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ABSTRACT

Field and laboratory experiments to determine the

effect of the quality of irrigation water and the combina-

tion effects of the quality of water and chemical amendments

(Gypsum and H 2SO4) on growth and yields of sudangrass,

total soluble salt and ionic distribution and the infil-

tration rates of a Pima soil were conducted. Pima soil was

classified as calcareous saline-sodic soil.

A field experiment was conducted on the University

of Arizona Experimental Farm at Safford, Arizona, for a

period of five years. During the first three years, three

qualities of water as supplied by well, river and city were

used. During the last two years, these waters were coupled

with two chemical amendments, gypsum and sulfuric acid. The

experiment was a randomized split plot design with nine

main plots and 27 subplots and three replications. The

rates of the amendments were arbitrarily chosen 1 and 1.72

ton/acre of H2SO4 and gypsum respectively. Four harvests

were made over the two-year period and city water treatment

gave the best growth and yield of sudangrass as compared to

well and river water treatments. H 2 SO4 and gypsum increased

the yield significantly in comparison to the control in 1975.

No significant effects of the chemical amendments on the



xi

growth and yield of sudangrass were obtained in 1976. Sig-

nificant negative correlations between the EC and ESP of the

first two feet of soil and yield of sudangrass were ob-

tained.

Soil analysis indicated that significant decrease in

the pH and ESP of the soil resulted from H2 SO4 application

with the three water treatments. Gypsum reduced pH and ESP

significantly just with well water treatment. Due to the

stratified texture of soil profile, ions and salts accumu-

lated in the center of the sampled profile.

Infiltration rates were higher for well water treat-

ments than for city water treatments. H2 SO4 increased the

infiltration rates significantly with all water treatments;

gypsum increased infiltration only with well water treatment.

Infiltration was further studied in the laboratory using

soil columns. Two rates of acid and two rates of gypsum

were used (1 or 5 and 1.72 or 8.6 ton/acre H2 SO4 and gypsum

respectively). The higher rate of H2 SO4 gave the highest

infiltration rate and the lowest infiltration rates were

obtained with control with all water treatments. The low

rate of H2SO4 and the high rate of gypsum gave similar in-

filtration rates with the three water treatments.

Gypsum treated soil columns required more water to

be leached to a specific EC than H2 SO4 treated and control

columns. More salt can be removed from the soil per unit
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volume of water with H
2SO4 treatment than gypsum or un-

treated soil. The poorest quality of irrigation water

required the least time and amount of water needed to reach

equilibrium between the solid and solution phases of soil.

The EC of effluent was found to be an index to pre-

dict the presence of gypsum and lime in the soil under very

low water penetration.

Regression equations were developed to predict the

time and depth of water required to leach one foot of Pima

soil column to a specific EC with a given quality of water

and a given type and rate of chemical amendments (H2 SO4 and

gypsum).

A regression equation was developed to estimate the

EC of the saturation extract from that of 1:1 soil :water

ratio for Pima soil.



CHAPTER 1

INTRODUCTION

Salinity and alkalinity are major and ever present

threats to the permanence of irrigation agriculture in arid

and semiarid regions. Quality of irrigation water is one

of the most important factors which influence directly or

indirectly soil and water management practices, plant growth

and plant yields.

Knowledge of the nature of soil problems and of

irrigation water quality allows decisions to be made in

order to best use these resources for maximum benefits.

For example, the quality of irrigation water available for

a given project with respect to total soluble salts, sodium

hazard, sediment, and boron and other elements which are

toxic to plants should be taken in consideration. These

together with soil information and climatic data help

determine, to a large extent, what crops can be grown and

how much yield and profit can be expected in a given project.

Water and its soluble components, applied during irrigation,

are subjected to numerous chemical reactions as it percolates

through the soil profile. Many of these reactions are still

only qualitatively understood. When irrigation water moves

1
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through an arid or semiarid soil profile many reactions take

place including cation exchange involving the organic and

inorganic colloidal complex of the soil. As a result of

these reactions soil properties will be affected. Irriga-

tion with water containing high amounts of soluble salts

and sodium can create saline-sodic soil conditions which

interfere with plant growth if there is not enough calcium

in the soil or water to prevent the formation of sodic

condition.

Chemical amendments have been used widely for im-

provement and reclamation of sodic and saline-sodic soils

as well as for improving the quality of irrigation water.

The effects of several chemical amendments on the physical

and chemical properties of soils and plant growth and yields

have been reported. This study reports the effects of three

qualities of irrigation water coupled with the effects of

gypsum and sulfuric acid on some physical and chemical

properties of Pima soil and on plant yields.

The objectives of the studies reported herein were

to (1) observe possible changes in infiltration rates with

the use of these soil amendments and qualities of irrigation

water; (2) obtain information concerning the effects of

these chemical amendments and water qualities on total

soluble salts and ionic distribution through the soil pro-

file; (3) try to develop a model to predict the amount of
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irrigation water and the time required to leach soil to a

specific EC for a given quality of water and a given type

and rate of chemical amendment; (4) consider the possibility

of using the electrical conductivity of the effluent under

saturated flow to predict the presence of gypsum or lime in

the soil; (5) obtain a model to predict the EC of the

saturation extract from that of 1:1 soil:water ratio.



CHAPTER 2

LITERATURE REVIEW

Salt-affected Soil (Reclamation) 

The reclamation of saline soil is relatively simple:

add sufficient water to leach the excess soluble salts from

the profile. Unless the soil is of heavy texture or has

drainage impeded by an internal impermeable layer, the move-

ment of water through saline soil usually presents no

problem. There are several ways to leach saline soils.

The traditional basin method is where water is ponded con-

tinuously for a period of 60-100 days, then the soil is

allowed to go through a drying cycle. Intermittent ponding

has been found to be more efficient than continuous ponding,

however sprinkling is more efficient than the other two

methods. Reclamation of saline-sodic soils is more diffi-

cult than the reclamation of saline soils. Three processes

have been suggested as operating together to convert a

saline-sodic soil to an agronomic resource.

1. Exchangeable Na is replaced by Ca.

2. Soil permeability increases.

3. Sodium salts are leached from the soil.

4
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The source of Ca which replaces Na can originate from gypsum

and lime in the soil, from the Ca in irrigation water or

soil amendments which contain Ca. Soil amendments which

do not contain Ca may be used to release insoluble Ca

present in the soil. Gypsum is a soil amendment and it has

been used for a long time for the reclamation of saline-sodic

soils. It is relatively soluble. The presence of CaCO3

doesn't materially effect the concentration of Ca in the

soil solution because of its low solubility.

Chemical amendments are often applied to sodic and

saline-sodic soils for faster reclamation.

Three classes of amendments are used as follows:

1. Soluble Ca salts--

a. CaCl 2

b. CaS04.H20

2. Acid or acid formers--

a. Sulfur

b H2SO4

c. Fe2 (SO4) 3

d. Al2 (SO4) 3

e. Polysulfides

3. Calcium salts of low solubility--

a. Ground limestone

b. By-product lime from sugar factories.
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The effectiveness of each amendment is governed by

a number of factors, the principal ones being soil carbonate

content and soil pH.

Jacob (1916) showed that sulfur improved the proper-

ties of sodic soil. Johnston and Powers (1924) used sulfur,

gypsum, aluminum sulfate and manure in reclamation of sodic

soil. They concluded that gypsum tended to precipitate

the carbonate as CaCO3 and replaced the exchangeable Na,

forming sodium salts which could be leached out of the soil

profile, but its action depended on its solubility. Also

they found that rye (Secale cereale) produced best follow-

ing gypsum treatments, aluminum sulfate second, and sulfur

and manure treatments third.

The oxidation of sulfur in sodic soil and its roles

on the replaceable bases were studied by Sumvels (1927). He

concluded that the physical properties of soil was improved

and the growth of plants was markedly stimulated as a result

of applications of these amendments.

Kelley and Thomas (1928) studied the chemical

changes in sodic soil after the application of soil amend-

ments and correlated them with crop responses. They found

that the total soluble salts in the upper horizons decreased

as a result of using the chemical amendments. Sulfur was

found to be the most effective amendment.

The application of gypsum, sulfur, iron sulfate, and

alum as reported by Kelley and Alexander (1928) has produced
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important chemical changes in sodic soils. Gypsum precipi-

tated soluble carbonate as CaCO3' while the other materials

have either decomposed carbonate or converted carbonate to

bicarbonate. They concluded that the effect of gypsum is

dependent on its solubility, while sulfur, iron sulfate and

alum are effective because of hydrogen ions that are formed.

Burgess (1928) used different rates of gypsum and

CaCl2 plus manure to reclaim a sodic soil of Yuma in Arizona.

Rice (Oryza sativa) was used as the reclaiming crop. All

treatments improved the yield and physical properties of the

soil, however CaCl 2 plus manure was the most effective.

Wursten and Powers (1934) used gypsum, sulfur and manure to

reclaim a saline-sodic soil. The physical properties of the

soil were improved. They concluded that sodic salts cannot

be reclaimed in any reasonable length of time by irrigation

and drainage alone, but the use of various chemicals as

supplements to irrigation and drainage is necessary. Sulfur

gave the best results of all treatments used.

Edward (1936) studied five different kinds of sulfur

compounds in laboratory experiments and four in field experi-

ments to test their effect on the reclamation of sodic soils.

These compounds included H2SO4 , iron sulfate, sulfur,

CaSO4 .2H20. All of these compounds used gave good results,

both in the laboratory and in field experiments. He sug-

gested that regardless of the sulfur material used, it

should be applied on the basis of actual sulfur content.
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Aldrich, Parker and Chapman (1945) studied the effects of

several nitrogen fertilizers and soil amendments on the physi-

cal and chemical properties of an irrigated soil. It was

found that application of gypsum and lime improved the

physical properties of the soil treated with (NH4 ) 2SO4 and

NaNO3' moreover the water stable aggregates were more stable

with gypsum and lime treatments. The use of gypsum in re-

claiming saline-sodic soil was studied by McGeorge (1948).

Well and river waters were used in this study. It was found

that irrigation with well water, which had a high sodium

content, increased the ESP of the soil rapidly until the

equilibrium was reached between the irrigation water and

soil. Kelley and Brown (1934) studied the reclamation

of a sodic soil in California. Field experiments were car-

ried out using gypsum, sulfur and H2SO4 . These amendments

were applied on the bases of equal rates of sulfur (1.86 ton

of S per acre). Greenhouse experiments were used to verify

the field results. They found that H2SO4 gave the highest

yield, then gypsum, sulfur and control. However, 20 months

after the application of the amendments, there was no sig-

nificant difference among yields of the three amendments.

Ballantyne (1952) reported since gypsum has low solubility,

its effectiveness will be reduced under dryland agriculture

in semi-arid areas, because of limited moisture present.

Using organic matter, chemical amendments and ferti-

lizers for the improvement of saline-sodic soils was studied
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by Luken (1962). Field and laboratory experiments were con-

ducted. Yield of wheat (Triticum aestivum) was found to be

increased by treating the soil with mulch, manure and high

rates of fertilizers containing nitrogen and phosphorous.

Improvement of fertility and structure and moisture preser-

vation contributed to the improved yields on saline-sodic

soil according to the authors.

Maksimyak and Dokuchayer (1958) studied the reclama-

tion of a virgin saline-sodic soil which had a relatively

high intake of water. A combination of leaching and deep

plowing was used without any soil amendments. A natural de-

posit of gypsum was found in the lower layers of this soil.

Deep plowing brought gypsum into the cultivated layers, which

resulted in soil desalinization and reduced ESP. The compo-

sition of the soil solution changed with depth through the

soil profile.

Mathers (1970) studied the effect of H2SO4 and FeSO4

on plant yield in calcareous soil. He found that the yield

of hybrid grain sorghum (Sorghum bicolor) increased. The

effect of 250 ppm or more Fe with 250 ppm or more H2SO4 were

still producing significantly higher yield on the third

crop after the soil was treated. He suggested that residu-

al effects are possible from heavy applications of FeSO4 and

H2SO4' Rasmussen, Moore and Alban (1972) studied the effect

of deep plowing, subsoiling and gypsum on the improvement

of saline-sodic soils. He provided evidence that this soil
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can be reclaimed chemically in three to four years by plow-

ing 90 cm deep without gypsum.

