + u) [25]



and all other terms are as previously defined.
The program then considers undissociated CaSOh.
STEP TWO:

CAS1 = L.987 x 107> - caso® [26]

where CASO® is the initial concentration of undissociated CASO s and
CASl1 is the quantity needed to make the concentration of undissociated
CaS0, equal 4.987 x 107> moles/L [20]. Then,

CASO = CASO® + CAS1 [27]
and from [2:{\

' |

N = N, - CAS1/BT . 28

GYP Gre 22

In this case CASO is the equilibrium concentratiom of undisse-
clated CaSO), N' is the final equilibrium concentration in the soil,
and other terms are as before. All terms used in equations [29] through
[lﬂ] will also be as previously defined.

1t N(.IIP is negative, insufficient gypsum is presemt to form a
ﬁammwd solution of undissociated CaSOh. In this case, and if insuf-
ficient gypsum were present prior to Step One, Step Two Alternate is
riecessary.

STEP TWO ALTERNATE:

X = Nooo x BT [29]
N('m, - 0.0 [30]
cga ® Cga + X ' [31]
c® = % +1x “ 2]
50, 50, l |
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and then
a

Ca = Cca =% [33]

Coq = C5o - X1 34

s0, ~ "so, [30]

CASO = CAso® +x1 _ [35]
X1 is found thusly:

A = exp(EX) [36]
and then

(aaa® - (K, + AR x C3 ¢ A0 x Cg%) X1 +
a (]
(Ahx Cg, x Cg, - Ky x CASO®) = 0 . [37]

SOh

The program then considers sodium-calcium ion exchange. Had no
gypsun, undissociated CaSOh, or SO): » been present prior to Step One,

this step would have been immediately proceeded to:

STEP THREE:
Cyg = Cyg = BT xX [38]
Coa * OBt TTEE %]
Ny = Mgy * 2K [19]
Nyg = Nea- X [L2]

When substituted in [18] a third degree equatiom results:
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(-LBT (K'ExeBT) ) X + (u((B'mNgamga-K'Ex NS ) BT

) - (K'Ex ¥°.)

- K'cgaEx) ) X% - (Cﬁa((leTx 154 Na

[+]

Ca + CNa
o o 0 -0 ,0 L} 0 ,,0

(BTxNNameCa)) ) X + (CNaCNaNCa‘ K Co EX NNaNNa)

-0 . 2]

Next to be considered is Ca-Mg ion exchange,

STEP FOUR:
Nyg = Nyg *+ T [43]
Ngg = MO - Y [l ]
Cyg ™ Cyg = BT X Y [us]
Coq ™ Cog * BT XY [u6]

where Y is the change undergone by the system in passing from the
initial state to equilibrium state. Substitution of (U3, Lk, LS, L6]

into [17] creates a second degree equatiom.
(BT (1K) )Y + (g, + BT (N + KN) + KO )Y

¢ (CO NG - Ko NG) = 0 . 7]

When the values of C, from Step Four of the previous cyecle,

Ca
and Steps Two or Two Alternate and Three of the present eycle, are
within 1.0 x 10"5 of the value of C.  from Step Four of the presemt
cycle, the system is eonsidered to be at equilibrium and the computer

begins the calculation for the next section of the column,
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When the gypsum requirement is determined (program B) addition-
al equations @8 - 50] are placed within Step Two. Equations [231 from
Step One, [28] from Step Two, and [33 - 37] from Step Two Alternate are
avoided., The following is the cycle when the solution in the top soil

layer is not saturated with gypsum:

STEP ONE (21, 22, 2li, 25| — STEP ™WO [27] —STEP TWO GYPSUM: -

GYP = X/BT (48]
GZP = CAS1/BT [L9]
GXP = GYP + GZP + GXP° [50]

where GYP and GZP are the gypsum required to saturate the solution with
ca™ and sol':, and undissociated CaS0), respectively, &XP° is the cumla-
tive gypsum requirement from prior cycles, and GXP is the cumlative
gypsum requirement after addition of this cycles' requirement,
Should Step Two Alternate be entered into, the normal route is
- followed through [¥]. However, upon completion of (3] the computer
returns to the beginning of Step One. It then follows the cycle leading

to Step Two Gypsum.

Assumptions About Behavior of Water

and Anions in Soll

Some assumptions must be made regarding the behavior of water inm
a soll column. Consider a soll columm to be divided into ten sections,
corresponding to a soil profile consisting of ten layers; furthermore,

water is moved down the profile in discrete quanta called aliquots, The
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pore volume of the first layer determines the size of the aliquot. The
aliquots are considered to react with each layer until they attain
equilibrium. These aliquots proceed down the columm until they leave
it or reach a predetermined layer. The movement of the water is as-
sumed to be piston fashion. It is thus presumed that no mixing between
aliquots occurs. In addition, the soluble salts present in the soil
prior to the entry of the wetting solution are considered to be moved
through the column solely by the action of the first aliquot of water
to enter the column,

Heretofore, the moisture contents fed to the computer have been
those actually found in the column. If this were required in practical
operations, it would be necessary to determine the field capacity of
each soil sample submitted for analysis by the computer program. It
was therefore decided to test an approximation of the field capacity.
The saturation percentage of a soil is commonly found during the stand-
ard analytical procedures, One-half of the saturation percentage is a
‘rough estimate of the field capacity. It was seen whether this mois-
‘ture comtent could be considered to be the moisture content within the
column.

The only anion individually treated in these programs is sul-
fate, Although the reactions of carbonate and bicarbonate are of im-
portance in soil-water systems, it is not yet possible to accowmt for
‘them. In this model these two ions are treated as if they were chlo-
ride ions. Also, the pH value and the exchange capacity of the soil

are both considered to be invariant,
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The Cation Distribution Program

The cation distribution program (A) passes the desired number
of aliquots into the soil columm. When the necessary calculations have
been completed, the solute composition of the effluent and soil solu-

tion and the exchangeable cations are printed out.

The Gypsum Requirement Program

A program for computer prediction of gypsum requirements (pro-
gram B) has been based upon the cation distribution program (A). This
program calculates the gypsum addition required in the top layer of the
soil to bring the exchangeable sodium percentage down to a desired lev-
el in a designated layer of the soil. The desired level may be chosen
to fit the needs of the particular soil. In these experiments it was
chosen as fifteen per cent. The designated layer may also be varied.
One additional assumption in this program (B) is that the gypsum sup-
plement is evenly distributed throughout the first soil layer.

The gypsum requirement loop cemmences operatiom when a satur-
ated gypsum solution is not present in the top soil layer. The program
internally adds gypsum so as to reconstitute a saturated gypsum solu-
tion. This loop operates only when the water is in the top soil layer;
otherwise the program is identical to the cation distribution program
(A). When the exchangeable sodium per cent in the designated layer has
been reduced to the desired level, the computer prints out the gypsum
requirement in moles of gypsum required per gram of s0il and as tons of
gypsum per acre, the necessary water as aliquots and as acre feet, and

the resultant exchangeable sodium per cent in the designated layer. If
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the cation distribution resulting from this gypsum addition is of in-
terest, it is an extremely simple matter to transfer the data from the

gypsum requirement program (B) to the cation distribution program (A).

The Sodium-Infiltration Rate Program

The hydraulic conductivity of a s0il is determined by the sizes
of the pores and the tortuosity of the pore pathways. These are part
of the soil structure. The undesirable effects of sodium are due to
the influence of the ion upon so0il and water structure. Every soil has
a unique relation between hydraulic conductivity and exchangeable sodium
per cent, Fifteen per cent sodium is the generally recognized maxisnm
allowable exchangeable sodium per cent (30)., However, there are some
soils which can maintain satisfactory infiltration with higher sodium
percentages and some which cannot tolerate even this level of exchange-
able sodium. It is therefore of importance that a method be developed
which will determine the maximum allowable sodium per cent of an indi-
vidual soil.

