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ABSTRACT 

The effects of various application rates of gypsum (Aqua-cal=finely ground 

gypsum), langbeinite (K2S04.2MgS04), and CaClj (anhydrous) on exchangeable Na 

removal and saturated hydraulic conductivity of a sodic soU were investigated under 

laboratory batch studies and laboratory column leaching studies. The research involved 

four phases of studies. 

Characterization of the soil and irrigation water indicated that the soil sample 

is sodic (ESP=35.3), ECe=3.36 dS/m), and the irrigation water is moderately saline 

(EC =2.2 dS/m). The laboratory batch studies showed that CaCl2 and langbeinite 

treatments were more efficient in the displacement of Na than gypsum which increased 

with increasing application rate. In contrast, with gypsum, Na displacement increased to 

a maximum at an application rate of 7 tons/ha; then, no further increase in displacement 

was observed above that level. 

In the column leaching studies, applied amendments at equivalent rates of 7 

tons/ha each and leaching with 5 pore volumes of irrigation water resulted in a total Na 

displacement of 60%, 80%, and 84% for gypsum, langbeinite, and CaCl2, respectively. 

Moreover, the SAR of the soil was reduced significantly in the above treatments from 

34.5 in the beginning of leaching to 6.80 for gypsum (G7), from 41.8 to 5.60 for 

langbeinite (Ly), and from 32.6 to 2.5 for CaCl2(7). 
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When amendments were applied at higher rates (G7 tons/ha gypsum and 13 

tons/ha of each of CaCl2 and langbeinite), the % total Na displaced was 60%, 100%, and 

94% for gypsum, langbeinite, and CaClj, respectively. The corresponding SAR values 

at the end of reclamation were 6.80, 4.50, and 5.50 for gypsum, langbeinite, and CaClz, 

respectively. The combination treatments significantly improved the reclamation at 0.05 

level as compared to the G7 treatment alone and saved more leaching water and displaced 

higher exchangeable Na as compared to the gypsum treatment (G7) alone. 

Saturated hydraulic conductivity (Ks) studies indicated that Ks was increased 

significantly when the amendments were applied at equivalent weights (7 tons/ha) and at 

higher application rates as compared to the control. The Ks of the gypsum treated soil 

(G7) was significantly higher than Ks of langbeinite and CaCl2 treated soil at both 

equivalent rates and when applied at higher rates L13 and CaCl2(13). 
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CHAPTER 1 

INTRODUCTION 

Reclamation and management of salt-affected soils are of the utmost importance 

throughout the world. Heavy-textured salt affected soils are known to be unsuitable for 

plant growth because of fundamental salinity and sodicity problems. High amounts of 

total soluble salts, primarily cause a marked reduction in the water potential of soil 

solution limiting water available to plants, thus, increasing plant stress. Furthermore, 

high salt concentration particularly of toxic ions (i.e. chloride, sodium, and boron) 

interfere with normal plant metabolism (Abrol et al., 1988). On the other hand, high 

sodicity (high exchangeable sodium) cause physical deterioration of soil structure as a 

result of clay swelling and dispersion, and high toxicity potential to plants by sodium. 

Clay dispersion and degradation of soil structure causes a reduction in hydraulic 

conductivity (Quirk and Schofield, 1955; Frenkel et al., 1978; Yousaf et al., 1987). 

The need for reclamation of salt-affected soils has become acute in recent years 

where increases in food production is required to meet the needs of a rapidly increasing 

world population. It is estimated that the world population will rise from 5.3 billion 

people in 1990 to 8.5 in 2025 and 10 billion by 2050 (Bonhaarts,1994). Conway et 

al.(1994) also estimated that in the 1990s more than 700 million people in the 

developing world do not have access to enough food, and out of the 700 million people 

about 180 million are children. Therefore, food production has to be increased to feed 

the rapidly increasing world population. Food production can be increased by 
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introducing new cultivable land or by increasing the yields of lands that are already 

under cultivation but are salt affected or otherwise considered marginal. 

Soils that contain excessive concentrations of either soluble salts or exchangeable 

sodium, or both are known as salt-affected soils (saline and alkali soils). Salt-aifected 

soils are classified based on the determinations made on soil samples such as electrical 

conductivity (ECe) of saturation paste extracts, and exchangeable sodium percentage 

(ESP). Based on these determinations, salt affected soils are classified as saline, sodic 

(nonsaline-alkaU), and saline sodic soU (saline-alkali) (U.S. Salinity Laboratory Staff, 

1954; Sandoval and Gould, 1978). Saline soils are those that have an electrical 

conductivity of a saturated soil paste extract greater than 4 dS/m at 25°C and ESP less 

than 15, with a pH ordinarily less than 8.5. Sodic soils are those that have a saturation 

paste extract ECe of less than 4 dS/m at 25 °C and an ESP of greater than 15 with pH 

readings usually between 8.5 and 10 (U.S. Salinity Lab Staff, 1954). On the other 

hand, as a result of both salinization and alkalization processes, saline-sodic soils have 

high levels of soluble salts and high ESP. Thus, the ECe of their saturation paste 

extract is greater than 4 dS/m at 25°C and ESP is greater than 15, and their pH 

readings rarely exceed 8.5 (U.S. Salinity Lab Staff, 1954). 

Salt affected soils occur in all continents and cover about 10% of the total 

surface of dry land (Szabolcs, 1989), but their distribution is most common in the arid 

and semi-arid regions of the world. Massoud (1981) estimated that out of the world's 

cultivated land (1.5*10^ ha), about 23% (3.4*10* ha) are saline and another 37% 

(5.6*10' ha) are sodic. 
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It is estimated that about 25% of all irrigated land is salt affected to the extent 

that its agricultural productivity is either moderately or severely affected (Saurez and 

Rhoades,1991). Beside these cited statistics, an estimated 10 million hectares of 

irrigated land are abandoned yearly as a consequences of the adverse effects of 

irrigation, mainly secondary salinization and alkalization (Szabolcs,1989). 

Saline soils are common in arid, semiarid, and to a lesser extent in humid, and 

sub-humid climates (Bhargava, 1989). In a humid climate, rainfall is usually sufficient 

to leach soluble salts downward and out in the natural drainage. On the other hand, a 

greater percentage of the rainfall evaporates in dry lands compared to humid climates 

(Kelley,1951). 

Generally, saline soils are well flocculated due to excessive salts and have good 

physical properties, thus, their permeability to water are often equal to or better than 

that of similar nonsaline soils (Abrol et at., 1988; Sandoval and Gould, 1978). 

Unlike saline soils, sodic (alkali) soils contain excessive amounts of 

exchangeable sodium (ESP > 15 and their ECe is less than 4 dS/m) and in addition have 

a high pH caused by the presence of sodium-carbonate and bicarbonate minerals. These 

characteristics, cause soil dispersion which results in structure degradation, poor 

permeability to water and air (Frenkel et al., 1978; Acharya and Abrol, 1978). The 

critical limiting exchangeable sodium percentage(ESP) value that cause deterioration in 

soil structure was reported to be 15 (U.S. Salinity Laboratory Staff, 1954); but a lower 

limiting value of ESP = 6 has been suggested for soil having abundant fine clay and low 
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content of soluble salts that can maintain electrolyte concentration during leaching 

(Northcote and Skene, 1972; Shanmuganathan and Oades,1983). 

Sodic soils are one of the most widely distributed agricultural resources of the 

world [37% or 5.6*10® ha as estimated by Massoud (1981)]. They have a high 

potential for development and efficient utilization, have high potential fertility, and 

large crop yields can be realized from them upon reclamation (Kelley,1951). Their 

potential productivity is excellent (Bhargava, 1989), therefore, when the pressure for 

higher food crop production increases to meet the needs of the growing world 

population, the need for crop production from these soils will become greater. It has 

been reported that, after reclamation, sodic soils produce 5 to 6 tons/ha rice and 3 to 

4 tons/ha wheat annually comparing well with the nonsaline nonsodic soils in 

productivity (Singh, 1985). Moreover, the presence of CaC03 as the greatest asset in 

these soils imparts favorable use of any acidifying amendment like sulfuric acid or 

pyrite for their reclamation. Because sodic soil reclamation requires water for the 

dissolution of the reclaiming amendment and leaching process, the most limiting factor 

in such regions is the scarcity of irrigation water. 

From the foregoing, it is apparent that salt-affected soils extensively occur in 

arid and semiarid regions. Once formed, they present problems for agricultural 

production and their reclamation and management becomes more challenging. 

For more than 100 years, many investigations and reclamation projects have 

been carried out on salt affected soils worldwide in which a number of commercial 

chemical amendments have been used. Accordingly, many studies have been conducted 
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to evaluate the effectiveness of commonly used amendments such as gypsum, sulfuric 

acid, aluminum sulfate, calcium chloride, calcium polysulfate, lime, and etc. 

Amendments such as sulfuric acid, gypsum, aluminum sulfate, and calcium chloride 

when applied to salt affected soils, reduce surface crusting of the soils, flocculate clay, 

and remove exchangeable sodium upon leaching following amendment application. 

The three most commonly used amendments for reclaiming saline-sodic and 

sodic soils are gypsum (CaS04.2H20), calcium chloride (CaCy, and sulfuric acid 

(H2SO4). However, the kind and amount of the chemical amendment to be used for 

reclaiming these soils depends on the soil characteristics, the desired rate and extent of 

exchangeable Na to be removed, and the cost. Because of its availability and its 

relatively low cost, gypsum is the most commonly used amendment for sodic soil 

reclamation. Gypsum application increases soil permeability due to both electrolyte 

concentration and cation exchange effect (Loveday, 1976). However, it is more 

effective in non-calcareous sodic soils, but due to its relatively low solubility, more 

time and water is needed for its complete dissolution than with other amendments 

(Overstreet et al., 1951). On the other hand, sulfuric acid has been shown to be more 

effective for reclaiming calcareous sodic soils (Miyamoto et al., 1975; Overstreet et 

al.,1951) and to enhance the leaching process. The drawbacks of sulfuric acid is its 

cost and that it is hazardous in handling. 

The other efficient amendment in sodic soil reclamation is calcium chloride. It 

is probably the most readily available source of calcium due to its high solubility and 

is highly effective in sodic soil reclamation, yet it is too expensive and of limited 
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availability (Bhargava,1989). Because it is highly soluble, CaCla produces solutions of 

high electrolyte concentration that would increase water intake (Miyamoto et al.,1975; 

Alperovitch and Shainberg,1973; Yahia et al., 1975). Moreover, calcium chloride 

requires the least amount of time and results in the greatest removal of exchangeable 

sodium when used in sodic soil reclamation as compared with gypsum and sulfuric acid 

(Prather et al., 1978). 

A new chemical amendment known as langbeinite (K2S04.2Mg SO4) was 

recently used in the reclamation of saline sodic soils (Heluf, 1995). It is also called Sul-

Po-Mag by the International Minerals and Chemicals Corporation (IMC), or K-Mag by 

the Western Ag-minerals Company. The ore of this mineral is located near the city of 

Carlsbad, New Mexico in the southwestern United States (Hagstrom, 1984). langbeinite 

mining has also been reported in other parts of the world. Evaporite deposits that 

include langbeinite or other salt rocks that contain appreciable potash magnesia salts are 

reported in Germany and western Europe, former USSR, China, Canada, South 

America (Brazil), Australia, and Africa. Langbeinite mineral is a double sulphate of 

potassium and magnesium and its fertilizer grade has a chemical analysis of 22% K20, 

18% MgO, and 22% S (Hagstrom, 1984). It is a neutral salt and is highly soluble in 

water; its solubility in water is approximately 280 g/1 at 21 °C and is a very heavy 

material with a specific gravity of 2.82 (Hagstrom, 1986). Its bulk density is 

approximately 1540 Kg/m^; and it has no effect on soil pH (Hagstrom, 1984). Besides, 

langbeinite is a readily available source of three essential plant nutrients (sulfur, 

potassium, and magnesium) due to its high solubility. It has been reported that over 
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100,000 metric tons of langbeinite have been applied to southeast Asian soils mainly 

to supply water soluble magnesium (Hagstrom, 1984). Moreover, it is also widely used 

to supply Mg for citrus in Florida and tobacco in the southeast USA (Hagstrom, 1986). 