Salinity Effects on Plants 

Salt affected soils contain mainly soluble ions such
++	 ++	 +	 =	 -as Ca , Mg , Na , SO4, Cl and HCO 3 in major proportions

while le, CO3, BOV, NO and Li+ are present in minor propor-

tions. When present in high amounts they interfere with

plant growth The information regarding effects of salts on

plant growth has been collected by many investigators around

the world. The reduction in plant growth may be due to

several factors such as the osmotic effect, nutritional

effect, specific ion effect and indirect effect, or a combi-

nation of two or more effects.

Osmotic Effect 

When plants are subjected to increasing salinity in

the root environment, even if the increase is gradual, growth

of plant is retarded. The increase in soluble salt concen-

tration in the soil solution around the roots raises the

osmotic pressure of the soil solution and lowers the water

potential. As a result water uptake by plants will be re-

duced. Plants, however, can increase their osmotic pressure

by means of osmotic adjustment. Plant species differ in

their ability to adjust their osmotic pressure. The osmotic

pressure of soil solution from saline soil varies with the
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amount of salts present, the water content, the nature of

the salts and the nature of the soil colloids.

Eaton (1941) reported that salinity will increase the

osmotic pressure of the soil solution and so it impairs the

ability of plants to absorb water. The split root technique

was used by placing one part of the root system in dilute

solution and the other part in concentrated solution. It

was found that water absorption was mainly from the dilute

solution. Spurr (1944) confirmed Eaton's theory. Uhvits

(1946) showed that germination of crop seeds was inhibited

by presence of soluble salts in a saline-sodic soil.

Magisted (1943) studied the growth response of numerous

crops in sand culture in which relatively large quantities

of chloride and sulfate were added to nutrient solution.

Growth inhibition .accompanying increasing concentrations of

added salts was virtually linear with the increase in osmotic

pressure, and was largely independent of whether the added

salts were chloride or sulfate.

Hayward and Spurr (1943) attached potometers to corn

roots and measured the rate of entry of water into the roots

as conditioned by the osmotic pressure of the substrate.

They found that the rate of entry was inversely proportional

to the osmotic pressure of the substrate. Wadleigh and Gauch

(1944) used sodium thiophosphate, NaC1, CaC1 2 , and MgC1 2

salts to study their effects on plant growth. They found

that the dry weight of plants decreased with increasing
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osmotic pressure. Klepper (1967) found evidence that a

small increase in substrate concentration causes measurable

decrease in root permeability. Dregne (1969) found evidence

that yields of some crops are sensitive to saline-water,

especially when the quantities of water applied result in an

increase of salt in the root zone which reduces water uptake.

O'Leary (1971) reported that the resistance of roots to

water flow increases in plants grown in saline solution.

This results in development of water stress in leaves, when

plants are grown in an environment with high evaporative

demand.

Specific Ion and Other Effects 

Certain ions exert specific effects that depress

growth and yields independent of osmotic pressure effects.

These specific ion effects may be toxic or nutritional in

nature.

Toxicity is when an ion in solution causes direct

damage to plants. Injury is usually associated with the ac-

cumulation of the ions in harmful concentrations in the plant

tissue. The toxicity of Na and Cl ions could be the major

factor in salt damage to specifically sensitive plants.

These two ions can accumulate in the leaves of some crops to

toxic levels and cause extensive damage and symptoms of leaf

burn. Also the B ion is very toxic when present in small but

excess concentration. Boron applied in irrigation water
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tends to accumulate in the soil and depress yields by its

harmful effect on plant metapolisms (Eaton 1935). High

amounts of bicarbonate also cause toxicity to plants.

Wadleigh and Gauch (1944) found evidence that Mg

salts have a toxic effect on plants when present in high

concentrations.

Hayward and Long (1949) showed evidence, depending

on the species, that each of the various components that may

be present in saline solution may have some specific toxic

effect on plants over and above that which may be accounted

for on the basis of the osmotic pressure of the soil solu-

tion. Lilleand, Brown and Swanson (1945) found that a tip-

burn condition on almond leaves in California was directly

related to the Na content of the leaf of this plant.

Lundegardh (1940) pointed out that the monovalent cations

have such a dispersive effect upon protoplasmic colloids,

that they may induce complete disorganization and death un-

less balanced by divalent cations, especially Ca. On the

other hand, divalent ions tend to have coagulative effect

and may seriously inhibit permeability of the membranes.

Eaton (1935) and Hayward and Spurr (1943) found a

number of crop plants were sensitive to Cl. Baslavskaja

(1936) observed that Cl accumulation in potato leaves

interferes with the photosynthesis mechanism and causes re-

duction in chlorophyl content.
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Eaton (1941) and Hayward and Spurr (1943) found evi-

dence that SO4 in high concentration has a toxic effect on

plant growth.

Bernstein and Francois (1973) found evidence of

direct toxicity of Na and Cl ions in stone fruits and for

other crops. They found that Cl may accumulate in the

leaves to about one or two percent on a dry weight basis

when this anion occurs in the root medium in only moderate

concentration (700 ppm to 1500 ppm in the soil or nutrient

solutions). At these concentrations a marginal leaf burn

develops, leading ultimately to leaf drop, twig dieback, and

even death of the plants. If Na accumulates in leaves in

less than 0.5 percent of the dry weight leaf-burn symptoms

similar to Cl injury will be produced.

Batchelder, Lunin and Callatin (1963) showed cor-

relation between concentration of ions in soil solution and

accumulation in plants. Sodium salts were found to have the

most influence on plant growth.

Bernstein, Mackenzie and Krantz (1955) found a good

correlation between ESP and Na accumulation in the top of

plants. Amemiya, Robinson and Cowley (1956) found that yield

of alfalfa (Medicago sativa) was adversely affected by ESP.

Gene and Thorne (1955) showed that HCO3 ion concen-

tration reduced the uptake of oxygen by roots of several

plant species causing toxicity. Gene and Harlod (1956)
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showed that the activity of the cytochrome oxidase enzyme in

a number of plants was markedly influenced by salts.

Nutritional Effects 

Under saline conditions plants absorb certain nutri-

ents in a greater amount than usual which directly or indi-

rectly disturbs the uptake of other ions. These disturbances

are termed nutritional effects. Plant species differ widely

in their need and their ability to exclude nutrients so the

effect of salinity and sodicity on nutrition differs markedly.

High concentration of some ions inhibit the uptake

of other ions. For instance, high SO4 concentration de-

creases the uptake of Ca 	 promoting the uptake of Na+ .

Another effect is the reduction of availability of phosphate

and most of the trace element in sodic soils, as reported by

Patel (1972).

Kelley and Alexander (1928) suggested that the pres-

ence of relatively high proportion of Na on the exchange

complex of soils may prevent the plant roots from obtaining

an adequate supply of Ca. This effect of exchangeable sodium

on the availability of Ca has been observed by several writ-

ers (Ranter 1935, Thorne 1944). For most crop plants Ca

becomes unavailable when the ESP approaches 50. Bower (1959)

found that high exchangeable K percentage was just as

effective as high ESP in decreasing Ca and Mg availability to

plants. Breazeale and McGeorge (1932) found evidence
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that, under sodic condition P becomes unavailable for plant

uptake. Ranter (1935) showed that increasing the ESP re-

duces the fertility status of soils. Heler (1940)

noted that the accumulation of HCO3 in the substrate markedly

inhibited the intake of Ca by plants. High concentrations

of SO: decreased the uptake of Ca, while promoting the uptake

of Na as reported by Hayward and Wadleigh (1949).

Lindsay and Thorne (1945) studied the combination

effects of high pH and high HCO3 ion concentration on plant

chlorosis. They found that this combination effect did not

prevent Fe absorption but apparently resulted in the inacti-

vation of Fe within the plants causing chlorosis of the

leaves. Also it was found that nutrient solutions containing

high HCO3 ion concentration increased the accumulation of Fe

in plant roots, but decreased the translocation to leaves and

stems. Bernstein (1964) observed that salinity decreased

Ca and Mg levels and increased the P level in plants.

Little information is available regarding the influ-

ence of salinity on some of the micronutrient composition of

plants.

Hassan et al. (1970) reported negative relationship

between salinity and uptake of P, K, Ca, Fe and Cu and posi-

tive correlation between salinity and uptake of Mn and Na by

barley (Hordeum distichon) and corn (Zea mays). Maas and

Ogata (1971) showed that salinity increased the concentration
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of Fe and Zn in soybean (Glycine max) and tomato (Lycoper-

sicum esculentium) while Mn concentration increased in

tomato and soybean.

Indirect Effects 

Salinity and sodicity alter the physical properties

of the soil causing dispersion of the soil matrix. Root and

water penetration and pore space are reduced. Gaseous ex-

change is restricted causing the CO2 concentration to in-

crease, and the 02 concentration to decrease.

McGeorge and Breazeale (1938) studied the effect of

puddled soils on plant growth and found that plants growing

under normal conditions will wilt after the soil is puddled,

even though an abundant supply of moisture may be present be-

cause of an oxygen deficiency. Ranter (1935) found that high

ESP altered the physical properties of soils and reduced

plant growth. Wadleigh and Gauch (1947) studied the compara-

tive ability of the roots of different crop plants to pene-

trate a soil of specified salt content. They found that some

plants when irrigated with water containing several levels of

NaCl may be affected with similar results, because the salt

content limited root penetration and the residual osmotic

pressure of the soil solution developed moisture stress.
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Effect of Irrigation Water Quality on 
Soil Properties 

When irrigation water repeatedly evaporates and is

transpired by plants from a given mass of soil, the salt

content of the soil increases until it eventually interferes

with plant growth. When the cations of irrigation waters

is characterized by high Na compared to Ca and Mg, the use

of such water will increase the ESP to a level which becomes

injurious to plants. Possibly a poor soil condition will re-

sult if the soluble salts in the irrigation water are not

high enough to flocculate the soil matrix. If a saline-sodic

soil is leached with good quality of irrigation water, the

soil can be converted to sodic soil. The Na effect may be

aggravated if the irrigation water contains HCO3 ions. As

water containing Ca and HCO 3 evaporates, CO 2 is lost from the

system and CaCO3 precipitates according to the following

reaction:

-Ca 	2HCO3 + CaCO3(5) = H20 + CO 2

Thus as soil containing soluble Ca and HCO 3 dries out, CaCO 3

will precipitate and the ratio of Na to Ca ions in the soil

solution increases. This results in increasing ESP. Thus

irrigation water should be evaluated on the following bases:

1. The total soluble salt content.

2. The SAR of irrigation water.

3. The content of B and other toxic ions.

4. The HCO3 content.
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Any of the above factors may change the quality

rating. Based on the TDS and SAR of the water, U.S.D.A.

Salinity Laboratory Staff (1954) has developed a system

for water classification.

The fact that irrigation water composition affects

the physical properties of soils has been shown by many

investigators. Babcock et al. (1959) used a lysimeter study

to determine the effect of irrigation water on soil proper-

ties. They showed that the application of HCO3 bearing

waters increased the ESP. The soluble salts and exchange-

able Na were found to increase markedly with depth.

Reeve and Doering (1966) used Salton Sea water as a

flocculant and a source of divalent cations to reclaim

saline-sodic soil. It was found that the ESP was reduced

from an initial value of 39 to a final value of about 5.

The effects of field application of waters of differ-

ent quality on the chemical composition of soils were studied

by Thorne and Thorne (1961). Samples were obtained from

paired sites within irrigated and unirrigated soil areas from

14 different locations and representing the use of 12 dif-

ferent irrigation waters. It was found that the salt content

of the soils was closely related to the salt content of the

irrigation waters. Water with high sodium percentage in-

creased the ESP in the soil. There was a significant nega-

tive regression between increase in lime content of the

irrigated soil and the electrical conductivity, the Cl, Ca
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and Mg, and SO4 content of the irrigation waters. Bower,

Ogata and Tucker (1968) found evidence that the sodium

hazard, expressed as the steady-state ESP of the soil irri-

gated with water, can be estimated by an empirical equation

involving the SAR and modified pH value (pHC*) of the water

as follows:

ESP = 2 SAR[1 + (8.4-pHC*)].