When a solution which differs from the soil solution enters the
soil, the infiltration rate of the soil will be modified. If all other
factors are cantrolled, this may be a discrete function of the exchange-
able sodium percentage of the soil. If a method which determines the
exchangeable sodium per cent of a soil being wetted is combined with
the mathematical relationship between the exchangeable sodium per cent
and the hydraulic conductivity for the particular soil in question, it
may be possible to campute the changing hydraulic conductivity as the

‘process of infiltratiom progresses.
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The hydraulic conductivity encountered by an aliquot as it
passes through a section of soil is assumed to be that determined by
the equilibrium exchangeable sodium per cent between the aliquot and
the section.
The hydraulic conductivity of the entire columm is a function

of the hydraulic conductivities of the sections comprising the column.3

o S T SN
il oS ol IR 51

where LT is the total length of the columm, Ll 2.3,°°° are the lengths
~979

of the sections, K, is the hydraulic conductivity of the entire columm,

T
and Kl 2,3, %0 are the hydraulic conductivities of the sections. A

t Rt 4
computer program (C) has been prepared which finds the hydrauliec conduc-
tivities of the sections and then uses [51] to find the hydraulic con-

ductivity of the entire colum.

The Exchangeable Cation Determination and Effect

of Moisture Variation Program

Values which must be found experimemtally prior to the running

of programs (A,B,C) are the soluble salts, clay contemt, saturation per-

.. centage, and exchange capacity of the soil, and the ionic compositiom

of the water. A supplementary program (D) finds the exchangeable ions
if it is fed the above information. This program makes use of a rela-

tionship between the Sodium Adsorption Ratio (SAR) of a water and the

3. Personal Communication from Dr. D. D, Evans.
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exchangeable sodium per cent (ESP) of a soil at equilibrium with the
water (30):

Na+

o )% ,[52]

SAR =

where units are mmole/L, and

ESP = 100(~0.0126+0,01475 SAR)/1+(~0,0126+0,01475 SAR) . [53:\

Use of this program eliminates the need for laboratory determination
of the exchangeable ions, an often inaccurate procedure. If the pro-
gram (D) is given the aforementioned experimental information at one
moisture content, it will compute what the soluble salts and exchange-
 able ions would be at any other moisture content, such as the field
capacity. This makes it possible to use amny convenient water-soil
ratio when analyzing a soil. Thus, the laboratory work required for
use of these programs is comparable to that done in a routine soil-

water analysis.



METHODS AND MATERIALS

The soils used in the cation distribution and gypsum require-
ment studies were a Gila Loam and a Gila Silt Loam, respectively, Both
are alluvial soils from the South Gila Valley in southwestern Arizona.
They were collected as a series of six-inch deep layers to a depth of
five feet. The integrity of each layer was maintained throughout the
experiment.

The soils were air dried and then put through a two mm sieve,
Soluble salts were determined from a saturation extract (Table 1). The
moisture content of each saturation extract was noteds Clay content
was measured by the Bouyoucos process. Exchange capacities were found
by the ammonium acetate procedure. Gypsum content of the soils was
taken to be equal to the quantity of sulfate appearing in a 1:5 extract
in excess of that which appeared in the saturation extract (Table 2),.

The filtration tubes used in the experiments were made of
" one~inch irmmer diameter luclite plastiec. The soil was packed in them
to a depth of two and one-half feet, with about a three-inch section
alloted to each layer. This was accomplished by pouring the soil into
the filtration tube and rapping the tube until the soil occupied the
desired volume, The layers in the column were arranged as found in
the field, Each layer weighed fifty-five grams. Thus, 555 grams of
soil were in each colurm. The only chemical change imposed upon the
soils was the addition of gypsum to the top layer of the Gila Silt
loam used in the gypsum requirement study. The quantity of gypsum

27
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added to the two columns in this study was 455 mg, mixed thoroughly
with the top layer. |

The columms were placed in a vertical position. The constant
head of solution applied was within one inch of five and one-half feet.
The water used in the experiments was a simulated Colorado River water,
such as is actually used upon the fields of the South Gila Valley.
This water contained 3.l2 meq/L Ca*’, 5.50 meq/L Na*, 1.78 meq/L Mg",
5.40 meq/L 'SO,:', 3,00 meq/L HCOB, and 2,30 meq/L C1-, No direct tem-
perature control was exercised, but the temperature rarely varied more
than three degrees fahrenheit from seventy-seven degrees, Glass wool
was placed at all locations where evaporatiem could occur. Aluminum
foil was wrapped around the colums to inhibit the growth of algae.

Cation Distribution Prediction: Two columns contalning Gila
Loam, hereafter referred to as columm 1 and column 2, were filled with
water until the wetting front had arrived at the boundary between the
sixth and seventh layers. It was of interest whether the procedures
adopted would be successful when applied to a column only partially
£illed with water. When the proper wetting had occurred, the columms
were cut apart at the divisions between layers with & sabre saw,

A portion of each soil layer wetited was oven-dried at 105°c.
The moisture contents of the layers in the column were thereby deter-
mined. The remainders were air-dried and then analyzed for soluble
salts in a 1:5 extract. This data were fed into computer program (D),
which modified the data to fit the moisture contents of the layers in
the colunms. The data ylelded by program (D) were considered to be

an accurate representation of the experimental results.
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Gypsum Requirement Prediction: The three columns containing
Gila Silt Loam were divided into two groups. Two columms had the gyp-
sum requirement recommended by computer program (B), plus a control
quantity, added to the top layer. The other column was not za2ltered.
The control section chosen to have its exchangeable sodium percentage
reduced to fifteen was the third layer. The computer program (B) ad-
vised the passage of 1.6 column pore volumes into the column, This
advice was followed in thé operation of the unaltered column and one
gypsum treated colwmn. The second gypsum treated column was wet with
1.5 column pore volumes. These irrigations allowed 0.6 column pore
volume to leave the former two columns and 0.5 to leave the latter.
This effluent was collected and analyzed in approximately 0,05 column
pore volume quantities., When the proper amount of effluemt had left
the columns, thej were cut apart.

Program D has no means of accounting for precipitatiom of cal-
cium and magnesium carbonates. This would be a serious defect in a
case where these compounds contribute a preponderance of the calcium
and magnesium present in the soil solution. A different method was used
to determine soluble cations present in the soil solutions of the three
columns of the gypsum requirement study, where the aforementioned condi-
tions were found. The concentrations of the soluble cations were meas-
ured in 1:5, 1:2, and saturation extracts. The curves thus obtained
were extrapolated to the actual moisture contents within the columns
(Figs. 1, 2). The concentrations at the actual moisture contents were

taken to be the actual values,
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Infiltration Rate Prediction: The soil used in the infiltra-
tion study was a Gila Silt Loam. This is an alluvial soil taken from
the same location as those previously described. It was obtained from
the six~-inch to twelve-inch layer and was thoroughly mixed during the
procedures preparing it for laboratory use. It was, therefore, consid-
ered to be homogeneous. The soil was first put through a two mm sieve.
A calcium saturated soil was then formed by repeated washing with 0.5
normal calcium chloride solution. This soil was treated with O,1 normal
hydrochloric acid until the pH value of the soil was L.5. It was hoped
that this would eliminate the calcium and magnesium carbonate content
of the soil. Excess salts were removed by washing with distilled water
until the electrical conductance of the soil solution was beneath O.l
nmhos/cmz. The soil was again air dried and put through a two mm sieve.
As uniformity of packing was a necessity in this experiment, the soil
was then put through a 0,42 mm sieve. The clay content, saturation per-
centage, and exchange capacity of the soil were then determined by
methods previously described. They were 22%, L48.7%, and 22.5 meq/100g,
respectively. The soluble salts in a 1:5 extract were 1.2 meq/L ca*’
and 0.2 meq/L Na', both as chlorides.

The soil was then packed as previously described, into 2.54 em
imner diameter lucite filtration tubes. Two lengths of tube were used.
The short columns were utilized to determine the relation of hydraulic
conductivity to exchangeable sodium per cent. They contained 11.91
grams of soil, packed to a depth of 1,91 cm. The filtration tubes used
to test the applicability of this relationship to dynamic soil-water

systems were packed to a depth of 13.0 cm with 81.1 grams of soil,
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The bulk density of the soil was virtually identical in both sizes of
colum.

