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ABSTRACT 

Reclamation of four salt-affected soils collected from southern 

Arizona was studied in the greenhouse and laboratory. Two rates of four 

amendments (sulphuric acid, gypsum, ammonium polysulphide, and ammonium 

thiosulphate) were applied in triplicate. Results were evaluated in 

terms of changes in nutrient availability, ions removed by leaching, 

plant growth, and infiltration rates. 

In most cases the high rates of sulphuric acid and gypsum in

creased the solubility of the major cations (Na, K, Ca, and Mg) in the 

soil. If the required amount of leaching water were applied to the soil, 

a significant amount of these cations, especially Na, was leached from 

the soil. For the Gothard soil (saline-sodic) two pore volumes were 

sufficient to accomplish leaching, but were insufficient for the Guest 

(nonsaline - slightly sodic) and Gilman (highly saline - sodic) soils. 

High rates of sulphuric acid and g)Tsum decreased the pH and 

increased the EC for all soils, although the EC was not significant at 

the 595 level for the ~lohall (nonsaline - nonsodic, calcare•}us) soil. All 

treatments decreased the pH of the Gothard soil significantly; however, 

the greatest increase in EC and least pH were obtained from acid 

application. 

Regarding changes in phosphorus (P), all treatments increased the 

amotmt of soluble P in the leachates from the Gothard and Guest soils; 

whereas available soil P increased significantly only with the acid 

xi 
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treatments. None of the treatments affected the amount of Pin the 

Gilman soil leachates, but acid and gypsum increased the available soil 

P. Anunonium polysulphide and ammonium thiosulphate tended to increase 

available P but the increase was not significant at the 5% level. None 

of the treatments affected the P parameters for the Mohall soil. 

Sulphuric acid increased growth and P uptake of alfalfa plants 

on all soils except the Mohall. Gypsum and ammoniwn polysulphide in

creased P uptake on the Gothard and Guest soilswhereas ammonium thio

sulphate increased P uptake only for the Guest soil. 

Sulphuric acid and gypsum increased the infiltration rates for 

all four soils. Thiosulphate produced intermediate infiltration rates 

while the lowest rates were found with ammonium polysulphide and the 

untreated soils. 

Although amendment rates were based on equivalent amounts of 

sulphur and their effectiveness in supplying soluble calcium, and the 

exchangeable sodium status of each soil, results varied according to 

such factors as rate of oxidation of the amendment, lime content of the 

soil, soluble salts present in the soil, and soil texture. 



CHAPTER 1 

INTRODUCTION 

Within the arid and semi-arid regions there are large areas of 

salt-affected soils which can potentially supply considerable amounts of 

food, lead to more diversified economies, and assist in improving the 

local standard of living. As the pressure for agricultural products 

increases, the demand for maximum yields from the salt-affected areas 

will become greater. 

It has been reported that 26,750,000 hectares of agricultural 

lands, in the eleven western states of the United States, are salt

affected soils (Fletcher and Schurtz 1974). High exchangeable sodium 

and soluble salts reduce the productivity and value of an estimated 

seven million hectares of producing and potential crop area in India. 

The problem of alkali and saline soils are very old, although they have 

been spread and made worse because of development of irrigation systems 

without adequate provisions for drainage and by poor water management 

practices (Abrol and Fireman 1977). 

On sodic or alkali soils, because of water standing on the fields, 

planting is often seriously delayed and seeding is not successful. On 

the other hand crusting of the soil surface frequently results in re

tarded and uneven emergence of crops. Therefore crop production will be 

low since these problems will create undesirable situations for the 

plant growth. The detrimental effect of high pH in sodic soils may not 

1 
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be a direct toxicity from sodium carbonate or hydroxyl ion (OH-) concen

tration, but rather one in which the nutritional balance and absorptive 

process of the plant are greatly disturbed. The problem is a result, 

in part, of the effect of alkalinity on the normal functioning mechanism 

of ion absorption and upon the solubility of some essential elements, 

such as phosphorus, calcium, iron, manganese, zinc, and copper (McGeorge 

and Frazier 1939; Stroehlein, Miyamoto, and Ryan 1978) . Therefore, the 

OH--ion concentration and the potential alkalinity of soils play an 

important role in availability and absorption of essential plant nutri

ents. On the other hand according to the concept of contact ionic 

exchange, the exchangeable ions may move from the soil colloid to the 

root colloid or vice versa. In neutral soils this appears to be an 

exchange of H+ ions of the roots for basic ions of the soil colloid. 

In sodic soils containing an excess of OH ions this exchange will occur 

only when acidifying amendments are added to the soil to reduce the OH 

ion concentration (~~George 1943). 

Choice of an amendment for reclamation of a sodium-affected 

soil should first be based on whether the soil contains free lime (cal

cium carbonate). If the soil does not contain free lime which can be 

dissolved with proper amendments, then calcium must be supplied directly 

with the amendment to the soil (Stroehlein 1980). According to Cairns 

and Beaton (1976) and Tisdale (1970), the chemical amendments employed 

in reclamation of sodium-affected soils include: sulphuric acid (H 2S0 4), 

gypsum (CaS0 4 • 2H 20), elemental sulphur (S), sulphur dioxide (S0 2 ), 

calcium polysulphide (CaSx), ammonium polysulphide (NH 4 Sx), ammonium 

thiosulphate [(:\1\) 2 S2 0 3 ], aluminum sulphate (.-U 2 (S0 4 ) 
3

•181-1 20], and 
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iron sulphate (FeSOi. • H2 0). The following reaction illustrates the 

replacement of adsorbed sodium by calcium in sodium-affected soils when 

treated with any of these chemicals. 

soil r Ca++ 2 
+ 

Ca [ soil + __.. Na + 

Na 

Several reports by McGeorge (1943); Miller (1953); Wallace, 

Romney, and Alexander (1976); Gupta and Bajpai (1977); Clement (1978); 

Stromberg and Tisdale (1979); and Stroehlein (1980) suggest that plant 

nutrition and growth on sodium-affected soils are benefited by the addi· 

tion of acidying amendments. 

The objectives of this research were: 

1. 
+ + ++ ++ 

to observe changes in major cations (Na , K , Ca , and Mg ) 

of salt-affected soils when treated with acidifying amendments, 

2. to study changes in salinity and alkalinity of salt-affected 

soils when treated with acidifying amendments, 

3. to determine if the addition of amendments which acidify soil 

can o•,ercome phosphorus deficiency in salt-affected soils, and 

4. to determine if the addition of amendments may be useful in 

improving the infiltration rate of salt-affected soils. 



o-IAPTER 2 

LITERATURE REVIEW 

This chapter will focus on the salinity and agriculture, osmotic 

pressure, toxicity and specific ion effects, hydraulic conductivity, 

phosphorus availability and acidifying amendments for reclamation of 

sodium-affected soils. 

Salinity and Agriculture 

Fuller (1963) mentioned that about 55% of the earth's land is 

located in dry regions known as the arid and semi-arid zones. In these 

zones accumulation of high amounts of salt and sodium may create a 

serious problem for agricultural production. 

Salt problems seem to be increasing everywhere. In west Paki

stan because of salinization 40,500 hectares per year are going out of 

production. In India, 6 million hectares have gone out of production 

because of high salinity. There are about 10 mill ion hectares of salt

affected lands in Iran, o·f which the majority are irrigated. In Syria, 

more than 50% of the soils are salt-affected. We can find the same type 

of data for Afganistan, Cyprus, Iraq, Yemen, Somalia, Jordan, Kenya, and 

Turkey. Also in South Africa, salt-affected areas are a continuing 

problem. According to the U.S. Salinity Laboratory, 25% to 30% of the 

irrigated lands in the U.S.A. suffer from salt-caused yield impairment 

(Casey 1972) . 

4 
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As an example, the present salinity of the Colorado River in the 

lower basin and the Southern California Water Service area is calculated 

to cost $16,000,000 annually. If development of planned water resources 

is completed and if no salinity controls are implemented, the loss will 

rise to $28,000,000 in 1980 and SSl,000,000 in 2010 (Casey 1972). 

Plants growing in salt-affected soils can accumulate mineral 

salts in their tissues in considerable amounts, sometimes to 50% of dry 

matter. High salinity level brings a diminution of chlorophyll and 

starch in plants (Casey 1972, UNESCO 1954). 

Salts may accumulate in the soil as a result of weathering pro-

cesses, evaporation, .and irrigation, the latter being the principal 

factor affecting the redistribution of soluble salts along the soil 

profile. Strictly speaking, soluble salts are the most important ones 

which can cause problems with agricultural production. Generally soluble 

++ ++ + salts consist of cations (Ca , ~lg , and ~a ) and anions (C0 3 

S04 , Cl-, HC0 3-, and N0 3 ), although CaC0 3 is relatively insoluble. 

Crop production is reduced in salt-affected soils. Poor soil 

physical conditions, high exchangeable sodium content, high osmotic 

pressure, toxicity conditions, high pH, and nutritional imbalances 

create a situation for yield reduction in salt-affected soils. These 

soils may be defined as saline, alkali (sodic), saline-alkali, and cal-

careous soils. A saline soil has an electrical tonductivity of the satu-

ration extract (EC ) of more than 4 millimhos per centimeter (rnmhos/cm) 
e 

at 25°C, an exchangeable sodium percentage (ESP) less than 15, and a 

pH value of the saturated soil paste less than 8 .:! . :-.lajor problems with 

saline soils are high osmotic pressure which causes water stress and 
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specific ion toxicities. A sodic soil contains more than 15 ESP, an EC 
e 

less than 4 mmhos/cm (which causes soil dispersion), and has a pH value 

greater than 8.2, thereby adversely affecting physical and nutritional 

properties of the soil. A saline-alkali soil usually has a high EC 
e 

(> 4 mmhos/crn) and a high ESP (> 15). A calcareous soil contains free 

calcium carbonate (lime), with an EC less than 4 mmhos/cm, ESP less e 

than 10, and pH ranges from 7.5 to 8.2 (Abrol and Firemann 1977; Strom-

berg and Tisdale 1979). 

Osmotic Pressure 

It is well known that the addition of a soluble salt to an 

aqueous media increases its osmotic pressure. The effect of saline and 

alkali soils on plant growth is related to the increased osmotic pres-

sure of the soil solution which results in a decrease in the physio-

logical availability of water to the plant and an accumulation of toxic 

quantities of various ions within the plant (UNESCO 1954). 

Wadleigh and Ayers (1945) have intensively investigated the 

water relations of soils as influenced by soluble salts. They concluded 

that osmotic effects are chiefly responsible for retardation or lack of 

growth of plants on salt-affected soils. Also Magisted and Reitemeier 

(1943) and Childs and Hanks (1975) showed that the only salinity effects 

needed to be considered are osmotic potential. 

According to Long's (1943) idea, salt injury to plants may be 

the result of two effects: first, when the osmotic pressure of sub-

strates increases, the water tension in plant tissues also increases, 

which may he detrimental; and second, salt in contact with absorbing 
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membrane root cells, or accumulated salt within the plants, may be 

directly injurious to the protoplasm. Also a reduction in the rate of 

uptake of water and the nutrient ions occurs due to the addition of 

sodium chloride to the culture solution. 

Everado, Stolzy, and Mehuys (1975) studied the influence of soil 

osmotic potential on growth and grain yield of wheat. They found that 

high salinity in the rooting medium reduced transpiration and grain yield 

and increased leaf resistance to water diffusion. Leaf total water 

potential and osmotic potential were decreased with increasing soil 

salinity. 

It has been obvious that seed germination is retarded due to the 

presence of soluble salts in the plant root zone. This is due to the 

high osmotic pressure of the soil solution. As osmotic pressure of the 

soil solution increases the percentage of germination decreases 

(Tavassoli 1978). 

According to Talsma and Philip (1971) salinity is a hazard to 

many plant organs. High osmotic pressure of the substratum destroys 

plants' water exchange and also salts exercise a direct toxic effect on 

the protoplasm. Hummadi (1977) concluded that high salinity and sodicity 

substantially depressed growth and yield of wheat mainly because of 

osmotic pressure. 

Toxicity and Specific Ion Effects 

The nature and intensity of the effects of a toxic substance 

vary with the nature of the substance and its degree of concentration 
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in the external solution. Even the elements essential to plant life are 

toxic in over concentrated solutions. 

Bower and Wadleigh (1948) showed that the activities of calcium, 

magnesium, and potassium decreased as the exchangeable sodium percentage 

of the substrate increased. When toxic accumulations of ions occur, 

damage to the crop by leaf burn and defoliation is generally additive 

with the growth-reducing osmotic effects of salinity. 

Ahi and Powers (1938) reported that soluble salts may cause 

injury to plants in different ways. TI1ey mentioned that soluble salts 

can cause abnormalities in soil physical conditions or can prvent plants 

from absorbing water by inhibiting biological activities. Seeds may 

germinate in salt-affected soils, but before finishing the seedling 

stage, they may die from the high and changing concentration of soil 

solution. 

Soil acidity sometimes causes excessive uptake of some metal 

ions, particularly manganese, resulting in a characteristic chlorosis 

and stunting of affected plants. TI1e laminae and petioles are uniformly 

pale yellowish green and the plants have an upright appearance with the 

leaf margins rolling inwards (Draycott 1972). 

A general stunting of plant growth is the most common salinity 

effect. Also, salt-affected plants may have darker green leaves which 

are thicker and more succulent. Toxic accumulation of Cl and ~a may 

cause leaf burn, necrosis, and defoliation in plants (Eaton 1942). Also 

Talsma and Philip (1971) believe that sodium and chloride are the most 

damaging factors to plants in salt-affected soils. Damaging effects due 



to these ions may be described as growth or yield decrement, leaf 

damage, and increased succulence. 

Harris (1915) found that wheat germination was reduced greatly 
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(> 50%) by NaCl in concentrations above 3,000 ppm, and it stopped at 

about 6,000 ppm. Magnesium chloride stopped germination above 4,000 ppm 

concentration and appeared to be the least toxic of the chlorides tested. 

Germination was reduced greatly(> 50%) with about 10,000 ppm of Na
2
S04 

or Na
2

C0
3

• Over 50% of the seeds germinated at a concentration of 3,000 

ppm of MgS0 4 . As a final conclusion, salt concentrations up to 1,000 

ppm were beneficial, whereas 1,500 ppm concentration and greater were 

increasingly toxic. 

Ayers and Hayward (1948) found that the toxic effect of absorbed 

ions and the increment of osmotic pressure of the soil solution were the 

main determental factors of salt-affected soils. Chang and Dregne 

(1955) found that a Ca deficiency occurred when there was an excessive 

sodium concentration. Hummadi (1977) concluded that increasing salinity 

and sodici ty of irrigation water increased the Na level in soil and in 

plant tissue but decreased K level of the leaf. Therefore the yield 

reduction resulting from salinity and sodicity of the irrigation water 

was attributed to decreased potassium uptake. 

Hydraulic Conductivity 

In soil management, soil permeability is a very important factor. 

The concentration and the composition of percolating solution has a 

great influence on the hydraulic conductivity and the stability of the 

soil. Fireman and Bodman (1939); ~lc~eal and Coleman (1966); Singh and 
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Jaswal (1973); and Yahia (1974) found a reduction in soil permeability 

with increasing sodium absorption ration (SAR) and decreasing electro

lyte concentration of the percolating solution. The reduction in 

permeability can be due to clogging of conducting pores either by swell

ing of soil minerals or by migration of clay platelets which accumulate 

and decrease the pore sizes (McNeal, Norvell, and Coleman 1966) . 