The modified pHC value assumes that the chemical reactions

of Mg in soils are similar to those of Ca, and are obtained

by substituting p(Ca + Mg) for pCa in the following equation:

pHC = (pk 2 '-pkc ') + p(Ca+Mg) + p Alk

in which

pk 2 '= Second dissociation constant of carbonic acid.

pk c i= Solubility product of CaCO 3 .

p(Ca + Mg) = -Log of Ca + Mg concentrations in me/liter

p Alk = -Log of (HCO3 + CO3 ) in me/liter

Bower (1959) found the tendency of irrigation water

to precipitate or dissolve CaCO3 when applied to soils and

its relation to the calculation of pH value of the water

depends on the concentration of HCO3 and Ca + Mg in the ir-

rigation water. Dregne (1969) provided evidence that leach-

ing requirements depend on the quality of irrigation water.
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Soil Infiltration Rate and Water Quality 

Infiltration rate will be taken as an indication of

the soil physical properties. The maintenance of optimum

water infiltration rates is a major concern in irrigated

agriculture. Infiltration rate affects the soil, crop and

water management. With respect to soil management, the in-

filtration rate is one of the most important factors which

control the movement of certain nutrients and salts through

the soil profile. A soil with low infiltration rate caused

either by swelling of clay or by dispersion of soil matrix

is difficult to reclaim unless something is done to improve

water penetration.

With regard to water management and its influence

on the infiltration rate, it will depend on the quality and

quantity of irrigation water available for a given project.

Poor quality of irrigation water with regard to TDS can be

used in soils of high infiltration rate because in such soil

an equilibrium between the water and soil solution can be

accomplished and the salt will not increase to a harmful

level. However, the use of the same poor quality of water

in soil with low infiltration rate will result in injury to

plants due to the salt buildup and sodium hazard.

Fireman and Bodman (1939) obtained a high and con-

stant permeability when 800 ppm CaCl 2 solution was used as

the percolating liquid with sodic soil. When distilled
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water was used the permeability decreased in a period of

five hours to less than one hundredth of that obtained with

the CaC1 2 solution. A NaCl solution containing 4500 ppm

with this soil caused a continuous decrease in permeability.

But for the period of the experiment the rate of flow was

always higher than that obtained with distilled water.

Bodman and Coleman (1944) showed that a satisfactory perme-

ability can be maintained with soil which is 30 percent

saturated with Na by using high concentration of electrolyte.

Bodman and Coleman (1944) studied the infiltration of water

into columns of air dry soil, in which the impact effect of

the water drops falling on the soil surface, in washing of

colloids and compression of air ahead of the wetting front,

were excluded, and in which clay migration was neglected,

thus removing from influence factors important in causing

the observed decrease in infiltration rates. They suggested

that infiltration rate approach a final constant value.

Bodman and Coleman (1944) reported evidence of the infiltra-

tion rate of water into moist and layered soil columns. It

was found that infiltration rate of soil columns when

stratified and dry differs in magnitude rather than kind

from infiltration taking place when they are unstratified

and dry. Soil permeability rate depends also upon the

textural layer sequence in the soil. When soil packed in

cylinders for laboratory permeability determinations are
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wetted, some air is trapped in the soil, regardless of

whether the water is applied from the top, from below by

capillarity, or under a head. This phenomenon was found by

Christiansen (1944). He found the way to avoid this air

entrapment was to evacuate the dry soil and wet it in the

absence of air. Entrapped air caused a large reduction in

infiltration rate of the soil compared to completely satur-

ated soil.

Fireman (1944) showed that passing of water high in

Na salt through saline sodic soil kept the permeability

moderately high as long as the salt concentration was high

enough to keep the soil flocculated. When the high Na

water was replaced by a water of considerably lower salt

concentration, the soil dispersed immediately and became

sticky and relatively impermeable, regardless of the chemical

composition of the low salt water.

Aronovici (1955) showed that a glass-faced tank

provided an excellent opportunity to observe the nature and

rate of advance of the wetting front from a ring infiltrome-

ter under varying conditions of profile, soil moisture and

ring size. This work showed the significance of surface

and subsurface conditions as they may influence observed

infiltration velocities. It had laid emphasis upon the in-

fluence in causing a decrease of infiltration velocity with

time. The infiltration rate was improved by the addition of



24

organic matter and good crop rotation due to the improvement

of the physical condition of the soil as was shown by Peele

and Beale (1955). Quirk and Schofield (1955) showed that

the soil permeability increased with increasing the electro-

lyte concentrations of the percolating water. Ca and Mg

solutions influenced the soil permeability more than Na and

K solutions on a calcerous sodic soil. Benjamin and

Wilkinson (1965) found evidence that crop rotations and cul-

tural methods have affected infiltration rates. Two crops

rotations were used, one consisting of two years of corn

following rotation of small grain, the other seven years of

continuous crested wheat grass (Agropyron desertorum).  The

infiltration rates of the first crop culture was signifi-

cantly lower than that of the crested wheatgrass. Nirmal and

Jaswal (1973) used laboratory and field studies to study the

effect of test solution composition on the hydraulic con-

ductivity of different soils. Results showed that the nature

and the degree of permeability changes differ with soil

texture, nature of exchangeable cations and composition of

the saturating solution. Permeability was more stable in

sodic soils of heavier texture as compared to soils of

lighter texture which underwent drastic changes in permea-

bility. Poor quality of irrigation water and application of

calcium containing amendments for improving the soil

permeability was suggested. Rasmussen et al. (1972)
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developed a procedure to predict the effect of mixed salt

solutions on soil hydraulic conductivity of separate soil

horizons from saline-sodic soils. He did this by using a

standard low-salt solution at a fixed exchangeable sodium

level. Laboratory and field lysimeter results were found to

be in a good agreement. One of the first experiments using

acidifying amendments was conducted in Mesilla Valley, New

Mexico, where a heavily irrigated soil with a poor tilth and

poor permeability is found. The best results were obtained

with gypsum and acid phosphate as reported by Botkin (1933).

Tisdale (1970) found evidence that the addition of H2SO4 to

the irrigation water will increase its penetration into the

soil, and the intake rate. Mohamed (1972) found evidence

that H2SO4 increased the infiltration rates of saline-sodic

soil. Yahia, Miyamoto and Stroehlein (1975) provided evi-

dence that H2 SO4 increased the water penetration 
of calcare-

ous sodic soil. The penetration increased with increasing

acid application rates, but then decreased, with optimum

application rates ranging from 5 to 15 metric tons/ha. Also

they found that surface applied acid was more effective than

surface applied gypsum in increasing water penetration into

sodium saturated soils.



CHAPTER 3

THEORY

Dilution and Concentration Effects on 
Cation Exchange 

Consider a homovalent exchange process:

For the following process the equilibrium constant can

be written:

Nax +K+ = Kx + Na+

Kx	 yKK+] 
Nax	 eq yNa[Na+ ]

(1)

where

Nax = Adsorbed sodium

Na+ = Concentration of sodium in soil solution

Kx = Adsorbed potassium

K+ = Concentration of potassium in soil solution

Keq = Equilibrium constant

yKyNa = Activity coefficients of Na+ and K+ .

] = Designate the concentration.

Upon the dilution of the soil solution both the concentra-

tions of	 and Na+ in solution are affected equally. In

26



27

addition both the activity coefficients respond in a simi-

lar fashion. Thus, dilution or concentration has little

effect on the ratio of K and Na adsorbed.

Consider a heterovalent exchange process: this situa-

tion is different from the homovalent. Let us consider

Gapon's (1933) equation:

++Ca112x + Na = Nax + 1/2 Ca

Nax 	 — K yNa[Nal-] Cal/2x	 eq yCa[C1t 1/2
(2)

In this situation both the activity coefficients and the

concentrations are affected differently by dilution and

concentration depending on the charge of the cation. From

equation (2) it can be seen that as the soil solution is

diluted, the concentration of Na+ will decrease at a faster
++rate than Ca++ since the concentration of Ca is regulated by

+[Ch /2 . Because of the relative increase in Ca+ concen-

tration, the divalent cation will tend to be preferentially

adsorbed by the exchanger as dilution progresses. Corre-

spondingly, as the solution is concentrated [Na+] increases

++ 1/2faster than [Ca ]	 and the monovalent cation is preferen-

tially adsorbed.

The dilution and concentration effects on the cation

exchange as discussed previously are the basis for the high
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salt water technique of reclamation. Briefly this can be

stated as following: when cations of unequal valence are

present in the soil solution, the higher valence cations

will displace the lower valence from the exchanger phase

when the solution is diluted.

Dilution and Concentration of Electrolytes 
on Gypsum Solubility 

The individual ion activity coefficient y i , values

can be calculated using an extended form of the Debye-

Huckel equation, that is

AZ- 2
- logy -i  	 1

1 +
(3)

where A is 0.509 for an aqueous solution at 25°C, Z. is
the valence of the ion and I is the ionic strength of the

solution. The ionic strength is defined as

I = 1/2 E m.Z. 2
i=0

where m. is the molar concentration of the ionic specie i

and Z i is the valence. Summation is made over all ionic

species (cations and anions) in the solution.

The activity of ions can be calculated by using the

following expression:

(i) = yji]
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where (i) is the activity of a given ion and -y[i] are the

activity coefficient and the concentration of that ion.

From the previous discussion, it is clear that in-

creasing the electrolyte concentration will increase the

ionic strength, but decrease the activity coefficient, while

dilution decreases the ionic strength and increases the

activity coefficient. Since the solubility of any compound

is controlled by its solubility product, the solubility

product of gypsum equals:

K =(C,M(S0= )sp	 4

where K	 is the solubility product and (CM,(S0=) are thesp	 4
++

activities of Ca and SO= respectively. So the concentra-

tion of electrolyte will increase the solubility of gypsum

due to the reduction in the activity coefficient while dilu-

tion will reduce its solubility.

Replacing of Exchangeable Na+ by Ca++ 

Gypsum, a natural deposit of calcium sulfate di-

hydrate, has a solubility of about 30 meq/L. The action of

gypsum in the reclamation of saline-sodic and sodic soils

can be expressed by the following way:

2Nax + CaS04 = Cax + Na2504



30
where Nax is the exchangeable sodium and Cax is the exchange-

able calcium.

Na2SO4 is very soluble salt which can be leached

easily from the soil.

Sulfuric acid can be used to reclaim sodic or

saline-sodic soils only if the soils are calcareous. The

action of 
H2 SO4 can be shown as following:

112SO4 + CaCO3 = CaSO4 + CO 2 + H20

CaS0
4 + 2Nax = Cax + Na 2 SO4

It is clear from the above discussion that gypsum

can be used in the reclamation of sodic and saline-sodic

soils when they are not calcareous, while with enough calcium

carbonate in the soil sulfuric acid will be more beneficial

than gypsum.



CHAPTER 4

MATERIALS AND METHODS

Soils of the Gila Valley near Safford, Arizona, are

generally high in clay and contain excess sodium as reported

by Hart (1975). Irrigation water quality varies from very

salty, containing a high percentage of sodium to good quality

of low salt content. Changing the source of water for irri-

gation often results in severe problems due to increasing

soil sodium, increasing total salts, dispersion and crusting

which causes poor stands and low yields. Work was conducted

in the field and in the laboratory on a Pima clay loam soil

located on field B of the Safford experiment farm to study

the effect of quality with respect to the total soluble

salts and Na hazard. These effects were coupled with the

effects of gypsum and H2SO4 as chemical amendments on plant

growth and yield of sudangrass (Sorghum sudanense), salt

distribution through the soil profile and infiltration

rates.

Field Studies 

The experiment was laid out as a randomized complete

block with three treatments and three replications, with a

31
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total of nine plots. Each 16 x 9 m plot was surrounded by

a dike and buffer zone of 4.5 m as shown in Figure 1. The

buffer zones were used to prevent the movement of water or

salt from one plot to another and to provide access for

irrigation and harvesting of each individual plot.