The columns of both sets were vertically positioned in a
vacuum dessicator and evacuated for ten to twelve hours. While still
in the dessicator, the columms were filled from the bottom with a 9.75
meq/L solution of calcium chloride., These steps were taken to minimize
the effects of entrapped air upon water movement; also to have an ini-
tial salinity in the soil solution equal to that of the water te be
passed through the columns,

Each of the short columns was then wet with a different solu-
tion of calcium and sodium chlorides (Table 3). The large columms were
treated with a sodium chloride solution., The columns were wetted until
the daily chamges in the hydraulic conductivity were minimal, Both
sets were maintained in a vertical pesition throughout the experiment.
The experiment was performed in an air bath which maintained a tempera-
ture of 25° # 1%,

The effluent from the third of the three large colums was col-
lected in approximately forty ml portions. It was analyzed for godium

and calcium,



Table 3. - SAR of Waters Used in Hydraulic Conductivity Study and

Resultant Equilibrium ESP of Soil

SAR ESP
0 0
L L.5
5 6
7.5 9
11.5 13.5
15 17
19 21
25 26
31 35
52 43
T 51

35



ANALYTICAL PROCEDURES

CATIONS
Calcium - 0,01 N CDTA titration with KOH buffer and Calcein
indicator (17, 30)
Magnesium - 0,01 N CDTA titration with NHhOH buffer and methyl
red and calmagite indicators - this titration minus
the calcium titratiom equaled magnesium (17)

Sodium - Beckman DU spectrophotometer (30)

ANIONS
Sulfate - 2mg/cc Barium Chloride titration with ethyl alceholie
thorin indicator (29)
Chloride and Bicarbonate - Sum of cations minus Sulfate

All ions were measured as meq/L.



RESULTS AND DISCUSSION

Cation Distribution Prediction

The cessation of percolation of Colorado River water through
soil columms 1 and 2, prior to breakthrough of the wetting front, does
not appear to have introduced any unforeseen factors. The predicted
and experimental values for the exchangeable and soluble cations are
in good agreement (Tables L, S). Notice in Figure 3 that the experi-
mental values for the sixth layer are lower than the predicted value,
The water within this layer was assumed by program (A) to contain all
of the soluble salts initially present in layers one through six. Dis-
persion appears to have caused a minor lag in the downward movement of
these soluble salts. As these salts were present to a degree found
only in highly salins scils, it is doubtful whether dispersion would ever
cause a major discrepancy between predicted and experimental values,

The exchange process taking place was primarily a replacement
of sodium by calcium. The exchangeable magnesium percentages through-
out the soil colurm were not greatly modified by the reaction of the
soil with the synmthetic Colorado River water (Fig. 4). The sodium dis-
placement was most evident in the uppermost three layers (Fig. 5). By
the conclusion of the wetting, exchangeable calcium had substantially
increased in these layers (Fig. 6).

The calcium in the water seems to have reacted primarily with
a specific layer until the sodium percentage in that layer was reduced
beneath approximately ten (Fige 5). Only after this reduction had

31
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occurred was the sodium percentage in the layer immediately beneath re-
duced signifiocantly. This accounts for the sharp slopes seen in Fig-
ures 5 and 6. By extrapolation of the data presented in Figure 5 it
can be seen that the exchangeable sodium percentage in the third layer
ranged from eleven at the top to twenty-one at the bottom, At the halt
of water flow into the column this layer must have been the primary zone
of displacement of sodium by calcium, It would be expected that the
agreement between predicted and experimental values would not be as
good in this layer as elsewhere., Both this discrepancy and that caused
by dispersion are nonetheless smaller than the probable variation in
cation distribution at different locations in a field.

Test of Assumption Regarding
Moisture Content

The predicted values mentioned above were obtained using the

assumption that the field capacity of a soil is equal to ene-half of
~its saturation percentage. To test the effect of this assumption upon
the values yielded by program (A), the actual meisture contents present
in colum 1 of the catiom distribution experiment were used in the cal-~
culation of a separate set of predicted results. All of the actual
moisture contents, save that of the third layer, were higher than one-
half of the saturation percentage (Table 6), Figures 7 and 8 show

the discrepancies produced in prediction of the soluble sodium amd. ex-
changeable magneajum distributions, by assuming that the actual mois-
ture contents were equal to one-half of the saturation percentage,
Only within the second layer, where the actual moisture content was



Table 6. - Actual and Assumed Moisture Contents of Soil Column 1

Layer ?,::‘;::1‘:22 Amim Mﬁ;:::ul'e
Percentage Percentage
1l 36.9 18,45 23.3
2 3649 18.45 26,0
3 39.3 19.65 ‘ 17.9
L 39.3 19,65 23,1
5 37.1 18.55 2349
6 33.6 16,80 19.7
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equal to 70.5 per cent of the saturation percentage, were significant
deviations produced. Otherwise, the errors were not serious, even
where the actual moisture content was as high as 64.6 per cent of the
saturation percentage. Comparison of the predicted values obtained by
use of the actual moisture contents (Figse 7, 8) with the experimental
results (Figs. 3, L) indicates that no tangible benefit would ensue
were the actual moisture contents used imstead of one-half of the

saturation percentages,

Gypsum Requirement Prediction

The concentration of gypsum which progrem (B) said would reduce
the exchangeable sodium percentage beneath fifteen in the third layer
was ,230 x 107k molea/g soil in the first layer., The program predicted
reduction of the sodium per cent to 13.8 in the third layer were this
addition made., The required number of aliquots of water was predicted
to be 16. This treatment is equal to a gypsum addition of L.56 tons/
acre and leaching with 2,67 acre feet of water.

The reduction in exchangeable sodium per cent in the third
layer which program (B) said would occur, were its instruction followed,
was indeed found (Table 7). The predicted value was within 2.2 per
cent of the actual value. Figure 9 illustrates the precision with
which program (B) predicted the required gypsum additiom.

The gypsum initially present in the soil was also instrumental
in the reduction of the sodium percentage of the uppermost three lay-
ers. The exchangeable sodium per cent of the third layer of the un-

altered column was reduced from L2.9 to 30.2. However, the similarity



Table, - Comparison of Sodium Percentages of Gypsum Treated and
Unaltered Columms

Sodium Per Cent

Layer Gypsum Treated Colwm Unaltered Colum
Pr. Expe Pr. Fxpe.

1 0.7 1.9 2.8 647

2 2,0 1.2 Sels 8e3
3 13.8 13.5 2749 30,2
L 48e7 55.0 53.1 57.1
s 60.7 67,0 60.7 63.3
6 63.3 70.2 63.3 660
7 65.l 7.8 65.4 63.3

8 67k 706 67.h 6846

9 7040 66,9 70.0 62,9
10 2.1 72.1 72,1 T2.1
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L7
of predicted and experimental values of soluble cations in the efflu-
ent and soil solution of the bottom layer of the unaltered and gypsum
treated colums (Table 10, see p. 53) indicates that the native gypsum
supply was dissolved in the first seven aliquots to pass through the
colums. Further decreases in the sodium content of the unal tered
column would, therefore, have occurred at a diminished rate. The
benefit of the gypsum addition may be deduced from the fact that the
depth of soil reduced to a sodium per cent beneath fifteen was ln-
creased Ll per cent. That this reduction was indeed a result of the
gypsum addition can be seen by comparing the exchangeable caleium per-
centages of the top four layers of the gypsum treated and unaltered
‘columns (Table 8).