Considering ESP and salt concentration in a soil, the hydraulic 

conductivity of a sandy loam soil was very sensitive to the ESP of the 

soil at a low salt concentration (O.OlN), even at low ESP(< 20) 

(Pupisky and Shainberg 1979; Oster and Frenkel 1980). 

To improve infiltration and hydraulic conductivity of sodium

affected soils, there is considerable evidence which indicates that 

acidifying amendments, particularly sulfuric acid, can markedly increase 

the infiltration rate of sodium-affected soils (Overstreet, Martin, and 

King 1951; Miller 1953; Mohammad 1972; ~liyamoto and Stroehlein 1974; 

Yahia 1974; Stroehlein 1980). 

Phosphorus Availability 

After nitrogen, phosphorus is usually the most deficient plant 

nutrient in soil and has a low mobility in soils. Movement of phos

phorus in soils is restricted by precipitation of phosphate by cations 

such as aluminum and iron (in acid soils) and calcium (in alkaline soils) 

and adsorption by soil colloids. ~lovement depends on the processes of 

diffusion and mass transport when· solution flows through the soil system. 

Leaching of phosphorus in the soil starts when the adsorption capacity 

of the soil is exceeded. However, the average pore water velocity is 
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a major factor which influences phosphorus transport in porous media 

(DeCamargo, Biggar, and Nielson 1979). 

Phosphorous diffusion in soil plays an important role in the 

phosphorus absorption by plant roots. In soils differing in texture, 

the water in a fine sandy loam soil may contain eight times as much 

dissolved phosphorus as an equal volume of water in a clay soil. There-

fore, the potential of phosphorus varies in a regular manner in relation 

to clay content of the soil. As a conclusion, the availability of phos-

phorus in a soil will be a function of the chemical potential of 

phosphorus and its rate of decrease with phosphorus withdrawal of the 

soil system (Olsen and Watanabe 1969) . 

According to ~lcGeorge and Greene (1935), in arid and semi-arid 

lands, phosphate exists in soil largely as calcium carbonate phosphate 

which is a compound formed by the combination of calcium phosphate and 

calcium carbonate; so the properties of the compound are such that the 

lowest solubility will result with the presence of the solid phase 

calcium carbonate, and the greatest solubility will result when hydrogen 

ions + (H) are present to attack the calcium carbonate of the complex. 

Usually there is no deficiency of potential phosphate reserve in 

any alkaline calcareous soils. The major deficiency is due to soil 

properties \~·hich govern the solubility to the plant roots. In these 

alkaline calcareous soils, phosphate is present as a compound formed of 

three mols of tri-calcium phosphate and one mol of calcium carbonate, 

with minor amounts of iron and aluminum phosphate. Solubility studies 

on these soils have sho\~11 that soils with pH values of 8 to 8 .5 contain 

the smallest amount of soluble phosphate. \\nen the pH increases, the 
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solubility of calcium phosphate decreases, whereas the opposite is found 

with iron and aluminum phosphates. Thus, under alkaline calcareous soil 

conditions, which exist in the arid and semi-arid regions, the solubility 

of phosphate is at a minimum and usually fails to supply the requirements 

of the crop (McGeorge 1935). On the other hand, Olsen and Watanabe 

(1957) concluded that sodic soils sorbed less phosphorus per W1it of 

surface area with less bonding than acid soils. 

The availability of phosphorus to plants seems to be determined 

to a considerable extent by soil pH. When the soil is highly sodic 

(pH> 10) the Po; ion is predominant in the soil solution. As the 

soil pH is lowered to the range of 7 to 10, then the predominant ion 

is HP0 4 However, at a pH value less than 7, the phosphate will be 

present mostly as H2 P0 4 ions. All of these forms of ions can be 

absorbed by plant roots (~Tiller 1953). Pratt (1961) agrees that the 

solubility of phosphorus increases with acidifying of the soil up to 

a certain point, but after that point the situation will be the opposite. 

Phosphorus is commonly applied to soils in soluble forms such as 

super phosphate and less soluble forms such as rock phosphate and basic 

slag. The effectiveness of the applied material is dependent on many 

factors such as: soil, crop, and climate. It has been shown that in 

calcareous soils a large quantity of applied phosphorus changes to the 

less soluble Ca-P forms with time. There will be a shift of the Al -P 

and Fe-P to the less soluble Ca-P. Sen Gupta and Cornfield (1963) 

called it conversion of water soluble P to water-insoluble forms. Al-P 

and Fe-P will be more concentrated in the clay-sized fractions of soils 
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whereas the Ca-P form will be richer in the silt-sized fractions of soil 

(Hooker et al. 1980). 

Comparing the application of organic matter (manure) and in-

organic phosphorus fertilizer to the soil, Abbott and Tucker (1973) and 

Meek et al. (1979) concluded that organic matter increases the movement 

of phosphorus in the soil, whereas the application of inorganic ferti-

lizer did not. Also they showed that if manure is applied to the soil 

for many years, eventually the P-fixing capacity of the soil may be 

satisfied. 

Paliwal and Gandhi (1976) studied the effect of salts on the 

solubility and availability of phosphorus. They found that the amount 

of available phosphorus slightly increased with the initial increase of 

salinity (ECe = 4 to 10 mmhos/cm) but then decreased with higher salin

ity (ECe = 45 to SO mmhos/cm). It appears that at low to moderate 

salinity levels (4 to 10 mmhos/cm) more phosphorus is dissolved whereas 

at higher levels of salinity its solubility is reduced. As a result, 

in the presence of excess salts the reduction in activity of phosphate 

ions causes a decrease in the availability of phosphorus. However, 

phosphorous availability is further reduced by phosphate fixation in 

presence of calcium carbonate in the soil. 

Acidifying Amendments for Reclamation 
of Sodium-affected Soils 

Besides elemental sulphur, a number of sulphur containing mate-

rials including sulphuric acid, gypsum, ammonium polysulphide, ammonium 

thiosulphate, sulphur dioxide, and calcium polysulphide have been used 

successfully for treatment of sodium-affected soils (Tisdale 1970~ 
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Cairns and Beaton 1976). Except for sulphuric acid and gypsum, the 

other chemicals above, when added to a soil as an amendment, must first 

be converted to sulphuric acid. Oxidation of the reduced form of sulphur 

to sulphuric acid is brought about by soil microorganisms. The sulphuric 

acid reacts with CaC0 3 to provide soluble calcium. As a result, if 

H2S0 4 is added to the soil instead of other acid forming materials, it 

reacts directly and instantaneously with native CaC0 3 • However, in any 

case where chemical amendments are added to a salt-affected soil as a 

reclamation procedure, it is required to remove the displaced sodium 

by leaching with a good quality water (Tisdale 1970). 

According to Stromberg and Tisdale (1979), the amount of the 

amendment which is required to improve soil physico-chemical properties 

depends on the acid forming properties of the amendment, the amount of 

free lime in the soil, and the soil texture. Obviously, fine-textured 

soils with high carbonate contents will require much more of the amend

ment than will coarse-textured soils with low carbonate contents. 

Sulphur (S) 

Elemental sulphur has an acidifying effect on sodium-affected 

soils containing calcium carbonate. It acts by releasing calcium ions 

resulting in improved soil structure. The biological activity con

nected with the oxidation of sulphur into sulphuric acid will result 

in a solvent action toward several important nutrient elements which are 

present in the soil in insoluble or unavailable forms (McGeorge and 

Greene 1935; Overstreet, Martin, and King 1951; Clement 1978; Babiker 

1979) . 
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Oxidation of sulphur in Ari:ona soils and its effect on soil 

properties was studied by McGeorge and Greene (19.35). They found that 

sulphur is a very efficient amendment for reducing the alkalinity of 

Arizona soils, for improving their physical properties, and for in

creasing the availability of calcium, phosphorus, and potassium. Sen 

Gupta and Cornfield (1964) established a short study on the effect of 

adding four acidifying materials (sulphur, ammonium sulphate, ferrous 

sulphate, and aluminum sulphate) to a calcareous soil. On the availa

bility of phosphorous to ryegrass they found that the sulphur treatment 

was the only one which significantly increased dry matter yields and 

total phosphorus. The other amendments significantly reduced top/root 

ratios, dry matter yields, and total phosphorus. 

Powers (1946) investigated the reclamation and use of alkali 

soils. He found that sulphur enabled a sweet clover crop to be grown 

in the alkali soil where without treatment the soil remained unproduc

tive. Thomas (1936) studied the effect of various kinds of sulphur on 

reclamation of black-alkali soils. He found that all the soils treated 

with sulphur gave good results, both in the laboratory and in the field, 

but the rates of oxidation were different. He also concluded that with 

the soils used in his research, at least, artificial inoculation of 

sulphur with Thiobacillus thidoxidans was not necessary, although the 

rate of oxidation of sulphur inoculated was greater than that of the 

uninoculated sulphur for the first eight weeks of the research. To get 

the best results with sulphur treatment, the soil should be: veled and, 

after application, the sulphur should be well mixed with the soil. 



Keeping the soil moist and well aerated by irrigation and cultivation 

should be as frequent as is necessary. 
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An investigation of the effect of sulphur on some physico

chemical properties of three irrigated alkaline but noncalcareous soils 

was done by Aldrich (1948). He concluded that in the treated plots on 

all soils the proportion of clay particles floculated into aggregates 

more than 0.002 mm in diameter, equaled or was greater than that in 

corresponding nontreated plots. Sulphur treatment reduced exchangeable 

calcium, magnesium, and potassium. On the other hand, sulphur increased 

exchangeable ammonium and had little effect on exchangeable sodium. 

Also sulphur treatment increased soil conductivity, water-soluble cal

cium, magnesium, potassium, iron, and manganese. Soluble phosphorus was 

increased in one soil by adding sulphur, whereas it was decreased in the 

other soils by the same treatment. 

Sulphuric Acid (H 2SO~) 

Use of sulphuric acid has continued with direct application of 

the amendment to localized high alkali areas in addition to distribution 

via irrigation water for larger areas. The use of sulphuric acid for 

the reclamation of sodium-affected soils is not a new idea. It was 

applied to alkali soils over 80 years ago in an attempt to neutralize 

and correct them (Stauffer Chemical Company 1947). 

Numerous authors have corrnnented on the improvements of sodium

affected soils by using sulphuric acid as an amendment (e.g., >lcGeorge 

1943; i'liller 1953; Overstreet, i'lartin, and King 1951; Johnson and Law 

1967; i'lohammad 1972; Yacobi 1973; i'liyamoto and Stroehlein 1975; 
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Yahia 1974; Wallace et al. 1976; Gupta and Bajpai 1977; Clement 1978; 

Stromberg and Tisdale 1979; Stroehlein 1980). In the studies of techni

cal information and guidelines for using sulphuric acid for soil and 

irrigation water improvement, Stroehlein et al. (1978) reported that 

sulphuric acid can be used for controlling calcium precipitation, 

reducing sodium-hazard, reducing ammonium volatilization, and reclaiming 

sodium-affected soils. 

The application of sulphuric acid for reclamation of a sodium

affected soil may be of value in several of the following ways: 

1) Acid application can improve the soil physical condition through 

an increase in electrolyte concentration in the soil solution and 

through a decrease in exchangeable sodium percentage (McGeorge 1943; 

Overstreet, Martin, and King 1951; Miller 1953; Mohammad 1972; Miyamoto 

and Stroehlein 1974; Yahia 1974; Stromberg and Tisdale 1979; Stroehlein 

1980). However, acid treatment of nonsodic soil at high rates reduces 

the rate of water penetration because of structural disturbance 

(Miyamoto and Stroehlein 1975; Miyamoto et al. 1973). 

2) Host of the micronutrients and certain other nutrients can be 

made more available, particularly if the soil pH is lowered by the acid 

(McGeorge 1943; Ryan and Stroehlein 1973; Wallace et al. 1976; Gupta 

and Bajpai 1977; Clement 1978; Stromberg and Tisdale 1979; Ryan and 

Stroehlein 1979). Christensen and Lyerly (1954) studied the effect of 

sulphuric acid on crop yields and on some physico-chemical properties 

of a calcareous soil. They found that the lowered pH increased the 

solubility and availability of some of the micronutrients. Also, the 

low pH resulted in more soil organic matter. Treatment of sulphuric 



acid often makes manganese more available, sometimes with adverse 

effects. Also it is recommended that to improve iron deficiency in 
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field crops sulphuric acid can be banded below the seeds (Wallace 1978; 

Mathers 1970). Reducing the pH of the irrigation water by addition of 

small amounts of sulphuric acid greatly increased the absorption of 

phosphate by plants irrigated with such water (McGeorge 1935). The same 

conclusion was made by Olson (1950) which showed that sulphuric acid 

treatment increased the availability of phosphorus to the plants, and 

consequently accounts for the higher yields with this treatme'.1t. Besides 

this, the roots of plants grown in acid-treated soil had significantly 

more active iron than other roots. Miller (1953) commented that for 

most sodium-affected soils, sulphuric acid is a soil conditioner for 

improving the water penetration and other physical properties of the 

soil. Sulphuric acid also increased availability of some macro plant 

essential elements such as nitrogen, phosphorus, potassium, calcium, 

magnesium, and sulphur; as well as some micro plant essential elements 

such as manganese, copper, :inc, and iron. 

Besides the dual ability of sulphuric acid in increasing water 

penetration and nutrient availability in salt-affected soil, it has been 

used to reduce elemental toxicity in such soils. Prather (1977) recom

mended that application of sulphuric acid with subsequent leaching may 

be the key to reduce toxicity in high boron soils. 

Some studies have compared the effect of sulphuric acid and other 

acidifying amendments on reclaiming salt-affected soils. Almost always, 

the results indicated that the sulphuric acid is the best and fastest 

amendment to achieve the purpose. Fletcher and Schurtz (1974) reported 
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that soil treatment with sulphuric acid increased corn and barley pro

duction significantly, whereas gypsum treatment indicated an early 

increase in plant growth but was not significant in the final analysis. 

Also the acid treatment indicated significantly an increase in magnesium 

and zinc and a decrease for sodium in plant tissues. A laboratory 

column study of sodium-affected soil reclamation was carried out by 

Prather et al. (1978) . They used CaS04 • 2H/J, Cc1Cl 2, and H2S0 4 to 

reclaim two soils with a high ESP and cation exchange capacity (CEC). 

The results of their studies showed that overall, as a single amendment, 

H2S0 4 was superior to either CaCl 2 or CaS0
4 

• 2H 20 for reclamation of the 

tested soils. Al so H2S0 4 was as effective as CaCl 2 in increasing soil 

permeability. Miyamoto, Ryan, and Stroehlein (1974) investigated the 

effect of four soil amendments (S0 2, sulphuric acid, ferrous sulphate, 

and gypsum) on sorghum yield, using two different calcareous soils. 

They found that sulphuric acid increased vegetative growth as effective

ly as S02 in both soils. Ferrous sulphate also increased the vegeta

tive growth in one soil, but the gypsum treatment did not have any 

effect on the vegetative growth. 

Overstreet, Martin, and King (1951) worked on reclamation of a 

calcareous alkali soil very high in adsorbed sodium. They showed that 

sulphuric acid sprinkled directly on the soil was of greater value than 

an equivalent amount of either gypsum or sulphur. The application of 

sulphur appeared to be of little or no value. 

According to ~!iyamoto and Stroehlein (1975), laboratory data 

have shown that when rates of sulphuric acid treatments are less than 

5 tonnes per hectare, water application of acid will be as effective as 
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soil-applied acid. However, either water or field application of acid 

requires special care because obviously sulphuric acid is very corrosive 

and hazardous. 