Very recently, Heluf (1995) evaluated langbeinite (K2S04.2Mg SO4) as a 

reclaiming agent for saline sodic soils. He compared it with gypsum (agricultural 

grade) at varying volumes of leaching water and found that langbeinite is superior to 

gypsum in the removal of exchangeable sodium and it significantly improved hydraulic 

conductivity (HC) although not to the extent that gypsum did. 

Reclamation of sodic soils is more challenging than saline soils because 

exchangeable sodium persists and becomes highly concentrated once soluble salts are 

leached. Therefore, their reclamation requires the addition of chemical amendments 

that supply a divalent cation (usually Ca^"*") prior to leaching to replace adsorbed Na 

followed by leaching the soluble Na in the soil solution. Because scarcity of irrigation 

water is one of the most limiting factors in irrigated agriculture of arid and semiarid 

lands where sodicity problems usually prevail, the choice of an amendment will dq>end 

primarily upon other factors such as its cost and its water solubility so that less water 

is required for its dissolution. 

The water solubility of gypsum, langbeinite, and calcium chloride was reported 

as 2.1 g/1 at 25°C, and 280 g/1 at 21°C, for gypsum and langbeinite, respectively, 

(Hagstrom, 1986), and 595 g/1 for anhydrous calcium chloride. In addition to the 

higher solubility of langbeinite as compared to gypsum and being superior to gypsum 
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as a Feclaiming chemical for saline sodic soils (Heluf, 1995), langbeinite can provide 

a readily available source of sulfur, potassium, and magnesium. Finely ground gypsum 

(AQUA CAL) has been recently produced by the United States Gypsum Company. 

Because it is extremely fine grained, its solubility is expected to exceed the agricultural 

grade gypsum. Therefore, its solubility has been examined in the laboratory and found 

to be 3.1 g/1 . It also has high purity (94%) and cost $79 /short ton (bulk), as of 

December 1998. Langbeinite costs $92/short ton (bulk), whereas, anhydrous CaC12 

costs about $480 /short ton (bags). Accordingly, langbeinite may be advantageous over 

the high grade gypsum (AQUA CAL) with respect to water and time savings and is 

expected to be comparable to CaC12 with respect to both water savings and 

exchangeable Na displacement, and in addition langbeinite is relatively inexpensive 

compared to the more expensive CaC12 which is also of limited availability. 

Although many studies have been conducted to evaluate the effectiveness of the 

most commonly used amendments for sodic soU reclamation, the potential of langbeinite 

as a reclaiming agent as recently reported by Heluf (1995) needs further investigation 

and comparative studies with such efficient amendments that are highly soluble and 

expensive and with fine grade gypsum. The purpose of this research is to conduct a 

comparative study of langbeinite, a highly soluble and relatively low cost material with 

calcium chloride that is also highly soluble but of limited availability and expensive, 

and with fine grade gypsum. 
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The objectives of this research were to: 

1. Determine the optimum levels of application of langbeinite, gypsum, and 

calcium chloride (CaCythat displace higher amounts of exchangeable Na. 

2. Compare the efficiency of langbeinite in removing exchangeable Na with calcium 

chloride and gypsum (finely ground). 

3. Determine and compare the water requirements for each of the amendments required 

for exchangeable Na removal from soils. 

4. Determine the saturated hydraulic conductivity (HC) of the soil used in 

the research (Grabe clay loam of Safford Agricultural Research Center of the 

University of Arizona) after passing 5 pore volume of leaching water (well irrigation 

water). 
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CHAPTER 2 

REVffiW OF LITERATURE 

Salt-affected Soils: Background 

Salt-affected soils occur on all continents and comprise about 10% of the total 

land surface of the earth, although their extent differs on the different continents and 

subcontinents (Szabolcs, 1989). They have diverse physical, chemical, morphological, 

andy biological properties. The properties of salt-affected soils are thoroughly addressed 

in comprehensive volumes or reviewed in selected chapters by many authors (Szabolcs, 

1989; Bresler et al., 1982; James et al., 1982; Bohn et al., 1985; Bolt and 

Bruggenwert, 1976; Kelley, 1951; Bhargava, 1989; Gupta & Abrol, 1990, Abroletal., 

1988). 

Salt-affected soUs are those that have been adversely modified for the growth 

of most crop plants by the presence of soluble salts, exchangeable sodium, or both 

(Miller & Donahue, 1995), or can be defined as "formations under the dominating 

influence of different electrolytes in solid or liquid phases which alter the physical, 

chemical, and biological properties, and eventually the fertility of the soil" (Szabolcs, 

1989). Salt-affected soils are common in arid and semiarid regions of the world that 

have a great potential for multiple cropping, and offer considerable potential for 

agricultural crop production upon development (Bresler et al., 1982). Such regions need 

only a source of water to convert them to prime agricultural lands. The fundamental 

concern and frequent problem associated with development of such lands is the excess 
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soluble salts, or high exchangeable sodium percentage, or both, which adversely affect 

crop growth or cause complete crop failure and physical deterioration of the soil, thus, 

reducing water movement within the soil profile essential for removal of excess salts 

by leaching, as well as, providing plants with moisture. 

Due to inadequate rainfall to leach salts below the plant root zone and high 

evaporation and transpiration rates in arid and semiarid regions, salts tend to 

accumulate in amounts or types that adversely affect the growth of most crop plants. 

Salts are introduced to the soil by various sources, mainly, mineral weathering, rainfall, 

"fossil" salts, and surface and groundwaters (Bresler et al., 1982; U.S. Salinity Lab 

Staff, 1954; Bohn et al., 1985) 

Salt affected soils are characterized and diagnosed based on determinations made 

on soil samples, primarily by electrical conductivity (ECe) of soil paste extract and 

exchangeable sodium percentage (ESP). Salt-affected soils have been separated into two 

broad groups, alkali (sodic) soils and saline soils (Szabolcs, 1974; Abrol & Bhumbla, 

1978; Bhumbla and Abrol, 1979; Bhargava et al., 1976), but another category referred 

to as saline-alkali (sodic) soil is included in the characterization and diagnosis of salt 

affected soils (U.S. Salinity Lab Staff, 1954; Bhargava, 1989; Miller & Donahue. 

1995; Sandoval & Gould, 1978). The extent of salt-affected soils of the world has been 

estimated to be 952.3 million hectare (Gupta & Abrol, 1990). 

New salt-affected soils are formed by secondary salinization caused by extension 

of irrigation and present a serious problem to agricultural land productivity. As a result 

of man's activities, this secondary salinization may be due to inadequate development 
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of irrigation projects, use of water of high levels of salinity, lack of proper drainage, 

inefficient irrigation systems, excessive application of irrigation waters without proper 

drainage that cause rise of the water table of saline groundwater, application of 

amendments and fertilizers to the soil, and environmental mismanagement (Ghassemi 

et al., 1995; Bohn et al., 1985; Stroehlein and Pennington, 1986). It is fortunate that 

the basic principles for reclaiming and managing these soils have been generally 

understood and applied for m.any years. 

The main properties used in the characterization and diagnosis of salt-affected 

soils are the electrical conductivity of soil paste extract (ECe) and exchangeable sodium 

percentage (ESP). The electrical conductivity of soil paste extracts gives a measure of 

the total dissolved salt content. On the other hand, ESP as another determinant for salt-

affected soil, as it gives a measure of the sodium status of the soil. The sodium hazard 

of a solution generally increases as its salt concentration increases. Because surface soil 

is being equilibrated with the applied water each time water is applied, the ESP of 

surface soil can be predicted with reasonable accuracy from the sodium adsorption ratio 

(SAR) of the applied water (Sposito, 1989). Because sodium adsorption ratio (SAR) has 

a good correlation to the ESP and can be determined more easily than ESP, an SAR 

value of 13 replaces an ESP of 15% in the criteria of salt-affected soil classification in 

the United States (Miller & Donahue, 1995). For SAR determination, only Na"^, Ca"^"^, 

and Mg"^"^ concentrations of soil extracts or water samples, expressed in 

milliequivalents per liter are needed. This ratio (SAR) is defined by the following 

equation (U.S. Salinity Lab Staff, 1954): 
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SAR = Na+ /[(Ca^^+Mg^^)/2]"0.5 

where, concentrations of Na'^, Ca"^"^ and Mg'*"^ are expressed in meq/L for each 

respective ion. 

In the same reference, the relation between SAR and ESP was given as: 

ESP = 100(-0.0126 + 0.01475 SAR)/1 + (-0.0126 +0.01475 SAR) 

Based on the above mentioned criteria, salt-affected soils are classified into 

saline, sodic (alkali) and saline-sodic (alkali) soils (U.S. Salinity Lab Staff, 1954). 

Saline soils are those that have an electrical conductivity of a saturated soil paste extract 

greater than 4 dS/m at 25°C and ESP less than 15, with a pH ordinarily less than 8.5. 

Sodic soils are those that have an ECe of saturation extract of less than 4 dS/m at 25 °C 

and ESP of greater than 15 with pH readings usually between 8.5 and 10 (U.S. Salinity 

Lab Staff, 1954). On the other hand, as a result of both salinization and alkalization 

processes, saline-sodic soils have high levels of soluble salts and high ESP. Thus, the 

ECe of their saturation paste extract is greater than 4 dS/m at 25°C and ESP is greater 

than 15, and their pH readings rarely exceed 8.5 (U.S. Salinity Lab Staff, 1954). 

Although the ECe values of more than 4 dS/m and ESP values more than 15 

are the two criteria of salt-affected soil classification, from a practical point of view, 

ECe values of as low as 2 dS/m may reduce the growth of salt sensitive crops and 

cause problems for their germination (Stroehlin & Pennington, 1986). An ESP value 

of 6 has been suggested as a lower Umiting ESP value that causes deterioration in 

soil structure for soils having abundant fine clay together with a low content of 

soluble salts (Northcote & Skene, 1972; Shanmuganathan & Aodes, 1983). 
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The effect of excessive soluble salt concentrations on soils is primarily due to 

a marked reduction in the water potential of the soil solution rendering water less 

available to plants, thus increasing plant stress (U.S. Salinity Lab Sta^, 1954; Bohn et 

al., 1985; Bresler et al., 1982; James et al., 1982; Stroehlin & Pennington, 1986) 

High salt concentration particularly of toxic ions (i.e., chloride, sodium, and 

boron) interfere with normal plant metabolism (James et al., 1982; Knight, 1991); 

whereas high levels of exchangeable sodium cause physical deterioration of soil 

structure as a result of swelling and dispersion. This action, in turn, restricts water 

movement (natural drainage) within the soil profile that is essential for salt leaching and 

causes increased erosion rates of agricultural land surface and reduces land productivity. 

Furthermore, high levels of exchangeable sodium also cause high toxicity potential to 

plants by sodium (Bohn et al., 1985; Frenkel et al., 1978; Frenkel & Meiri, 1985). 

The resultant high pH values, in turn, reduce the solubility and availability of most 

micronutrients to plants (Bohn et al., 1985). 

In irrigated agriculture, irrigation water adds considerable amounts of soluble 

salts to the land over relatively short periods of time. As a result, a nonsaline soil 

known to be well drained under natural conditions can become saline when brought 

under artificial irrigation due to inadequate drainage (U.S. Salinity Lab Staff, 1954). 