The behavior of the gypsum supplement may be observed by com-
paring the calcium concentrations in the uppermost three layers of the
unaltered and gypsum treated columns (aliquots 1l, 15, 16 in Figse 10
and 11). The soluble calcium concentration im the uppermost three lay-
ers of the gypsum treated columm is higher than that found in the cor-
responding layers of the unaltered colwmn by factors of 6.25, 6.00, and
9.09, respectively; whereas, in both columms the concentratiom of solu-
ble calcium in layers four through ten was virtually the same. Appar-
ently most of the caleium emanating from the solution of gypsum was
adsorbed by the soil complex of the first three layers,

The average sodium concentration of the scil solutien present
in the lower seven layers of the gypsum treated colusm was 18.0 meq/L

higher than that found in the corresponding soil solution of the
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unaltered columm (Table 9)e The additional sodium is that which was
displaced by the calcium originating from gypsum solution. It was
present in such intense concentrations that the sodium percentages of
these layers of the gypsum treated colurm went up (Fig. 9). Note in
Table 7 that the sodium percentages of the corresponding layers of the
unaltered columm are almost as high. The inereased sodium percentages
probably did not cause much additional physical deterioration of these
soil layers. As indicated by Figure 12, most of the adverse effects of
sodium are accomplished once the sodium percentage reaches the level at
which these layers were originally., The water applied during farming
operations would eventually remove much of the sodium remaining in the
lower part of the profile,

The flow velocities manifested by the columns of the gypsum re-
quirement study were betweem .005 em/hr and .0l em/hr. It is under such
conditions of low flow velocity that maximum dispersion occurs (2)., The
quantity of soluble salt initially present in the soil was about 100
times that found in the synthetic Colorado River water. Figures 10 and
11 show that most of the calcium was leached by the first aliquot of
water to pass through the colum. A sharp decrease in the salt content
of the water was predicted by computer program (A). The lag in salt
removal created by dispersion tended to smooth out this decrease to
some extent, Similar effects are noticeable with soluble sodium and
magnesium (Table 10).

In many areas where reclamation by gypsum addition is practiced,

maximum utilization of the water supply is eritical, The accuracy of
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Table 9. = Soluble Sodium Distribution in Unaltered and Gypsum Treated
Colums

Sedium (meg/L)

Layer
Unaltered Columm Gypsum Treated Colurmm

1 15.7 9.40
2 24l 750
3 T1.0 19.6
L 96,0 83.5
5 139.7 140.8
6 180.3 152.3
7 2.8 1693
8 1201 174.0
9 117.6 170.1
10 192.5 225.7
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the water predicting segment of program (B) was tested by terminating
the wetting of the duplicate gypsum treated soil column one aliquot of
water short of the number recormmended by the program (B). The water
saving would be equal teo 0.17 acre feet were the reduced quantity of
water sufficient to dissolve the gypsum addition. However, this quan-
tity of water did not reduce the sodium percentage as well as did the
recemmended quantity (Table 11). It may, therefore, be presumed that
it was not sufficient to dissolve the supplemental gypsum. Program
(B) appears to predict accurately the water necessary to dissolve the

gypsum addition it calculates.

Relation of Infiltration Rate to

Exchangeable Sodium Percentage

The relation between the hydraulic conductivity and the ex-
changeable sodium percentage of the Gila Silt Loam used in this exper-
iment is shown in Figure 12. It has the shape common to such curves
(15, 25). This relation was used in an attempt to predict the hydraul-
ic conductivity of a dynamic scil-water system. This attempt did not
yleld accurate results (Fig. 13).

Calcium carbonate, which was still present in the s0il despite
removal of a preponderance of the native quantity, would have decreased
the rate at which sodium replaced calcium. This would have slowed the
rate of fall of the hydraulic comductivity. As this is the reverse of
the actual occurrence, calcium carbonate may be discounted as the

cause of failure.
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The reproducibility of the experimental resulis indicates that
the source of error was of a chemical nature, as it is doubtful whether
a physical factor, such as clay swelling, would have interfered in the
exact same fashion in all three colums. The slopes of the curves of
the predicted and experimental values are similar after approximately
the 60 ml mark in Figure 13. This would indicate that some chemical
cccurrence which had taken place in a small portion of the columm prior
4o the passage of appraximately 60 ml of solution, was masking the re-
actions in the rest of the column. Formation of a thin film of molec~
ular thickness with very high exchangeable percentage could produce
such an effect, This film may well have formed at the interface be-
tween the soil columm and the percolating solution.h The rate of re-
action is faster at such an interface and a relatively impermeable
layer could have developed rapidly. Though this layer would have a
thickness of a few molecules, it would have a large effect upon the
hydraulic conductivity of the soil columm. This disproportionate in-
fluvence would indeed overshadow the effects of the hydraulic conduc-
tivities of the other sections of the columm in deterrining the
hydraulic conductivity of the entire colum. The formation of such a
layer is quite possibly the cause of the failure of program (C).

The effluent from the third of the colunms of this experiment
was analyzed. The results of the analysis are shown im Figure 1. Two

plateaus appear in the curves of sodium and calcium. One extends from

he In a personal commnication, Kemneth L, r state
‘ sueh films have actually been found to c,:ccur. e d that
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225 ml to 300 ml and the other from 465 m) to the conclusion of the ex-

periment at 500 ml., The second plateau may have continued had not the
experiment terminated at that point. These plateaus are similar in
shape to those reported by Dutt et al. (11) for gypsum. The appearance
of two plateaus is possibly due to the dependence of the solubility of
calcium carbonate upon the pH value. As the pH value increases the
solubility of calcium carbonate decreases. The initial pH value of the
solution was 5.0 and the final value was 6.6.

If the soil had been truly salt free, the salt concentratiom of
the effluent would have been equal to that of the influent. As most
salts were removed by washing the soil prior to the inception of the
experiment, the bulk of the increased salt concontration of the efflu-
ent must be from a sparingly soluble salt, such as calcium carbonate
or calcium sulfate, The values for bicarbonate plotted on Figure i
were obtained by subtracting the salt concentration of the influent
from that of the effluent. As the effluent showed no sulfate this is
" a valid procedure. The effluent was tested for bicarbonate at the
points indicated on Figure lh. These show good agreement with the cal-
culated values. The calcium present in the effluent after the ).;501"“h
ml had passed was probably almost entirely from the solutiom of cal-

¢ium carbonate.



SUMMARY AND CONCLUSIONS

Sodium is the chemical entity most often responsible for re-
duction of infiltration rates. Its removal from the soil exchange
complex often entails application of a chemical amendment. A common
additive is calcium sulfate, gypsum. Heretofore, no method has been
available whieh would accurately predict the gypsum required to lower
the exchangeable sodium percentage to a desired level in a given layer.

A computer program was developed to predict the cation distri-
bution in a layered soil upon irrigation of the soil. The method was
develeped from that of Dutt et al, (9) for similar reactions in a
homogeneous =oil, The soil upon which the program was tested consisted
of ten layers, reaching to a dépth of five feet and containing gypsum,
calcium carbonate, and magnesium carbonate. Half scale models of the
soil profile were constructed in lucite filtration tubes of immer
diameter of one inch. The soil was not altered chemically prior to in-
sertion into the tubes. A synthetic Colorado River water was perco-
1ated into two tubes until the wetting front had reached the boundary
between the sixth and seventh layers. The columns were then cut apart
at the boundaries between the layers and analyzed. Agreement between
the predicted and experimental values was satisfactory.

For simplicity of data collection prior to use of all programs
in this work, it was assumed that the actual moisture content of a
layer was equal to one-half of its saturation percentage. The valid-
ity of this assumptiom was tested by using the actual moisture contents
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present in one of the colums of the above experiment in the prediction
of its cation distribution. No significant benefit resulted from the
use of the .actual moisture contents,

A loop was then added to the cation distribution program to
predict the gypsum required to lower the sodium percentage in a given
layer to a desired level., The loop internally adds gypsum 8o as to
maintain a seil solution saturated with gypsum in the top layer. The
prograsn prints the gypsum requirement, water necessary to dissol_ve this
supplement, and the sodium percentage which will result from this
treatment. The case chosen was reduction of the sodium percentage in
the third layer from k2.9 to 15.0.