Besides these two methods of acid application, foliar sprays 

have been successful. In a field experiment, Dungarwal, Mathur, and 

Singh (1974) investigated the effect of foliar sprays of sulphuric acid 

with and without elemental sulphur in the prevention of chlorosis in 

peanut (Arachis hypogaea L.). ·They found that sulphuric acid-treated 

plants significantly contained 4 to 5 times more total chlorophyll as 

compared to control plants or elemental sulphur-treated plants. 

Gypsum (CaS0 4 • 2H 20) 

A sufficiently high ~a+/Ca++ ratio in sodium-affected soils is 

harmful to soil and plant growth. The primary method of lowering this 

ratio is to apply extra Ca++ on the field. Gypsum is generally the most 

++ reasonably priced source of Ca for reclamation of sodium-affected 

areas, and it has been used for this purpose since 1890 (McGeorge, 

Breazeale, and Abbott 1956). Gypsum possesses soil conditioning value 

because of the calcium and not necessarily because of the sulphate. 

In sodium-affected soils, both the surface and the subsoil tend 

to be dispersed; the surface soil from a deficiency of soluble cations 

and the subsoil from a high proportion of sodium in the total soluble 

salts. Flocculation of the colloids at the soil surface can be one 

beneficial effect of using gypsum (Reitemeier et al. 1948; Reeve, Alli-

son, and Peterson 1948). Surface-applied gypsum under a dryland situa-

tion favorably influenced the chemical properties of the A and B 
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horizons and water penetration (Carter 19i8). The interaction of added 

gypsum to alkaline soil with uptake of some micro elements was studied 

by Olsen and Watanabe (1979). The results showed that gypsum consis-

tently increased ~m concentration from 70 to 90 ppm and Zn from 56 to 

80 ppm in sorghum tissue. 

Other authors have commented on improvement of sodium-affected 

soils due to use of gypsum. Yahia et al. (1975) suggested that gypsum 

is a popular amendment for improving physico-chemical properties of 

sodium-affected soils. Effect of varying levels on the solubility and 

adsorption of fluorine in a salt-affected soil was studied by Chhabra, 

Singh, and Abrol (1980). They found that addition of gypsum to the soil 

will not only reduce soil ESP but also simultaneously result in a reduc-

tion of soluble fluorine and, therefore, its uptake by plants. 

Bower et al. (1951) invest~gated the improvement of an alkali 

soil by treatment with manure, lime, sulphur, and gypsum. They con-

eluded that,of the various chemical amendments applied, gypsum was the 

most effective in improving the soil infiltration rate and increasing 

percentage of soil aggregates. 

The dissolution reaction of solid phase gypsum produces ionic 

++ --calcium (Ca ) and sulphate (S0 4 ) and the ion pair (CaS0 4 ) in the 

solution phase. Dutt and Doneen (1963) discussed this situation and 

suggested that as a first approximation the adsorption of anions and 

formation of undissociated ion pairs may be neglected. According to 

Glas and ~!cWhorter (1979), the concentration of calcium in the solution 

equilibrated with an extra amount of gypsum material varies from 29. i 

\ 
to 31.6 meq/liter which provides an average of 30.5 meq/liter. On the 
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other hand, Oster and Frenkel (1980) evaluated the reclamation of 

sodium-affected soils by using gypsum and lime. They concluded that 

the effective solubility of gypsum in a sodic soil will increase because 

Ca
++ 

the exchange phase acts as a sink for released by gypsum dissolu-

tion and as a source for soluble Na+ until the system reaches the steady 

state. Mixing gypsum into sodic soils hastens the reaction and creates 

higher solution concentrations for the improvement of the soil hydraulic 

conductivity. 

One problem dealing with using gypsum for reclamation of sodium-

affected soil may be its high price. To overcome this problem, gypsum 

stones instead of powdered gypsum can be used. Ahmad et al. (1979) 

studied the use of gypsum stones to lower the SAR of irrigation water. 

They foW1d that g1~sum stones 5 to 20 kg in size are a usable source of 

++ 
the Ca needed to bring down the SAR in sodic irrigation water. 

Ammonium Polysulphide CAPS, NH4Sx) and 
Ammonium Thiosulphate [Thiosul, (NH4)2 S20 3 ] 

Ammonium polysulphide (APS) contains about 20 % nitrogen and 46 9& 

sulphur. When added to the soil the elemental sulphur is oxidized by 

soil microorganisms and finally converted to sulphuric acid. On the 

other hand, ammonium thiosulphate (Thiosul) contains 12% nitrogen and 

26 % sulphur, when it is added to the soil, and breaks down into ammo-

nium sulphate and elemental sulphur. As usual, the elemental sulphur 

oxidizes and converts to sulphuric acid (Stromberg and Tisdale 1979). 

Sometimes these arn.monium chemicals are called soluble sulphur 

or soil conditioning agents. They have surface active properties 

causing a reduction in surface tension of water which is due to 



hydrophilic groups such as sulphate and sulphonate. This reduction in 

surface tension of water can increase the entry of water into the soil 

" -... .) 

following the addition of arrunonium polysulphide or ammonium thiosulphate 

to a sodium-affected soil. This phenomenon is not ascribable to the 

+ ++ simple displacement of ~a from the exchangeable Ca or to an increment 

in acidity (Cairns and Beaton 19i6). The same authors have commented 

favorably on increasing barley yields due to treatment of the same soil 

with ammonium polysulphide and ammonium thiosulphate. 

~kGeorge et al. (1956) studied the effect of polysulphides and 

other amendments as soil conditioners in alkaline-calcareous soils and 

demonstrated that there was an increase in water penetration and seedling 

emergence for sulphur, g1~sum, and sulphuric acid treatments, but no 

increase for the po lysulphide application. On the other hand. Robinson, 

Cudney, and Jones (1968) evaluated the effectiveness of ammonium and 

calcium polysulphides and sulphuric acid on improving the intake rate of 

irrigation water by a soil at the Imperial Valley Station. They con-

eluded that the arrunonium polysulphide had the greatest effect on improv-

ing the soil intake of water, whereas the calcium polysulphide had no 

effect and sulphuric acid had smaller effects on improving the soil 

intake rates. 

Babiker (19i9) compared the rate and magnitude of oxidation of 

elemental sulphur (10,000 ppm was applied) and ammonium polysulphide 

(]0 ppm was added) in five different Ari:ona soils. He concluded that 

the oxidation of ammonium polysulphide proceeded in a relati\·ely shorter 

time (10-]0 days) compared to elemental sulphur (10-30 days). The oxi-

dation of elemental sulphur significantly increased the concentrations 



of Mg, Mn, Zn, Fe, B, and Cu in all soils but not for phosphorus. The 

oxidation of ammonium polysulphide decreased soil pH about 0.5 units, 
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but it did not significantly affect the solubility of the above elements. 



CHAPTER 3 

MATERIALS AND METIIODS 

General areas such as description of selected soils, the column 

study, plant growth, and analytical methods are discussed in this chapter. 

Description of Selected Soils 

Soils samples were collected from four different locations in 

southern Arizona. The soils represent a wide range of soil character

istics and past agricultural history. For more detail on each soil see 

Table 1. The soils were: 

1 - GOTIIARD SANDY CLAY LOAM: collected from the Willcox area. This 

soil consists of deep, moderately well drained, low permeable alkali

affected soil. It is formed in lacustrine sediment and alluvium derived 

from mixed rock sources which contain acid and basic igneous, sedimentary, 

and metamorphic rocks. The vegetation is alkali sacaton, inland salt 

grass, tobasa, saltbush, scatte::.-ed mesquite, and annual weeds and 

grasses. A typical B horizon of this soil has a prismatic structure 

breaking into angular and subangular blocks (Figures 1 and 2), although 

at the site the structure is columnar. The consistency is hard when dry, 

firm when moist, and sticky and plastic when wet. The soil is classi

fied as fine, mixed, thermic Typic Natrargid (Richmond 1976). The Al 

and A2 horizons and the upper part of the B21t horizons were mixed 

together for this study in order to simulate a plow layer. 

25 
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Table 1. Selected Physical and Chemical Characteristics of Each Soil 
Employed in This Study. 

Soil Gothard 

Parameters Sandy Clay 
Loam 

Sand (%) 46. 8 

Silt(%) 27.2 

Clay(%) 25.9 

Texture SCL 

CEC (meq/lOOg) 17.7 

* pH 8.6 

ECe x 10 3 t 7.5 

Soluble Salts 5229 
(PPM)t 

.I. 

Na (meq/liter) 1 59. 8 
.I. 

K (meq/liter) 1 
0.8 

ESPt 24.2 

N0 3 -N (PPM)* 6. 7 
.I. 

POi+-P (PPM).,. 0.3 

*Paste with distilled H20 

tSaturation Extract 

*co2 Extraction 

Guest 

Clay 

30.2 

26.1 

43.5 

C 

28.5 

8.0 

1.5 

1379 

13.1 

0.4 

8.9 

4.2 

1.2 

Soils 

Gilman 

Silty Clay 

9.1 

43.5 

47 .5 

SiC 

13.4 

7.3 

107 .0 

74879 

491.8 

10.8 

29.4 

3.7 

2.6 

Mohall 

Sandy Clay 
Loam 

60.2 

14.9 

24.8 

SCL 

16.0 

8.0 

0.7 

497 

2.5 

0.2 

1.2 

124.0 

0.8 
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Figure 1. Columnar Structures of Gothard Soil. 

Figure 2. Columnar Structures in Site of Gothard Soil. 



2 - GUEST CLAY: collected from the plow layer of Field J of The 

University of Arizona Experimental Farm at Safford. This soil has a 

large quantity of sodium which causes serious dispersion problems. It 
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is deep, well-drained, nearly level, and formed from mixed materials 

deposited on flood plains and alluvial lands. When it is dry one to two 

inch cracks develop which partially destroy plant root systems. The soil 

is classified as fine, mixed, thermic Vertie Torrifluvent (Hart 1971). 

3 - GILMAN SILTY CLAY: collected from southern area of Maricopa 

County near the Gila River. This nearly level soil is commonly found on 

flood plains along the Gila and Salt Rivers. The undeveloped, structure

less soil profile may be affected strongly by saline and alkali salts as 

in the case of the sample collected for this study. It is formed in 

recent alluvium derived from a wide mixture of rocks, including andesite, 

basalt, schist, rhyolite, and granite-gneiss. Permeability is slow and 

vegetation is creosote bush, cactus, annual weeds and grasses, and a few 

mesquite and paloverde trees, al though the site sampled was essentially 

barren due to soil salinity. The soil is classified as fine, mixed, 

hyperthermic Typic Torrifluvent (Hartman 1977). The surface 20 cm was 

collected for the study. 

4 - ~IOHALL SA.'WY CLAY LOAM: collected from Papa go Farms located in the 

southwestern part of the Papago Indian Reservation. This soil is deep, 

wel 1-drained, moderately fine textured, and contains more than 15% CaC0 3 

at moderate depths. The soil is formed from old alluvium derived from 

rock sources including granite, rhyolite, andesite, and sedimentary rock. 

Soil permeability is moderately slow. The soil is classified as fine

loamy, mixed, hyperthermic Typic Haplargid (Post and Stroehlein 1979). 
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The B2t horizon was collected for the study, because large areas of this 

horizon are being exposed by land leveling for crop production. 

Column Study 

A column study on amendments, infiltration rates, and leachate 

collection was done at the greenhouse of the Department of Soils, Water, 

and Engineering of The University of Arizona, beginning in August 1979. 

Each soil was air dried and well mixed. One hundred and eight PVC plas

tic columns were constructed which were about 50 cm high and 10 cm in 

diameter. The bottom of the colunms was closed with PVC caps and sealed 

with silicon glue. A hole was drilled through the center of the PVC caps, 

and a tap was threaded into the hole to provide drainage and facilitate 

leachate collection. A plastic tube was attached to the tap at the 

bottom of each column and placed into pint jars in order to collect the 

leachate. 

After putting a sheet of filter paper at the bottom of each 

column, they were filled with proper soil to a 30.5 cm (one foot) depth. 

In an attempt to displace the excess air within the column and to provide 

uniform packing, each successive layer of the filled soil was compacted 

very lightly (Figure 3). Soil weight in each column was determined and 

soil volume was calculated. Assuming that the soil particle density was 

2.6.3 g/cm 3 the pore volume for each soil was determined. (For more 

detail see Appendix A.) 

Treatments were sulphuric acid, gypsum, ammonium polysulphide 

(APS), and arrnnonium thiosulphate (thiosul). Two rates each of four 

treatments of different amendments were used in triplicate as a two 
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Figure 3. Soil Colunms in Place. 



factor completely randomi:ed design. The amendments were based on CEC 

and ESP of each soil. The high rate of each amendment was the amount 

needed to remove the exchangeable sodium of each soil and the low rate 

of each amendment was half of the high rate. For more detail on calcu

lations see Appendix B. 
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Soils in columns were treated with each amendment (gypsum was 

mixed lightly into the soil surface, others were only surface applied) 

and leaching (with one pore volume of distilled water) followed amendment 

application. 

Infiltration data were collected until the rate of water pene

tration was· insignificant. Leachates were collected and measured and 

later analyzed. After 15 days, soils were leached with the second pore 

volume, using distilled water. Infiltration data and leachates were 

measured as for the first application. 

Plant Growth Study 

After 75 days leaching was stopped and treated soils were air 

dried, grotmd, and mixed well. A subsample was taken for analysis while 

the bulk was used for greenhouse study. Plastic pots having 1500 cm 3 

volume capacity were filled with equal weights of each soil and 15 sudan

grass (Sorghum sudanese) seeds were planted in each pot. Tap water was 

used as irrigation water and about one centimeter of water was used daily. 

Analysis of the tap water is given in Table 2. After 21 days 100 ppm 

nitrogen was added to each pot and plants were grown for 70 days. Plant 

growth was unsatisfactory and yields were collected only for the Gilman 

soil. 



Table 2. Chemical Properties of Tap Water Used for Irrigating the 
Plants in the Greenhouse. 

Tap Water Parameters 

EC x 10 3 

Soluble Salts (ppm) 

pH 

Ca (mg/liter) 

Mg (mg/liter) 

Na (mg/liter) 

Cl (mg/liter) 

S0 4 (mg/ 1 i ter) 

HC0 3 (mg/1 i ter) 

C0 3 (mg/liter) 

F (mg/liter) 

NO (mg/liter) 
3 

Pb (mg/ 1 i ter) 

Si0 3 (mg/liter) 

SAR 

Hardness (g/gal) 

Values 

0.4 

328. 7 

6.9 

47 .o 

2.7 

98.2 

42.0 

37.5 

151.3 

0 

0.2 

1.2 

0.004 

21.6 

1.8 

7.5 

32 
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After harvesting sudangrass, replanting of each pot was done with 

one-quarter teaspoon of alfalfa (Medicago sativa L., 'Mesa Sirsa') seeds. 

\I/hen plants were 23 days old, all pots were inoculated with Rhizobium 

meliloti and at the same time 100 ppm phosphorus (prepared from mono

calcium phosphate) was added to the control treatment pots only. Alfalfa 

plants were grown for 51 days and then harvested by cutting l cm above 

the soil surface, dried at 60°C, weighed and ground in a Wiley mill to 

40 mesh for analysis. 