Irrigation water may contain from 0.1 to 5 tons of salts per acre-foot of water and a 

total depth of 5 feet of irrigation water might be applied annually (U.S. Salinity Lab 

Staff, 1954). 
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Saline soils are usually flocculated due to the presence of excess salts and the 

absence or small amounts of exchangeable sodium. As a result, they have a 

permeability that is equal or greater than that of similar nonsaline soils (U.S. Salinity 

Lab Staff, 1954). Sodic soils have low permeability to air and water due to high levels 

of exchangeable sodium that cause physical deterioration of the soil. Physical 

deterioration caused by the presence of exchangeable sodium is affected by the amount 

and type of the clay mineral and the total electrolyte concentration (Frenkel et al., 

1978; Shainberg et al., 1981a and b; Quirk and Scofield, 1955; Frenkel & Meiri, 

1985). 

On the other hand, saline-sodic soils having both high levels of soluble salts and 

exchangeable sodium, have good permeability in the initial stages of leaching. Upon 

leaching and removing the excess soluble salts, sodium becomes highly concentrated 

and causes clay dispersion which, in turn, clogs soil pores and destroys soil structure, 

reducing hydraulic conductivity. 

Irrigation water quality is the most important characteristics in irrigated 

agriculture particularly in arid and semiarid lands where most of the water supplies 

come from groundwater of lower quality. Water quality refers to "the characteristics 

of a water supply that will influence its suitability for a specific use" based on certain 

physical, chemical, and biological characteristics (Ayers & Westcot, 1989). Chemical 

and physical characteristics of water are important when evaluating water for irrigation. 

Irrigation water quality evaluation is based on the type and quantity of total dissolved 

salts (solids). Therefore, dissolved salts in the applied irrigation waters remain and 
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accumulate in the soil as a result of evapotranspiration during long-term use. It has 

been stated that the concentration of total dissolved solids (salts) (TDS) in most 

irrigation water is less than 1000 mg/L and half of the irrigation waters in the Western 

United States have TDS values of less than 500 mg/L and 10% have TDS values of 

more than 1500 mg/L (Bohn et al., 1985). According to same source, groundwaters of 

TDS values approaching 5000 mg/L have been used for irrigation successfully. More 

recently, due to ambiguities of TDS measurements, salinity has been measured in terms 

of electrical conductivity (EC) of the solution. The EC measurement is quicker and 

sufficiently accurate for most purposes. 

There are several useful empirical relationships to convert one type of water 

quality analysis to another. Therefore, for solutions having an EC of the range 0.1 to 

5 dS/m, the following relationships apply (Bohn et al., 1985): 

Sum of cations or anions mmole(c)/L » EC (dS/m) x 10 

and TDS (mg/L) « EC (dS/m) x 640, whereas, 

for soil extracts having an EC ranging from 3-30 dS/m 

osmotic potential (OP)(bass) = EC (dS/m) x (-0.36). 

Another important measurement of water quality is its sodicity (relative amount 

of sodium) or its SAR. 

High levels of sodium in irrigation water often produce soils having high 

exchangeable sodium levels. High levels of exchangeable sodium cause soils to crust 

badly and swell or disperse causing a marked reduction in the hydraulic conductivity 

or permeability of the soil to water (Bohn et al., 1985). To characterize the sodium 
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hazard of irrigation water and soil sodicity, SAR has been proposed by the U.S. 

Salinity Laboratory Staff(1954). The SAR is defined on page 28. 

On the other hand, when irrigation waters have high HCO3, it becomes more 

hazardous. Bicarbonate in irrigation water caused by the precipitation of Ca+, lowers 

the concentration of dissolved Ca which, in turn, increases the SAR, ESP, and pH of 

the soil solution. 

Cation Exchange Phenomena 

Colloidal Properties and Cation Exchange Capacity (CEC) 

Colloids are soil particles of very low water solubility. They have a diameter 

ranging between 0.01 and lO^m (Sposito, 1989). The clay and humus fractions of the 

soil are extremely small colloidal particles. These particles due to their chemical 

structure, have a negative electrical charge (Miller & Donahue, 1995). Therefore, 

chemical properties of soils are more influenced by the clay and humus than by an 

equal weight of silt and/or sand. Because of their large surface area per unit weight, 

clays and humus attract and hold positively charged ions (cations) at their negatively 

charged sites. These adsorbed cations are held tightly enough so that they are not easily 

removed by leaching, but the strength with which they are held by the soU colloid 

depends on their charge density (valence), hydrated size and strength (Miller & 

Donahue, 1995). 

As mentioned, adsorbed cations are not easily removed by leaching but can be 

replaced by other cations in the soil solutions. This replacement of one cation by 
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another is called cation exchange, whereas, as a simple definition, the sum of 

exchangeable cations of a soil expressed in meq/lOOg of soil is called cation exchange 

capacity (CEC); or defined as "the sum total of the exchangeable cations that a soil can 

adsorb" (Brady, 1984). 

The amount of interaction between soil solution and soil itself depends mainly 

upon the type and amounts of inorganic and organic soil colloids. The organic fraction 

normally adds substantially to the CEC and surface areas even for soils from arid 

regions. Cation exchange capacity values of 1-4 cmol/kg and surface area of 5-15 mVg 

are added to such soils from organic matter alone (Bresler et al., 1982). 

The most reactive constituents of soil mineral colloids are the smectite minerals 

and vermiculite. Generally, high CEC or surface area of a soil indicates considerable 

potential of that soil for retention of nutrient cations, for expansion or swelling with 

wetting or as the salt concentration is decreased, for "buffering" against changes in 

exchangeable cations (including ESP) levels, and for retention of noncharged solutes 

such as boron (Bresler et al., 1982). 

Cation exchange is an important reaction in soils. It aids in the evaluation of soil 

salinity and sodicity and the resultant adverse effect on plant growth and other chemical 

and physical related soil properties and in planning reclamation strategies, determining 

plant nutrient deficiencies or imbalances (soil fertility studies). Cation exchange may 

determine rates of toxic metal movement, and help to purify or alter percolating water. 

Therefore, through the adsorption of many metals present in waste waters, cation 
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exchange cleans water that percolates into groundwaters or surface waters (Miller & 

Donahue, 1995). 

Many methods have been proposed and developed for the determination of CEC. 

These methods are available in soil analysis manuals and textbooks. Additionally, 

several equations have been used to describe the cation exchange processes. Most of 

the cation exchange equations that are related or constitute the basis of soil reclamation 

are presented in the section Reclamation of Sodic and Saline-sodic Soil. 

Exchangeable Cations 

The major exchangeable cations in productive agricultural soils are calcium, 

magnesium, sodium, potassium, and ammonium. The relative retention capacities of 

these cations in soils is in the order of CA^"^>Mg^>K^»NH4'*">Na'*' (Bohn et al., 

1985). The exchange reactions among these cations are very important in arid land 

soils. Based on these reactions, it has been observed that Ca and Mg are preferred over 

Na and that Ca is preferred slightly over Mg by the soil exchanger in the case of arid-

zone soils (Sposito, 1989) 

In arid and semiarid soils, particularly sodic and saline sodic soUs, the 

exchangeable cation of interest among other cations is sodium. It has been stated that 

exchangeable Na can become high only where soluble Ca"^"^ or Mg is low, and Na 

can never be high where dissolved CA^^ is high (Kelley, 1951). Kelley (1951) on 

reviewing the relative replacing power of the common bases as given by various 

investigation, stated that the relative replacing powers of the common bases are not 
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deiinitely fixed and always the same. He listed three variables that would cause such 

variability in the relative replacement of the different bases of alkali soils and concluded 

that it must vary from place to place. These three variables are (1) the concentration 

of the solution, (2) the kind of absorbed cation that is being replaced, and (3) the kind 

of exchange material in the soil. Bohn et al. (1985) reported the relative ion 

rq}laceability as: 

Li+ « Na+ > k+ * NH4+ >Rb+ > Cs+ « Mg^^ > Ca^"" > Sr^^ « Ba^+ > La^+ « "H"(AP+) 

>Th'»+. 

They also stated that raising soil pH would change cation selectivity through increasing 

CEC, which increases the preference for polyvalent versus monovalent ions. 

Clay Dispersion and Swelling in Sodic and Saline-Sodic Soils 

Clay dispersion is an important process affecting soil physical condition 

particularly of sodic and saline-sodic soils or where sodic water is used for irrigation 

(Shainberg & Letey, 1984). Upon swelling and/or dispersion of soil colloids, soil 

properties such as hydraulic conductivity is highly affected. In sodic soils, clay 

dispersion due to high ESP and low salt concentration is caused by repulsive forces 

between adjacent particles under high sodicity and low salt concentration conditions 

(Sumner, 1992). 

Dispersion of clay causes macro and micropores to collapse, lodgement in soil 

pores that cause structural degradation, resulting in poor permeability of soil to water 

and air (Frenkel et al., 1978; Barzegar et al., 1997). Structural deterioration caused by 
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clay dispersion generate some management problems, such as ponding, waterlogging, 

high runoff, erosion, difficulty in preparation of seedbed, and poor plant growth 

(Rengasamy & Olsson, 1991; Shainberg & Levy, 1992). It was found that soil 

permeability or hydraulic conductivity (HQ is highly affected by electrolyte 

concentration of soil solution and its Na"^ to Ca^"^ ration (Gardner et al., 1959; McNeal 

& Coleman, 1966; Shainberg & Caiserman, 1971; Quirk & Schofield, 1955). 

McNeal et al. (1966) suggested that swelling of clay particles in a confined 

system decreases the size of large soil pores, and soU pores are blocked by dispersion 

and movement of clay platelets. In soils dominated by clay fraction of large lattice 

silicates, clay dispersion is strongly affected by exchangeable Na and water composition 

(Barzegar et al,. 1997). 

Because of the differences in morphological and charge characteristics, clay type 

has an important effect on clay dispersion (Barzegar et al, 1995a and b; Frenkel et al., 

1978). Dispersibility of clay is also found to be an important process affecting soil 

physical processes, such as surface crusting, water erosion, and water infiltration 

(Shanmuganathan & Oades, 1982; Miller & Baharuddin, 1986). 

Curtin et al. (1995) investigated the soil:solution ratio influences on clay 

dispersibility and flocculation values in sodic soils. They found that increasing the 

soil: solution ratio increases the proportion of soil clays that disperses in any given time 

period, whereas, flocculation concentration decreases as soil:solution ratio and settling 

time increases. 
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Clay dispersion and its counterpart, flocculation are soil properties of most 

importance. They are important in understanding the behavior of sodium affected soils 

(Curtin et al,. 1995). Flocculation value is defined as "electrolyte concentration needed 

to flocculate clay" (Curtin et al., 1995), or the minimum electrolyte concentration 

needed to flocculate a suspension of a soil in some arbitrary time (Oster et al., 1980; 

Van Olphen, 1977). Flocculation is defined as " the coagulation of colloidal particles 

due to ions in solution" (Soil Sci. Soc. Am., 1997). 

Generally, ESP as low as 10 and 20 in fine textured and sandier soils, 

respectively, can cause dispersion damage, but not all soils have dispersion problems 

at the same ESP value (Miller & Donahue, 1995). According to these authors, 

Montmorillonite clays are the most easily dispersed. Other clayey soils disperse at ESP 

as low as 9-10%, while kaolinite soil may be quite stable to even 25-35% exchange 

sodium. Yousaf et al. (1987) studied clay dispersion from some salt affected soils. They 

treated soil aggregates of fine soils with solutions of different divalent cation 

compositions, SAR, and electrolyte concentrations. They showed that Mg was more 

effective than Ca when compared on the basis of equivalent treatment levels of SAR 

and electrolyte concentration, but SAR was higher and EC was lower in the 

supematants in the Na-Mg system. On the other hand, they found little difference 

between Na-Mg and Na-Ca systems at equivalent levels of exchangeable Na and 

electrolyte concentration. 