Three sources of irrigation water were used. The

three sources were water from a well located on the farm,

water from Gila river irrigation project and water from

hydrant connected to the Safford, Arizona, domestic water

supply system. The chemical analyses of the three waters

are shown in Table 1. Each plot was irrigated with one

water for a period of three years. Some characteristics of

Pima clay loam soil profile are shown in Table 2.

Infiltration rates for each plot were measured

yearly to study the effect of the different sources of water

on the physical properties of the soil. Soil samples were

collected yearly at one foot intervals to a depth of six

feet in each plot to determine the distribution of total

soluble salts and the various ions through the soil profile.

Chemical analyses of each sample were made by the following

methods.

a. Electrical conductivity of the saturation extract

was determined with a Beckman model RC-19 conduc-

tivity bridge using a 2 ml pipette cell which had

been calibrated with a standard KC1 solution.
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Figure 1. Diagram of field study.
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Table 1. Chemical analysis of the three waters used in this
study.

Source	 TDS 	Ca Mg Na Cl SO 4 HCO 3 CO 3 NO3
of	 3	 pHECx10 ppm
Water 	 PPm 	mmho/cm

Well	 3.2	 2300 7.7 121 28 144 216 240 498 0 	 10.25

River	 1.6	 1120 7.6 107 17 67 314 132 323 0 	 0.9

City	 0.51	 357 7.5 74 13 57 104 18 238 0 	 0.67
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Table 2. Characteristics of Pima soil profile of field (B).

Depth Texture CEC CaCO
3c,

Equiv.
ft me/100g 4

0- 1 Silty clay
loam

22.0 2.1

1-2 Clay loam 22.6 2.0

2-3 Loam 11.2 0.96

3-4 Sandy loam 8.5 0.4

4-5 Loamy sand 7.8 0.5

5-6 Sand 4.4 0.42
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b. The pH of the saturation extract was determined by

means of a glass-electrode pH meter.

c. Calcium and Mg, in the saturation extract, were de-

termined by atomic absorption spectrophotometry

using a model 303 Perkin-Elmer instrument.

d. Na in the saturation extract was determined by a

model 303 Perkin-Elmer flame photometer.

e. Chloride in the saturation extract was determined

by titration with silver nitrate using K2Cr 20 7

indicator.

On March 23, 1975, soil samples were collected from

each plot. Infiltration rates were measured for each plot

during and after flood irrigation as it is shown in Figure

2. Then plots were allowed to air dry until May 17 when

chemical amendments (112 504 and CaSO4 -2H20) were applied.

Each plot was divided into three subplots and soil amendments

applied randomly to the surface of each subplot (Figure 1).

Rates of amendments were selected arbitrarily, which were

considered to be within a range which local farmers would

consider using. These rates were one ton/acre of 92 percent

H2SO4 and 1.72 tons/acre gypsum. Two days later sweet

sudangrass (Sorghum sudanense) was seeded and then irrigated

with the designated source of irrigation water. Irrigation

was continued at about three week intervals until the first

harvest was taken on July 23, 1975. A wooden frame was used
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Figure 2. First irrigation showing the basins.
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to measure the area of 7 x 6 feet which was cut by a

tractor-mounted mower as shown in Figure 3. The fresh plant

material was weighed and yields were calculated in tons per

acre. The field was re-irrigated regularly until October 7

when the second harvest was taken in the same manner.

Field infiltration rates for each subplot were mea-

sured by ring infiltrometer using the double ring technique.

Soil samples were again collected from each subplot at a

one-foot interval to a depth of six feet. ' Chemical analyses

were made on each sample in the same manner mentioned previ-

ously.

The field was left uncultivated until the spring of

1976. On May 23, 1976, infiltration rates were measured

again and soil samples were collected from each subplot at

one-foot intervals to a depth of six feet. Sudangrass was

seeded on May 24, 1976 and the same irrigation scheme

followed as in 1975. On August 3, 1976, the first harvest

was taken in the same manner as 1975. Plots were re-

irrigated for the second harvest which was taken on October

5, 1976.

Laboratory Studies 

Soil samples were collected from untreated (control)

subplots for laboratory studies to verify field information

on infiltration rates. Two rates of H2SO4 and CaS04 .2H2 0

were used. One rate was similar to that used in the field



Figure 3. Harvesting operation for sudangrass grown in
the basins.
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and the second rate was five times greater than the first

rate (5T/A, 927e H2SO4 - 8.6 T/A CaSO4 .2H20 based on dry

weight). The first application rate was used to fulfill

the purpose of comparing the laboratory results with that

of the field results. The second rate of these amendments

was used to predict whether increasing the application

rates would benefit soil infiltration rates as reported

by Yahia et al. (1975). Also this soil column study was

used to predict the amount of water and time required to

leach the soil column to specified EC for a given type and

rate of amendment and a given water source.

Soil Columns 

Soil columns consisted of an infiltrometer tube one

foot in length and one inch in diameter. The soil was

screened through a 2 mm sieve and 100 g of air dry soil

were used for each column. The outflow end consisted of a

one-hole rubber stopper over which was placed a layer of

glass wool to filter the solution and prevent plugging of

the outlet. The soil was placed in the columns and com-

pacted until the bulk density of all were within the range

of 1.23 71.28 g/cm3 . The columns were set vertically on

wooden stands and drained into receiving beakers. The two

rates of H2SO4 were added to the 
columns by the surface

method, while the two rates of gypsum reagent were mixed

with the upper two inches of the surface of the soil.
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After application of the chemical amendment, the

soil columns were left overnight to allow CO2 to escape from

the soil to prevent it from affecting the infiltration rates.

The characteristics of the soil columns are shown in Table 3.

The three sources of irrigation water which were

used in the field study were used in the laboratory study.

Waters were added to the soil columns by a constant head

device. Infiltration rates were measured for each column

over a period of eight hours, until the infiltration rates

were almost constant. The effluents were analyzed for EC

and pH. Leachate from one pore volume was taken separately.

Leaching of the soil columns was continued after the eight-

hour period of measuring the infiltration rates until the

EC of the leachate was equal to that of the irrigation water.

Relationships between EC of 1:1 Soil-Water 
Ratio and That of Saturation Extract 

Since saturation extracts are difficult to obtain

from heavy-textured sodic soils, an attempt was made to

study the relationships of the EC of 1:1 soil-water ratio

and that of the saturation extract. Fifty soil samples were

collected from the experiment farm at Safford, Arizona, from

different locations and depths. Samples represented the

whole farm, including highly saline-sodic soils, sodic

soils and normal soils and various soil textures. The EC

of the saturation extracts and 1:1 soil-water ratios of
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these samples were measured. Simple regression analysis was

used to find a regression equation as will be discussed in

the calculations and statistical analysis section.

Calculations and Statistical Analysis 

Data of the field and laboratory infiltration rates,

sudangrass yield and salt and ion distribution through the

soil profile were tested statistically as follows.

a. Regression analysis was made on the field and

laboratory infiltration rates using linear and

quadratic models in which infiltration rates were

regressed against time to find the best fit of the

data. The source of irrigation water and type and

rate of chemical amendments were taken into con-

sideration. The following quadratic equation that

gave the best fit was used for these computations.

y = b o + b iT + b 2T2

in which

y = the estimated value of the infiltration rates.

1) 0 , b 1 and b2 = regression coefficients.

T = time.

b. The exchangeable sodium percentage of the soil was

calculated from the sodium adsorption ratio of the
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saturation extract by using the following regres-

sion equation which has been developed by the USSL.

ESP -
1 + (-0.0126 + 0.01475 SAR)

in which

ESP = exchangeable sodium percentage

SAR = sodium adsorption ratio.

c. Analysis of variance also was used to determine the

significant effect of the source of irrigation water,

type and rate of chemical amendments and their

interaction on soil infiltration rates, salt and

ionic distribution through the soil profile, and

the fresh yield of sudangrass. These tests were

done at five and one percent levels of significance.

d. The LSD test was used to determine the significant

differences among the treatment means at the 5 and

1 percent levels of significance. The same test

was used to test the average and final infiltration

rates.

e. Simple regression was used to examine the effect of

both the EC and ESP of the first two feet of the

soil profile on the yield of sudangrass.

f. Simple regression was used to develop a regression

equation which can be used to predict the EC of the

100(-0.0126 + 0.01475 SAR) 
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saturation extract from that of the 1:1 soil:water

ratio.

g. Multiple regression was used to develop a model for

each type and rate of chemical amendment with the

three sources of water which allows the prediction

of the amount of water and time required to leach

one foot of Pima soil column down to a specified

EC level.



CHAPTER 5

RESULTS AND DISCUSSION

Plant 

The growth and fresh yield of sudangrass were used

to indicate the effects of the quality of irrigation water

and the combination effects of the quality of water and

chemical amendments (H2SO4 and CaSO4 •2H20) on plant growth

and plant yield. Two years data were collected.

1975 Results 

Figure 4 shows the field response of sudangrass to

the three qualities of irrigation water and to the chemi-

cal amendments.

Effect of the Quality of Irrigation Water 

With regard to the effect of irrigation water quali-

ty on the growth and the fresh yield of sudangrass (Figure 5)

city water gave the highest yield with both chemical amend-

ments and control for both harvests. City water was

followed by river water and the least yield was obtained

with well water.

Statistical tests indicated that city water had a

highly significant increase in plant yield as compared to

46



Figure 4. Field response of sudangrass to soil amendments
and water quality for 1975.
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well water, but not when compared to yield with river water.

There was no statistical difference between yields of river

and well waters. This was explained by the negative effect

of soluble salt concentration, Na+ , HCO and some other

ions in the irrigation water on plant growth and yield.

These ions as shown in Table 1 were found to be much lower

in city water than those in river and well waters. Plants

might not have suffered by these ions as in the case of

well and river waters.

The Combination Effects of Quality of 
Water and Amendments 

Figure 5 and Table 4 show the fresh yield of sudan-

grass data as it was affected by both the quality of irri-

gation water and the soil amendments. The statistical

tests of these data indicated that the H2SO4 treatment gave

highly significant yields over the control for all qualities

of irrigation water in 1975 (the year the amendments were

applied). That was considered to be due to more than one

factor.

a. The H2SO4 increased the concentration of calcium in

the soil solution by dissolution of CaCO3 which is

present in that soil as was reported by Hart (1975).

The Ca replaced the exchangeable sodium and reduced

its toxic effects to plants. Soil structure was

improved, so that the extension and penetration of

the plant root system might have become more intense
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as reported by Wadleigh and Gauch (1947). Gaseous

exchange may have been improved and the 02 content

increased, resulting in better root respiration and

high permeability of root to water and nutrients as

shown by Kramer and Duke (1969). Due to the previ-

ous reasons roots could have reached their full

development and yield was high. With gypsum less

improvement of soil structure took place. The re-

verse conditions were obtained and less yield was

received.

b. Also, as proved by many researchers, H2 SO4 had a

positive effect on the availability of most of the

micro nutrients and phosphate. These results are

corresponded to those obtained by Overstreet, Martin

and King (1951).

The increase in plant yield from H2 SO4 treatment was

not significantly different from the gypsum treatment yield,

nor did gypsum produce a yield significantly different from

control for all qualities of irrigation water. That was

considered to be related to the low solubility of gypsum

and its lack of improvement in the soil structure as reported

by Ballantyne (1952).

1976 Results 

Figure 6 shows the field response of sudangrass to

irrigation water quality and chemical amendments.



Figure 6. Field response of sudangrass to soil amendments
and water quality of 1976.
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Effect of Quality of Water 

Figure 7 shows the fresh yield of sudangrass in

tons/acre as affected by the quality of irrigation water for

the two harvests. The statistical analysis of these data

indicated that the plant yields from plots irrigated with

city water were significantly greater at the .01 level than

the yields from the plots irrigated with well and river

waters as was obtained in 1975.

Combination Effect of Quality Of 
Water and Amendments 

As shown in Figure 7, with regard to the effect of

chemical amendments on the fresh yield of sudangrass, it was

found that H2 SO4 gave the highest yield, while there was no

difference between gypsum and control yields. The effect

of H2 SO4 on plant yield was not significant compared to the

effect of gypsum and control for both harvests. The inter-

action effects of H2 SO4 with the three waters were found to

be significant, while the interaction effects of gypsum were

not significant.