Analytical Methods 

Prior to treatment applications, samples were taken from each 

soil and analyzed for ESP and total soluble salts by the Soils, Water, 

and Plant Tissue Testing Laboratory at The University of Arizona and 

CEC was determined using the procedure described by the U.S. Salinity 

Laboratory Staff (1954). For more details and data see Table 1. 

After treatment applications and leaching, soil samples were 

taken from each soil and analyzed for pH, EC, extractable ions, phosphorus 

and phosphorus isotherms. A 1 :5 soil water ratio was used for determina

tion of pH and soil extraction of the same ratio was used to determine 

EC, '.\a, K, Ca, and ~lg. Sodium in the soil extract was determined by 

flame photometry while K, Ca, and Mg were determined by atomic absorption 

spectrophotometry using a Jarrell .-\sh Dial-Atom instrument. The avail

able soil phosphorus \\'as determined by using the method of Olsen et al. 

(195~). The available soil phosphorus was also studied using soil phos

phorus sorption isotherms for each soil. Fox and Kamprath's (1970) 

method was used with some modifications. This method \~as modified from 
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six days shaking with occasional break periods to continuous shaking for 

24 hours. Data were obtained by equilibrating .3 g samples of soil for 

24 hours in 30 ml of O .01 M CaC1 2 containing O, 5, 10, 20, and 25 ppm P 

as Ca (H 2 POi+) 2 • H2 0. After equilibration, the samples were filtered and 

phosphorus in the extract was determined by the method of Murphy and 

Riley (1962). 

Leachate samples from the first and second pore volumes were 

analyzed for Na, K, Ca, Mg, and P. The same instruments as in the soil 

analysis were used to determine these elements. The soluble P was deter

mined by the method of Murphy and Riley (1962) for most treatments. 

However, this method did not work for the leachates collected from soils 

treated with thiosul because of interference by some milky colored pre

cipitates. To overcome this problem, the isobutanol procedure was used 

to extract the phosphorus from the interfering substances (Pons and 

Guthrie 1946). 

Ground alfalfa plant tissue samples were analyzed for total P 

after ashing for 2~ hours at 500°C in a muffle furnace. Phosphorus was 

taken up in 0.5 N HCl, diluted and analyzed colorimetrically using the 

Vanadate-molybdate method (Jackson 1958). 



CHAPTER 4 

RESULTS AND DISCUSSION 

Major Cations in Soils and Leachates 

Results of analysis of mean concentration of major cations in 

each treated soil are presented in Tables 3 to 6 and mean concentration 

of major cations in leachates resulting from addition of two pore 

volumes of water to each soil are presented in Tables 7 to 10. 

Sodium 

Table 3 indicates that for Gothard soil sulphuric acid, gypsum, 

and thiosul treatments significantly decreased the amount of Na concen

tration compared with the control or APS treatment. However, all values 

remained relatively high. In addition, these three treatments were 

equally effective in decreasing the amount of Na. This may be ascribed 

as the leaching of the sodium salts from the soil media due to effective 

treatments (~lcGeorge et al. 1956; Yahia et al. 1975; Miyamoto 1977; 

Alawi 1977; Jury, Jarrell, and Devitt 1979; Chhabra et al. 1980; Oster 

and Frenkel 1980). On the other hand, none of the treatments had 

significantly different effects on the Na concentration in the leachates 

(Table i). 

Tables 4 and 5 show that for Guest and Gilman soils the concen

tration of Na is higher and significantly different in soils treated 

with sulphuric acid, gypsum, and APS treatments when compared with 
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Table 3. Mean Concentration of Cations Extracted from (~othard Soil after Application of 
Amendments and Leaching. 

For each :ion, means followed by the same letter are not significantly different; 
tested by LSD at the O. OS level. 

·-- · - -----· - --- - -- -~== 

Treatment (tonnes/ha) 
Measured 
Par~nneter Control Sulphuric Acid 

4. 705 2. 352 
Gypsum APS Thiosul -------

8. 25 8 4 .129 3.491. . 1. 746 4.545 2.273 

ppm 

Na* 1403c 1120b 931a 1197b 1060ab 1402c 1403c 1060ab 1068ab 

K* 115bc 9Sab 12lbc 73a 120bc 169d 14lcd 105b 98ab 

Ca* 2a 7a la 4a 7a 6a 4a 4a 3a 

Mg* 98cd 45b 106d !Sa 106d 106d 96cd 93cd 83c 

*Measured in extract of 1 :5 soil solution ratio. 

CA 
(]\ 



Table 4. Merm Concentration of Cations Extrncted from Guest Soj 1 after Applica.tion of 
Amendments and Leaching. 

For each ion, means followed by the same letter are not significantly different; 
tested by LSD at the 0.05 level. 

Measured 
Parameter 

Na·k 

K* 

Ca* 

Mg* 

Control 

530a 

49b 

7c 

4Scd 

Sulphuric Acid 
2.783 l.39i 

650bcd 598abc 

49b 49b 

4b ll<l 

30b 5 3d 

Treatment (tonnes/ha) 

Gypsum 
4.884 2.442 

ppm 

701.de 564ab 

49b 44a 

2a 3ab 

12a 30b 

*Measured in extract of 1 :5 soil solution ratio. 

APS Th iosul 
2.065 1.033 3.494 1.747 

753e 680cde 586 ab 684cde 

44a 44a 44a 47b 

3ab 3ab 2a 3ab 

20a 38bc 17a 38bc 



Table 5. Mean Concentration of Cations Extracted from Gilman Soil after Application of 
Amendments and Leaching. 

For each ion, means :f,ollowed by the same letter are not significantly different~ 
t es t c <l by LSD at the O . 0 S 1 e v e 1 . 

------ -- ----

Treatment (tonnes/ha) 
·- - --Measured 

Parameter Control Sulphuric Acid 
·4 . 3 2 8 2 . 1 6 4 

Gypsum APS Thiosul 
7.595 3.798 3.212 _1.606 5. 4 34 2. 71 7 

ppm 

Na-A· 888a 1360e 1120cde 1283de 940abc ll 88bcde 1008abcd 854a 897ab 

K·A- 110a 134a 83a 113a 102a 102a 100a 95a 102a 

Ca* 9a 46c 16a 32b 16a 16a 14a 11 a 16a 

Mg* 86c 22ab 40bc 12a 48cd 4Sbc 70cle 58cd 83e 

----- - - ----- - ·-------·- ----------------·---------

*Measured in extract of 1:5 soil solution ratio. 



Table 6. Mean Concentration of Cations Extracted from Mohall Soil after Application of 
Amendments and Leilching. 

---- --·· 

Measured 

For each ion, means followed by the same letteT are not significantly different; 
teste <l by LSD at the 0.05 levei. 

Treatment (tonnes/ha) 

Parameter Control Sulphuric Acid Gypsum APS Thiosul 
0.206 0 .103 0. 362 0 .181 0 .153 0.076 0.259 0 .129 

ppm 

Na* 99a 99a 97a 102a 95a 99a 99a 107a 104a 

K·k 29d 28bc 25a 25a 27b 29cd 29d 29d 29d 

Ca* 0.50a 3b 2ab 3b 3b 8c 3b 8c 3b 

MJ* g 2a 2a 2a 2a 2a 4a 2a 3a 2a 

*Measured in extract of 1:5 soil solution ratio. 



1~bl e 7. Mean Concentration of Major Cations in Leachates Resulting from Addition of Two Pore 
Volumes of Water and Amendments to Gothard Soil. 

f<or each ion, means followed by the same letter are not s i gn i fi cant I y different; 
tested by LSD at the 0.05 level. 

~- . - -~-- - - --

Measured Treatment (tonnes/ha) 

Parameter Control Sulphurjc Acid Gypsum APS Thiosul 
4. 705 2. 352 8.258 4 .129 3.491 l. 746- 4.545 2.273 

·---- - ·- -

ppm 

Na 329a 582a 524a 595a 494a 1077a 1011a 613a 669a 

K 7a !Sa lla 12a lla 31a 32a 14a 18a 

Ca 4a 14a 12a 16a 14a 14a 19a 15a 13a 

Mg 3a 3a 2a 3a 3a 16a 14a 6a 8a 



Table 8. Mean Concentration of Major Cations in Leachates Resulting from Addition of Two Pore 
Volume s of Water and Amendments to Guest Soil. 

Measured 
Parameter 

Na 

K 

Ca 

Mg 

For each ion, means followed by the same letter are not significantly different; 
tested by LSD at the 0.05 level. 

Control 

198a 

6ab 

7a 

9a 

Sulphuric Acid 
2.783 1.391 

196a 221a 

4a Sa 

24ab 23ab 

7a Sa 

- - - - - - - ---

Treatment (tonnes/ha) 
.~~~~~~~~~~~~~~~~~~~~ 

Gypsum 
4.884 2.442 

ppm 

227a 221a 

6ab Sa 

31b 28ab 

7a 8a 

APS 
2 .065 1.033 

647b 1006c 

9b 19c 

79c 118d 

20b 37c 

Tiliosu 1 
3.494 1. 747 

171a 276a 

6ab 6ab 

3lab 33b 

6a 7a 



Table 9. Mean Concentration of Major Cations in Leachates Resulting from Addition of Two Pore 
Volumes of Water and Amendments to Gilman Soil. 

For each ion, means fol lowed by the same letter are not s i gn if i cant 1 y different; 
tested by LSD at the 0.05 level. 

. ·----·--··---· 

Measured Treatment (tonnes/ha) 

Parameter Control Sulphuric Acid Gypsum APS Thiosul 
4.328 2.164 -r:sgs 3.798 3.212 1.606 5 .434 2.717 

ppm 

Na 4010a 4706a 4506a 4365a 4823a 5304a 4807a 5259a 4527a 

K 191a 198a 205a 199a 217a 222a 217a 222a 211a 

Ca 1930a 2167a 2164a 2064a 2272a 2409a 2146a 2600a 2403a 

Mg 305a 328a 341a 314a 372a 372a 336a 409a 340a 



Table 10. Me ,m Concentration of Major Cations in Leachates Resultjng from Addition of Two Pore 
Volumes of Water and Amendments to Mohall Soil. 

For each ion, means followed by the same letter are not significantly different; 
t es ted hy LSD at the 0.05 level. 

Treatment (tonnes/ha) Measured 
Paramet e r Control Sulphuric Acid 

0.206 0.103 
Gypsum APS Thiosul 

0.362 0.181 0.153 0.076 0.259 0.129 

ppm 

Na 17a 22abc 19ab 26c 23bc 2labc 18ab 22abc 1.9ab 

K 0.24a 0.37cd 0.33bcd 0.39d 0.37bcd 0.33bcd 0.33bc 0. 31.bc 0. 32bc 

Ca 4a 9e 7cd 9e 8dc 7bc Sb 7ccl Sb 

Mg 23 4cde 3bcd Sf 4def 4cde 2ab Sef 3abc 
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control or thiosul treatment. The reason for this phenomenon is not 

very clear but may be related to the low ESP of the Guest soil (Table 2). 

Another possibility may be high soluble sodium resulting from the reac

tion of amendments but inadequate leaching to remove the released Na. 

However, for the Guest soil only APS treatment had a significant effect 

on the Na concentration in the leachates (Table 8), whereas treatments 

had no effect on the Gilman soil (Table 9). 

Table 6 shows that for the ~fohall soil, there was no signifi

cant difference between the control and treated soils. One reason for 

this may be the low ESP in the original soil (Table 1). McGeorge et al. 

(1956) and Yahia (1977) corrunent that amendments would not be expected 

to improve soils low in Na. However, only gypsum treatment had a 

significant difference on the Na concentration in the leachates compared 

with the control (Table 10). 

Potassium 

For the Gothard soil, sulphuric acid, gypsum (low rate) and 

thiosul treatments had no significant effect on the amotmt of K compared 

with the control. However, the high rate of gypsum treatment decreased 

K concentration significantly. On the other hand, high rate of APS 

treatment increased K concentration significantly (Table 3). Therefore 

the most leaching of K resulted from high rate of gypsum application. 

In addition, there was no significant difference between the treatments 

and control on the concentration of Kin the leachates (Table 7) which 

may be due to high pH (Rudolfs 1921) or insufficient leachin_g (Yahia 

1977) . 
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For the Guest soil, application of sulphuric acid, gypsum (high 

rate), and thiosul (low rate) did not significantly affect the dissolu

tion of K compared with the control (Table 4), whereas treatments of 

gypsum (low rate), APS, and thiosul (high rate) affected the dissolution 

of K by a small but significant amount. Also APS treatments had a 

significant effect on the K concentration in leachates (Table 8). 

For Gilman soil, all treatments were statistically the same and 

none of them gave any significant dissolution of K compared with the 

control (Table 5). This is in agreement with ~fcGeorge et al. (1956) who 

did almost the same experiment on a Gilbert soil. However, in this 

study (Table 9) all the treatments and control produced the same amount 

of Kin the leachates. 

For the Mohall soil, sulphuric acid and gypsum increased the 

solubility of K significantly compared with the control. In addition, 

the high rate of these treatments was statistically higher than the low 

rate. On the other hand, APS and thiosul treatments did not signifi

cantly affect the solubility of K (Table 6). Each treatment produced 

significantly more Kin the leachate than the control, although the 

amounts were relatively small (Table 10). 

Calcium 

Table 3 shows that the amount of soluble Ca in the Gothard soil 

was low. Almost all of the treatments appeared to increase Ca; however, 

these were nonsignificant. However, sulphuric acid would be expected 

to produce soluble Ca and the data show this trend. This would be the 

effect of sulphuric acid on the solubility of insoluble Ca compounds in 
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the soil (Miller 1953; Alawi 1977). On the other hand, there was no 

significant difference between the treatments and control on the amotmt 

of Ca in the leachates (Table 7), although all amendments show a strong 

trend toward increasing Ca. 

For the Guest soil, low rate of sulphuric acid treatment in

creased the solubility of Ca significantly compared with the control 

(Table 4). However, other treatments did not increase the amount of Ca 

significantly. On the other hand, the amount of Ca. in the leachates of 

the treated soils was much higher than the Ca in the leachates of 

control (Table 8), al though not all were statistically significant. 

For example, the sulphuric acid produced three times as much Ca as did 

the control, yet these were not significant. This increment was statis

tically significant for high rate of gypsum, APS, and high rate of 

thiosul treatments compared with the control. Some of these findings 

are in agreement to those reported by Miller (1953), Mohammad (1972), 

and Miyamoto (1977). 

For the Gilman soil, the high rate of sulphuric acid increased 

the dissolution of Ca more than the other treatments, followed by the 

high rate of gypsum. However, low rates of sulphuric acid and gypsum 

and both rates of APS and thiosul treatments did not significantly 

affect the amount of Ca when compared with the control, although all 

treatments produced higher means than the control (Table 5). All means 

for calcium in the leachates from the treated columns were greater than 

the control but were not statistically different (Table 9). 

For the Mohall soil the amount of Ca was significantly higher 

for all treatments compared with the control, except for the low rate 
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of sulphuric acid (Table 6). In addition, high rates of APS and thiosul 

treatments produced the most soluble Ca, although all values were rela

tively low. On the other hand, all treatments increased the amount of 

Ca in the leachates significantly compared with the control (Table 10). 

Also soils treated with high rates of sulphuric acid and gypsum had the 

maximum amount of Ca in the leachates. All values for calcium removed 

from the ~~hall soil were low. 