Other investigators pointed out that apart from the "specific" effect of Mg, 

exchangeable sodium levels are higher in Na-Mg systems compared to Na-Ca systems 
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at a given SAR (McNeal et al., 1968; Abder-Rahman & Rowell, 1979). Shainberg et 

al, (1981a) investigated the effect of leaching with distilled water and dilute salt 

solutions on clay dispersion and hydraulic conductivity (HC) of a weathered mineral 

soil. They reported that relatively low salt leaching water prevented clay dispersion and 

loss of "HC" for ESP levels below 30 of a Fallbrook soil-sand mixture. 

Another investigation by Shainberg et al. (1981b) studied the effect of mineral 

weathering on clay dispersion and "HC" of sodic soils. Their results showed that the 

chemically stable soil (Fallbrook) was the most sensitive soil to exchangeable Na effects 

on clay dispersion and loss in HC, whereas other soils studied that have higher mineral 

dissolution rates were less affected by exchangeable Na. Curtin et al. (1994) evaluated 

the dispersion characteristics of a group of prairie soils from southern Canada at SAR 

ranging from 0 to 40. They found that dispersion increased gradually at each SAR as 

electrolyte concentration decreased, and clay dispersion increased substantially as 

sodicity increased from SAR 20 to SAR 40 particularly at low salt concentration. 

Soil Crusting and Sodicitv 

Crust is a hard compact surface layer of low saturated hydraulic conductivity 

and limited infiltration (Kemper & Miller, 1974). Chen et al. (1980) reported two types 

of crusts based on their mechanisms of formation. These are: 1) crusts caused by the 

effect of raindrop impact and called structural 

crusts, and 2) crusts which formed by translocation of fine soil particles and their 

deposition at distances from their original location and called depositional crusts. 
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Depositional crusts are mainly a function of Na which cause soil dispersion at certain 

Na levels for different soil characteristics. Crusting effects a number of soil processes, 

such as increasing runoff and erosion rate, reducing infiltration rate and hydraulic 

conductivity, slowing soil atmospheric gas exchange, and prevention or reduction of 

seeding emergence or seed germination. Miller and Gifford (1974) stated that surface 

soil becomes susceptible to crusting due to low organic matter content, high 

exchangeable sodium content, and high silt content. All of these cause structural 

instability and aggregate breakdown and defiocculation of soil colloidal systems that 

result in the formation of poor structure and formation of a hard crust upon drying. 

Bresson and Boiffin (1990) applied fertilizers and amendments to a loamy Aquic 

Hapludalf to investigate crust development in an experimental field. They concluded 

that the process of crust development was faster in a sodic soil because of earlier and 

more rapid depositional crust formation caused by dispersion and thickening of 

structural crusts on such soils. 

Shainberg (1985) reported that the effect of exchangeable sodium and electrolyte 

concentration on crust formation involved two complementary mechanisms namely: 

(i)the mechanical breakdown of soil aggregates by raindrop impact followed by the 

formation of a compacted thin layer at the soil surface and (ii) the chemical dispersion 

of soil clay that is a function of soil ESP and electrolyte concentration of applied water. 

He also reported that 3-5 % exchangeable Na is enough to cause clay dispersion, crust 

formation, and very low infiltration when soil is exposed to rainfall. 
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To minimize or control crust formation of any type, a number of organic and 

inorganic chemicals have been investigated. Addition of organic matter, keeping the soil 

moist during germination, surface mulching, and use of gypsum all help prevent the 

effect of crusting through increasing hydraulic conductivity by improving seedling 

emergence (Gary & Evans, 1974). Other studies by Agassi et al. (1982), Kazman et al. 

(1983), and Keren and Shainberg (1981) concluded that chemical dispersion can be 

prevented by spreading phosphogypsum or other readily available electrolyte source. 

Application rate of 5 tons/ha prior to the rain prevented crust formation and improved 

the infiltration rate (Agassi et al., 1981). Along with other findings, Keren and 

Shainberg (1981) reported that the application of phosphogypsum increased the final 

infiltration rate of a soil sample with an ESP=11.6 from 0.6 mm/hr to 10.0 mm/hr. 

Hydraulic Conductivity of Sodic and Saline Sodic Soils 

Maintaining sufficiently high soil permeability for salinity and/or sodicity control 

is of utmost importance in irrigated agriculture. Poor permeability is known to be an 

agronomic problem that causes severe economic consequences in arid regions due to 

increased soU salinity, poor soil aeration, and plant water stress (Oster & Singer, 1984). 

The two indices of soil permeability are HC and infiltration rate (Park & 

O'Connor, 1980). Soil permeability decreases with increasing SAR and decreasing EC 

of the soil solution (McNeal & Coleman, 1966). Shainberg and Letey (1984) reported 

that concentration and composition of soil solution affect permeability by controlling 

the swelling and dispersion of soil aggregates with Na reducing permeability, Ca 
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increasing it, and high solution concentrations increasing it. Pupisky and Shainberg 

(1979) and Shainberg et al. (1971) investigated the relative effect of clay swelling and 

dispersion on soU permeability. They suggested that the main mechanism responsible 

for permeability reduction when soils of low ESP were leached with dilute salts solution 

is the blockage of pores caused by clay dispersion and movement. Swelling was 

regarded as the main mechanism in soils with high ESP values. McNeal and Coleman 

(1966) found fine-textured soils to be more sensitive to exchangeable sodium (to swell 

more) and electrolyte concentration than coarse-textured soils. Park and O'Conner 

(1980) studied the effect of five saline-sodic waters of varying total dissolved solids and 

SAR values on the permeability of four soils varying in texture common to New 

Mexico. They found that under identical conditions of sodicity and salt concentrations 

different soils exhibited different clay dispersion characteristics. Factors that account 

for such differences are soil texture and mineralogy (Frenkel et al., 1978); amount of 

sequioxides and organic matter (Goldberg & Glubig, 1987; Goldberg et al., 1990); soil 

pH (Goldberg & Forster 1990; Miller et al., 1990; Saurez et al., 1984); and aggregate 

stability (Goldberg etal., 1988). 

Quirk and Schofield (1955) reported that HC can be maintained at a high ESP 

when EC of percolating water is above a critical (threshold) level. Upon distilled water 

application, clay dispersion and HC were found to be reduced at an ESP value of as 

low as 1 to 2 (Shainberg et al., 1981a). 
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Exchangeable Cations of the Soil: Background 

Calcium and magnesium are the dominant cations found in soil solutions and on 

the exchange phase (sites) of normal soils of arid lands, but upon the accumulation of 

excess soluble salts in such soils, sodium frequently dominates the soil solution (U.S. 

Salinity Laboratory Staff, 1954). It is known that calcium and magnesium cations are 

more strongly adsorbed to the soil exchange sites than sodium. It is also important to 

mention that the major exchangeable cations in productive agricultural soils are 

Mg+, Na+, K+, and NH4+. 

In case of arid-zone soils, Sposito (1989) observed that Ca"^"^ and Mg'^'*' are 

preferred over Na"^ and Ca"^"^ is preferred slightly over Mg by the soil exchanger. 

Calcium and magnesium, for practical purposes, have been considered non deleterious 

and grouped together for assessing sodicity hazards of soils and irrigation waters (U.S. 

Salinity Laboratory Staff, 1954). Therefore most reclamation efforts have been focussed 

on replacing soil adsorbed Na with Ca and Mg, owing that both contribute to aggregate 

stability and improved soil permeability. Dollhopf (1988) and Richards (1954) have 

proposed the uses of Ca or Mg-rich chemicals for sodic soil reclamation. 

Amrhein and Saurez (1991) evaluated the effect of ionic strength and mineralogy 

on Na-Ca selectivity using a new procedure that accounts for mineral weathering and 

anion exclusion. They concluded that selectivity was generally independent of ionic 

strength and there was no effect of mineralogy on the Na-Ca selectivity, even though 

the soils and minerals had various surface charge densities. They further concluded that 

aU soils, and illite, smectite, and kaolinite samples, exhibited Ca^'*' preference over Na"^ 

when compared with the thermodynamic nonpreference isotherm. 
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On the other hand, potassium is held at certain positions on the particles of soils 

in such a way that it can be exchanged with great difficulty. Thus, it is said to be fixed 

(U.S. Salinity Laboratory Staff, 1954). Potassium addition to sodic soils also readily 

replaces exchangeable Na (Robbins and Carter, 1983). 

Exchangeable Mg Effect on Hydraulic Conductivity 

Many contradictions have been found in the literature regarding the effect of Mg 

on soil physical structural stability, particularly, hydraulic conductivity. Some 

researchers concluded that Mg may be deleterious to soil structural stability in certain 

situations. Quirk and Schofield (1955) reported a greater decrease in the HC of a Mg-

saturated illitic soil compared to its Ca counterpart when both were leached with 

distilled water. They attributed the differences to greater clay dispersion with Mg. It 

is also observed that exchangeable Mg in a noncalcareous soil caused greater reduction 

in He and greater clay dispersion upon leaching with distilled water than their Ca 

counterparts (Alperovitch et al., 1981, 1986). 

Bakker et al. (1973) and Emerson and Chi (1977) reported that an illitic soil was 

more likely to disperse and clog soil pores in Na-Mg systems than in Na-Ca systems. 

Yousaf et al. (1987) studied dispersion characteristics of fine soils representative of 

many soils found in California. They concluded that Mg caused more clay dispersion 

compared to its Ca counterpart at equivalent levels of SAR and electrolyte 

concentration, but higher SAR and lower EC was observed in the supematants of Na-
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Mg systems. At equivalent levels of exchangeable Na and electrolyte concentration, 

they observed litde difference exists between the Na-Mg and Na-Ca systems. 

In contrast, Smith et al. (1949) investigated the effect of exchangeable Mg on 

the physical and chemical properties of three different productive soils from southern 

Arizona saturated with Mg and other exchangeable bases (Ca, Na, and H"^). Their 

results showed that magnesium-saturated soils behaved much like the same soils 

saturated with Ca, and not at all like a sodium-saturated soil. Anderson (1929) and 

Eaton and Horton (1940) suggested that magnesium ion in the exchange complex is not 

responsible for the unfavorable physical condition of these soils. 

Abder-Rahman and Rowell (1979) reported similar behavior of swelling, 

dispersion, and HC at the same levels of exchangeable sodium and electrolyte 

concentration in both Na-Ca and Na-Mg systems, whereas, Mg was found to be more 

deleterious in these systems with vermiculite, illite, illitic soils and mixed illitic-

montmorillonitic soils than its Ca counterpart at equivalent levels of exchangeable 

sodium and electrolyte concentration. Rowell and Shainberg (1979) reported that Mg 

and Ca showed had no difference in HC of a sodic sandy loam dominated by 

montmorillonitic and kaolinitic clays at an equivalent exchangeable sodium level and 

electrolyte concentration of ^ 10 meq/L. At a given SAR, exchangeable Na levels are 

higher in Na-Mg systems compared to Na-Ca systems (McNeal et al., 1968; Abder-

Rahman & Rowe, 1979). 

Mitchell and Donovan (1991) conducted a field study on a salt-loaded calcareous 

soil to evaluate water infiltration levels. They found that saline irrigation treatments Ts, 
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T4, Ts, and Tg (SAR 3.8, 4.9, 5.8, 6.6, and 2.3, respectively) had final infiltration rates 

(FIR) that were consistently greater than the Colorado River (T2=control) throughout 

reclamation, and FIR of the final irrigation showed a permeability hysteresis due to 

prior salinity and sodicity levels. They also concluded that soil permeability and, hence, 

leaching may increase by using saline drainage water. 

Ilyas et al. (1993) compared field-saturated hydraulic conductivity (ks) of a low-

permeability saline sodic soil after various treatments. They concluded that after 6 

months, gypsum alone did not affect Ks at any of the soil depths studied, but that the 

Ks of the top 20-cm soil layer of a cropped plot with gypsum increased twofold after 

6 months and about fourfold after 1 year as compared with uncropped plots. They 

further concluded that gypsum application to fallow plots after one year significantiy 

increased Ks of the upper 20-cm soil layer. Plots with alfalfa plus gypsum also had 

significantly increased permeability (ks) to 80 cm compared with fallow treatment. 