Fresh Yield for Both Harvests and 
Both Years 

As shown in Figure 5, the second harvest of 1975

gave much higher fresh yield of sudangrass than the first

harvest when averaged over all qualities of irrigation water

and all chemical amendments. That was attributed to the
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time factor, because the first harvest was taken within a

two-month interval, while the second harvest was taken in

two-and-one-half month intervals. Also the increase in

plant yield could be due possibly to the more complete de-

velopment of the root system of the plant. However these

increases in the yield were not statistically significant

except with the acid treatment.

The insignificant effect of gypsum was considered

to be due to the low application rate of gypsum, and it

might have converted to CaCO 3 as reported by Alawi (1974),

while the significant effect of H2SO4 was attributed to the

continuous positive effect of H2SO4 on the nutrient avail-

ability and the physical condition of the soil as reported

by Overstreet, Martin, Schulz and McCutcheon (1955) and

Ryan, Stroehlein and Miyamoto (1975).

The 1976 harvest yields of sudangrass are shown in

Figure 7. The results are similar to that obtained in 1975

but no significant effects of any chemical amendments on

plant yields were obtained.

Correlation of Fresh Yield of Sudangrass 
with ESP and EC 

The fresh yield in tons/acre from the two harvests

of both years were correlated with the EC x 10 3 and the ESP

of the first two feet of surface soil with the assumption

that most of the roots were concentrated within that depth.
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Correlation coefficients of -0.79 and -0.69 were highly sig-

nificant with the EC and the ESP of the first foot respec-

tively. The correlation coefficients also highly significant

were -0.68 and -0.79 for yield and the EC and the ESP of

the second foot respectively. These negative correlation

coefficients between the fresh weight of sudangrass and the

EC and ESP were considered to be reasonable under field

conditions.

The negative effects of EC and ESP on plant yield

could be due to the increase in the osmotic potential by

soluble salts which could have impaired the uptake of water

and nutrients by the plants as reported by Dregne (1969).

The permeability of the root to solute and water could have

been reduced as reported by Klepper (1967). The salts could

have inhibited the uptake of certain nutrients as reported

by Thorne (1944). The imbalance effect of high electrolyte

concentration on nutrient uptake and the uptake and func-

tion of certain micronutrient elements could have been re-

duced by saline conditions as reported by Hassan et al.

(1970). The effect of ESP on dispersing the soil may have

restricted root development and caused accumulation of Na

to an excess level in the plant tissue. At high levels the

metabolic processes may be disturbed and tissue development

restricted as reported by Bernstein (1964). As a result of
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root restriction the plants might not have been able to

absorb sufficient immobile nutrient elements.

Total Soluble Salts and Ionic Distribution 
through the Soil Profile 

Tables 5, 6 and 7 show the chemical characteristics

of the Pima soil profile after leaching with city, river

and well waters, respectively, from 1972 and 1973 and prior

to the application of the chemical amendments in 1975.

Tables 8, 9 and 10 show the characteristics of the Pima

soil profile nine months after the application of the

chemical amendments. The above data show the effects of

the source of irrigation water and the combination effects

of the source of irrigation water and gypsum and H2SO4 on

the pH, salt and ionic distribution, and ESP of the Pima

soil profile.

Statistical analysis of the previous data indicated

that the pH of the saturation extract of the soil treated

with city water was significantly higher when compared to

that of the saturation extracts of soils treated with river

and well waters. There was no significant difference be-

tween the effects of well and river waters on the soil pH.

The higher soil pH of the soil treated with city water was

due to the removal of some of the salts from the soil by the

low salt water, leaving behind a sodium saturated matrix.
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Table 5. Chemical characteristics of the soil profile
leached with city water, before chemical amend-
ments were added--average of three replications.

Soluble Ions* 
Depth	 ECex103 Ca	 Mg	 Na	 Cl	 ESP	 pH

ft	 mmhos/ 	 meq/Liter 	
cm

1.01 0.83 0.28 12.3 11.23 16.9 8.3
1.08 0.73 0.38 12.52 12.12 19.4 8.7
1.22 1.13 0.33 16.09 15.82 21.75 8.7
1.14 0.95 0.18 13.91 13.01 25.31 8.4
1.05 0.55 0.25 11.92 11.92 20.64 8.4
1.00 0.68 0.25 9.87 9.87 15.5 8.4

1.45 1.20 0.40 15.43 15.17 16.81 8.6
2.00 1.45 0.51 15.96 14.96 17.55 8.6
2.60 2.45 0.68 24.93 23.93 24.9 8.6
4.0 2.32 0.52 28.82 27.82 24.21 8.5
2.2 2.00 0.40 18.17 17.17 19.4 8.7
2.5 1.80 0.40 18.09 15.61 18.76 8.8

2.13 1.21 0.41 19.31 20.16 24.0 8.9
2.30 2.42 0.58 25.32 24.32 24.62 8.7
4.25 2.51 0.77 30.12 29.87 25.84 8.7
4.6 2.35 0.53 31.35 30.32 31.13 8.8
2.87 2.12 0.50 21.41 20.46 26.48 8.8
2.13 1.73 0.43 21.38 20.21 25.14 8.7

* Determined in the saturation extract.
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Table 6. Chemical characteristics of the soil profile
leached with Gila river water before chemical
amendments were added--average of three replica-
tions.

Depth
ft

ECex10 3

mhos/ 	
cm

Soluble Ions*
ESP pHCa Mg Na	 Cl

meq/Liter 	

1972:
0-1 2.04 0.52 0.30 16.09 15.82 16.41 8.2
1-2 2.11 1.35 0.33 17.78 16.92 18.2 8.1
2-3 1.93 1.35 0.42 18.74 18.05 18.55 8.2
3-4 1.55 0.88 0.44 19.21 18.97 15.54 8.1
4-5 0.54 0.55 0.32 21.74 20.83 14.70 8.1
5-6 0.85 0.40 0.29 19.65 18.27 14.22 7.8

1973:
0-1 0.78 0.39 17.39 17.29 15.59 8.8
1-2 3.5 3.10 0.58 20.26 19.98 15.83 8.6
2-3 5.0 2.65 1.05 24.48 24.2 15.92 8.3
3-4 4.5 2.1 1.10 24.96 24.89 16.86 8.3
4-5 3.9 1.25 1.00 25.79 24.2 20.04 8.4
5-6 2.9 0.75 0.51 20.91 19.23 19.72 8.3

1975:
2.6 0.89 0.48 19.26 20.32 21.43 8.70-1-

1-2 4.5 3.46 0.64 34.82 33.96 24.29 8.6
2-3 5.58 3.84 1.17 47.91 42.28 29.46 8.4
3-4 5.95 2.02 1.13 56.22 55.58 32.06 8.3
4-5 4.85 2.67 1.11 37.16 36.34 28.05 8.3
5-6 3.83 1.92 0.94 34.4 33.42 27.57 8.3

* Determined in the saturation extract.
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Table 7. Chemical characteristics of the soil profile
leached with well water, before the chemical
amendments were added--average of three replica-
tions.

Soluble Ions* 
Depth	 ECex103 Ca	 Mg	 Na	 Cl	 ESP	 pH

ft	 mmhos/ 	 meq/Liter 	 %
cm

2.37 1.27 0.63 19.39 18.44 18.28 7.9
2.42 1.22 0.41 17.46 16.10 19.75 7.9
2.30 1.35 0.49 17.0 15.95 19.66 7.8
1.43 0.82 0.34 11.48 10.91 17.73 7.8
0.65 0.30 0.18 4.09 3.94 13.78 7.8
0.60 0.28 0.18 5.88 4.28 14.17 7.7

3.3 1.35 0.42 25.13 22.43 18.53 8.2
4.0 2.0 1.12 24.57 25.00 19.97 8.4
3.9 2.1 1.33 25.35 25.10 19.75 8.3
4.8 2.85 2.0 35.65 33.57 22.89 8.4
3.0 1.7 0.83 22.17 21.43 19.55 8.6
5.4 1.6 0.72 17.39 16.23 15.32 8.4

3.5 1.57 0.76 34.06 30.20 18.36 8.6
3.7 3.7 1.66 52.20 51.21 31.43 8.5
7.7 4.67 2.94 68.61 67.91 32.66 8.4
7.9 5.80 2.43 70.35 70.25 31.02 8.4
4.8 4.60 1.28 47.53 53.0 29.88 8.3
4.17 4.01 1.12 44.17 41.20 27.50 8.3

* Determined in the saturation extract.
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Table 8. Chemical characteristics of the soil profile
leached with city water nine months after chemical
amendments were added--average of three replica-
tions.

Chemical
Amend-
ments

ECex10 3

mmhos/
cm

Soluble Ions*
ESP pHCa Mg Na	 Cl

meq/Liter 	

Control:
0-1 ft 2.16 1.39 0.46 20.69 20.39 25.39 8.9
1-2 ft 2.83 2.82 0.63 27.48 23.43 21.33 8.8
2-3 ft 4.24 2.87 0.84 33.51 40.20 23.55 8.7
3-4 ft 4.64 2.81 0.56 33.84 42.48 26.69 8.7
4-5 ft 2.88 2.59 0.50 24.10 26.13 21.73 8.8
5-6 ft 2.14 1.82 0.43 23.26 19.68 20.75 8.8

2_4124.
2110
1777 ton/
acre:
0-1 ft 1.92 1.66 16.71 16.21 14.60 8.2
1-2 ft 2.39 2.34 22.42 23.67 15.71 8.1
2-3 ft 4.39 2.95 36.68 40.87 23.83 8.2
3-4 ft 4.15 2.28 38.49 39.18 27.19 8.0
4-5 ft 2.26 1.86 22.19 22.43 21.79 7.8
5-6 ft 2.16 1.43 19.62 19.62 20.42 8.0

112SO4
1 ton/
acre:

1.39 1.93 0.99 13.69 13.69 16.62 7.8-07-1--ft
1-2 ft 2.14 2.10 2.00 20.62 20.62 13.21 7.8
2-3 ft 4.00 4.55 2.00 37.68 37.68 17.09 7.7
3-4 ft 3.70 4.00 3.17 42.34 42.34 21.44 7.7
4-5 ft 2.00 2.40 0.42 24.45 24.45 19.56 7.6
5-6 ft 1.83 1.80 0.48 18.24 18.24 19.98 7.6

* Determined in the saturation extract.
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Table 9. Chemical characteristics of the soil profile
leached with river water nine months after amend-
ments were added--average of three replications.

Chemical
Amend-
ments

ECex10 3
mmhos/
cm

Soluble Ions*
ESP pHCa Mg Na	 Cl

meq/Liter 	

Control:
0-1 ft 2.82 1.26 0.48 26.09 26.13 21.34 8.7
1-2 ft 4.54 4.38 0.77 40.30 42.98 23.39 8.6
2-3 ft 5.82 4.27 1.49 52.47 53.77 27.12 8.3
3-4 ft 5.96 4.81 1.78 56.14 57.30 30.86 8.3
4-5 ft 4.85 3.53 1.12 39.54 43.13 26.03 8.3
5-4 ft 3.93 3.15 0.94 38.98 38.72 26.00 8.3

CaSO4-
2H20
1777 ton/
acre:

2.43 3.60 1.00 22.04 21.06 16.75 8.00-1 ft
1-2 ft 3.86 4.30 2.18 32.52 37.60 18.08 7.8
2-3 ft 5.56 3.40 2.33 45.53 49.25 26.25 7.8
3-4 ft 4.86 3.15 1.33 43.05 39.55 28.72 7.7
4-5 ft 3.82 1.29 1.25 30.77 28.66 28.66 7.6
5-6 ft 3.75 1.07 1.07 27.05 27.14 27.14 7.6

4SO42
I-Ean/
acre:

2.02 3.50 1.58 20.86 25.58 13.08 7.80-1 ft
1-2 ft 3.56 6.14 3.01 29.64 36.47 13.82 7.7

2-3 ft
3-4 ft
4-5
5-6

4.20
4.80
3.67
3.05

4.72
4.33
2.30
2.00

2.33
1.99
1.42
1.00

42.50
51.42
34.17
28.16

40.24
55.50
31.94
27.07

22.39
28.21
25.08
23.03

7.7
7.6
7.6
7.6

* Determined in the saturation extract.
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Table 10. Chemical characteristics of the soil profile
leached with well water nine months after amend-
ments were added--average of three replications.