Magnesium 

For the Gothard soil, application of treatments did not increase 

the solubility of Mg significantly in the soil or leachates (Tables 3 

and 7). In fact, high rates of sulphuric acid and gypsum decreased the 

solubility of Mg significantly compared with the control. This is 

probably due to high amount of exchangeable Na in the soil, since when 

exchangeable Na is present, removal of Mg will be very small (Jury et al. 

1979). 

For the Guest soil, treatments gave almost the same results as 

the Gothard soil (Table 4). However, high rates of APS and thiosul 

treatments decreased the dissolution of Mg significantly. In addition, 

only APS treatment had significant difference on the amount of ~lg in 

the leachates compared with the control (Table 8). 

For the Gilman soil, almost all treatments decreased the dis

solution of Mg significantly compared with the control except low rates 

of APS and thiosul treatments (Table 5). However, all treatments had 

the same effect as the control on the amount of ~lg in the leachates 

(Table 9). 
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For the ~~hall soil, application of treatments had no statistical 

effect on Mg concentration (Table 6), whereas in the leachates, all 

treatments increased the amount of Mg significantly compared with the 

control, except for the low rate of APS and the low rate of thiosul 

(Table 10). 

Interference by some unknown substance (s) in the determination 

of phosphorus in thiosul treated soils (discussed later in the section 

on phosphorus studies) indicates that there may have been incomplete 

oxidation of thiosul. Possibly this is the reason that thiosul failed 

in a number of cases to be equal to the other sulphur materials. 

Salinity and Alkalinity Studies 

Results of analysis of each treated soil are given in Table 11. 

Electrical Conductivity (EC) 

For the Gothard soil, high rate of sulphuric acid and high rate 

of g1~sum treatments increased soil salinity significantly when compared 

with the control (Table 11). This may be due to dissolution of insoluble 

salts and probably insufficient leaching (Gupta and Bajpai 1977). 

Miyamoto (1977) and Dawood (1980) found the same results with applying 

sulphuric acid and acidifying amendments to the soil. However, APS 

treatments did not affect the soil salinity status significantly. On 

the other hand, low rate of sulphuric acid, low rate of gypsum and 

thiosul treatments decreased the EC significantly. This may be due to 

the low rate of treatments used. 



Table 11. 

Trcatm<.' nts 

Sulphuric 
AciJ 

Cyp,;um 

APS 

Thiosul 

Cont 1·01 

Means of EC and pH for Each Soil after Application of Amendments. 

In each column, any means followed by the same letter are not significantly different; 
tested by LSD at the 0.05 level. 

Soils 

Gothard Guest Gilman Mohall 
T. Rate EC* + T. Rate EC* pllt T. Rate EC* pllt T. Rate EC* pllt 

(tonnes/ha) pll' (tonnes/ha) (tonnes/ha) (tonnes/ha) 

4. 705 l .57d 8.98a 2.783 0.8 2bc 8.52ab 4.328 2. IOe 8 .47a 0.206 0. 23ab 8 . 50ab 

2. 352 1.07a 9.50b l. 391 0.69ab 8.82c 2.164 1 .4 Sbcd 8.83b 0.103 o . ::3ab 8 .52 bc 

8.258 l. 72d 9.00a 4.884 0.90cd 8.63b 7.595 l.78de 8.55a 0. 362 0.25bc 8.SOab 

4.1~9 1.15a 9 .SOb 2.442 0.63a 8.85cd 3.798 1.11 ab 8.90bcd 0 .181 0.22a 8.50ah 

3. -191 l .37c 9.60bc 2.065 0.98d 8. 83cd 3.212 l.58cd 8 .. 87bcd 0.153 0.2Hd 8.45a 

1. 746 l.23abc 9.60c 1 .033 O.SObc 9.00c 1.606 I. 22abc 9.00cde 0.076 0. 23ab 8 . 5 3bc 

4.545 1.07a 9.50b 3. 4 ~)4 O. 83bc 8 .4 7a 5 .434 l. lOab 8.83hc 0.259 0. 2 7cd 8 .45a 

2.273 1.08a 9.60c 1. 74 7 0.80bc 8.97de 2.717 l .03ab 9.02de 0 .129 0.24ab 8.50ab 

I. 24bc 9.7d 0.59a 8.90cde 1.00a 9.08e 0.21a 8.57c 

*m111hos/c111 measured in extract of I :5 soil solution ratio. 

t Measured at l :5 soil solution ratio. 



I 

50 

For the Guest soil, all treatments, except the low rate of 

sulphuric acid and low rate of gypsum treatments, increased the salinity 

level significantly (Table 11). 

For the Gilman soil, sulphuric acid, high rate of gypsum, and 

high rate of APS treatments increased soil salinity significantly, 

whereas the low rate of gypsum, low rate of APS and thiosul treatments 

did not change the soil salinity significantly (Table 11). 

For the Mohall soil, the effective treatments were the high rate 

of gy~sum, high rate of APS, and high rate of thiosul which increased 

the soil salinity significantly (Table 11). However, sulphuric acid 

treatments did not change soil salinity significantly. 

pH 

For the Gothard soil all treatments were effective in reducing pH 

and the difference between the treatments and the control was statisti

cally significant (Table 11). One reason for that may be due to the 

reduction of carbonate and bicarbonate by addition of acidifying amend

ments to the soil. This finding is somewhat in agreement to those 

reported by McGeorge (1943), Ryan and Stroehlein (1973), and Alawi 

(1977). Flushing of soluble salts and hydrolysis of Na leads to high 

pH values unless amendments are used (Gupta and Bajpai 1977). In addi-

tion, the effect of high rates of sulphuric acid and ~sum treatments 

was the same and there was a significant difference between high and low 

rates of sulphuric acid, g1~sum, and thiosul treatments, whereas for APS 

treatments the low rate was as good as the high rate. 
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For the Guest soil, sulphuric acid, gypsum, and thiosul treat

ments (high rate of each) decreased soil pH significantly, whereas low 

rates of these amendments and both rates of APS did not change the soil 

pH significantly (Table 11). 

For the Gilman soil, all treatments except the low rate of APS 

and low rate of thiosul decreased soil pH significantly (Table 11). 

Also there was a significant difference between high and low rate of 

sulphuric acid and gypsum treatments. 

For the Mohall soil, all treatments except low rate of sulphuric 

acid and low rate of APS treatments decreased the soil pH significantly. 

However, there was not much change in any due to low rates of amendments 

applied (Table 11). 

Phosphorus Studies 

Phosphorus in Leachates and Soils 

Results of analysis of leachates and soils for phosphorus are 

presented in Table 12. AS mentioned in Chapter 3, to determine the 

amount of soluble Pin the leachates, the method of Murphy and Riley 

(1962) was used. Ho,vever, because of some milky and pinkish colored 

suspended precipitation produced by adding reagent B to the leachates 

collected from soils treated with thiosul, this method did not work. 

Therefore the isobutanol procedure was used to extract the P from the 

interfering substances (Pons and Guthrie 1946). On the other hand, 

the amount of available Pin the treated soil samples was determined 

by the method of Olsen et al. (1954). 



Tahle 12. 

Treatment's 

St:lphuric 
:\c icl 

Gypsum 

APS 

lhiosul 

Control 

Means of P in Each Soil and Leachate from Each SoU after Amendment Application. 

In each column, means followed by the same letter are not significantly different; 
tested by LSD at the 0.05 level. 

T. Rate 
(tonnt!s/ha) 

4.705 

2. 3S2 

8.258 

4.129 

3.491 

1. 746 

4.545 

2.273 

Gothard 

P* p 1· 
in .ieach .. te in soil 

21.88ab ll.67c 

21 .62ab }I). 33c 

18.95ab 6.67b 

34.07hc S.67ub 

17. Slab s .ooa 

11.31a S.33ab 

73.88d 5.67ab 

51. ISc 5.33ab 

9. 32a 6 . 33ab 

T. Rate 
(tonnes/ha) 

2.783 

l. 391 

4.884 

2.442 

2.065 

1.033 

3.494 

1. 747 

Soi ls 

Guest 

P* pt 
in leachate in soil 

19.87a 16.33c 

59.73a 17 .OOc 

91. 35a 10.67b 

146. lOa 8.67ab 

63. 12a 10.47b 

57.08a IO .33b 

137.96a 7.00a 

116.80a 10.67b 

4 .19b 8.33ab 

T. Rate 
(tonnes/ha) 

4.328 

2.) (,4 

7.595 

3.798 

3.212 

1.606 

5 .4 34 

2.717 

Gilman 

P* pt 
in leachate in soil 

24.17a 27.00e 

32. lOa 17.67cd 

54.86a 19.00d 

36.40a 14.33bc 

70.71a I l .67ab 

77 .40a 11. 27ab 

52. IOa 11. l 3ab 

9ts.30a 9.33a 

47 .46a 10 .47ab 

T. Rate 
(tonnes/ha) 

0.206 

0. 103 

0.362 

0 .181 

0. I 53 

0.076 

0.259 

0.129 

Mohall 

p• pt 

in leachate in soil 

9.42a 3.00a 

13.70a l .OUa 

12.42a 2.33a 

7.93a 1. 33a 

5.84a 2.00a 

8.61a J .67a 

10.41a 2. 33a 

5.37a 2.33a 

9.48a 1.67a 

•mg/column, measun:J by the method of Murphy and Rlley (1962). 

\ng/column, measured by the method of Olsen et al. (1954). 

<.Jl 
N 
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For the Gothard soil, all treatments increased the amount of 

soluble Pin the leachates. However, the difference between the thiosul, 

low rate of gypsum and control treatments was highly significant (Table 

12). In addition, available soil P increased significantly with sul

phuric acid treatments, whereas other treatments did not change avail

able soil P significantly when compared with the control (Table 12) . 

The increase of Pin soil may be due to decrease of soil pH and dissolu

tion of some unavailable P compounds (~tcGeorge 1935; Ryan and 

Stroehlein 1973; :"--liyamoto et al. 1974; Gupta and Bajpai 1977; Clement 

1978; Ryan and Stroehlein 1979). The increase of P in the leachates may 

be due to the leaching of soluble sodium phnsphates. 

For the Guest soil, all treatments increased the same amount of 

soluble Pin the leachates significantly compared with the control 

(Table 12). In addition, sulphuric acid treatments increased the amount 

of available soil P significantly whereas the increase for other treat

ments was small compared with the control (Table 12). 

A nonsignificant effect was found between the amount of P in the 

leachates of treated soils and control for Gilman soil (Table 12), 

whereas sulphuric acid and gypsum treatments increased the amount of 

available P significantly compared with the control. However, the incre

ment of P in treated soils with APS and thiosul was not high enough to 

be significantly different from the control. On the other hand, rate of 

applied sulphuric acid and g)~sum had a significant effect on the re

lease of available soil P (Table 12). For the Mohall soil, none of the 

treatments 1~as effective in releasing P, not in the leachates nor in the 

soil (Table 12). 
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Phosphorous Sorption Isotherms 

Results of phosphorus sorption isotherms for each treated soil 

are given in Tables 13 through 16. Regression equations and correlation 

coefficients (r) for each soil and each treatment are given in Tables 17 

through 20. Phosphorus sorption isotherms for each soil and each treat-

ment are shown in Figures 4 through 11. Note: As the amount of added P 

for equilibration was increased from 10 to 20 to 25 ppm, a decrease or 

a fluctuation was observed in the amount of Pin the equilibration solu-

tion for the Gothard soil. To investigate this variation three soil 

samples (ones that showed more variations in the equilibrated P) were 

chosen and two sets of twelve subsamples of each soil sample were taken. 

After adding 30 ml of 0.01 M CaCl2 to both sets (72 subsamples), 10 ppm 

P was added to one set (36 subsamples) and 25 ppm P was added to the 

other set (36 subsamples). All subsamples were shaken and every 30 

minutes one subsample of each soil sample was tested for P content. The 

shaking continued for a period of 6 hours. The results showed that the 

variations in the amount of P come mostly after 4 hours of shaking. 

This result agrees with Bryant Gardner (soil scientist at the Yuma 

Experimental Station, University of Arizona, unpublished data). However, 

24 hours of shaking was chosen since after that the system is approach-

ing equilibrium (Olsen and Watanabe 1957; Pennington 1980) and the rate 

of fixation of added P will decrease with increasing concentration (Sen 

Gupta and Cornfield 1963). 

Four different regression equations (linear regression, y = a+bx; 

· 1 bx 1 · h · · 1 d exponent1a curve, y = ae ; ogar1 t m1c curve, y = a+o nx; an power 

b curve, y = ax ) were performed on P isotherm data and the best one was 



Table 13. Means of Phosphorus Sorption Isotherms for Gothard Soil as ppm Pin Equilibrium Solution. 

Acl<led 
Phosphorus 

(ppm) 

0 

5 

10 

20 

25 

Means fo llowe<l by the same letter in each row are not significantly different; 
tested by LSD at the 0.05 level. 

Treatment (tonnes/ha) 

Control Sulphuric Acid Gypsum APS Thiosul 
4.705 2. 352 8.258 4.129 3.491 1. 746 4.545 2.273 

0.33a 0.33a 0.27a 0.3a 0.30a 0.28a 0.29a 0.31a 0. 35a 

3.la 2 .4a 2. la 2.3a 2 .Sa 3. la 2. 3a 2.50a 2.8a 

2. 9bc 1.8a l.Sa 2.3abc l.8ab 3.4c 2.3abc 1.8a 2.4abc 

I. la 0.55a 0.64a 0.73a 0.62a 0.54a 0.53a 0.59a 0.903 

0.71a 7.8b I.Sa 1.2a 1.8a 1.6a 1.4a 1. 8a 0.84a 

Ul 
Ul 



Table 14. ~1c ans of Phosphorus Sorption Isotherms for Cuest Soil as ppm P jn Equilibrium Solution. 

Means followed by the same letter in each row arc not significantly different; 
tested by LSD at the 0.05 level. 

----- -------- - ------ =...:-. _ _ -___ _ _ ___ _ ____ __ - - - -- -- -

J\ddccl Treatment (tonnes/ha) 
Phosphorus 

Control Sulphuric Acid _ _0'j1SUITI ___ J\PS Thiosul 
(ppm) - - -----

2.783 l. 391 4.884 2.442 2.065 1.033 3.494 1.747 
----

0 0.8:ia l .6a l.Oa 0.68a 0.59a 0.75a 0.74a 0.69a 0.88a 

s 6.6n 8.9a 8.0a 7.7a 7.2a 6.6a 6 .6a 5.3a 6.6a 

JO 13.Snc 18.Sc 15.Sbc 14. 7bc 13 .4abc 14.0bc 1S.7bc 8.4a 11. 7ab 

20 22.0b 52.0e 37.9d 38.Sd 37.0d 29.0c 29.] C 4.9a 27.4bc 

25 38.7b 63.8£ 56.3de 60.6ef 53.9d 52.ld 51.8d 9.9a 44.2c 

tn 
()\ 



Table 15. Means of Phosphorus Sorption Isotherms for Gilman Soil as ppm P in Equi 1 ibrium Solution. 

Added 
Phosphorus 

(ppm) 

0 

5 

10 

20 

25 

Means followed by the same letter in each row are not significantly different; 
tested by LSD at the 0.05 level. 