Reclamation of Sodic and Saline-fodic Soils 

Background and Theory of Reclamation 

Reclamation of sodic and saline-sodic soils requires the replacement of 

exchangeable sodium with a divalent cation (usually Ca^^) and leaching of sodium salts 

below the plant root zone. Reclamation of sodic soils can be achieved by leaching with 

or without chemical amendments applied to the soil or with irrigation water (Keren & 

Miyamoto, 1990). Irrigation water movement downward (good internal drainage) is an 

important process that is necessary for excess salts and the removal of exchangeable Na 
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that becomes part of the soil solution during reclamation. In other words, hydraulic 

conductivity has to be improved before any leaching would be effective. Saline-sodic 

soils having high levels of soluble salts possesses good permeability in the initial stages 

of leaching, but upon leaching excess soluble salts, sodium becomes highly concentrated 

and causes clay dispersion, which, in turn, clogs soil pores and destroys soil structure, 

reducing HC. Therefore, sodic and saline-sodic soils require the addition of chemical 

amendments prior to leaching to remove soluble salts and replace adsorbed Na"^ from 

the exchange sites by Ca"^"^. Amendments are materials that directly or indirectly 

through microbial action, supply divalent cations (usually Ca"*"^) for displacement of 

exchangeable Na (Gupta & Abrol, 1990). Ayers and Wescot (1985) also defined 

amendments as materials or substances that improve soil by modifying its physical 

properties rather than by adding considerable quantities of plant residues. 

Chemical amendments that are most commonly used for sodic soil reclamation 

are broadly of three categories (U.S. Salinity Lab Staff, 1954; Gupta & Abrol, 1990; 

Bohn et al., 1985; Stroehlein & Pennington, 1986; Abrol et al., 1988): 1) those that 

are soluble calcium: CaS042H20, CaCl2, phosphogypsum, (2) acid or acid-formers: 

H2SO4, sulfur, iron sulfate, aluminum sulfate, lime-sulfur, and pyrite, and (3) calcium 

salts of low solubility (Sparingly soluble) such as ground lime stone. 

These mentioned amendments have a common characteristic in that they all 

supply soluble Ca under appropriate soil conditions, but the kind and quantity of a 

chemical amendment to be used for replacement of exchangeable Na in sodic soil 

reclamation depends on the nature of the soil, water availability, final ESP targeted, and 
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cost of the amendment. Chemical equations that illustrate the action of the various 

amendments used in sodic soil reclamation can be shown as follows: 

A. Gypsum (CaS04 • 2H2O) 

CaS04 • 2H20(s) = CaS04 (aq) (dissolution reaction) 

Gypsum reacts with both NaaCOj and adsorbed Na in clay micelle as the following: 

CaS04 + NazCOj CaCOs + Na2S04 (leachable) 

Ma 
X + CaS04 "H. Ca X + Na2S04 (leachable) 

Na 

Where the letter "X" represents clay micelle. 

B. Calcium Chloride (CaCy 

Na2C03 + CaCl2 CaCOs + 2 NaCl (leachable) 

Ma 
X + CaCl2 -H- CaX + 2 NaCl (leachable) 

Na 

C. Sulfuric Acid (H2SO4) 

NajCOj + H2SO4 CO2 + H2O + Na2S04 (leachable) 

CaC03 + H2SO4 CaS04 + HjO + CO2 

Na 
Then CaS04 + X ^ CaX + Na2S04 Geachable) 

Na 

or Na^ 
+ H2SO4 2HX + Na2S04 (leachable) 

NA 

D. Iron sulphate (FeS04 • 7G2O) 

FeS04 + 2H2O H2SO4 + Fe (0H)2 (hydrolysis) 

H2SO4 + CaC03 ** CaS04 + H2O + CO2 
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+ CaS04 + CaS04 CaX + Na2S04 (leachable) 
Na 

E. Aluminum sulphate (Al2(S04)3 • I8H2O) 

AL2(S04)3 + 6H2O ^ 2AL(0H)3 + 3H2SO4 

F. Elemental Sulfur(s) 

Sulfur is not soluble in water and dose not supply Ca directly for the removal 

of adsorbed Na from the soil. It has to be oxidized by microorganism to sulfuric acid 

(H2SO4), which, in turn, reacts with calcium carbonate (CaC03) to produce gypsum 

(CaS04 • 2H2O). It is important to note that oxidation of sulfur might take several 

weeks or even several months (Bohn et al., 1985). Chemical reactions involved are: 

2S + 3O2 -* 2SO4 (microbial action) 

SO3 + H2O -»• H2SO4 

H2SO4 + CaCOs^ CaS04 + H2O + CO2 

Na 
X + CaS04^CaX + Na2S04 (leachable) 

Na 

G. Pyrite (FeSj) 

2FE2 + 2H20^ 2 FeS04 + 2H2SO4 

4FeS2 + 2H2O + 1502^2Fe2(S04)3 + 2H2SO4 

H. Limestone: Two reactions as suggested by Kelley and Brown (1934): 

Na^ 
+ CaC03^CaX2 + NajCOa 

Na 

NaX + HOH^ NaOH + HX 
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2HX + CaCOj^CaX + CO2 + HjO 

Several factors are to be considered when selecting an amendment for 

reclamation such as soil characteristics, its relative effectiveness, the amount of 

amendment required, &ial exchangeable sodium percentage (ESP) to be achieved, its 

availability and costs, and kind and concentration of salts of irrigation water (Hussain 

et al., 1988). Gypsum, sulfur, calcium chloride, and sulfuric acid are the amendments 

most frequently used for soil reclamation, but gypsum is the most commonly used 

amendment for sodic soil reclamation primarily because of its low cost and easy 

availability. 

Gvpsum as an Amendment 

For many years, gypsum has been used for sodic soil reclamation as well as 

improvement of soil physical and chemical properties. Gypsum is known to have 

relatively low solubility; therefore, more time and water are needed than with other 

amendments (Overstreet et al., 1951). Gupta and Abrol (1990) stated that gypsum 

requirement (GR) is a function of the depth of the soil to be reclaimed, initial and final 

ESP to be achieved, and cation exchange capacity (CEC). Kelley and Arany (1928) 

reported that gypsum effectiveness depends on its solubility in reclaiming sodic soils 

and that presence of sodium chloride increases gypsum solubility in the soil; therefore, 

gypsum must be ground before it is applied to the soil (Abrol et al., 1988). Its 

solubility is about 2.5 g/L; thus, large quantities of irrigation water are needed for its 

complete dissolution (Bhargava, 1989). According to the same author, maximum 
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reactivity is obtained when it is ground to pass through a 30-mesh sieve and contains 

at least 75% gypsum. 

Particle size is also an important factor affecting the rate at which gypsum (or 

limestone or sulfur) react in a soil in which the finer the particle size the more rapid 

the reaction (U.S. Salinity Lab Staff, 1954). Aylmore et al. (1971) pointed out that the 

finer the gypsum particles the more effective they are likely to be for sodic soil 

reclamation. Gardner (1945) reported that gypsum is an effective chemical that 

increased soil permeability as well as capillary movement and made the soil friable. 

Chawla and Abrol (1982) conducted studies on highly sodic soils containing free 

sodium carbonate. Their results showed that the very finely ground gypsum treatment 

exhibited high initial hydraulic conductivity which decreases sharply with time. On the 

other hand, Elshout and Kamphorst (1990) reported that cost of sodic soil reclamation 

can be reduced when coarse grade gypsum is used. They conducted laboratory studies 

to evaluate the leaching water requirements for fine gypsum grades of different particle 

size distribution. They found that the leaching water requirement does not differ 

significantly for the mixture studied as the percolation rates were low, and concluded 

that highest efficiency was achieved when an equal amount of gypsum was partly mixed 

with the soil and partly applied onto the soil surface. They further concluded that the 

total time of reclamation appears to increase with increasing particle size. 

Gypsum application depends largely on the physical and chemical properties of 

SOU, nature and degree of deterioration and the kinds of crop to be grown. Its 
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application proved most effective when mixed in the upper 10 cm soil (Bhargava, 

1989). 

Keren and O'Connor (1982) reported that gypsum dissolution rate tends to 

increase with increasing flow rate of the percolating solution, but increased flow rates 

reduce the opportunity for Ca to replace exchangeable Na and that increased flow rates 

reduces the contact time between a unit volume of water and particles surface area of 

gypsum (Keren & O'Connor, 1982; Kemper et al., 1975). Kalo (1982) also reported 

similar results on naturally occurring lime dissolution and concluded that electrolyte 

concentration of the percolating solution decreased significantly with increased flow 

rate. 

Shainberg et al. (1982) investigated the relative effect of electrolyte 

concentration in a chemically stable sodic soil during reclamation. Using gypsum and 

CaCl2 at equivalent amounts (applied on the soil surface) showed similar trends with 

regard to Na replacement for both amendments, but gypsum treatment maintained 

higher HC with a longer time scale as compared to CaCl2 treatment. They attributed 

the difference in HC to the slow dissolution rate of gypsum. 

Keren and Shainberg (1981) also reported that gypsum dissolution at slow rates 

maintains a moderate electrolyte concentration in the percolating water, thus preventing 

crusting and sealing under rainfall conditions. Moreover, it has been reported that 

industrial gypsum (having high purity) was much more efficient in maintaining higher 

infiltration rate in sodic soils than the mixed gypsum (Keren & Shainberg, 1981). They 
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attributed the higher efficiency of industrial gypsum to its increased rate of dissolution 

and higher purity compared to mixed gypsum. 

Gypsum is the most commonly used and extensively studied chemical 

amendment for reclamation of salt-affected soils, particularly sodic (alkali) soils. 

Gypsum was found to have a positive effect on seedling emergence and to reduce clay 

dispersion which, in turn, helps establish good crop stands (Shanmuganathan & Oades, 

1983), reduce surface crusting (Gal et al., 1984; Loveday & Scottor, 1966), improve 

flocculation (Chartres et all, 1985; Green et al., 1988) and increase permeability 

(Mclntyre et al., 1982; Shainberg et al., 1989; Abdelrahman et al. 1996; Heluf, 1995) 

of sodic and saline-sodic soils. 

Very recendy, Heluf (1995) evaluated langbeinite (K-Mg sulfate) as a reclaiming 

agent for sodic and saline sodic soils. He concluded that langbeinite was superior to 

gypsum as a reclaiming material for saline-sodic soil and required significantly less 

irrigation water than gypsum in the displacement of an equivalent amount of 

exchangeable Na from treated soil. He further concluded that both amendments studied 

(gypsum and langbeinite) improved the saturated HC of the soil, but gypsum treatment 

has higher HC than langbeinite. 

Syed-Omar and Sumner (1991) conducted a field study to determine the effects 

of surface-applied gypsum at different rates on the availability of potassium (k) and 

magnesium (Mg). They reported that yields of alfalfa and sorghum grown on the soil 

studied increased with 2 tons/ha gypsum treatment but were adversely affected above 
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5 tons gypsum/ha. They further concluded that Mg is more susceptible to leaching loss 

than K after surface application of gypsum. 