Three soil columns were used to test the accuracy of the pre-
dictions. One was run according to the directions of the computer, a
‘second had the proper gypsum addition but was under-irrigated, and a
third was properly irrigated but received no gypsum addition. The re-
sults indicated that the gypsum and water requirements were being ac-
curately predicted.

It is noteworthy that the effluent composition of these
colurns was adequately predicted by the cation distribution program.
This was despite the presence of conditions conducive to dispersiom.

An attempt was then made to predict infiltration rates during
an irrigation., This was based upon the relation between the hydranlic
" econductivity of a soil and its equilibrium exchangeable godium per-
centage. The particular relation for the scil used in the experiment

was found and inserted into a progran which predicted the sodium
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percentage in a dynamic seil-water system, The program was tested upom
three soil columns. This soil had been calcium saturated and freed of
much of its calcium carbonate and soluble salts. Despite evacuation of
the columns for twelve to fourteem hours, presasturation with a caleium
chloride solution of concentration equal to that of the sodium chloride
solution applied afterward, and maintenance in a constant temperature
air bath, the predictions were unsuccessful. Formation of a thin film
of high exchangeable sodium percentage, at the interface between the
soil column and the percolating solution, was probably the source of
errore

The effluent from the third of the above soil columns was
analyzed and yielded information regarding the reactions of calcium
carbonate in soils, Its presence was believed responsible for the
formation of two plateaus in the concemtration curves of the cations
in the effluent. It was concluded that much of the calcium present in
the effluent throughout the experiment, and almest all in the latter

part, was probably from solution of calcium carbonate.



APPENDIX

PROGRAM A

% COMPILE FORTRAN, EXECUTE FORTRAN

C
c

CATION DISTRIBUTION-LAYERED SOIL
RICHARD TERKELTOUB

3030DIMENSION C(10), E(10), ¥X(10), SA(10), A(10), G(10),

1CAS(10), S(10)
zm;(lo)z cL(10}, s0(10), ca(10), R(10)

30
hi
2la
20

k1
99
21

222
23

B(10), W(10), H(10), S0S(10),

FORMAT (E10.3, 2XE10.3, 2XE10.3, 2XE10.3, 2XE10.3)
FORMAT (1HO, E10.3, 2XE10,3, 2XE1O.3, 2XE10.3, 2XE10.3, 2XE10,3)
FORMAT (1HO, E10.3, 2XE1O.3, 2XE10.3, 2XE10, 3
READ 30, A5, S5, RS, HS5, G5

READ 30, CASS5, DA

FORMAT (12,13,12)

READ 3, L,JS,JR

READ 30, SA5, ES5, C5, XX5

READ 30, SO5, CL5, BS, CAS, AMGS

READ 30, SO0S5, W5

IIIIT=}

J=0

JuJ+l

SA(J)=SAS

E(J)=ES

c(J)=C5

XX(J)=XX5

W(J)=W5

S0(J)=505

CL(J)=CLS

B(J)=B5

CA(J)=CAS

AMG(J;-AMGS

song -sc)ns5 500.5

IF (J-JR) 222,500,500

G0 TO (23, 25, 26, 27, 28, 29, 32, 33, 37, 500), IIIII
IIIII=R

READ 30, SAS5, E5, C5, XX5

READ 30, SO5, CL5, B5, CA5, AMGS

READ 30, SOS5, W5

GO TO 22

25 ITIII=3

READ 30, SAS, ES, C5, XX5

READ 30, SO5, CL5, BS, CAS, AMGS
READ 30, SOS5, WS

GO TO 22



26

27

28

IIIIT«)
READ 30,
READ 30,
READ 30,
GO T0 22
IIIITw5
READ 30,
READ 30,
READ 30,
GO TO 22
IIITI=6
READ 30,

. READ 30,

29

33

37

500

READ 30,
GO TO 22
IIT1I=7
READ 30,
READ 30,
READ 30,
GO TO 22
ITIII=8
READ 30,
READ 30,
READ 30,
GO TO 22
ITITT=9
READ 30,
READ 30,
READ 30,
GO0 TO 22
ITITI=10
READ 30,
READ 30,
READ 30,
GO TO 22
J=0

ISs2
JT=JS

SA5, ES, C5, XX5
S05, CLS, BS, CAS,
S0S5, WS

SAS5, ES, C5, XX5
S05, CL5, B5, CAS,
S0SS5, W5

SA5, ES, C5, XX5
S05, CL5, B5, CAS,
S0S5, WS

SAS, E5, C5, XX5
505, CLS, BS, CAS,
S0S5, W5

SAS5, E5, C5, XX5
S05, CLS, BS, CAS,
S0s5, WS

SA5, E5, C5, XX5
S05, CL5, BS, CAS,
S0S5, WS

sas, E5, C5, XX5
so0s5, CL5, BS, CAS,
S0S5, WS

D2'10385Eh

RT=RS
GRwGS
HR=HS
ARwAS
SK=S5

AMGS

AMGS

AMGS

AMGS

AMGS

AMGS

AMGS

65

CASO=CASS
201 JaJ+1
' CT=C(J)
ET=E(J)
SAT=SA(J)
XXT=XX(J)
BT=B(J)



W= (J)
DaD2 /T
J=J-1
GO TO (24,202), IS
202 J=J+l
HR=HR+2 ,0%*CL(J)
GR=GR+2 ,0%S0(J)
SK=SK+2 ,0%50S(J)
AR=AR+2 ,0%CA(J)
RT=RT+2 ,0%AMG (J)
JuJ-1
GO TO 2l
39 J=0
SK=S5
AR=AS
ARe=HS
RT=RS5
GR=G5
CASO=CASS
GO TO 201
8 JuJel
E(J)=ET
C(J)=CT
SA(J) =SAT
XX (J) =XXT
16 IF (JS-J) 299,299,75
75 IF (J=L) 201,400,400
400 PRINT L1, AR,SK, RT, HR, GR, CASO
GO TO 203
299 S(J)=sK
A(J)=AR
H(J)=HR
G(J) =GR
R(J)=RT
CAS(J)=CASO
203 JS=JS-1
IS=}
208 IF (Js) 177,177,39
C177 IF (J7-L) 277,717,177
277 LeJ
:i,; PRDET W, (a(J), s(@), r(J), H(J), 6(J), CAS(J), J=1,L)
PRINT 211, (sa(d5, ¢, £, =(d), J=2,1)
GO TO 99
o ﬂ-l(,‘R | ) Lhak2
IF (XXT
l; U=SQRTF(2 .(’)*zRTa-ARK}R )40, 2SK+HR )



AA=EXPEF(-9,366:U/(1,047))
IF (2.LE~-5-AR%GR#:AA) }j2,18,18
42 X=0,0
U=SQRTF (2,0 (RT+AR+GR ) +0, 5:5K+HR)
BBwAReGR
EX#(9,3660)/(1,040)
CCwAR3:GR= (2 { JE-5)+EXPEF(EX)
T=SQRTF (BB:BB-), 03:CC)
X=(-BB+T) /2,0
CAS1e};,987E~3-CASO
DEL=BT::XXT~CAS1
IF (DEL-X) 127,128,128
127 X=XXT¢BT
XXT=0,0
CAS1=0.0
AR=AR +X
GR=GR+X
U=SQRTF (2 , 0% (RT+GR+AR )+0, 5:SK+HR )
AA=EXPEF(~9,366:U/(1.0+U))
7 BBaw(ly o IB~3H+AA#AR+AA%CR)
CC=AAARGR~4 9=~ 3::CASO
X1 =(~BB-SQRTF(BB+BB-) . 0%AACC) ) /(2,054 )
CASO=CASO+X1
AR=AR-X1
GR=GR-X1
GO TO L)
18 IF (GR) 1,1,6
6 IF (AR) 1,1,7
1 IF (CASO) Lli,Lk,7
128 AR=AR+X
GR=GR+X
XXTeXXT=X/BT
CASO=CASO+CAS1
XXTwXXT-CASY1/BT
Ll A2=AR
IF (AR-RT) L5,46,46
45 1J=1
 AZeAR
AR=RT
RTw=AZ
CTZ=CT
CT=ET
" ET=CTZ
- DZ=D
D=DxDA
GO TO S
46 IJ=2
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5 Z=1,0E-12
UmSQRTF(2 , 0 (AR+GR+RT )+0, 5::SK+HR)
EX'EXPEF((-Z-M*U){(I.ON))
AAm=)y, 0BT ( DHEX+BT
BBw=ly 0% (BT4CT +SK~D:tEX:SAT )BT ~D:ARSEX )
CCm—SKit (ks o OBT4:CT+SK ) ~DiEX#SATe (BTs:SAT+1; ,O:¢AR )
DD*SK3SK3CT~Dit AR EX:SATS:SAT