Treatment (tonnes/ha) 

Control Sulphuric Acid Gypsum APS TI1iosul 
4.328 2.164 7.595 3.798 3.212 1.606 5 .434 -2.717 

0.34a 0.92a 0.41a 0.27a 0.28a 0.29a 0.29a 0.33a 0.31a 

2.2a 3.6a 3 .2a 2.Sa 2.0a 2.4a 2.2a 1. 7a 2 .Oa 

5.2a 10.9a 7 .2a 6.2a 5 .3a 6.4a 6.7a 4.7a 5.Sa 

1 7. Oab 24. Id 22.0cd 20.6bcd 16.3a 21.8cd 20.4abc 17.2ab 18.7abc 

32.9cde 34. Ocdef 35.4def 37 .Of 27 .6ab 36.Sef 30.9hc 25.2a 3l.3bcd 



Table 16. Means of Phosphorus Sorption Isotherms for Mohall Soil as ppm Pin Equilibrium Solut :ion. 

Added 
Phosphorus 

(ppm) 

0 

5 

10 

20 

25 

Means fol lowed by the same letter in each row are not significant} y different; 
tested by LSD at the 0.05 level. 

Treatment (tonnes/ha) 

Control Sulphuric Acid Gypsum APS Thiosul 
0.206 0. 103 0. 362 0.181 0.153 0.076 0.259 0 .129 

----·--

0.56a 0. 34a 0.36a 0.39a 0.42a 0.44a 0 .45a 0.49a 0.52a 

6.7a 7. la 6.9a 6.9a 6.Sa 6.8a 6.6a 5.6a 6.2a 

14 .l a 21.6a 20.0a 18.0a 17.2a 17.9a 20.3a 17.3a 15.4a 

11.Sa 51.3d 47.9cd 41.2bc 33.2b 40.Sbc 51. ld 34.2b 19.8a 

46.6cd 53.6cde 69 .9f 55.lde 60.Se S2.8cde 45.9c 20.3a 29 .1 b 

Ul 
00 
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Table 17. Regression Equations of Pin Equilibrium Solutions and 
Correlation Coefficient (r) for Gothard Soil Considered 
after Equilibration with Oto 25 ppm P. 

Treatment Regression Equation r 
Amendment Rate (tonnes/ha) 

Sulphuric 4.705 y = 0.96 XO .12 0.66 
Acid XO .14 2. 352 y = 0.88 0. 77 

Gypsum 8. 258 y = 1.07 X0.15 0.78 

4 .129 y = 0.99 XO .14 0. 72 

APS 3.491 y = 1.15 x°.17 0.67 

1. 746 y = 0.97 XO .14 0.68 

Thiosul 4.545 y = 0. 97 XO· 14 0.70 

2.273 y = 1.26 XO .15 0.80 

Control y = 1.38 XO .18 0.83 
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Table 18. Regression Equations of Pin Equilibrium Solutions and 
Correlation Coefficient (r) for Guest Soil Considered 
after Equilibration with Oto 25 ppm P. 

Treatment Regression Equation r 
Amendment Rate (tonnes/ha) 

Sulphuric 2.783 y = -2.46 + 2.62X 0.99 
Acid 

1. 391 y = -2 .36 + 2 .18X 0.98 

Gypsum 4.884 y = -3.60 + 2.34X 0.98 

2.442 y = -3.02 + 2.12X 0.98 

APS 2.065 y = -2.57 + l.92X 0.96 

1.033 y = -2.08 + 1.91X 0.97 

Thiosul 3.494 y = +2.89 + 0. 2SX 0. 71 

1. 747 y = -1. 74 + l.66X 0.98 

Control y = -0. 30 + 1.38X 0.97 
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Table 19. Regression Equations of Pin Equilibrium Solutions and 
Correlation Coefficient (r) for Gilman Soil Considered 
after Equilibration with O to 25 ppm P. 

Treatment Regression Equation r 
Amendment Rate (tonnes/ha) 

Sulphuric 4.328 y = -1.39 + 1. 34X 0.99 
Acid 

2.164 y = -2.95 + 1.38X 0.97 

Gypsum 7.595 y = -3.79 + 1.43X 0.96 

3.798 y = -2. S 7 + 1.07X 0.96 

APS 3.212 y = -3.73 + 1.43X 0.96 

1.606 y = -2. 77 + 1.24X 0.97 

Thiosul 5.434 y = -2.45 + 1.02X 0.97 

2. 717 y = -3.16 + 1.23X 0.96 

Control y = -3.39 + 1.24X 0.95 
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Table 20. Regression Equations of Pin Equilibrium Solutions and 
Correlation Coefficient (r) for Mohall Soil Considered 
after Equilibration with Oto 25 ppm P. 

Treatment Regression Equation r 
Amendment Rate (tonnes/ha) 

Sulphuric 0.206 y = -1.41 + 2. 35X 0.98 
Acid 

0 .103 y = -4 .4 7 + 2. 79X 0.99 

Gypsum 0.362 y = -2.40 + 2.23X 0.99 

0 .181 y = -3.41 + 2.25X 0.97 

APS 0 .153 y = -2.06 + 2 .14X 0.99 

0.076 y = -0.65 + 2 .13X 0.96 

Thiosul 0. 259 y = +2.76 + 1.07X 0.84 

0.129 y = +1.46 + l .06X 0.98 

Control y = -1.32 + l.43X 0.83 
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chosen for each soil based on the best fit as indicated by the highest 

correlation coefficient (r). These regression equations and their 

correlation coefficients (r) for added Pas X and Pin equilibrium solu

tion as y are shown in Tables 17 to 20. For all equations a significant 

linear increase of Pin the equilibrium solution can be seen with in

creasing the amount of Pin the solution. For the Gothard soil, the 

power curve was much better fitted to the data than the other equations 

(Table 17). This may be due to variations in data. For the other soils 

(Guest, Gilman, and Mohall), the linear regression equation was the best 

(Tables 18 to 20). For all soils except the Gothard, statistical analy

sis showed that the additive P was highly correlated with the remaining 

Pin the equilibrium solution (Tables 18 to 20). 

With the exception of the Gothard soil, the effect of the treat

ments appeared mostly at higher levels of added P (20 and 25 ppm). For 

the Guest soil, sulphuric acid, gypsum, and APS treatments increased the 

desorption of P significantly compared with the control or thiosul treat

ments at 20 ppm additive P. Almost the same situation existed at 25 ppm 

additive P (Table 14). Phosphorus desorption from this and other soils 

(Gilman and Mohall) may be due to the following reasons. As Pennington 

(1980) mentioned, more than one form of PO~ sorption exists. One form 

desorbs easily and is rapidly exchangeable so it is held loosely by the 

soil particles. This form is shown as (1) in the following equations. 

The other forms of PO~ are held much more tightly by the soil particles 

and therefore do not exchange or desorb readily. This form is shown 

as (2) . 



72 

Soil J + Soil}- H2POi. 
(1) 

Soil} Soil J H2 PO~ + H+ 

Soil} Soil J= o, 10 
p'-

o1 oH 
HP04 

(2) 

Therefore the desorption of P from some soils may be due to the 

addition of loosely held phosphate ions to the equilibrium solution. 

Another reason may be due to the saturation of the clay complex with 

phosphate ions; thus their concentration in the contact solution will 

increase. Some of the phosphate ions in the clay complex move into the 

contact solution in order to maintain an equilibrium system. Therefore 

the phosphate concentrations in the solution approach a level above 

which little adsorption occurs (Sen Gupta and Cornfield 1963). In addi-

tion, the increase of Pin equilibrium solution with the addition of 

amendments may be due to dissolution of less soluble P compounds and 

some competition between phosphate and sulphate ions for sorption sites 

(Crisostomo 1975). On the other hand, the same author pointed out that 

at higher levels of added P, after satisfaction of sorption sites with 

P, the rest of the P solution can react with calcium, aluminum, and iron, 

and with time some stable and less soluble P compounds may form. Also, 

a higher level of P may favor the replacement of silicon tetrahedra for 

phosphates in the clay particles which is not convenient for P desorption. 

Figures 6 and 7 show the effect of high and low rates of each 

treatment to the P sorption isotherms for the Guest soil, respectively. 
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All treatments except the high rate of thiosul shifted the isotherm to 

the left compared to the control, which means an increase in the amount 

of available P. In addition, the effect of sulphuric acid was the best 

and the effect of thiosul was the least on the release of P. Also, 

almost the same results were discussed for this soil on the amount of P 

measured by the method of Olsen et al. (1954) (Table 12). 

For the Gilman soil, Table 15 shows that at the high level of 

added P (20 ppm), both rates of sulphuric acid and the high rate of 

gypsum increased the desorption of P significantly when compared with 

the control. Although the other treatments did not change the amount 

of P significantly, Figure 8 shows that high rates of sulphuric acid, 

gypsum, and APS shifted the isotherm to the left, and Figure 9 shows 

that the low rate of sulphuric acid, APS, and thiosul shifted the iso

therm to the left. Here again the effect of the sulphuric acid treat

ment was the best, and the same result came from measuring P by the 

Olsen et al. (1954) method for this soil (Table 12). 

For the Mohall soil the same situation is seen, and the treatment 

effect appeared at high levels of added P (20 and 25 ppm). All treat

ments except the low rate of thiosul increased the desportion of P 

significantly when compared with the control. Figures 10 and 11 show 

that almost all treatments shifted the isotherms to the left for high 

and low rates, respectively. 

Phosphorus in Plants 

Sudangrass--As mentioned in Chapter 3, sudangrass growth was 

unsatisfactory and yields were collected only for the Gilman soil 



(Table 21). The failure of sudangrass growth may be due to the high 

osmotic potential of soluble salts which were released from the soil 

complex because of treatment application. These soluble salts can 

affect the uptake of water and nutrients as reported by Wadleigh and 

Ayers (1945). Also, P deficiency can be another reason for the death 

of most sudangrass plants. 

74 

Figures 12 to 15 show the effect of each treatment on the growth 

of sudangrass for each soil. As it is clear from these pictures, sul

phuric acid treatment increased plant growth. The plants grown on the 

Gilman soil were more vigorous and taller than the other plants (Figure 

14). Therefore, dry matter yield and treatment effect was tested for 

this soil. Table 21 shows the effect of sulphuric acid treatments on 

the dry matter yield of sudangrass. However, this increase was not 

significantly different from the control. 

Alfalfa--After failure with growing sudangrass, alfalfa was 

selected because it is a warm season crop which responds to P (Ryan and 

Stroehlein 1973), and it has roots with high cation-exchange capacity 

which can greatly mobilize P (Fox and Kacar 1964). 

Tables 22 to 25 show the effect of different treatments on the 

amount of dry weight yield and P in the plant tissue for each soil. 

Figures 16 to 19 show the effect of different treatments on growth of 

alfalfa plants grown on each soil. Figures 20 and 21 show the effect of 

different treatments on P in alfalfa plant tissue and alfalfa dry weight 

yield grown on each soil, respectively. 

For the Gothard soil, high rate of sulphuric acid, high rate of 

gypsum, and APS treatments increased the dry weight yield of alfalfa 



Table 21. Effect of Different Amendments on Dry Weight of Sudangrass 
Grown in Gilman Soil; Means of Three Replications. 

Amendment 

Sulphuric 
Acid 

Gypsum 

APS 

Thiosul 

Control 

Means followed by the same letter are not significantly 
different; tested by LSD at the 0.05 level. 

Treatment 
Means (tonnes/ha) 

Rate (tonnes/ha) 

4.328 0.83a 

2.164 0.78a 

7.595 0.21a 

3.798 0.28a 

3.212 0.76a 

1.606 0.32a 

5 .434 0.20a 

2. 717 0.26a 

0.29a 

75 



Figure 12. Effect of Each Amendment on Growth of Sudangrass Grown 
on the Gothard Soil. 

Figure 13. Effect of Each Amendment on Growth of Sudangrass Grown 
on the Guest Soil. 
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Figure 14. Effect of Each Amendment on Growth of Sudangrass Grown 
on the Gilman Soil. 

Figure 15. Effect of Each Amendment on Growth of Sudangrass Grown 
on the Mohall Soil. 
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Table 22. Effect of Different Amendments on Dry Weight and P Content 
of Alf al fa Plant Tissue Grown in Gothard Soil; Means of 
Three Replications. 

In each column, means followed by the same letter are not 
significantly different; tested by LSD at the 0.05 level. 

78 

Treatment Dry Weight p in Plant 

Amendment 

Sulphuric 
Acid 

Gypsum 

APS 

Thiosul 

Control 

Rate (tonnes/ha) 

4.705 

2.352 

8.258 

4.129 

3.491 

1. 746 

4.545 

2.273 

(tonnes/ha) (ppm) 

1.37a 1577d 

0.54a 1550cd 

0.94a 1385bcd 

0.61a 1374abcd 

1.12a 918ab 

0.98a 1104abc 

0.62a 910a 

0.68a 1196abcd 

0.77a 2457e 



Table 23. Effect of Different Amendments on Dry Weight and P Content 
of Alfalfa Plant Tissue Grown in Guest Soil; Means of 
Three Replications. 

In each column, means followed by the same letter are not 
significantly different; tested by LSD at the 0.05 level. 

79 

Treatment 

Amendment Rate (tonnes/ha) 

Dry Weight 
(tonnes/ha) 

Pin Plant 
(ppm) 

Sulphuric 2.783 2.39cd 1088a 
Acid 

1.391 0.97a 1094a 

Gypsum 4.884 l. SOab 1170a 

2.442 l.60abc 1425ab 

APS 2.065 2.30bcd 1268a 

1.033 2.90d 1139a 

Thiosul 3.494 2.53d 1849bc 

l. 747 2.97d 1243a 

Control 1. 34a 2213c 
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Table 24. Effect of Different Amendments on Dry Weight and P Content 
of Alfalfa Plant Tissue Grown in Gilman Soil; Means of 
Three Replications. 

In each column, means followed by the same letter are not 
significantly different; tested by LSD at the 0.05 level. 

Treatment Dry Weight p in Plant 

Amendment Rate (tonnes/ha) (tonnes/ha) (ppm) 

Sulphuric 4.328 2.09a 1340a 
Acid 

2.164 2.31a 1408a 

Gypsum 7.595 1.90a 1197a 

3.798 2.06a 1208a 

APS 3.212 1.88a 1127a 

1.606 2 .17a 1124a 

Thiosul 5 .434 1.63a 1057a 

2. 717 0.99a 941a 

Control 2 .19a 2764b 



Table 25. Effect of Different Amendments on Dry Weight and P Content 
of Alfalfa Plant Tissue Grown in Mohall Soil; Means of 
Three Replications. 

In each colulJUl, means followed by the same letter are not 
significantly different; tested by LSD at the 0.05 level. 
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Treatment Dry Weight p in Plant 

Amendment 

Sulphuric 
Acid 

Gypsum 

APS 

Thiosul 

Control 

Rate (tonnes/ha) 

0.206 

0.103 

0.362 

0.181 

0.153 

0.076 

0.259 

0 .129 

(tonnes/ha) (ppm) 

0.532a 628a 

0.407a 635a 

0.488a 668a 

0.943a 711a 

0.613a 662a 

O. 743a 647a 

0.485a 688a 

0.560a 707a 

2.218b 3575b 



Figure 16. Effect of Each Amendment on Growth of Alfalfa Grown 
on the Gothard Soil; Control Received P Fertilizer. 

Figure 17. Effect of Each Amendment on Growth of Alfalfa Grown 
on the Guest Soil; Control Received P Fertilizer. 
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Figure 18. Effect of Each Amendment on Growth of Alfalfa Grown 
on the Gilman Soil; Control Received P Fertilizer. 