Hussain et al. (1988) carried out a reclamation study on a fine-textured saline-

sodic (non-gypsiferrous) soil using gypsum, sulfur, press-mud, farm-yard manure 

(FYM), and diplachne fiisca as a reclaiming treatments. They concluded that gypsum 

at 50% of gypsum requirement (GR) was effective in increasing yield as applied at 

100% GR and found that the infiltration rate of the soil increased significandy from 

0.13 to 2.80 cm/6 hr with any amendment containing gypsum. In a laboratory study, 

Singh et al. (1980) evaluated the effect of leaching sodic soils with different 

concentration of gypsum solutions. They observed a greater decline in ESP and pH with 

a decrease in Ca concentration in the leaching solutions. They also reported that 

leaching with 20 cm solution of 30 meq/L Ca concentration followed by 40 cm distilled 

water was better than any other treatment in bicarbonate treated soil, whereas in 

chloride treated soil, the effect was equivalent to leaching with 20 cm solution of the 

30 meq/L Ca concentration, and the decrease in EC was more correlated with the 

amount of water used for leaching than with Ca concentration in leaching solution in 

both soils studied. 

Arora and Singh (1980) investigated the effect of the amount of water, method 

of application of calcium amendment, and calcium concentration of the invading 

solution on the removal of exchangeable Na from a saline-sodic soil. They applied 

CaCl2 equivalent to 100% calcium requirement based on the exchangeable Na present 

in the soil. Their results showed that for similar amounts of water, the application of 
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Ca as a slug removed sodium to a greater soil depth than its addition in the form of 

solution, and as the amount of water applied increased so did the depth to which 

exchangeable Na was lowered below 15% in the soil. On the other hand, with similar 

amounts of Ca, dilute solutions displace more exchangeable Na from the soil. 

Alawi (1977) stated that gypsum can be effectively used for sodic soil 

reclamation that are not calcareous, but sulfuric acid will be more beneficial than 

gypsum for calcareous soil reclamation. However, many of the effects of gypsum, 

including better permeability, are limited to shallow depths being not a fast acting 

amendment (Ilyas et al., 1993), which lead to the suggestions by a considerable number 

of researchers to incorporate it within the soil profile for efficient action and better 

results. 

Recently, Schuman and Meining (1993) studied the effectiveness of surface-

applied gypsum in ameliorating the sodicity of a previously revegetated bentonite spoil 

ecosystem under a natural precipitation environment. They concluded that surface 

application of gypsum at the rate of 56 Mg/ha significantly reduced the exchangeable 

Na and ESP of the 60-cm spoil profile 3 years after treatment, and also significantly 

increased the spoil-water storage in the 60-cm profile. Overall, they concluded that 

gypsum amendment effectively ameliorated the revegetated bentonite mine spoil sodicity 

under natural rainfall conditions in a semiarid environment. 

Arhsad et al. (1993) studied the effects of ripping, liming, liming and ripping, 

and gypsum and ripping on wheat production. They concluded that all ameliorated 

treatments resulted in higher crop yield, and gypsum and ripping or liming and ripping 



55 

were better than either ripping or liming alone in the improvement in some of the 

measured soil properties. They further concluded that, as compared to the control, all 

treatments except liming displaced Na"^, Cd}* and Mg^"*^ deeper into the soil, but had 

no effect on K^. 

Oster and Frenkel (1980) reported that mixing gypsum into the soil hastens 

reclamation and provides higher solution concentrations for the maintenance of the soil 

hydraulic conductivity, and suggested that gypsum requirement for calcareous, sodic 

soils should be increased by a factor of 1.1 to 1.3 depending on the desired final levels 

of exchangeable sodium. 

Abrol et al. (1975) conducted laboratory studies to evaluate the effect of initial 

soil moisture content, method of placement, and nature of amendment (gypsum or 

CaClj) on the extent of precipitation of soluble carbonates and change in soil properties 

of a highly sodic soil upon leaching. They found that when gypsum or CaCl2 were 

mixed with the entire soil, all soluble carbonates were precipitated, but only a small 

portion of the soluble carbonates were precipitated in the surface-application treatment. 

Moreover, the exchangeable Ca content and hydraulic conductivity were improved to 

a greater extent in surface application treatments when the amount of the amendment 

was reduced to half compared to the treatment where the amendment was mixed in the 

entire soil. 

CaCU as an Amendment 

Calcium chloride (CaCy is very soluble and probably the most readily available 

source of calcium, but it is too expensive and of limited availability in desired 
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quantities; therefore, it is rarely used. For example, Bhargava (1989)observed that 

calcium chloride is highly effective in sodic soil reclamation but too expensive and of 

limited availability. CaClj is highly soluble and produces a leaching solution of high 

electrolyte concentration, thus, enhances water intake rates (Alperovitch & Shainberg, 

1973; Yahia et al., 1975). 

Prather et al. (1978) conducted a laboratory column study on two sodic soils 

high in exchangeable sodium and cation exchange capacity. Three amendments: CaClj, 

gypsum, and sulfuric acid were evaluated singly as well as in combination. They 

reported that, for both soils, CaCla required the least amount of time for Na removal 

and resulted in the greatest removal of exchangeable Na per unit volume of leachate for 

both soils; H2SO4 was the next most effective amendment with respect to time, whereas 

gypsum resulted in the least and shallowest removal of exchangeable Na of all 

amendment treatments, but resulted in low ESP levels. They further reported that the 

ESP values were not reduced as much at the shallow depth with CaCl2 as with other 

amendments. It was also noted that H2SO4 was more effective than CaS04 and resulted 

in a more desirable ESP profile than CaCl2. Moreover, combining amendments was 

effective in reducing the time and leaching requirements to achieve reclamation as 

compared to gypsum alone. 

Magdoff and Bresler (1973) evaluated various methods (A mathematical model 

which takes into account soil-water dynamics, exchange phenomena, and a laboratory 

column experiment) for sodic soU reclamation using CaCl2. To evaluate the application 

method of CaCl2 in reclaiming sodic soil, three treatments were investigated ("solution" 
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treatment, "top placement" treatment, and "incorporation" treatment). They concluded 

that the mathematical model implemented was able to distinguish between treatments 

and rank them in the same order of efficiency of Na replacement by Ca as the 

experimental results, and there was fairly good agreement between calculated and 

experimental ESP profile. 

On the other hand, treatment comparison with respect to water use efficiency 

showed that the "solution" treatment used the highest quantity of water, while "top 

placement" and "incorporation" treatments used nearly the same amount of water. They 

concluded that "solution" treatment offers the most practical reclamation procedure 

when water is abundant and salt is scarce, whereas, the "top placement" treatment may 

be the most practical and economical one when CaCla is plentiful and water is scarce. 

Alperovitch and Shainberg (1973) conducted a laboratory column study to 

examine the possibility of improving impermeable sodic soils by means of CaClz 

application at different concentrations, but having equal amount of Ca identical to the 

amount of adsorbed Na (in milliequivalent). They found that the flow rate of solution 

through the various columns depends on the concentration of CaCl2 in the applied 

solution where the higher the concentration of CaClj in the solution, the higher the flow 

rate; but as leaching proceeded, the differential effect of concentration diminished, and 

the density effect became more important. Moreover, their results suggested that CaClz 

salt should be concentrated in as low a volume of solution as possible in order to save 

on water for leaching out excess salts, and a concentrated solution is the most effective 

solution in replacing adsorbed Na. 
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Shainberg et al (1982) studied the relative significance of the electrolyte and 

cation exchange effects on the hydraulic conductivity of three sodic soils using gypsum 

and CaCl2 in equivalent amounts and distilled water for leaching. They concluded that 

gypsum treatment maintained a higher hydraulic conductivity for a longer time than 

CaCl2 treatment for the chemically stable soil (Golan soil that does not have potential 

to release salts). They further concluded that the efficiency of the two amendments was 

similar for a calcareous soil, and that the application of gypsum to the soil surface may 

prevent crust formation under rainfall conditions. 

Sources of Lanpbeinite 

Langbeinite mining has also been reported in other parts of the world. In the 

former USSR langbeinite and kainite are the chief potassium minerals in the Stebink ore 

deposit (Apollonov et al., 1981). Potassium sulfate salts including langbeinite were also 

reported in the Ural-Caspian Basin (Azizov and Tikhvinskii,1978; Borisenkov et al., 

1980). In the Caspian area, the most widely developed potassium salt is polyhalite, 

while in Ural areas the rock-forming minerals are usually kainite and langbeinite 

(Azizov and Tikhvinskii,1978). 

Other langbeinite deposits were reported in the Hannover region, Germany 

(Bauer-Guenther and Kuhn-Robert, 1966) and five series of deposits were recently 

identified in the Zechstain halogenous formation in Western Europe namely: Z1 

(Werra), Z2 (Stassfurt), Z3 (Leine), Z4 (AUer), and Z5 (Ore) (Korenevskii, 1989). 

The author reported that these series contain halite rocks that bear potash-magnesia 

salts. The commercial potash salts were first discovered in Germany in 1950 
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(Goldsmith, 1969). Goldsmith (1969) stated that the name "potash" is derived ftom 

"pot-ashes" an impure mixture of potassium carbonate and other salts. Luttig et 

al.(1976) stated that there are 11 potash mines in the Federal Republic of Germany, 

three in Hesse and eight in lower Saxony. These mines contain products such as 

potassium sulphate, potash magnesia salt, and others. 

In the Shandong Province, China, large amounts of anhydrite, gypsum, halite, 

polyhalite, and langbeinite were also reported in the Dawenkou depression at the west 

end of Wenmeng faulted basin in the middle of Luxi uplift (Zhu-Zhongde, 1988). 

Potash fields were also developed in Canada (Goldsmith, 1969). 

Potash minerals include sylvite, camallite, langbeinite, and polyhalite. Langbeinites are 

double sulfates with the general chemical formula: (M2)'^CN2)^^(S04)3 with M= K, Rb, 

Cs, Ti, NH4, and N= Mg, Ca, Mn, Co, Ni, Zn, Cd, Fe (Oelkrug et al.,1988). 

Langbeinite compounds involve K2Co2(S04)3, K2Ni2(S04)3, K2Cd2(S04)3, K2Ca2(S04)3, 

K2Mn2(S04)3, and Ti2Cd2(S04)3 (Hongjie,1993). 

Some evaporites that contain potassium and magnesium salts are developed in 

Africa where the most important potash resources are in the Congo Basin (30,000 Mt) 

(Notholt, 1983). The Congo areas contain about 15% of the total salts of each of 

sylvite (KCl) and camallite (KCl.MgC12.6H20) and more bischofite (Garrett, 1996). 

Potash and magnesium sulphates have also been discovered in Mali (Africa) between 

Tomboctou and Taoudenni (Ivanov, 1969). Other potash formations (unmined) have 

also been reported in Ethiopia (Dankil Depression) where the Malsi area deposit 

contains Kainite (MgS04.KCl.3H20), mixed camallite salts (KCl.MgC12.6H20), and 
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stratified sylvinite with occasional lenzes of camallite, keiserite (MgSC)4.H20), kainite 

or polyhaUte (2CaS04.MgS04.K2S04.2H20) (Garrett, 1996). 

In the Doukkala deposit (unmined), Morocco, some sylvinite (KCl.MgC12) and 

camallite are found (Northolt, 1983). Hite and Wassef (1985) reported that gamma ray 

logs in two drill holes in the Red Sea's coastal plain between Jizan, Saudi Arabia to 

Safaga, Egypt suggest the presence of sylvite and possibly langbeinite. An evaporite 

formation was also reported in Algeria, Trias Evaporite area of the Northern Sahara salt 

basin (Hardie, 1990). According to the author, this evaporite has a limited zone of 

sylvinite and covers 250,000-360,000 Km2 and up to 2,030 m thick. In Fazendinha 

and Arari (Brazil), the potash ore (unmined) contains 28-33 % KCl in beds of 2.47-

2.65 m thickness, some anhydrite (MgS04), and kieserite (Garrett, 1996). In Brazil, 

there are commercial quantities of sylvinite, considerably more camallite, and very 

large amounts of tachyhydrite (CaC12.2MgC12.12H20) (Garrett, 1996). Argentina, 

Poland, and Australia also have potash mineral deposits. In the Rio Colorado region, 

Argentina, over 300 Km2 (not mined) area was reported to be a potash deposit (Garrett, 

1996). On the other hand, Potash beds as thin layers of polyhalite with camallite, 

kainite, glaserite, and loeweite inclusions occur north of Gdansk on the leba upland of 

Poland (Garrett, 1996). In Australia, sylvinite was reported to occur in the Etonvale 

Formation's salt member in the Adavale basin (Queensland) and the salt area covers 

8000 Km2 and 900 m thick (Garrett, 1996). 
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Sulfur and Sulfuric Acid as Amendments 

Elemental Sulfur 

Elemental sulfur and sulfuric acid are the common acidifying amendments used 

for the reclamation of calcareous sodic soils. Sulfuric acid is of fast action when 

reacting with soil lime to produce gypsum, but sulfur must be oxidized to sulfuric acid 

by microbial action and may take several weeks or even several months before it 

becomes effective (Bohn et al., 1985). 