115 ZZm-( ((AAZ+BB)%Z+CC):+Z+ID)
22Z( ( 340AAZ+2 ,0BB % 241,0:CC )

ZZ=Z2 /772

ZmZ3(1,0422/2)

IF (22/2+1.0E-3) 115,116,116
116 ¥ (2z/2-1.0E-3) 178,178,115
178 AR=AR+BTS:Z

| SK=SK~2 {OxBTZ
CT=CT-2Z
SAT=SAT+2 4052
Go T0 (17,13) , 1J

17 AZ=AR

AR=RT

RT=AZ

CTZ=CT

CT=ET

ET=CT2Z

D=DZ
13 A3=AR

BB =AR+BTs: (ET+DACT )+DA%RT

Af=BT%(1,0-DA)

CCm(ARXET-DA*RTSCT)

T=SQRTF (BB#BB =~} ,0AA+CC)

Y= (~HB+T)/(2,0%AA)

IF (1.0-DA) 3,2,3

2 Ye—( AR+ET-DA%CT+RT/EB)

3 AR=AR+BT:Y
RT®RT-BT*Y
CT«CT-Y
ET=ET+Y
DEL=AR-A1
IF (DEL+1.0E~S) 24,L48,48

48 IF (DEL-1.0E~5) L9,L49,24
49 DEL=AR-A2

IF (DEL~+1.0E-5) 2k,50,50
50 IF (DEL-1,0E-5) 51,51,2l4
51 DEL=AR~A3

IF (DEL+1.0E-5) 24,52,52
52 IF (DEL-1,0E-5) 8,8,24

END



PROGRAM B

* COMPILE FORTRAN, EXECUTE FORTRAN

C
C

GYPSUM REQUIREMENT
RICHARD TERKELTOUB

3030DIMENSION C(10), E(10), Xx(10), SA(10), A(10), G(10)

1cAS(10), s(10), B(10)

w(10)S f(10), S0s(10), AMG(203,

2CL(10), So(10), CA(103, R(10

30

Ul
20

21

g1l
22

222
23

25

26

FORMAT (E10,3, 2XE10.3, 2XE10.3, 2XE10,3, 2XE10,3)
FORMAT (1HO, E10,3, 2XE10,3, 2XI5, 2XE10.3, 2XE10.3)
RFAD 30, A5, S5, R5, HS5, G5
READ 30, CASS5, DA, WH

III1I=1

Ju0

READ 30, SA5, ES, C5, XX5
GY=XX5

READ 30, 305’ CLS’ 85’ CAS’ AMGS
READ 30, S0S5, WS

FORMAT (I2)

READ 31, JR

JuJ+l

SA(J)=SAS

E(J)=ES

c(J)=C5

XX (J)=XX5

W(J) =5

S0(J)=S05

CL(J)=CLS

B(J)=B5

CA(J)=CAS

AMG (J) =AMGS

song)-sc))ss 22,500,500

IF (J-JR) 222 R

GO TO (23,25,25,27,28,29,32,33,37,500) , IIIII
IITII=2

READ 30,SA5, ES, C5, XX5

READ 30, SOS, CL5, BS, CA5, AMGS
READ 30, SOSS, W5

GO TO 22

TIIII=3

READ 30, SA5, ES, C5, XX5

READ 30, S05, CLS, B5, CAS, AMGS
READ 30, SCS5, W5

GO TO 22

ITTIIeY

READ 30, SAS, ES, C5, XX5

READ 30, SO5, CL5, BS, CAS, AMGS
READ 30, SOS5, W5

GO TO 22



27

28

29

33

37

500

201

IITII=5
READ 30,
READ 30,
READ 30,
GO TO 22
IITII=6
READ 30,
READ 30,
READ 30,
GO TO 22
IIIII=7
READ 30,
READ 30,
READ 30,
GO T0 22
IIIIT=8
READ 30,
READ 30,
READ 30,
GO TO 22
IIIII=9
READ 30,
READ 30,
READ 30,
GO TO 22
IIITI=10
READ 30,
READ 30,
READ 30,
GO TO 22
J=0

)
BK=0,0
IS=2

SA5, ES5, C5, XXS
505, CLS, BS, CAS, AMGS
SCS5, WS

SAS, ES, C5, XX5
s05, CL5, BS, CAS, AMGS
S0S5, WS

SAS, E5, C5, XXS
S05, CL5, BS, CA5, AMGS
S0S5, W5

SAS, ES5, C5, XX5
S05, CL5, BS, CA5, AMGS
S0S5, WS

SAS, ES, €5, XX5
S05, CLS, BS, CAS, AMGS
S0S5, W5

SAS, ES, C5, XX5
s05, CL5, B5, CAS, AMGS
S0S5, WS

D2=1,385EL

GXP=0,0
RT=R5
SKeS5
GR=G5
HR=HS
AR=AS

CASO=CASS

Jud+l
CT=C(J)
ET=E(J)

SAT«SA(J)

IXT=XX (J)

BT=B(J)
WT = (J)

DwD2 /WT
JaJ-1

GO TO (24,202) , 1S
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202

39

2L

L

103
105

JeJ4l

HR=HR+42 ,0::CL(J)

CReGR4+2 ,0%50(J)

RT=RT+2 ,O%AMG(J)
SK«5K+2,0::50S(J)

AR=AR42 ,0:CA(J)

JuJ-1

GO TO 24

JuJel

E(J)=ET

c(J)=CT

SA(J)=SAT

XX(J)=XXT

IF (J-JR) 201,39,39

J=0

RT=RS

HR=HS

ARwAS

GReG5

SK=S5

CASO=CASS

GO TO 201

Al=AR

IF (XXT) L,k,l2
UmSQRTF (2. 0% (RT+AR+CR )40, 5::SK+HR)
AA=EXPEF(-9.366xU/(1.0¢U))
IF (2.h4E~-5-ARSCGR¥AA) 42,103,103
IF (J) 105,105,18

U=SQRTF (2 .03 (AR4GR+RT ) +0, 5SK+HR )
BB=AR+GR
EX=(9,3665U)/(1.0¢U)

OC mAR::GR~ (2 JJ4E~5 )#EXPEF (EX )
T=SQRTF (BB#BB~} 4 0%CC)
X=(~BB+T)/2.0

AR=AR+X

GR=CR+X

GYP=X/BT
CAS1e=l,98TE-3-CASO
GZP=CAS1/BT
GXP=GYP+GZP+GXP
CASO=CASO+GZP::BT

GO TO Lk

X=0,0
U-BQRTF(Z.O-:%(RT+AR+GR)+0-5“-‘SK+HR)