Figure 19. Effect of Each Amendment on Growth of Alfalfa Grown 
on the Mohall Soil; Control Received P Fertilizer. 
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plants (Table 22, Figures 16 and 20). However, these increases were not 

high enough to be significant but produced yields higher than P ferti

lizer at 100 ppm. The reason for this can be the exchange of Na ions 

by Ca ions in the soil since addition of acidifying amendments can 

increase the concentration of Ca in the presence of CaC0
3 

in the soil 

(Miyamoto 1977). In addition, the improvement of soil structure by 

using the amendments helped with movement of water and air through the 

soil; thus the plant roots grew well and had better development, which, 

in turn, increased the yield (Miyamoto and Stroehlein 1975). On the 

other hand, decreasing soil pH due to application of amendments increases 

· the availability of most micronutrients (Ryan and Stroehlein 1979). 

Overstreet et al. (1955) showed that the alfalfa yield of plots treated 

with sulphuric acid were higher than those of the untreated plots. They 

also noticed that the sulphuric acid treatment was more effective than 

gypsum. 

For the Guest soil, high rate of sulphuric acid, both rates of 

APS and thiosul treatments increased the dry yield significantly compared 

with 100 ppm P fertilizer and control (Table 23, Figures 17 and 20) . 

However, the other treatments were statistically the same as the control. 

For the Gilman soil, all treatments except the low rate of 

thiosul increased the soil P significantly (Table 24, Figures 18 and 20). 

However, for the Mohall soil, none of the treatments increased the soil 

P significantly (Table 25, Figures 19 and 20). 

All the control plants for all soils showed a statistically sig

nificant response to added P when tested for Pin plant tissue, except 
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the high rate of thiosul treatment for the Guest soil (Tables 22 to 25, 

Figure 21). 

Infiltration Studies 

Required time for each pore volume of distilled water to pene

trate into the 30 cm (one foot) depth of each soil under the falling 

head and amendment applications is given in Tables 26 through 29. 

Figure 22 shows the time required for the second pore volume of distilled 

water to penetrate into the same depth and the same situation for each 

soil. Figures 23 through 26 show the average infiltration rates of 

three replications with the second pore volume and application at high 

rates of each amendment for each soil. Tables 30 to 33 show the effect 

of each amendment on the slope of regression line, regarding penetration 

of each pore volume for each soil, and Table 34 shows the effect of each 

treatment on the slope of regression line regarding penetration of each 

pore volume when comparing four different soils (Gothard, Guest, Gilman, 

and Mohall). Table 35 shows the regression equations and correlation 

coefficients (r) of infiltration for each soil considering application 

of the high rate of each amendment and second pore volume. In these 

equations X and y stand for time (minutes) and height of infiltrated 

water, respectively. The high correlation coefficient (r) for almost 

all the equations indicates the best fit of the data for each equation. 

For the Gothard soil, the effect of the treatments on the 

reduction of the required infiltration time is very visible. As sho\vn 

in Table 26, sulphuric acid and gypsum treatments decreased the infil

tration time for the second pore volume about fourteen and seven times, 
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Table 26. The Time Required for Each Pore Volume of Distilled Water to 
Penetrate into a 30 cm Depth of Gothard Soil under Falling 
Head and Different Amendment Applications; Means of Three 
Replications. 

Amendment 

Sulphuric 
Acid 

Gypsum 

APS 

Thiosul 

Control 

Treatment 

Rate (tonnes/ha) First 

4. 705 

2 .352 

8.258 

4.129 

3.491 

1. 746 

4.545 

2.273 

Time (hr) 

Pore Volume Second Pore Volume 

8.7 120.6 

10.2 118. 7 

10.2 231.8 

10.1 280.1 

326.9 1652.9 

278.0 1548.7 

71.0 1477.3 

214.9 1462.3 

265.8 1677. 9 
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Table 27. The Time Required for Each Pore Volume of Distilled Water to 
Penetrate into a 30 cm Depth of Guest Soil under Falling Head 
and Different Amendment Applications; Means of Three Repl i-
cations. 

Treatment Time (hr) 

Amendment Rate (tonnes/ha) First Pore Volume Second Pore Volume 

Sulphuric 2.783 0.3 1. 7 
Acid 

1.391 0.8 1.5 

Gypsum 4.884 1.2 2.4 

2.442 1.9 33.8 

APS 2.065 340.5 1160.5 

1.033 340.3 1566.7 

Thiosul 3.494 1.0 105.2 

1. 747 179 .6 1629.4 

Control 318.1 1 707. 0 
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Table 28. The Time Required for Each Pore Volume of Distilled Water to 
Penetrate into a 30 cm Depth of Gilman Soil under Falling 
Head and Different Amendment Applications; Means of Three 
Replications. 

Amendment 

Sulphuric 
Acid 

Gypsum 

APS 

Thiosul 

Control 

Treatment 

Rate (tonnes/ha) 

4. 328 

2.164 

7.595 

3.798 

3.212 

1.606 

5 .434 

2. 717 

Time (hr) . 
First Pore Volume Second Pore Volume 

3.6 30.6 

3.3 30.6 

3.4 44.7 

3.3 51. 7 

3.3 97.2 

3.4 60.1 

3.3 82.4 

3.2 89.8 

3.1 112 .3 
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Table 29. The Time Required for Each Pore Volume of Distilled Water to 
Penetrate into a 30 cm Depth of ~lohall Soil under Falling 
Head and Different Amendment Applications; Means of Three 
Replications. 

Amendment 

Sulphuric 
Acid 

Gypsum 

APS 

Thiosul 

Control 

Treatment 

Rate (tonnes/ha) First 

0 .206 

0.103 

0.362 

0.181 

0.153 

0.076 

0.259 

0 .129 

Time (hr) 

Pore Volume Second Pore Volume 

0.7 2.6 

0.6 2.4 

0.6 2.6 

0.5 2.9 

0.5 58.7 

0.5 17.9 

0.5 2.2 

0.4 2.1 

0 .4 1.6 
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Table 30. Effect of Each Amendment on the Slope of Regression Line, 
Regarding Penetration of Each Pore Volume for Gothard Soil; 
Means of Three Replications. 

In each column, means followed by the same letter are not 
significantly different; tested by LSD at the 0.05 level. 

Treatment Slope 

97 

Amendment Rate (tonnes/ha) First Pore Volume Second Pore Volume 

Sulphuric 
Acid 

Gypsum 

APS 

Thi soul 

Control 

4.705 

2 .352 

8.258 

4.129 

3.491 

1. 746 

4.545 

2.273 

-2.90a -2 .67abc 

-2.58ab -3.67a 

-2.73ab -3.3lab 

-l.86ab -3.2lab 

-0.62c -2.08abc 

-0.90c -2. 20abc 

-1.60ab -2.0Sbc 

-l.29bc -1.SOc 

-0.84c -1.28c 



Table 31. Effect of Each Amendment on the Slope of Regression Line, 
Regarding Penetration of Each Pore Volume for Guest Soil; 
Means of Three Replications. 

In each column, means followed by the same letter are not 
significantly different; tested by LSD at the O .OS level. 

Treatment Slope 
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Amendment Rate (tonnes/ha) First Pore Volume Second Pore Volume 

Sulphuric 
Acid 

Gypsum 

APS 

Thiosul 

Control 

2.783 

1.391 

4.884 

2.442 

2.065 

1.033 

3.494 

1. 747 

-7.59a -14.0la 

-3.91bc -5.93bc 

-6.66a -7.40b 

-5. 39ab -4.57cd 

-1.03e -2. 89ef 

-0.90e -2. 3lef 

-2.66cd -3.68de 

-1 .14de -1. 89f 

-0.85e -2.0Sef 



Table 32. Effect of Each Amendment on the Slope of Regression Line, 
Regarding Penetration of Each Pore Volume for Gilman Soil; 
Means of Three Replications. 

In each column, means followed by the same letter are not 
significantly different; tested by LSD at the 0.05 level. 
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Treatment Slop_e ________ ~~--~ 

Amendment 

Sulphuric 
Acid 

Gypsum 

APS 

Thiosul 

Control 

Rate (tonnes/ha) 

4.328 

2.164 

7 .595 

3.798 

3.212 

1.606 

5 .434 

2. 717 

First Pore Volume Second Pore Volume 

-5.23a -3.90ab 

-3.83abc -4.79a 

-3.55bc -4 .48ab 

-3.80abc -4.93a 

-3.19c -3 .44ab 

-4. llabc -4 .4 7ab 

-4.89ab -4 .19ab 

-3. 75abc -4 .52ab 

-3.78abc -3.0lb 



Table 33. Effect of Each Amendment on the Slope of Regression Line, 
Regarding Penetration of Each Pore Volume for Mohall Soil; 
Means of Three Rep! ications. 

In each column, means followed by the same letter are not 
significantly different; tested by LSD at the 0.05 level. 

Treatment Slope 
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Amendment Rate (tonnes/ha) First Pore Volume Second Pore Volume 

Sulphuric 
Acid 

Gypsum 

APS 

Thiosul 

Control 

0.206 

0.103 

0.362 

0 .181 

0.153 

0.076 

0.259 

0 .129 

-4 .45a -3.95a 

-4 .13a -2 .44ab 

-4.21a -2.9lab 

-3.82a -2.4lb . -
-4. 71a -2 .42ab 

-4. 72a -l.98b 

-S.12a -2. 85ab 

-4.23a -2.4lb 

-4 .16a -2.18b 

... 



Table 34. Effect of Each Treatment on the Slope of Regression Line, Regarding Penetration of Each 
Pore Volume for Each Soil; Means of Three Replications. 

In each row, means followed by the same letter are not significantly different; 
tested hy LSD at the 0.05 level. 

------ ·- --· - ----- . . ---·---------.==-- - - - ·--=-::..=::=:;==-~-- ---

Trc,1tmc11ts 

Sulphu1ic 
Ac id 

Cvpsum 

APS 

·111 iosul 

Control 

Gothard 

T. Rate Slope 
(tonnes/ha) 1st P.V. 2nd P.V. 

4. 7(,.., -2.90c -2.67h 

2. 352 - 2 .58b -3.67bc 

8.258 -2.73b - 3.3lbc 

4. l 2:) - l.86c -3.2lbc 

3.491 -0.62b -2.0Sa 

l. 7,16 -0. 901) -2.20b 

-I. 5-lS - 1 .60b -2.0Sb 

2.273 -1. 29b -1.SOb 

-0.84b -l. 28a 

Soi 1 s 

Guest 

T. Rate Slope 
(tonnes/ha) 1st P . V. 2nd P.V. 

2.783 -7 .59a -14 .0la 

l. 391 -3.9lb -5.93a 

4 .88-1 -6.66a -7 .40a 

2 .44 2 -5.39a -4.57ab 

2.0tiS -1. 03b -2.89a 

1.033 -0 ,90b -2.3lb 

3.494 -2.66b -3.68ab 

1. 74 7 -l.14h -1.8% 

-0.85b -2.05a 

Gi tman Mohall 

T. Rute Slope T. Rate Slope 
(tonnes/ha) 1st V. V. 2nd P.V. (tonnes/ha) 1st P.V. 2nd P.V. 

4.328 -5 .23b -3.90b 0.206 -4.4Sb -3 . 9Sb 

2.IM -3.83b -4. 79ab 0 .103 -4 . 13a - 2. I-le 

7.595 -3.55h -4 .4 Sb 0.362 -4.2lb -2.0lc 

3.7~8 -3.80b -4. 93a 0 .181 -3.8:!b -2 .4lc 

3.212 -3. l 9a -3.44a 0 .153 -4.7la -2.42a 

1.606 -4.lla -4.47a 0.076 -4. 72a -l.9Sb 

5 .434 -4. 89a -4. I 9a 0.259 -5. l 2a -2 .85ah 

2. 717 -3.75a -4.52a 0 .129 ~4.23a - 2. -ll b 

-3.78a -3.0la -4. 16a -2. l Sa 
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Table 35. Regression Equations and Correlation Coefficients (r) of 
Infiltration for Each Soil after Application of Different 
Amendments (High Rate and Second Pore Volume). 

Soil Treatment Regression Equation r 
Amendment Rate (tonnes/ha) 

Gothard Sulphuric Acid 4.705 y = 29. 72 2.67X 0.94 

Gypsum 8 .258 y = 33.63 3.31X 0.94 

APS 3.491 y = 31.53 2.08X 0.98 

Thiosul 4.545 y = 30.66 2.08X 0.97 

Control y = 24.61 1.28X 0.98 

Guest Sulphuric Acid 2.783 y = 68.34 14.0lX 1 

Gypsum 4 .884 y = 40.81 7.40X 1 

APS 2.065 y = 40.80 2.89X 1 

Thiosul 3.494 y = 27.64 3.68X 1 

Control y = 33.68 - 2.05X 0.98 

Gilman Sulphuric Acid 4.328 y = 37.23 3.90X 1 

Gypsum 7.595 y = 41.84 - 4.48X 0.99 

APS 3.212 y = 33.63 - 3.44X 0.96 

Thiosul 5.434 y = 38.52 - 4. l 9X 0.97 

Control y = 31.57 3.0lX 0.91 

Mohall Sulphuric Acid 0.206 y = 22 .85 3.95X 0.97 

Gypsum 0.362 y = 20 .13 2.91X 0.97 

APS 0.153 y = 18 .11 2.42X 0.95 

Thiosul 0.259 y = 19. 71 2 .85X 0.95 

Control y = 17.67 - 2 .18X 0.91 
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respectively, compared with the control. Figure 23 and Table 30 also 

show this difference significantly for sulphuric acid and gypsum (both 

rates) and high rate of thiosul treatment, whereas APS and low rate of 

thiosul treatments did not change the infiltration speed statistically 

when compared with the control. 

For the Guest soil, results are almost the same as for the 

Gothard soil. In addition, sulphuric acid and gypsum (both rates) and 

high rate of thiosul .treatments increased the infiltration speed more 

than for the Gothard soil (Tables 27 and 31). Figure 24 also shows 

these increases with application of effective treatments. 

For the Gilman soil, sulphuric acid and gypsum treatments 

increased the infiltration rate mostly for the second pore volume (Figure 

25). However, this increment was not significantly different compared 

•• 
with the control (Tables 28 and 32). For the Mohall soil, all treat-

ments except the high rate of sulphuric acid gave the same trend. The 

high rate of sulphuric acid treatment increased the infiltration speed 

significantly compared with the control (Figure 26 and Table 33) . 

In general, it was shown that the application of sulphuric acid 

and gypsum increased the infiltration rate of the Gothard and Guest 

soils. Thiosul treatment produced an intermediate infiltration rate, 

and the lowest infiltration rate resulted from the APS and control treat-

ments. This shows that the sulphuric acid affected the solubility of Ca 

compounds in the soil and improved water penetration through the soil 

colwnn. There is considerable evidence to indicate that application of 

sulphuric acid to soil or irrigation water increases infiltration 

(McGeorge 1943; Overstreet et al. 1951; Miller 1953; Mohanunad 1972; 



~uyamoto and Stroehlein 1974; Yahia 1974; Prather et al. 1978; 

Stroehlein et al. 1978; Stromberg and Tisdale 1979; Stroehlein 1980). 
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In addition, Bower et al. (1951), Yahia et al. (1975), Carter et al. 

(1978), and Oster and Frenkel (1980) showed an increase of infiltration 

rate with gypsum application to sodium-affected soils. Application of 

acidifying amendments to sodium-affected soils can dissolve calcium 

carbonates and intensify the replacement of exchangeable sodium which 

limits water movement. On the other hand, the application of acidifying 

amendments to nonsodium-affected soils such as Mohall soil had little 

value in enhancing the infiltration. These results are in agreement 

with those recorded by Yahia (1974, 1977). 