However, sulfur application at a rate of 6720 kg/ha to the surface 15 cm of 

saline-sodic soils lowered the pH from 9.7 to 7.8 and ESP from 47 to 14 (Fitts et al., 

1943). Abo-Rady et al. (1988) studied elemental sulfur effects on some properties of 

two calcareous soils having similar CaC02 content and differing clay contents on 

growth of date palm seedlings. Among their findings, they reported that when sulfur 

application increases, the content of CaCOs and pH values decreased, but salinity 

increased. This effect is more pronounced in soils containing less clay. 

Kelley and Thomas (1928) reported that the application of gypsum, sulfur, iron 

sulfate, or aluminum sulfate at a rate of 10 tons/ha greatly improved crop production 

and reduced soluble carbonate from the first foot of a sodic soil, while the second foot 

was materially improved. 

Sulfuric Acid (H2SO4) 

Sulfuric acid is known to be a very effective chemical for calcareous sodic soil 

reclamation, but it is expensive and hazardous in handling. 
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Miyamoto et al. (1975) and Powers (1946) reported that sulfuric acid was an 

effective amendment in controlling sodic soil crusts and improving soil conditions. 

Sulfuric acid-treated sUty loam soil showed higher leaching rates as compared with 

gypsum treatment (Overstreet et al., 1951). Johnson and Law (1967) reported that 

sulfuric acid reduced crusting and improved seedling emergence when applied to the 

surface of the soil that is planted with sugar beet seeds. 

Kadry (1978) reported that gypsum, sulfuric acid, and iron sulfate have been 

successfully used to neutralize the pH of sodic soils and replace sodium with Ca. It has 

also been reported that gypsum can be used in the reclamation of sodic and saline-sodic 

soils that are not calcareous, while sulfuric acid will be more beneficial for calcareous 

sodic soils than gypsum (Alawi, 1977). 

Schoonover et al, (1957) stated that an application of sulfuric acid improved soil 

permeability and increased exchangeable sodium removal that resulted on increase in 

crop production. Other authors reported that sulfuric acid reacts with CaCOj to form 

calcium bicarbonate and CaS04, both of which react to displace the undesirable sodium 

ion, whereas soluble Ca in soil solution causes flocculation of fine soil particles which 

improve soil permeability (Miyamoto & Stroehlein, 1986; Fannin's Farm Facts, 1954). 

Stroehlein et al. (1978) confirmed the reduction of soil pH as a result of sulfiiric 

acid treatment. The chemical and physical conditions of saline-sodic soils were found 

to be improved as a result of sulfuric acid treatment followed by leaching. 

Prather et al. (1978) and Stroehlein et al. (1978) reported that sulfuric acid 

application with irrigation water or directly to the soil is effective in salt removal from 
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calcareous soils. It was also noted that H2SO4 was more effective than CaS04 and 

resulted in a more desirable ESP profile than CaCl2 (Prather et al., 1978). 

Alawi et al. (1980) studied the effect of relatively low rates of H2SO4 (93% 

H2SO4 that corresponds to 2.24 tons/ha) and gypsum (3.82 tons/ha) on plant yields. 

They found that H2SO4 gave significant results at lower rates than gypsum. Moreover, 

Yahia et al. (1975) studied the effect of surface applied sulfuric acid on water 

penetration into dry calcareous and sodic soils. They concluded that surface applied acid 

was more effective than surface applied gypsum in increasing water penetration in 

sodium affected soil. Sulfuric acid may be used for increasing water penetration in 

sodium affected soils of semiarid regions subsequently aiding their revegetation. 

Recently, Miyamoto and Enrequez (1990) compared the effect of some chemical 

amendments on salt and Na leaching. They found that gypsum and sulfuric acid 

treatments provided a lower ratio of sodicity to salinity in the percolating solution and 

relating uniform hydraulic conductivity throughout the soil depth. 

Some Other Methods Used for Sodic Soil Reclamation 

There are other methods used for sodic soil reclamation. These include some 

industrial waste materials such as press mud and acidic cottage cheese whey, and green 

manure and farm-yard manure. Press mud is a by-product of sugar factories from 

sulphatation and calcification processes. It is a good source of Ca but less effective than 

gypsum (Bhargava, 1989). 
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Mulching is also a good method used in sodic soil reclamation. Rice husks as 

a mulch applied on the surface 10 to 12 cm of sodic soil at a rate of 20 to 30 tons/ha 

improved soil conditions (infiltration rate) and increased rice yield (Abrol et al., 1973). 

Moreover, green manure crops such as "Dhaincha" enhances reclaiming effect of 

gypsum and improves soil permeability (Dargan & Chiller, 1975). Farm-yard manure 

combined with gypsum application gave significantly higher yields of berseem and rice 

than with applied gypsum alone (Dargan et al., 1971). Farm-yard manure application 

was also found to increase gypsum solubility from 30.96 to 39.12 meq/L after one 

month (Mondal, 1972). 

Cottage cheese whey can be used as an effective sodic soil amendment. Whey 

is the liquid by-product of cheese production (Lehrsch et al., 1994). Jones et al. (1993) 

reported that in the year 1991, cottage cheese production generated approximately three 

million Mg of acid whey. Cottage cheese whey generally has a pH of about 4.2 and Ca, 

Mg, Na and k concentration of about 13, 5, 27, and 57 mmol/L, respectively (Robbins 

& Lehrsch, 1992), but according to Lehrsch et al. (1994) sweet whey has a pH range 

from 5.8 to 6.6, and acid whey pH of :£5. Moreover, acid whey has an EC of 6 to 10 

dS/m, an SAR of approximately 3, and 40 to 50 g/kg of readily decomposable organic 

matter (Robbins & Lehrsch, 1992). 

Jones et al. (1993) reported that a sodic soU infiltration rate can be increased and 

its clay dispersion decreased by adding acidic cottage cheese whey. Further, Robbins 

and Lehrsch (1992) conducted a column study to determine the effects of cottage cheese 

whey on the chemical and physical properties of a sodic soil (SAR=16.3, ECe=3.8 
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and pH=8.3). They found that all whey applications lowered the soil pH, SAR, and 

ESP in both the upper and lower 150-nim depth increments, and aggregate stability 

increased from 11% to 22% in the 80-mm whey-treated soil in the surface 150-mm 

depth. Very recently, Lehrsch et al. (1994) reported that whey applications reduced a 

sodic soil's ESP and SAR and increased its infiltration rate. Aggregate stability also 

significantly increased with whey additions to sodic soil horizons into which it was 

incorporated. 

Other reclaiming materials, such as coal fly ash, have been evaluated for sodic 

soil reclamation. It was found to be effective for improving physicochemical properties 

of sodic soils and increased yields of rice and wheat (Tiwari et al., 1992). 
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CHAPTER 3 

MATERIALS AND METHODS 

Sampling Area 

Soil and irrigation water samples were collected from field B of the Safford 

Agricultural Research Station of the University of Arizona. The soil of this field (field 

B) has been mapped as Grabe clay loam ( Coarse-loamy, mixed (calcareous), thermic, 

Typic Torrifluvents). The soil is clay loam in texture (Ap horizon) with a particle size 

distribution of 39.7% sand, 32.9 % silt, and 27.4% clay (Post et al., 1977). The soil 

contains carbonates (calcium carbonate equivalent of 1.7); and the clay minerals include 

montmorillonite, mica, and kaolinite in the A horizons with montmorillonite the most 

abundant (Post et al., 1977). The soil has been characterized as saline-sodic (Heluf, 

1995). Therefore, a preliminary study was conducted on the composite soil sample 

used in this study to determine its salinity and/or sodicity. This sample has an 

exchangeable sodium percentage (ESP) of 35.3, sodium adsorption ratio (SAR) of 37.8, 

and electrical conductivity (ECe) of 3.36 dS/m (Table 1). Based on the criterion 

established by the U.S. Salinity Laboratory Staff (1954), the soil is sodic which meets 

the requirement of the research goal. 

Treatments and Experimental Design 

This research involves four phases of investigation namely: (1) soil and 

irrigation water characterization studies to determine the soil and water salinity and/or 
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Table 1. Chemical analysis of Grabe clay loam soil used in the reclamation studies. 

Replicate pH ECe CEC Soluble Cations 
# (dS/m) (meq/100g) meq/100 g of soil 

Ca Mg Na K 
1 8.06 3.34 18.75 1.05 0.54 34.25 0.39 
2 8.04 3.46 23.75 1.34 0.67 37.09 0.91 
3 8.05 3.28 19.75 1.27 0.66 37.30 0.33 

Mean 8.05 3.36 20.75 1.22 0.62 36.21 0.55 

Soluble anions 
•meq/1 OOg soil SAR ESP 

F CI N03 S04 HC03 
1 0.24 25.67 2.76 11.22 3.07 38.5 35.7 
2 0.24 20.86 0.25 10.33 4.13 37.0 34.8 
3 0.23 17.15 0.44 9.27 5.07 38.0 35.4 

Mean 0.24 21.23 1.15 10.27 4.09 37.84 35.30 
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sodicity and other related properties, (2) laboratory batch studies to investigate different 

application rates of fine grain gypsum (Aqua-cal), anhydrous CaCl2, and Langbeinite 

( standard K-MAG ) and their effects on sodium displacement, (3) column leaching 

studies to investigate the selected appropriate application rate of the different 

amendments investigated in the laboratory batch studies, and (4) saturated hydraulic 

conductivity studies. These studies are discussed in detail below. 

First Phase: Characterization Studies 

In this phase, soil samples were collected from the upper layer (Ap horizon, 0 

to 30 cm) of Field B at Safford Agricultural Research Station of the University of 

Arizona, and irrigation water samples from the well used to irrigate the field were 

collected and analyzed for chemical composition. Systematic samplings was used, where 

samples were taken at intervals of 10 m along transects which were 5 meters apart. The 

soil samples were composited, air dried, mixed, and passed through a 2-mm sieve. 

Saturated soil paste extracts were prepared (U.S. Salinity Lab Staff, 1954) from a sub-

sample of the composite soil sample and analyzed for water soluble salts and electrical 

conductivity (ECJ. Soil pH was measured in the saturated paste, cation exchange 

capacity was determined using a semi-micro leaching method using IM zunmonium 

acetate (pH 7 ) as described by Blakemore et al. (1987). Calcium and Mg were 

measured by atomic absorption spectroscopy and sodium and potassium by Flame 

Emission Spectroscopy using an I L Video 12 atomic absorption spectrophotometer. 

Anions (F, CI, Br, N03, P04, and S04) were determined using the Dionex 2020i ion 
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chromatograph. Carbonate, HC03, total carbon, and alkalinity as CaC03 were 

determined by titration. 

The SAR of the soil paste extract was calculated from the soluble Na, Ca, and 

Mg concentrations using the following formula: 

SAR= Na/[(Ca+Mg)/2]°-^ 

when the concentrations are expressed in meq/L. The ESP was calculated from the 

calculated SAR using the formula (US Salinity Lab. Staff, 1954) 

ESP = 100(-0.0126 + 0.01475 SAR)/1 + (-0.0126 +0.01475 SAR) 

Irrigation water samples were analyzed for soluble constituents and other chemical 

properties using the same procedures as described above for the soil paste extracts. 