BB=AR+GR
EXe(9.366%0)/(1.04V)
CCmAR%GR~ (2 JyE~5 FEXPEF (EX)
TwSQRTF (BB:BB-l;+ 03CC)
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X=(~BB+T)/2,0
DELw=BT4XXT-CAS]1
IF (DEL-X) 123,128,128
123 IF (J) 129,129,127
129 Xw=XXT#BT
XXT=0,0
CAS1=0,0
AR=AR+X
GR=GR+X
GO TO 105
127 XeXXT:BT
XXT=0,0
CAS1=0,0
AR=AR+X
GR=GR+X
UsmSQRTF (2 ,0:(RT+AR+GR ) +0, 5:SK+HR)
AA=EXPEF(~9,366:U/(1,0:U))
7 BBme(l;o 9E-3+AAAR+AAXGR)
CCwAA#AR*GR=1; o SE~3%CASO
X1=(~BB~SQRTF (BB:BB-l . 0%AA%CC) ) /(2.0%A4)
CASO=CASO+X1
AR=AR-X1
GReGR-X1
GO TO L)
18 IF¥ (GR) 1,1,6
6 IF (AR) 1,1,7
1 IF (CASO) Lhylih,7
128 AR=AR+X
GR=GR+X
XXT=XXT-X/BT
CASO=CASO+CAS1
XXT=XXT-CASY /BT
Ll A2=AR
IF (AR-RT) 45,46,L6
45 IJ=1
AZ=AR
AR=RT
RT=AZ
CTZ=CT
CT=ET
ET=CTZ
DZ=D
DwD:DA
GO T0 5
46 IJ=2
Z-loOE-lz
g U=SQRTF(2 403 (RT+AR+GR )+0, 54SK+HR)
EX=EXPEF((-2.341%U)/(1.0+0))



Ahe-);, OFBT (DEX+BT)
BBs); o 03¢ ( (BT#-CT+SK=DHEX3SAT )2:BT~-D*AR*EX )
CCmeSKi+ (L o O3 BTHCT+SK ) ~DHEX=SAT (BT:SAT+ 4 O%AR )

DD eSK3SK3-CT « i ARSEX#SAT:SAT
115 ZZw=(( (AAXZ4BB)::Z+CC }::Z4DD)

772 ( { 34 0%AA%Z+2 ,0:BB )3:Z+1, 0%CC)

27w22/222

ZeZ(1,0+22/2)

IF (22/Z+1.0E-3) 115,116,116
116 IF (22/2-1.0E-3) 178,178,115
178 AR=AR+BTSZ

SKeSK-2 ,OxBT::Z

CT=CT-Z

SAT=SAT+2 .02

GO T0 (17,13),1J

17 AZ=AR

AR=RT

RT=AZ

CTZ=CT

CT=ET

ET=CTZ

D=DZ

13 A3=AR

BB=AR+BT:¢( ET+DACT )+ DASRT

AAeBT::(1,0-DA)

CC = (AR*ET-DA*RTCT)

TwSQRTF (BB::BB-Y o 0:AA%CC )

Y=(-BEB+T)/(2.0AA)

IF (1.0-DA) 3,2,3

2 Ym- (AR4ET-DA*CT+RT/BB)
3 AR=AR+BT::Y
RT=RT-BT+Y
CT«CT-Y
ET=ET+Y
DEL=AR-A1
IF (DEL+1.0E-5) 2l,L8,u48
48 IF (DEL-1.0E-5) L9,49,2L
49 DELeAR-A2

IF (DEL+1.OE-5) 2l,50,50
50 I¥ (DEL-1,0E-5) 51,51,2k
51 DEL=AR~-A3

IF (DEL+1.0E-5) 2L,52,52

g2 IF (DEL-1,0E-5) 151,151,2k
151 IF (J-(JR-1)) 8,152,8
152 NeN+1

BK=BK+1,0

IS=1

Y2=SAT/(SAT+2 ,O%CT+2 JO¥ET)
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IF (¥2-.15) 53,53,8

53 Jh=N-1
XS=BK-1.0
XS=XS+WH
JS=h+JR
J=1
OXP=GXP-XX (J)
GP RQ=198.0E3*GXP
SFw(237,6+(GXP+GY 3B (J)) /XS
AC FT=(GP RQ+(GY*198,0E3))/SF
PRINT 141, GXP, Y2, JS, GP RQ, AC FT
STOP
END
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¥*

PROGRAM C
COMPILE FORTRAN, EXECUTE FORTRAN

SODIUM-INFILTRATION RATE
RICHARD TERKELTOUB
DIMENSION C(10), SA(10), A(10), S(10), H(10)
21 READ 30, A5, S5, C5, SAS, BT
READ 30, D, HS: X2, X3, W
READ 30, A6 S6
30 FORMAT (Elo.3, 2XE10.3, 2XE10, 3, 2XE10.3, 2XE10,3)
) FORMAT (1HO, E10.3, 2XE10.3)
11 FORMAT (1HO, E10,3, 2XE10,3, 2XE10.3)
31 FORMAT (12)
READ 31, JR
YT=0,0
IS=JR
JS=1
SF=10,0
32 RT=0,0
GR=0,0
D=D/W
33 D0 3) Jel,JR
34 A(J)=a6
233 DO 23) J=1,JR
23} S(J)=56
333 DO 33Y4 J=1,JR
334 C(J)=C5
1134 SA(J)=SA5
35 J=JR
GO TO 301
8 JmJ-1
c(J)=CT
SA(J)=SAT
A(J)=AR
S(J)=SK
H(J)=HR
Y2=5AT/(SAT+2,0%CT)
IF (Y2-.50) 128,128,999
999 PRINT L1, (SA(J), C(J), J=1,dR)
STOP
128 IF (¥2-.07) 100,100,228
100 SI=.170-,013¢100,0%+Y2
GO TO 400
228 IF (¥2-,10) 200,200,300
200 SI1=,27/(100,0%Y2 J3#: 467
GO TO 400
300 SIe,170-,076:(100,0%72 )} 42
LOO Y=X2/S1
YTuY+YT
IF ((IS+1)-J) 201,302,302
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302 GO TO (301,38) , JS

301 Y=SF/,170
YTsY+YT
IS=IS-1
SF=SF-1,0
IF (Is) s01,501,38

501 JS=2

3B SJ=X3/XT
YT=0,0
J=l
PRINT 11, SJ, A(J), S(J

§19 DO 16 J=2.JR ~ )

16 ZEBRA=A (J8
JuJ-1
A(J)=ZEBRA

49 DO 50 J=2,JR

50 DUCK=S(J)
Jaj-1
S(J)=DUCK

39 J=JR+l
SKe55
HReHS
ARwAS

201 J=J-1
CT=C(J)
SAT=SA(J)
JmJ4d

19 IF (J-(Jr+1)) 17,2k,24

17 J=J-1
SKeS(J)
ARe=A(J)
JaJ+]

2l Z=1,0E-12
UmSQRTF(2 .0 (RT+AR+GR) +0, 5%SK+HR )
EXeEXPEF( (=2 o 313U)/(1,040)
Ah=)y , O3B T5: (D#EX+BT)
BBa}; o 03 ( (BT::CT+SK=DHEX#SAT }#BT=DARXEX )
COmmSK3: ( Iy o 0::BTsCT+SK ) =D EX3:5ATs: (BT#SAT+4 4 O%AR)
DD=SK:SK-CT -Di-ARSEX3:SAT S AT

115 ZZw-( ( (AAs-Z+BB $3:Z+CC ):+Z+DD)
222 »( ( 3,0%AA%Z+2 ,0%BB )3 Z+1 . 03CC)
ZZw22/222
ZeZ3:(1,0+422/Z)
IF (22/2+1.0E-3) 115,116,116

116 IF (22/z-1.0E-3) 178,176,115

178 IF (SK=2,0:BT+:Z) 8,278,278

278 AR=AR+BT:Z
SK=SK=2 ,0%BT%Z
CT=CT-Z
SAT=SAT+2 ,0%Z
IF (2/CT+1.,0E-h) 24,22,22

22 IF (z/CT-1.0E-Y) 8,8,2L
END
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3%

c
c

PROGRAM D

COMPILE FORTRAN, EXECUTE FORTRAN

|

MODIFICATIONS IN SYSTEM DUE TO VARIANCE OF MOISTURE CONTENT

RICHARD TERKELTOUB

30 FORMAT (E10,3, 2XE10,3, 2XE10.3, 2XE10.3, 2XE10.3)
41 FORMAT (1HO, E10,3, 2XE10.3, 2XE10,3, 2XE10.3, 2XE0.3,

21 READ 30, CA, AMG, SOS, CL, SO
READ 30, B, Bl, EX, W
B-1.E5/§
B1=1,E5/B1
SAR=S0S/ (SQRTF((CA+AMG)/2.))
S1=-0,0126+0, 01,75 SAR
ESP=SI/(1.4(-0.012640,1,75%SAR))
SAT=ESP:EX
RJ=EX-SAT
SAT=SAT/1000,
SJ=CA/(AMG,67)
ET=RJ/(SJ+1.)