Chemical
Amend-
merits

ECex10 3

mmhos/ 	
cm

Soluble Ions*
ESP pHCa Mg	 Na

meq/Liter

Cl

Control:
0-1 ft 3.46 1.56 0.50 34.13 30.13 18.82 8.6
1-2 ft 5.67 3.70 1.71 53.33 53.26 30.37 8.5
2-3 ft 7.66 5.63 3.00 71.29 70.53 30.58 8.4
3-4 ft 7.93 5.88 2.62 72.15 72.34 29.23 8.4
4-5 ft 5.67 4.62 1.21 47.6 52.83 23.53 8.3
5-6 ft 4.86 4.00 1.12 46.16 46.37 23.29 8.3

CaSO4.
2H20
1777 ton/
acre:
0-1 ft 2.83 3.40 1.13 24.43 26.47 14.52 7.8
1-2 ft 5.22 6.73 2.43 41.92 49.55 19.57 7.8
2-3 ft 6.51 4.50 2.50 75.19 54.93 28.50 7.6
3-4 ft 4.46 3.70 1.58 44.14 48.80 26.67 7.6
4-5 ft 4.42 3.25 1.27 40.11 42.06 25.51 7.6
5-6 ft 3.77 2.65 0.53 32.54 31.25 24.53 7.6

H2SO4
1 ton/
acre:

2.25 3.40 1.10 20.85 20.45 13.84 7.70-1 ft
1-2 ft 3.82 4.09 3.25 30.32 36.39 15.85 7.6
2-3 ft 5.13 6.75 3.02 45.65 44.28 20.64 7.5
3-4 ft 4.99 4.30 2.62 42.89 42.91 22.34 7.5
4-5 ft 3.32 3.45 1.24 34.26 31.25 22.11 7.5
5-6 ft 3.12 2.10 1.24 29.55 28.23 22.63 7.5

* Determined in the saturation extract.
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The sodic soil is characterized by pH greater than 8.5 due

to the hydrolysis of sodium and the formation of sodium

carbonate.

With regard to the combination effects of the source

of water and chemical amendments, the statistical analysis

of the data (Tables 8, 9 and 10) indicated that the pH of

the saturation extract of soil treated with one ton/acre

H2SO4 was significantly lower than the pH of the soil

treated with 1.72 ton/acre of gypsum and control soil when

well and river waters were used. The lack of significant

effects of CaS04 .2H 20 on the soil pH compared to that of the

control was considered to be due to the high Na concentra-

tion in these waters. There were no significant differences

between the H2SO4 and gypsum effects on the soil pH when

well and river waters were used. The city water treated

soils showed that both H2 SO4 and gypsum significantly lowered

soil pH values when compared to the controls. That was ex-

plained by the neutralization of bases in the soil solution

by H2SO4 . Gypsum reduced the soil pH because it helped in

replacing the Ca for the Na on the exchange complex and sub-

sequent leaching of the Na out of the soil. Acidifying

amendments were found to lower the soil pH as reported by

Botkin (1933).
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Total Soluble Salts 

Figure 8 shows the total soluble salts distribu-

tion through the profile of Pima soil to a depth of six

feet at one foot intervals prior to the application of the

chemical amendments.

The figure shows that the highest accumulation of

soluble salts was obtained with the plots treated with well

water, followed by river and then city water treated plots.

That was attributed to the fact that the increase in soluble

salts in the soil profile was a result of the continuous

use of these waters under slow water penetration, no culti-

vation and hot weather in which high evapotranspiration took

place, leaving behind accumulation of soluble salts at or

near the soil surface. Also the figure shows that the

soluble salts in the soil profile for all three sources of

irrigation water tended to be low near the surface, high in

the middle, lower near the bottom of the zone sampled. That

could be due to restricted water movement within the soil

profile caused by stratified soil. Tables 5, 6 and 7 show

the accumulative increase in the soluble salts with time as

a result of soil characteristics and poor soil management.

Figures 9, 10 and 11 show the distribution of total

soluble salts in the soil profile to a depth of six feet at

one foot intervals as affected by the application of gypsum

and H2SO4 ,with city, river and well water treatments,
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Figure 8. Total soluble salt distribution through the soil
profile before the application of amendments
(1975).
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respectively. These figures show that the highest concen-

trations of soluble salts accumulated within the third and

the fourth feet with all treatments. Approximately identical

concentrations of soluble salts were obtained in the first

two and the last two feet. These figures show that the low-

est accumulations of soluble salts in the soil profile were

obtained with 11 2SO4 treated subplots and the highest con-

centrations were obtained with the control subplots. Gypsum

treated subplots accumulated intermediate concentrations.

This pattern was obtained with the three sources of irriga-

tion water. Similar results were reported by Overstreet,

Martin and King (1951). Statistical analysis indicated that

H2SO4 and gypsum reduced the soluble salts by a significant

level compared to the control with well and river water

treatments H2SO4 and 
CaS04 2H20 reduced 

the total soluble

salts (EC x 103 ) of the soil due to the direct supply of

calcium by gypsum and the indirect supply of calcium by H,,S0z.	 4'

The physical characteristics of the soil was improved by re-

placement of Ca for exchangeable sodium. The improved water

penetration helped in leaching the soluble salts. When

city water was used H2SO4 reduced the soluble salt by a

significant level compared to gypsum and control. Gypsum

had only a slight effect in reducing soluble salts. That

was considered to be due to the salt effect, because the

salt concentration in city water is less than that in river
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and well waters (Table 1) which resulted in greater activity

coefficient in city water and less gypsum solubility. Simi-

lar results were reported by Tanji (1969).

Ionic Distribution 

When the concentrations of ions in the irrigation

waters were correlated with their concentrations in the

saturation extract of treated soils, significant positive

correlation coefficients were obtained. It was found, under

the experimental conditions, that if the concentration of an

ion in the irrigation water increases, it will also increase

in the saturation extract, unless precipitation takes place.

In general, as is shown in Tables 5, 6 and 7, the ions which

in the highest concentration with time were found in the

soil treated with well water followed by those treated with

river and city waters. As explained previously, the use of

poor quality water with restricted water penetration along

with high evapotranspiration demand caused the ions to

accumulate.

The soluble ions, Ca, Mg, Na and Cl, of the satura-

tion extract of the treated soil followed similar patterns

to that of the total soluble salts in their distribution

through the soil profile to a certain extent. As explained

previously distribution was related to soil stratification.

Tables 8, 9 and 10 show the distribution of ions as a
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function of chemical amendments (gypsum and H2SO4). From

these data the following statements can be made.

Calcium

The increase in soluble Ca in the soil solution re-

sulting from H2SO4 treatment was highly significant when

compared to the gypsum treatment and control with the three

water treatments. That was explained by the solubilization

of the relatively insoluble calcium compounds in the soil

such as CaCO 3 and dolomite by H2SO4 . Due to its low solu-

bility, gypsum did not increase the soluble calcium in the

soil solution by a significant level compared to the control

with the three water treatments.

Magnesium

Mg followed the same scheme as that of calcium.

Sodium

Concentrations of Na were significantly higher in the

control soil when compared to acid and gypsum treated soils

with the three water treatments. That was attributed to the

leaching of Na salts from the soil as a result of Ca

solubilization and water penetration improvement. The

function of gypsum in the reduction of soil Na was found to

be significant compared to the control when well water was

used to leach soil, but its function was not significant
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with either river or city water treatments, due to the low

solubility of gypsum in city water.

Chloride 

H2SO4 and gypsum treatments reduced the concentration

of chloride significantly compared to control due to their

positive effect on water penetration and the high mobility

of Cl in the soil.

ESP (Exchangeable Sodium Percentage) 

Under high evapotranspiration demand where high bi-

carbonate water was used (well water), the precipitation of

Ca and Mg as carbonate increased, causing the accumulation of

Na which increased the ESP of the soil. As shown by the

previous data, it was found that H2SO4 had a highly signifi-

cant effect on the reduction of the ESP with the three water

treatments. That was considered to be the result of the

solubilizing effect of H2 504 on the calcium compounds in the

soil as mentioned previously. Gypsum reduced the ESP by a

significant level with the well water treatment, but it did

not reduce it by significant levels with either river or

city water treatments due to the salt effect on the solubility

of gypsum.
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Infiltration Studies 

Field Infiltration Study 

Figure 12 and Appendix A (Table A-1) show the average

infiltration rates of three replications in inches/hour for

the three qualities of irrigation water in 1975, before the

application of the chemical amendments.

It is clear from these data that the infiltration

rates of the plots treated with well water were higher than

those of river and city water treated plots. The higher

infiltration rates with well water could result from the

flocculating action of soluble salts on the soil matrix, due

to the effect of the high concentration of electrolytes on

the thickness of the diffusion double layer. The reduction

in the thickness of this layer caused the attraction forces

between soil particles to be greater than the repulsion

forces resulting in good soil structure and improvement of

water penetration through the soil profile. However, the

low infiltration rates of the plots treated with city water

was considered to be due to the leaching away of the soluble

salts from the soil, leaving behind the soil matrix satu-

rated with sodium and has high ESP. Sodium dispersed the

soil matrix. The dispersed matrix is characterized by low

water penetration due to poor soil structure and blocking of

the pore spaces by the dispersed colloids as reported by

many investigators. The infiltration rates of the plots
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treated with river water were in between the infiltration

rates of the plots treated with well and city waters. This

was related to the intermediate electrolyte concentrations

of the river water. When the LSD test was used to determine

the significant difference between the average and final

infiltration rates, it was found that the same scheme was

obtained as mentioned previously.

Figures 13, 14 and 15 and Appendix A (Tables A-2,

A-3 and A-4) show the average field infiltration rates of

three replications of 1975 after the amendments were added to

the soil. In general, it was found that the H2SO4 applica-

tion increased the infiltration rates of the soil with the

three water treatments. The magnitude of the infiltration

rates was dependent on the source of water. Similar results

were reported by Mohamed (1972). Gypsum treatment resulted

in intermediate infiltration rates and control gave the low-

est one. Statistical tests indicated that the average infil-

tration rates over the study period gave the same pattern of

significance which was mentioned previously, while a differ-

ent significant pattern was obtained when the final infiltra-

tion rates were tested. The final infiltration rates were

not significantly different for the well and river water

treatments with both H2SO4 and CaSO4 -2H20. There were

highly significant differences in the final infiltration

rates of both the H2 SO4 and CaS04 -2H20 treated subplots
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compared to the control subplots. That was related to the

concentration of the soluble calcium in the soil solution

and its indirect effect on water penetration. City water

treated plots gave another pattern of final infiltration

rates. There was no significant difference between gypsum

treated and control subplots, while significant increases

in the infiltration rates were obtained with H2 SO4 treated

subplots as compared to both gypsum treated and control

subplots. The first phenomenon was explained by the fact

that solubility of gypsum in city water is low due to the

low electrolyte concentration in the city water, while the

second one was considered to be due to the dissolution ac-

tion of H2SO4 on the relatively insoluble Ca compounds 
in

the soil. The increase of the soluble calcium in the soil

solution caused the replacement of Ca for the exchangeable

Na and improved the physical characteristics and water pene-

tration of the soil.

Figures 13, 14 and 15 and Appendix A (Tables A-5, A-6

and A-7) show the infiltration rates of the experimental sub-

plots one year after the chemical amendments were added

(1976): These data indicated that the soil infiltration

rates increased in all cases compared to that of previous

year (1975). However, the infiltration rates of subplots

treated with H2SO4 remained highest 
and the lowest infiltra-

tion rates were obtained with the control subplots. The
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higher infiltration rates of 1976 compared to that of 1975

could be due to one or more reasons.

a. The time of the year and its effects on the evapora-

tion of water from the infiltrometer. For instance,

1975 measurements were taken on the 24th of March

while 1976 measurements were taken on the 16th of

June. It was expected that more water will be lost

by evaporation in 1976 than 1975 due to the weather

of southern Arizona. Moreover the high temperature

decreased the viscosity of the water and increased

the infiltration rates as reported by Bruce and

Clark (1966)

b. The soil in 1976 was drier and had more cracks com-

pared to 1975, which increased the initial infiltra-

tion rates. If the cracks were deep enough into the

stratified soil, the final infiltration rates may

have been affected.

c. The high infiltration rates of 1976 might be re-

lated to the accumulation of organic matter from

the crop residues of 1975 and their beneficial

effects on soil structure.

d. All of the previous factors could be coupled with

the remaining effects of the amendments.