Soil texture and mineralogy are strongly important in soil 

infiltration rates. McNeal et al. (1966) mentioned that the reduction 

in soil permeability was due to blocking of soil conducting pores 

either by swelling of soil particles or by accumulation of clay parti

cles which is a result of soil dispersion and high ESP. Results in 

Table 34 show that the speed of infiltration increased significantly 

with sulphuric acid and gypsum application to the Guest soil when com

pared with the other soil. This increase in infiltration speed was 

probably due to the lower ESP in the Guest soil (Table 2). 



CHAPTER 5 

SUMMARY Ai'.J'D CONCLUSIONS 

Sodium and salinity hazards may greatly reduce the value and 

productivity of agricultural lands. To investigate salt content, alka

linity, nutrient availability, and changes in infiltration during the 

reclamation of salt-affected soils, four different soils, which are 

known to have salt problems, were treated with two rates each of sul

phuric acid, gypsum, APS, and thiosul amendments in triplicate and as 

a two-factor completely randomized design. 

The results showed that both rates of sulphuric acid, gypsum, 

and thiosul treatments decreased the sodium concentration significantly 

when the Gothard soil was leached with two pore volumes of distilled 

water. However, for the Guest and Gilman soils, two pore volumes for 

leaching were not enough to leach out all the sodium released by the 

amendments. On the other hand, because of the low ESP in the Mohall 

soil, the differences between the treatments and the control were not 

statistically significant. 

Considering solubility of the potassium in the soil, for the 

Gothard soil, the most leaching of K resulted from the application of 

the high rate of gypsum, whereas for the Guest soil low rate of gypsum, 

both rates of APS, and high rate of thiosul applications decreased the 

dissolution of K by a small but significant amount. For the Gilman soil 

105 
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all treatments were statistically the same; whereas for the Mohall soil, 

both rates of sulphuric acid and gypsum increased the solubility of K 

significantly. 

'f11e amount of soluble calcium in the Gothard soil was low. How

ever, the data showed that application of sulphuric acid increased the 

amo 1mt of soluble Ca but not high enough to be significant. For the 

Guest soil, the low rate of sulphuric acid increased the solubility of 

Ca significantly, while the increase of other treatment application 

was not significant. For the Gilman soil, the high rates of sulphuric 

acid and gypsum increased the dissolution of Ca significantly. Although 

other treatments increased the solubility of Ca, the increase was not 

significant. Even though all values for Ca removed from the Mohall soil 

were low, all treatments except the low rate of sulphuric acid signifi

cantly increased the solubility of Ca. 

Magnesium solubility did not increase statistically with the 

application of treatments for the Gothard soil. In fact, high rates of 

sulphuric acid and gypswn decreased the solubility of Mg significantly. 

Almost the same conclusions were reached for the Guest soil; however, 

high rates of APS and thiosul decreased the Mg solubility significantly. 

For the Gilman soil, all treatments except the low rate of APS and thio

sul decreased the dissolution of Mg significantly. A nonsignificant 

effect was found between treatment and the control for the rtohall soil. 

Considering the EC, high rates of sulphuric acid and gypsum 

increased EC for the Gothard soil significantly, whereas low rates of 

sulphuric acid and gypsum and both rates of thiosul decreased the EC 

significantly. For the Guest soil, all treatments except the low rates 
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of sulphuric acid and gypsum increased the salinity level significantly. 

Both rates of sulphuric acid, high rates of gypsum and APS treatments 

significantly increased the EC for the Gilman soil. For the Mohall soil 

the effective amendments were high rates of gypsum, APS, and thiosul 

which increased the soil salinity significantly. Although sulphuric 

acid treatments increased the soil salinity, it was not significant. 

All treatments decreased the pH of the Gothard soil statisti

cally. In addition, high rates of acid and gypsum were the most effec

tive treatments. For the Guest soil, high rates of acid, gypsum, and 

thiosul decreased soil pH significantly, whereas the effect for low 

rates of these amendments and both rates of APS were nonsignificant. 

All treatments except low rates of APS and thiosul decreased the pH of 

the Gilman soil significantly. For the Mohall soil, low rates of 

sulphuric acid and APS did not affect soil pH significantly, whereas 

other treatments decreased soil pH significantly. 

In view of the foregoing, in addition to the removal of the 

excess soluble salts, the success of a reclamation project of a sodic

affected soil necessitates the removal of sodium following its displace

ment by calcium as a result of the application of the acidifying 

amendments. 

Phosphorus sorption isotherms for each soil were discussed. 

Regression equations and correlation coefficients (r) for each soil and 

each treatment were calculated. For the Gothard soil, a power curve was 

fitted to the data, whereas for the other soils (Guest, Gilman, and 

Mohall) a linear regression equation was the best. For all soils except 

the Gothard, statistical analysis showed that the added P was highlr 
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correlated with the remaining Pin the equilibrium solution. Ignoring 

the Gothard soil, because of the fluctuation in the amotmt of Pin the 

equilibrium solution, the treatment effects appeared at higher levels of 

added P (20 and 25 ppm). Sulphuric acid, gypsum and APS treatments 

statistically increased the desorption of P for the Guest soil when 

compared with the control or thiosul. In addition, the effect of sul

phuric acid was the best and the effect of thiosul was the least on the 

release of P. For the Gilman soil, both rates of sulphuric acid and 

high rate of gypsum increased the P desorption significantly, whereas 

for the Mohall soil all treatments except the low rate of thiosul 

increased the desorption of P statistically. 

Sudangrass growth was unsatisfactory and yields were collected 

only for the Gilman soil because the plants were more vigorous and taller 

than the other plants. Although sulphuric acid increased the dry matter 

yield of sudangrass about three times more than the control, it was not 

statistically significant. 

Dry weight yield and Pin the alfalfa plant tissue were measured 

for each soil. High rates of acid and gypsum and both rates of APS pro

duced yields higher than P fertilizer at 100 ppm for the Gothard soil. 

However, these increases were not statistically significant. For the 

Guest soil, the high rate of acid and both rates of APS and thiosul 

increased the dry yield significantly compared with 100 ppm p fertilizer, 

whereas the low rate of acid and both rates of gypsum were statistically 

the same as 100 ppm P fertilizer. All treatments except the low rate of 

thiosul increased the soil P significantly for the Gilman soil, whereas 

for the ~~hall soil none of the treatments increased the soil P 

significantly. 
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Sulphuric acid was the best treatment for increasing dry matter 

yield and total Pin the alfalfa plants. 

Results of the infiltration studies showed that both rates of 

sulphuric acid and gypsum and the high rate of thiosul treatments 

increased infiltration rates significantly for the Gothard soil. How

ever, APS and the low rate of thiosul did not change the infiltration 

rate statistically. Similar results were found for the Guest soil 

except the infiltration rates were much greater. For the Gilman soil, 

sulphuric acid and gypsum treatments slightly increased the infiltration 

rate (mostly for the second pore volume), but this was not statistically 

significant. Only the high rate of sulphuric acid increased the infil

tration rate significantly for the ~lohall soil. 

As a general conclusion, application of acidifying amendments, 

particularly sulphuric acid, to salt-affected soils can increase water 

movement due to an increase in total dissolved salts and a decrease in 

the relative concentration of sodium to calcium. 



APPENDIX A 

CALCULATION OF PORE VOLU~IB FOR EACH SOIL 

Gothard soil: 

Guest 

Average soil weight per column= 3321.20 g 

Average column volume = 2471.13 cm 3 

Average soil bulk density = 1.344 g/cm3 

Assumed soil particle density = 2.65 g/cm 3 

% Porosity = (
1 - B.D.'\100 

p. D. "J 

.. 
Pore volume= (volume)(% porosity) 

= 2471.111 x 0.49283 = 1217.84 cm 3 

soil: 

Average soil weight per column = 2757.33 g 

Average column volume = 24 71.13 cm 3 

Average soil bulk density = 1.116 g/cm3 

% Porosity = (1 _·1. 116'\100 = 57.887% 
2.64) 

Pore volume= 2471.13 x 0.57887 = 1430.447 cm 3 
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Gilman 

Mohall 

soil: 

Average soil weight per column = 2821.50 g 

Average column volume = 24 71.13 cm3 

Average soil bulk density = 1.142 g/cm3 

% Porosity = (1 - 1 · 142,100 = 56.913% 
2.64 J 

Pore volume= 2471.13 x 0.56913 = 1406.394 cm 3 

soil: 

Average soil weight per column = 3529.50 g 

Average column volume = 24 71.13 cm 3 

Average soil bulk density = 1.428 g/cm3 

% Porosity = (1 - 1 ·428,100 = 45.909% 2.64 J 

Pore volume= 2471.13 x 0.45909 = 1134.473 cm 3 
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APPENDIX B · 

CALCULATION OF nrn REQUIRED AMOUNT OF EACH AMENDMENT' 
BASED ON ESP AND CEC, FOR EACH SOIL 

Gothard soil: 

Average soil weight per column= 3321.20 g 

Soil ESP 

Soil CEC 

Exchange Na (meq/100 g) = 

= 24 .16 

= 17.70 meq/100 g 

(ESP) (CEC) 
100 

= 24.16 x 17.70 = 4.276 meq/100 g 
100 

· 4. 276 
100 

Amendments: 

= 

High rate; 

Low rate; 

(?) 
(?) = 142.025 meq Na/column 3321.20 

H2 SOt+ = 98 g 

142.025 98 6.959 g/column 4. 705 tonnes/ha x- = = 2 

6.959 + 2 = 3.480 g/column = 2.352 tonnes/ha 

CaSOt+ • 2H20 = 172 g 

172 High rate; 142.025 x ~2~ = 12.214 g/column = 8.258 tonnes/ha 

Low rate; 12.214 + 2 = 6.107 g/colurnn = 4.129 tonnes/ha 
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Guest soil: 

Contains 44% S 

Density= 1.10 g/cm3 

High rate (weight) 142.025 c;2)/0.44 = 5.164 g/column 

= 3.491 tonnes/ha 

Low rate (weight) 5.164 . 2 = 2.582 g/column 

= 1.4 76 tonnes/ha 

High rate (volume) 5 .164 1.1 = 4.695 ml/column 

Low rate (volume) 4.695 2 = 2.347 ml/column 

Contains 26% S 

Density= 1.30 g/cm 3 

High rate (weight) 142.025 (3
2
2)/0.26 = 8.740 g/column 

= 4.545 tonnes/ha 

Low rate (weight) 8.740 2 = 4.370 g/column 

= 2.273 tonnes/ha 

High rate (volume) 8.740 1.30 = 6.723 ml/column 

Low rate (volume) 6.723 2 = 3.361 ml/column 

Average soil weight per column = 2757. 33 g 

Soil ESP = 8.88 

Soil CEC = 28.48 meq/100 g 
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Exchange Na = 

2.529 
100 

Amendments: 

= 

8.88 X 28.48 
100 

(?) 
2757.33 

= 2.529 meq/100 g soil 

(?) = 69.733 meq Na/column 

H2S0i. = 98 g 
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High rate; 69.733 98 3.417 g/colunm 2.783 tonnes/ha X T = = 

Low rate; 3.417 + 2 = 1. 708 g/column = 1.391 tonnes/ha 

CaSOi. • 2H20 = 172 g 

High rate; 69.733 

Low rate; 5.997 

High rate (weight) 

Low rate (weight) 

High rate (volume) 

Low rate (volume) 

High rate (weight) 

Low rate (weight) 

High rate (volume) 

Low rate (volume) 

172 5.997 g/colunm 4.884 tonnes/ha X -- = = 2 

+ 2 = 2.998 g/column = 2.442 tonnes/ha 

32 69.733 x 2 /0.44 = 2.536 g/column 

2.536 

2 .5.36 

= 2.055 tonnes/ha 

2 = 1.268 g/column 

= 1.746 tonnes/ha 

1.10 = 2.305 ml/column 

2. 305 + 2 = 1.153 ml/column 

69.733 x ~2/0.26 = 4.291 g/column 

= 3.494 tonnes/ha 

4.291 2 = 2.145 g/column 

= 1.747 tonnes/ha 

4.291 + 1.30 = 3.30 ml/column 

3.30 + 2 = 1.65 ml/column 
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Gilman soil: 

Average soil weight per col urnn = 2821. SO g 

Soil ESP 

Soil CEC 

Exchange Na= 

3.933 
100 

Amendments: 

= 

29.42 X 13.37 
100 

(?) 
2821.50 

H2 SO'+ 

= 29.42 

= 13.37 meq/100 g 

= 3.933 meq/100 g soil 

(?) = 110.982 meq Na/column 

= 98 g 

High rate; 110. 982 98 5.438 g/colurnn 4 .328 tonnes/ha X 2= = 

Low rate; 5.438 + 2 = 2. 719 g/colUIIU1 = 2.164 tonnes/ha 

CaSOi+ • 2H
2
0 = 172 g 

High rate; 110. 982 172 9.544 g/column 7.595 tonnes/ha X -2- = = 

Low rate: 9.544 + 2 = 4. 772 g/column = 3.798 tonnes/ha 

NH'+Sx 

High rate (weight) 110.982 (322) /0 .44 = 4.036 g/colurnn 

= 3.212 tonnes/ha 

Low rate (weight) 4.036 2 = 2.018 g/colurnn 

= 1.606 tonnes/ha 

High rate (volume) 4.036 1.10 = 3.669 ml/column 

Low rate (volume) 3.669 . 2 = 1.834 ml/column 



(NHi+) 2 S20 3 + H20 

High rate (weight) 110. 982 (3
2
2) /0. 26 = 6 .829 g/colunm 

= 5.434 tonnes/ha 

Low rate (weight) 6.829 . 2 = 3.414 g/colunm 

= 2.717 tonnes/ha 

High rate (volume) 6.829. 1.3 = 5.253 ml/column 

Low rate (volume) 5.253 2 = 2.627 ml/colunm 

Mohall soil : 

Average soil weight per column= 3529.50 g 

Soil ESP 

Soil CEC 

Exchange Na = 1.17 X 16.03 
.100 

= 1.17 

= 16.03 

= 0.1875 meq/100 g soil 

0 .1875 
100 = (?) 

(?) = 6.620 meq Na/column 3529 .so 

Amendments: 

H2S0i+ = 98 g 

High rate; 6.620 98 0.324 g/colurnn 0.206 tonnes/ha X T = = 

Low rate; 0.324 + 2 = 0.162 g/colurnn = 0 .103 tonnes/ha 

CaSOi+ • 2H 20 = 172 g 
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High rate; 6.620 172 0.569 g/colurnn 0. 362 tonnes/ha X -2- = = 

Low rate; 0.324 + 2 = 0.285 g/column = 0.181 tonnes/ha 
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1',1li4SX 

High rate (weight) 6.620 c3}) 10 .44 = 0.240 g/column 

= 0 .153 tonnes/ha 

Low rate (weight) 0.240 . 2 = 0.120 g/column 

= 0 .076 tonnes/ha 

High rate (volume) 0.240 1.10 = 0.218 ml/column 

Low rate (volume) 0.218 2 = 0 .109 ml/column 

(NH4) 2 S20 3 + H20 

High rate (weight) 6.620 c3}) 10 .26 = 0.407 g/column 

= 0.259 tonnes/ha 

Low rate (weight) 0.407 2 = 0.203 g/column 

= 0.129 tonnes/ha 

High rate (volume) 0.407 1.30 = 0.313 ml/column 

Low rate (volume) 0.313 . 2 = 0.157 ml/column 
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