CT=RJ-ET

ET=ET /2000,
CT=CT/2000.
XXT=0,0
S0=50/(2000.#B1)
CL=CL/(2000.%B1)
S0S=S80S/(10004%B1)
CA=CA/(2000,3B1)
DA=0, 67

D2-l. 38!&Eh

D=2 M

AMG=AMG/ (2000,.%B1)

201 AReB*CA

GR=B::S0
RT =B:-AMG
HR=B::CL
SK=B3:50S
GO TO 24
3 PRINT )1, AR, SK, RT,HR,GR,CASO
3); PRINT 41, SAT,CT,ET,XXT
GO TO 21
2L Al=AR
IF (XXT) Lyh,l2
I UsSQRTF (2.0 (RT+GR+AR)+0, 5%SK+HR)
AA=EXFEF (=9, 366U/ (1.0+U))
IF (2. LE-S-AR::GR2#AA) 12,18,18
42 X=0,0

2XR10,3)



127

UsSQRTF(2 o0 (RT+GR+AR )40, 5::SK+HR )
BB=AR=GR

EX=(9,366%U) /{1.0+U)

CC =AR#:GR=(2 (L E~5)+EXPEF (EX )
TeSQRTF (BBBB-} 4 0::CC)
X=(-BB+T)/2.0

CAS1w) (98 TE=3-CASO

DEL=B::XXT-CAS1

IF (DEL-X) 127,128,128

X=XXT:B

XXT=0,0

CAS1=0,0

ARwAR+X

OR=GR+X

U«SQRTF (2 o 0% (AR#GR+RT ) +0 . 55K+ HR )
AA=EXPEF(~94366:U/(1,040))

BB (1 9E~3+AASAR+AA%GR )
CCmAAARSGR=); o 9E~3<CASO

X1.=(-BB-SQRTF ( BB+BB-l . 0:rAA:+CC) ) /(2 4 O%AA)

CASO=CASO+X]
AR=AR-X1
GR=GR-X1

GO TO L4

IF (GR) 1,1,6
IF (AR) 1,1,7
IF (CASO) llLi,Lk,7
AR=AR+X
GR=GR+X
XXT=XXT-X/B
CASO=CASO+CASYL
XXTw=XXT-CAS1/B

hly A2=.

AR
IF (AR-RT) L5,L6,L6

45 Id=l

AZ=AR
ARRT
RTeAZ
CTZ=CT
CT=ET
ET=CTZ
DZ=D
D=DzDA
GO TO S

L6 IJ=2

U-SQRTF(Z.O%'f(GR+AR+RT)+O.S*SK+HR)
EX=EXPEF ( (=2 ¢ 3151%U)/(1,040))
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A=)y, 0B (DXEX+B)

BBl 0% ( ( B¥CT+SK-D*EX#SAT )3B-DHARSEX )

CCmmSKi ( Iy o OB CT+SK ) ~DHEX::S AT+ (BSAT+ly o O%AR )

DD =SK:SKHCT D -ARMEX#SATHSAT
115 ZZ=-( ( (AA%Z+BB )::Z+CC)#Z+DD)

777 w( ( 3,0:-AAHZ+2 o 0i:BB )3:Z+1,0%CC)

272=22 /227

ZmZ3t(1,0422/2)

IF (22/2+1.0E-3) 115,116,116
16 IF (22/2-1.0E-3) 178,178,115
178 AR=AR+B%Z

SK =SK-2 , 03B Z

CTeCT-Z

SAT=SAT+2 .02

6o 70 (17,13) , 1J

17 AZ=AR

AR=RT

RT=AZ

CTZ=CT

CT=ET

ET=CTZ

D=D2Z

13 A3=AR

BB=AR+B (ET+DA%CT )+DA%RT

AA=B::(1.0~DA)

CC=(AR#ET-DAXRTSCT)

T =SQRTF (BB%BB =}, 03:AACC)

Y=(-BB+T)/(240%AA)

H‘ (1.0.DA) 3’2’3

2 Y=={AR+ET-DA::CT+RT/BB)
3 AR=AR+BXY
RTRT-B+Y
CT=CT-Y
ET=ET+Y
DEL=AR~AL
IF (DEL+1.0B-5) 2L,L48,u48
48 IF (DEL-1,0E-5) 49,L9,2h
149 DELm=AR-A2

IF (DEL+1.0E-5) 24,50,50
50 IF (DEL-1.0E-5) 51,51,2L
51 DELeAR-A3

TF (DEL+1.0E-5) 21,52,52
52 IF (DEL-1.0E-5) 32,32,2k

END



c(J)

CAS5

CASS

cas(J)
. CASO

CLS
CT

DA
E5
E(J)
ET

. G5
G(J)

GP R
GXP
H5
H(J)
JR
Js

RS
R(J)

TERMINOIOGY OF PROGRAMS

MEANING

Ca:: in irr. water

Ca +¢+ 10 presat, solutiom
Ca in soil sol., effluent
Water Requirement

Mg - in seil sol.

Mg - in seil sol.

Ca  in effluent, soil sol.
Moisture content, final
Moisture content, initial
Moisture content
Meisture con
Exchangeable CaL+
Exchangeable Ca
Cca™ in soil sol.

Ca** in soil sol.

Undiss, CaS0, in irr. water
Undiss. CaSOj, in seil sol,

+

Undiss. CaSO), in eff.,, soil sol.

201" + HCO03)/2 in so0il sol.
Cl~ + Hcoé)/z in soil sol.
Exchangeable Cat++

Nat - Ca** exchange K

Ca** - Mg** exchange K
Exchangeable Mgt+*
Exchangeable Mg*+
Exchangeable Mg**

Exchange Capacity

S0, ® in irr. water

S0p= in seil sol,

Gypsum Requirement

S0, * in effluent, soil sol.
Gypsum Requirement

(C1~ + HCO37)/2 im irr. water
(c1- + Hco3')/2 in soil sol.

(1~ + HCOi;W)/Z in eff., 80il sol.

Number of ers wetted
Control layer

Water Requirement

Number of layers in soil
Mg*t in irr. vater

Mg*+* in soil sel.

Mg** in effluent, soil sol.

UNITS

mole/L

tons/acre
mole/L
mole/g
mole/L
mole/L
mole/L

a;.iquots
m;-les/L

' moles/L

moles/L
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SYMBOL MEANING UNITS PROGRAM
S5 Na* in irr. water mole/L A,B,C
sé Na* in presat. solution mole/L c
S(J) Na* in soil sol., effluent mole/L A,C
SAS Exchangeable Na* mole/g A,B,C
SA(J) Exchangeable Na* mole/g A,C
SAT Exchangeable Na* mole/g D
SI Eqe. of hydraulic cond. - C
SJ Hydraulic conductivity - c
SK Na* in effluent, soil sol. mole A,D
S0 S0)," in soil sol, meq/L D
505 S0)," in soil sol. mole/L A,B
S0S Na+ in soil sol. me D
S0S5 Na* in soil sol, mole/L A,B
W Clay content decimal C,D
WS Clay content decimal A,B
WH Control layer - B
X2 Length of delta section : cm c
X3 Length of column o c
XX5 Gypsum content of soil mole/g A,B
xx(J) Gypsum contemt of soil mole/g A
XXT Gypsum content of soil mole/g D
Y2 Fxchangeable sodium per cent decimal B

Note: In programs A and B the quantities CASS and XX5 may
be fed to the computer as 0.0. They will be calculated by the eom-

puter during the selutiem of the problem.
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