From these data, it is interesting to note that the

1975 infiltration patterns remained the same in 1976. When

the average infiltration rates were tested, it was found
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that the H2SO4 had a positive significant effect in compari-

son with gypsum and control with the three water treatments.

However, the final infiltration rate tests indicated that

H2 SO4 had significant effect over control, but it did not

have that effect over gypsum with well and river treatments.

That was considered to be due to the effect of the electro-

lyte concentration on the solubility of gypsum. When the

effects of city water on the infiltration rates were tested,

it was found that the average infiltration rates were sig-

nificantly higher with H2SO4 compared to gypsum and control.

That was related to the following two reasons: First, the

infiltration rates of H2SO4 treated subplots were higher

than that of gypsum treated subplots, due to the low solu-

bility of gypsum in city water. Second, it was higher than

the control due to the H2SO4 effects on increasing soluble

Ca and improving the water penetration characteristic of

the soil. When final infiltration rates were tested, it was

found that H2 SO4 increased 
the final infiltration rates by

a significant level over gypsum and control.

Laboratory Infiltration Study 

Figures 16, 17 and 18 and Appendix A (Tables A-8, A-9

and A-10) show the average infiltration rates of three repli-

cations of soil columns. It is clear from these data that

the high rate of H2 SO4 (5 ton/acre) gave the highest infiltra-

tion rates among the other types and rates of soil amendments
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with the three water treatments. The increase in the infil-

tration rates which was obtained with the high rate of H2SO4

was highly significant compared to that increases which ob-

tained with other types and rates of amendments. The higher

infiltration rates with 5 ton/acre H2SO4 was related to the

fact that the acid increased the Ca concentration in the

soil solution which improved the water penetration. The

statistical tests were used to examine the laboratory aver-

age and the final infiltration rates of the three qualities

of irrigation water. It was found that the three waters

have different effects on the average infiltration rates,

for instance, well water gave the highest rate, followed by

river and then city water, due to the soluble salt effect

on the floculation of the soil matrix as mentioned earlier.

When the chemical amendments effects were tested, it

appeared that the high rate of H2SO4 had a significant

effect on increasing the infiltration rates of the soil

columns with the three sources of irrigation water.

The only insignificant differences in the infiltra-

tion rates were obtained with one ton/acre H2 SO4 and 8.6

ton/acre gypsum. As a matter of fact the 8.6 ton/acre gypsum

gave a higher infiltration rate than those obtained with

one ton/acre H2SO4' except with the initial infiltration

rates, which was higher with one ton/acre H2SO4 . That

could be due to the direct effect of H2SO4 on the physical
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properties of the soil, and to the low solubility of gypsum
in the water. Half to one hour later as shown in Figures 16
17 and l8the infiltration rates of 8.6 ton/acre gypsum in-
creased over those of one ton/acre H2 SO4' That was not sta-
tistically significant.

There were highly significant effects of low rate
of acid and high rate of gypsum on the infiltration rates

of the soil columns that were leached with city water. All

chemical amendments had a positive effect on the infiltra-

tion rates of soil columns, except the low rate of gypsum.

That could be explained by the low solubility of gypsum in

city water, comparing with its solubility in well and river

waters. When the final infiltration rates of the soil

columns were tested, it was found that the soil columns

which were treated with high rate of sulfuric acid produced

the highest infiltration rate, followed by low rate of acid,

high rate of gypsum, low rate of gypsum and then control,

respectively. But, there were no positive differences from

the statistical standpoint between those columns, except

with the high rates of acid, in comparison with the other

rate of acid, the two rates of gypsum and the control. This

might be related to increasing the soluble calcium in the

soil solution and the improvement of soil structure. The

low rate of acid and the high rate of gypsum (8.6 ton/acre)

had an equal influence on the infiltration rate in comparison
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with the low rate of gypsum and the control. This might be
due to the equal effect of these on the concentration of

calcium.

There were slightly significant differences between

the effects of the low rate of acid and the low and the

high rates of gypsum with well water treatment. However, all

rates of the amendments increased the infiltration rates to

significant levels in comparison with the control.

Soil Column Studies 

Prediction of the Presence of 
Gypsum in the Soil 

Initial studies were conducted to determine the

electrical conductivity (EC x 10 3 ) of solutions made up of

the three sources of water when saturated with CaSO4 •2H20

and CaCO3' The EC values are shown in Table 11.

The highest EC was found to occur with gypsum and

lime for the well water which indicates higher solubilities

of these two compounds in well water. The increase in their

solubilities resulted from the positive salt effect of the

high electrolyte concentrations in well water. The lower

solubilities of both gypsum and lime as indicated by the EC

of their saturation solutions with city water was due to the

low electrolyte concentrations of the city water.

Figure 19 shows the EC of Pima soil column effluent

plotted against the volume of effluent. The water used was
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Table 11. The electrical conductivity (EC x 10 3 ) of the
three sources of water when saturated with
CaCO3 and CaS04 . 2H2 0 •

Source of	 EC of EC of Saturation EC of Saturation
Water	 Water CaS04 .2H20	 CaCO 3

Well Water

River Water

City Water

3.2 6.53 4.10

1.6 3.95 2.20

0.55 2.24 1.10
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city water which was regarded as reference water of good

quality in this study. These data were obtained from soil

columns of control soil and from columns of soil to which

1.72 or 8.6 ton/acre gypsum and 1 or 5 ton/acre 112SO4 were

added. These data show that the EC of the leachate can be

used in determining when the solution phase is in equilibrium

with the solid phase, gypsum or lime under very slow water

penetration.

Figures 20 and 21 represent the EC of Pima soil

effluent plotted against the volume of effluent leached with

river and well waters, respectively, to which 1.72 or 8.6

ton/acre gypsum and 1 or 5 ton/acre H2SO4 were added.

These data indicated that the EC of the effluent is not a

good criteria to be used for determining the presence of

gypsum or lime in the soil under high water penetration,

because of the lack of time required for the gypsum or lime

solid phase of the soil to reach equilibrium with the solu-

tion phase. When river water was used for leaching the

high rate of gypsum (8.6 ton/acre), the presence of lime

was indicated by that part of the curve which shows the

equilibrium state of the solution and solid phases of soil

with EC of 2.3 mmhos/cm. This is the same EC as is obtained

with a saturated solution of CaCO 3 . That was related to the

high rate of gypsum and low water penetration rate through

the soil column.
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Leaching 

Soil columns treated with the four rates of gypsum

and H2SO4 and the control columns were leached with the

three sources of irrigation water until the EC of the leach-

ate equaled that of the irrigation water. Data were col-

lected as shown in Table 12. These data show that to

accomplish the leaching processes of soil columns with city

water 2.5-57 days were required, while 1.5-4.5 and 0.13-2.44

days were required to accomplish the leaching processes when

river and well water were used for leaching respectively,

these times depending on the type and rate of chemical amend-

ment. This data also indicated that the poor quality

irrigation water required the least time to leach one foot of

Pima soil than water of good quality. Overall less water

was required to leach the soil columns when well water was

used when in comparison with river and city waters. When

the depth of water required for leaching was considered, it

was found, as was shown in Table 12, that the high rate of

gypsum (8.6 ton/acre) required the greatest amount of

water to leach the soil columns with the three sources of

irrigation water, while the control columns required the

least amount of water. That could be explained by the

dramatic release by calcium and other ions from gypsum, and

the very long contact times in cases of control between the

solid and solution phases.



95

Table 12. The depth of water in cm and time in days
required to leach 30 cm depth of Pima soil
column.

River

City

Chemical
Amendments Time Depth of Water

Control 2.44 25.6
1.72 ton/acre)
8.6 ton/acre )gypsum

2.17
2.07

45.8
71.28

1.0 ton/acre )	 on
5.0 ton/acre )H20v4

0.68
0.12

30.55
50.92

Control 4.23 30.52
1.72 ton/acre) 3.88 50.92
8.6 ton/acre )gypsum 3.39 81.47
1.0 ton/acre ) H
5.0 ton/acre ) 2 S 0 4

2.85
1.44

40.73
56.0

Control 57 40.73
1.72 ton/acre) 8.88 71.28
8.6 ton/acre )gypsum 5.89 81.47
1.0 ton/acre )	 on 2.42 45.8
5.0 ton/acre 2.16 71.28

Source of
H20

Well
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The analysis of variance of these data indicated

that the acid treatments leached out the greatest concentra-

tion of salt per unit volume of the leachate with the three

sources of water, and it needed the least time to reach the

equilibrium state between the solution and the solid phases

of the soil. That could be explained by the solubilizing

effect of H2SO4 on the relatively insoluble compounds in the

soil followed by leaching them out of the soil column. Also

the positive effect of H2SO4 on infiltration rates, as men-

tioned previously, tended to reduce leaching time. The

gypsum treatments carried the least salts per unit volume

of the leachate. That might be due to the low solubility

of gypsum coupled with the increase in infiltration rates.

Control columns leached more salt per unit volume of leachate

as compared with gypsum treated columns but more time was

required for leaching the controls compared to gypsum and

H2SO4 treated columns. 
The high concentration of salt per

unit volume for the control columns could be related to the

long contact time between the solid and solution phases of

the soil..

—
Prediction Of Time and Water Requirement 

for Leaching 

The leaching data were used to develop models which

can be used to predict the time and depth of water required

to leach one foot of Pima soil to a specific EC with a
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given source of irrigation water and a given rate and type

of chemical amendment (gypsum and sulfuric acid).

Time Model 

Table 13 represents a model for each type and rate

of chemical amendment which can be used to predict the time

required to leach one foot of Pima soil to a given EC with

a given quality of irrigation water. This table indicates

that the change in the EC of soil when the two rates of H2 SO4

and 8.6 ton/acre gypsum were used as chemical amendments was

independent of the water quality, while it was found to be

dependent on time with a significant negative correlation

coefficient. That was considered to be related to the use

of H2SO4 on calcareous soil in which Ca and concentration

of other ions increased in the soil solution due to the

H2SO4 . The high rate of gypsum also increased the soil Ca

concentration dramatically. Thus the increased Ca ion

eliminated the water quality effect on the change of the EC

of the soil. The low rate of gypsum (1.72 ton/acre) indi-

cated that the change in the EC was dependent significantly

on the water quality and time, but it did not show any de-

pendence on their interaction. However, the untreated soil

showed that the change in the EC was dependent on both water

quality and time and their interaction. That was attributed

to some calcium supply from the low rate of gypsum in addi-

tion to the ions which came from irrigation water. For the
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Table 13. EC of leachate versus time model to predict the
time required to leach one foot depth of Pima
soil column to specific EC with a given quality
of irrigation water.

ChemicalAmendments Regression Equations

1 T/A H 2SO4 EC = 5-19167-2.17136(t/1000) + 0.262(t/1000)
2

5 T/A H 2SO4 EC = 8.3158-7.2275(t/1000) + 1.6678(t/1000)
2

1.72 T/A
Gypsum	 EC = 3.3584-0.668885(t/1000) + 0.03661(t/1000)2

+ 0.7362 WQ

8.6 T/A
Gypsum	 EC = 5.57983-1.442(t/1000) + 0.1097(t/1000) 2

Control	 EC = 1.9416 + 0.24485(t/1000)

+ 1.44593 WQ - 0.5107(T/1000)WQ

EC = desired EC of leachate.

t = time in minutes.

WQ = EC of irrigation water.
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control the only source of ions was the irrigation water.

Figure 22 shows the best fit of the five cases between time,

quality of irrigation water and change in the EC of the

soil.

Water Model 

The model which can be used to predict the amount

of water in cm depth required to leach each one foot of

Pima soil to a specific EC with a given quality of irriga-

tion water and a given type and rate of chemical amendment

is presented in Table 14.

From this table, it is interesting to note that

only with high rates of H2SO4 and gypsum (5 and 8.6 ton/acre,

respectively) the change in the EC of the soil was found to

be significantly dependent on both depth and quality of

irrigation water and their interaction, with high negative

correlation coefficient. That was related to the dramatic

release of calcium and other ions in these two cases.

When the low rates of gypsum and acid and control

were tested, it was found that the change of the EC gave a

high negative correlation coefficient dependent on depth and

quality of irrigation water. However, there was not any

significant dependability of the change of the EC on the

interaction of these two variables. That led one to make

the following statement: the change in the EC of the soil

is affected separately by depth and quality of water used,
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Figure 22. Time-versus change of soil EC for three quali-
ties of irrigation water (best fit).
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Table 14. EC of leachate versus depth of water model to
predict the depth of irrigation water required
to leach one foot of Pima soil column to a
specific EC.

Chemical
Amendments Regression Equations

1 T/A H2SO4	 EC = 6.9 - 0.446D + .6899D 2 + 1.046WQ

5 T/A H2SO4	 EC = 7.399 - 0.302D + 0.317D 2 + 2.052WQ

- 0.2824DWQ

Gypsum	 EC = 4.5758 - 0.1665D + 0.161D 2 + 0.8262WQ
1.72 'DIA

8.6 T/A Gypsum EC = 4.545 - 0.151D + 0.1346D
2

+ 1.535WQ - 0.978DWQ

Control
	

EC = 4.911 - 0.354D + 0.6075D
2 + 1.027WQ

where:

EC = the desired EC

D = Depth of irrigation water in cm

WQ = EC of irrigation water.
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due to their low contribution to the total ions. Figure 23

shows the best fit of the five cases between the depth and

quality of irrigation water and the change in the EC of the

soil.

EC of 1:1 Soil-Water Ratio and EC of 
Saturation Extract 

Figure 24 shows the correlation between the electri-

cal conductivity of the saturation extract and the 1:1

soil-water ratio of 50 samples of Safford, Arizona, experi-

ment farm soil. This curve has a correlation coefficient of

0.88 which is considered to be very reliable for the purpose

of converting the EC of 1:1 to that of the saturation ex-

tract and vice versa by using the following regression

equation:

y = xA+ B

_ y - B 
x 	A

in which

y = the electrical conductivity of 1:1 soil-water

ratio.

x = the electrical conductivity of the saturation

extract.

A = the intercept.

B = the slope of the line.
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Figure 23. Depth of water versus change of soil EC for
three qualities of irrigation water (best fit).
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The intercept and the slope for this soil are found

to be equaled to 0.08166 and 0.54902 respectively. The re-

gression equation can be written as follows:

- 0.08166x= 	
0.54902

This approach can be used as a time saver in the laboratory

for further studies because the heavy texture and high sodium

content of the soils from the Safford area make the extrac-

tion of soil solution from saturated pastes slow and diffi-

cult.



CHAPTER 6

CONCLUSION

The present study was conducted using a calcareous

saline-sodic soil with a stratified profile for both field

and laboratory experiments. Three sources of irrigation

water of differing qualities were used. Two chemical amend-

ments, H2SO4 and gypsum were also employed. City water

treated plots had the lowest infiltration rates, while the

highest infiltration rates were obtained from well water

treated plots. River water treatment gave intermediate in-

filtration rates. Regardless of the source of water, the

use of H2SO4 supported greater growth 
and yield of sudan-

grass, while the lowest yield was obtained from control.

In 1976, yields indicated that the effects of the chemical

amendments became insignificant on plant growth and yield.

For both years and harvests, city water treatment gave the

most significant yield compared to well and river water

treatments. A significant negative correlation was obtained

between the EC and ESP of the first two feet of soil and

yield of sudangrass for both harvests and years. This

result leads to the following conclusion:
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under the experimental conditions, soluble salts and sodium

were more detrimental to plants than poor soil physical con-

dition.

pH of soil treated with city water was higher than

that of soil treated with river and well water. Sulfuric

acid was found to be effective in reducing soil pH and ESP

with the three qualities of irrigation water . Gypsum re-

duced the pH and ESP significantly only with well water.

Sulfuric acid as an amendment reduced the salt and ionic

concentration in the soil with all waters, while gypsum

reduced them significantly just with well water. Sulfuric

acid can be used therefore to improve soil infiltration rates

more effectively than gypsum on equivalent basis of calcium

availability.

Good agreements were obtained between the field and

laboratory studies with respect to the amendments effect on

soil infiltration rates. H2 SO4 increased 
the infiltration

rates significantly and with increasing rates of H2 SO4 , the

infiltration rates increased. The low rate of H2SO4 (1 ton/

acre) and the high rate of gypsum (8.6 ton/acre) gave similar

infiltration rates.

The EC of the effluent was shown to be a good index

for predicting the presence of gypsum and lime in soil

under very slow water penetration, but should not be used

with fast penetration rates.
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The two rates of H2SO4 (1 and 5 ton/acre) removed

more salt per unit volume of leachate compared to gypsum

rates and control. Faster infiltration rates leached small-

er amounts of salt per unit volume of leachate while slower

infiltration rates removed greater amounts.

The poorest quality of irrigation water (well water)

required the least time and amount of water to leach the

soil columns.

When the columns were leached to the point where EC

of irrigation water was equal that of leachate, the high

rate of H2SO4 with well, river and city waters reduced the

time required to leach the soil column by 20, 21 and 26

times respectively compared to the controls and used almost

two-fold more water than the controls. In similar fashion

the other amendments influenced the time and depth of water

required to leach the soil columns. In general gypsum

treated columns required more water than H2 SO4 treated and

control columns.

When leaching to remove salts, the change in the EC

of the soil was only dependent on time with both rates of

H2SO4 
treatment and the high rate of gypsum. The change in

EC of the soil was dependent on both time and water quality

and their interaction with gypsum at the low rate and the

control. Also the change in EC of the soil depended on

depth and water quality and their interaction when high rates



109

of H2SO4 and typsum were used, while it was affected

separately by the depth and water quality when low rates of

H2SO4 and gypsum or no amendments were used.

Regression equations were developed which can be

used to predict time and depth of water required to leach

one foot of Pima soil to a specific EC.

A significant correlation was obtained between the

EC of the saturation extracts and that of 1:1 soil:water

ratios.



APPENDIX A

FIELD AND LABORATORY INFILTRATION TABLES
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Table A-1. Field infiltration rates average of three
replications before the soil amendments were
applied (inch/hour).*

Hour	 Well Water	 River Water	 City Water

1 0.91 0.76 0.201

2 0.67 0.61 0.143

3 0.52 0.49 0.098

4 0.40 0.35 0.065

5 0.39 0.31 0.034

6 0.36 0.26 0.037

7 0.33 0.30 0.036

8 0.33 0.23 0.036

* The regression equation which was used to estimate the
infiltration rate was

y = 13 0 + b iTi + b 2T2

where:

y = estimated infiltration rates inch/hour.

1) 0 , b l and b 2 = regression coefficients.

T = time.
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Table A-2. Field infiltration rates, average of three
replications, for city water 8 months after the
chemical amendments were applied (inch/hour,
1975).

Hour Control Gypsum
1.72 ton/acre

H2SO4
1 ton/acre

1 0.163 0.63 1.12

2 0.07 0.38 0.81

3 0.06 0.30 0.48

4 0.051 0.17 0.42

5 0.048 0.15 0.34

6 0.04 0.15 0.23

7 0.039 0.15 0.22

8 0.039 0.15 0.22
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Table A-3. Estimated field infiltration rates, average of
three replications, for well water 8 months
after the soil amendments were applied (inch/
hour, 1975).

Hour Control Gypsum
1.72 ton/acre

H2SO4
1 ton/acre

1 0.96 1.20 1.63

2 0.76 0.99 1.25

3 0.60 0.82 0.95

4 0.48 0.69 0.73

5 0.39 0.61 0.67

6 0.37 0.57 0.66

7 0.37 0.57 0.62

8 0.37 0.57 0.62
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Table A-4. Field infiltration rates, average of three
replications, for river water 8 months after
the soil amendments were applied (inch/hour,
1975).

Hour Control Gypsum
1.72 ton/acre

H2SO4
1 ton/acre

1 0.76 1.15 1.59

2 0.65 0.92 0.96

3 0.48 0.80 0.80

4 0.41 0.48 0.72

5 0.38 0.46 0.52

6 0.28 0.46 0.51

7 0.26 0.46 0.50

8 0.26 0.46 0.50



Table A-5. Field infiltration rates, average of three
replications, for river water 15 months after
the soil amendments were applied (inch/hour,
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1976).

Hour Control Gypsum
1.72 ton/acre

H2SO4
1 ton/acre

1 0.87 1.30 1.63

2 0.66 1.01 1.27

3 0.52 0.76 0.98

4 0.42 0.61 0.71

5 0.33 0.48 0.64

6 0.30 0.48 0.62

7 0.30 0.48 0.54

8 0.30 0.48 0.54
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Table A-6. Field infiltration rates, average of three
replications, for well water 15 months after
the soil amendments were applied (inch/hour,
1976).

Hour Control Gypsum
1.72 ton/acre

H2SO41 ton/acre

1 1.09 1.63 1.92

2 0.88 1.20 1.44

3 0.68 0.94 1.05

4 0.50 0.74 0.88

5 0.40 0.61 0.70

6 0.40 0.61 0.70

7 0.40 0.61 0.70

8 0.40 0.61 0.70
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Table A-7. Field infiltration rates, average of three
replications, for city water 15 months after
the soil amendments were applied (inch/hour,
1976).

Hour Control Gypsum
1.72 ton/acre

H2 S041 ton/acre

1 0.243 0.930 1.37

2 0.150 0.657 0.86

3 0.087 0.420 0.70

4 0.053 0.320 0.53

5 0.037 0.197 0.40

6 0.030 0.170 0.27

7 0.030 0.170 0.26

8 0.030 0.170 0.26
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Table A-8. Laboratory infiltration rates, average of three
replications, for city water (inch/hour).

Hour	 Control
H2 SO4 Gypsum 

1.72 T/A	 8.6 T/A 1 T/A	 5 T/A

1 2.15 4.5 5.57 5.59 6.25

2 1.21 1.3 1.76 1.45 2.69

3 0.50 0.86 1.12 0.87 1.51

4 0.37 0.55 0.74 0.66 1.33

5 0.12 0.32 0.66 0.46 1.28

6 0.07 0.31 0.58 0.41 1.25

7 0.03 0.31 0.54 0.40 1.25

8 0.03 0.31 0.53 0.40 1.25
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Table A-9. Laboratory infiltration rates, average of three
replications, for river water (inch/hour).

Hour	 Control Gypsum 	 H2 SO4 
1.72 T/A	 8.6 T/A	 1 T/A	 5 T/A

1 3.99 6.02 6.82 6.62 7.3

2 1.09 1.70 2.67 1.83 3.49

3 0.75 0.87 2.22 0.90 1.47

4 0.59 0.71 1.33 0.73 1.43

5 0.32 0.47 1.19 0.71 1.39

6 0.27 0.45 1.05 0.67 1.37

7 0.24 0.43 0.93 0.64 1.36

8 0.24 0.43 0.89 0.64 1.37
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Table A-10. Laboratory infiltration rates, average of three
replications, for well water (inch/hour).

Hour	 Control Gypsum	 H2SO4 
1.72 T A	 8.6 T/A	 1.0 T/A 5 T/A

1 5.49 7.37 8.10 8.29 9.10

2 1.11 3.17 3.53 3.2 3.9

3 0.59 1.68 2.29 2.1 2.46

4 0.46 1.35 2.05 1.75 2.22

5 0.38 1.08 1.66 1.32 2.18

6 0.35 0.96 1.80 1.25 2.19

7 0.33 0.77 1.70 1.24 2.16

8 0.33 0.75 1.70 1.24 2.16
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