Soil paste extractions, irrigation water sample analyses, soluble cations, and 

cation exchange capacity (CEC) measurements were made of three replicates. And the 

results reported are the average of the three replicates (Table 1). 

Second Phase: Laboratory Batch Studies 

This phase investigated various application rates of the different amendments 

using laboratory batch studies. The aim was to choose optimum application rates of the 

different amendments that have significant effect on exchangeable sodium displacement 

using the well water (EC = 2.2 dS/m) that was used to irrigate the field where the soils 

were sampled. Therefore, three studies with nine different application rates of gypsum, 

langbeinite, and calcium chloride (CaCy were conducted. The first study involved 

gypsum application rates of 0.053, 0.11, 0.16, 0.27, 0.37, 0.48, 0.58, 0.69, and 0.80 



g/lOOg of soil that correspond to I, 2, 3, 5, 7, 9, 11, 13, and 15 tons/ha respectively. 

The second and third studies involved langbeinite, and calcium chloride applied at the 

same rates as gypsum, respectively. The quantities of each amendment were weighed 

and added to a 1:1 soil to well irrigation water suspension (100 g of soil was added to 

100 mis of irrigation water), allowed to soak overnight, shaken, centrifiiged at 1500 

ipm for 15 minutes, and filtered. Supematants of three replicates of each were saved 

and used for soluble salts, EC, SAR, and ESP determination. A control treatment (no 

amendment added) of three (3) replicates were used for comparison. Flame emission 

spectroscopy was used for Na and K analysis, whereas atomic absorption spectroscopy 

was used for Ca and Mg determinations. SAR, and ESP were calculated using 

formulas as mentioned in phase 1. All treatments were arranged in a completely 

randomized design and statistical analysis was conducted using Tukey-HSD test at 0.05 

significance level to determine if the Na displaced differed significantly across the 

treatments. 

Third Phase: Column Leaching Studies 

To determine the most efficient treatment in the displacement of exchangeable 

sodium, three (3) application rates of each of the amendments were used in the 

laboratory column leaching study. These rates were determined to be significant and 

promising for Na displacement based on the laboratory batch study results. In addition 

to the three rates selected for each amendment, an amendment combination study 

between gypsum and langbeinite was conducted. In order to determine the most 
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efficient displacement treatment of exchangeable sodium relative to water consumption, 

various volumes of leaching water (1, 2, 3, 4, and 5 pore volumes) were used. 

Column leaching studies included the following set of studies: (1) gypsum application 

rates of 0.053, 0.27, and 0.37 g/100 g of soil that correspond to 1, 5, and 7 tons/ha, 

respectively, (2) langbeinite and (3) calcium chloride applied at a rate of 1, 7, and 13 

tons/ha each, (4) gypsum and langbeinite combination studies. The latter included fixed 

application rates of gypsum (7 tons/ha) added to three different rates of langbeinite (1, 

3, and 5 tons/ha), and (5) No amendment added to the soil (control). The selection of 

the combination treatments (studies) # 4 was based on the laboratory batch studies in 

which it was observed that the application rates of gypsum above 7 tons/ha did not 

provide any additional benefit in the displacement of exchangeable sodium. This could 

be attributed to its low solubility and large water volume needed for its dissolution. 

Therefore, a combination study was conducted to investigate the effect of the different 

application rates of langbeinite with gypsum on final exchangeable sodium displacement 

and the effect on saturated hydraulic conductivity . The treatments were arranged as 

a complete factorial, randomized design, with three replicates including the control. 

A column of 15.3 cm long and 5 cm inside diameter was used. A sub-sample of the 

composite soil sample was passed through a 2-mm sieve, uniformly packed to a dry 

bulk density of 1.45 cmVg into the 5 cm diam. by 15.3 cm long plastic columns 

especially made for column leaching studies. Two columns, two delicate pumps, and 

two programmable auto-samplers were used. An average weight of 437 g of soil 

sample was packed in the column using a funnel with attached long plastic tube where 
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the tube was pulled up slowly allowing the soil to fill the column uniformly and to an 

approximate constant bulk density 1.45 cmVg. 

In the first set, predetermined application rates of gypsum that correspond to 1, 

5, and 7 tons/ha were weighed and thoroughly mixed with 100 g of the 437 g of soil 

sample and placed in the upper 5 cm layer of the soil column. The columns were 

inverted so that the gypsum layer was at the bottom of the column. This procedure is 

used because of the low water solubility of gypsum compared with other amendments 

used in this research. Soil columns were then saturated by pumping (0.5 ml/min flow 

rate) from the bottom slowly with one pore volume of irrigation water until the soil 

saturation is detected by the appearance of water at the top of the soil column. The 

columns were then left to soak for one hour. Then each column was leached with five 

pore volumes by pumping water from a pool of irrigation water. Eight samples of the 

effluents of each 1 pore volume were collected in plastic tubes using an auto-sampler 

programmed by time, and analyzed for chemical constituents. A total of 40 samples 

of effluent were collected for the 5 pore volumes of leaching for each one of the 

replicates. Electrical conductivity (EC) of the effluents was measured using EC meter 

(Accumet 50 -microprocessor meter). Atomic emission and Atomic absorption 

spectroscopy were used to measure Na and K, and Ca and Mg, respectively. 

After leaching the soil columns of each treatment with 5 pore volumes of 

irrigation water, the soils were removed, air dried, and saved for hydraulic conductivity 

measurement studies. The columns were then cleaned, dried, and repacked with soU 

samples as before to the same bulk density in the column for the remaining treatments. 
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In the second and third set of treatments, unlike the gypsum treatments, the 

selected predetermined rates of langbeinite or calcium chloride were weighed and 

dissolved in one pore volume of irrigation water and used to saturate pre-packed soil 

columns for each of the CaCl2 or langbeinite treatment by pumping the solution slowly 

from the bottom of the soil column as explained in the gypsum treatments and left to 

soak for one hour. Then the columns were leached with 5 p>ore volumes of irrigation 

water and the effluents were collected in the same manner mentioned above and 

analyzed for soluble cations, EC, SAR, and ESP (exchangeable sodium percentage) 

determinations. 

The 4th set of studies was a combination of three levels of Langbeinite namely: 

one ton, 3 tons, and 5 tons/ha combined each with 7 tons/ha of gypsum. The objective 

of this trial was to study the effect of different levels of langbeinite combined with fixed 

rates of gypsum (7 tons/ha) on final Na displacement and hydraulic conductivity of the 

soil. In this case, application rates that correspond to 7 ton/ha of gypsum were mixed 

in 100 g of soil sample and placed in the upper layer of the soil column (upper 5 cm), 

then a predetermined application rate of each level of langbeinite was dissolved in one 

pore volume and pumped through the gypsum layer at the bottom of the soil column 

until the soU became saturated and left to soak for one hour. The soil was then leached 

with five pore volumes of irrigation water using the same pump and flow rate. 

Effluents were collected in the same manner used in the previous phases and analyzed 

for chemical properties. 
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The fifth set of studies included control treatments. In these studies, the 

columns were packed with soil samples under the same conditions as in previous 

treatments without the addition of any of the amendments. The soil was then saturated 

with 1 pore volume of irrigation water and allowed to stand for one hour. After one 

hour, soil was leached with 5 pore volumes of irrigation water and effluents were 

collected and analyzed for chemical composition and other related soil salinity and /or 

sodicity properties. 

Moreover, final soil of selected treatments investigated in the column leaching 

studies were used for exchangeable cations determination. The results are presented in 

Table 16 (Chapter 4). 

Fourth Phase: Saturated Hvdraulic Conductivity Studies 

Soil samples saved from the different treatments conducted in the previous phase 

including the control treatment were used for hydraulic conductivity studies. A rack 

to hold 6 colunms in a row was built and six plastic columns (cylinders) 20 cm long 

and 4.6 cm inside diameter were used. Post-treatment air dry soil samples were crushed 

as needed, thoroughly mixed, and passed through a 2- mm sieve. The sieved soil was 

uniformly packed to a dry bulk density of 1.45 g/cm' (149 g per column) into each 

column. A steel screen was attached to the bottom of the column with a small amount 

of glass wool covering the screen to prevent soU from falling through the screen. 

Packing the column was performed using a funnel with attached smaller plastic tube, 

which was gradually pulled up, allowing the soil to accumulate uniformly in the 
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column. The columns were gently tapped to provide similar packing conditions. The 

packed soil columns were then placed, screen and glass wool end down, in a tray filled 

with water (well irrigation water) to a depth just below the top of the samples, allowed 

to saturate slowly, and left to soak for 15 hours. After 15 hours (average time), a piece 

of glass wool was placed on the top of the samples to prevent puddling. Irrigation 

water (EC = 2.2 dS/m) was then slowly added to the top of each soil column until it 

was two-thirds filled. This was done while the bottom of the column that holds the 

sample was soaking in the water in the tray. The columns were arranged in a 

complete, randomized design with three replicate for each treatment and transferred to 

the rack. A 10 -cm constant head of irrigation water was maintained on each column 

using a mariotte flask arrangement as described by Klute and Dirksen (1986). After 

the water level on top of the samples had become stabilized, effluents were collected 

and measured after various time increments. When the effluent flow collected at fixed 

time increments became reasonably steady, volume and time were recorded. The 

saturated hydraulic conductivity (Ks) was calculated for each replicate using Darcy's 

equation for vertical flow in a porous media: 

Ks = L/(L+B) 

where, Ks = saturated hydraulic conductivity, = the flux of effluent (cm/min), 

L = length of the soil (cm), and B = the constant head maintained (cm). 

The average saturated hydraulic conductivity was calculated for each treatment and 

reported as an average of three replicates. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

First Phase: Characterization Studies 

Results of the analyses of the Grabe clay loam used in this research are shown 

in Table 1 (pg. 67) and Table 2. Based on the criterion established by the U.S. Salinity 

Laboratory Staff (1954), Grabe clay loam is characterized as a sodic soil. As shown in 

Table 1, electrical conductivity of the saturated soil paste extract (ECe) of 3.36 dS/m, 

exchangeable sodium percentage (ESP) of 35.3, and sodium adsorption ratio (SAR) of 

37.8. The pH of the soil is moderately alkaline (pH=8.05) and the soil has a total 

cation exchange capacity (CEC) of 20.8 cmol/kg of soil. 

Table 2. Exchangeable cations of Grabe clay loam soil of Safford Agricultural Research 
Station of the University of Arizona. 

Soil Exchangeable cations (meq/100 g soil) 
sample # Na Ca Mg 

1 4.79 10.27 2.63 1.09 
2 5.06 9.79 2.59 1.14 
3 4.88 9.36 2.57 0.94 

Mean 4.91 9.81 2.60 1.06 

The dominant soluble cation in the soil was sodium followed by Ca, Mg, and 

K, but cations Ca and Mg were relatively low compared to sodium (Table 1). The 

dominant anions follow the order of Cl">SO"4>HCO'3>NO"3 (Table 1). 
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Exchangeable cation determinations are shown in Table 2. The mean 

exchangeable Ca, Na, Mg, and K were 9.81, 4.91, 2.60, and 1.06 cmol/kg of soil, 

respectively. It can be seen that exchangeable Ca is the highest followed by other 

cations in the same order mentioned above. 

The well water that was used to irrigate the field from where the soils were 

sampled was analyzed for its chemical composition. Table 3 shows the results of the 

chemical analysis of irrigation water (well water) of the Safford Agricultural Research 

Station of the University of Arizona. As shown in Table 3, the irrigation water has 

large amounts of dissolved solids. Its EC measures 2.20 dS/m and has a pH of 

7.98«8.00. Sodium concentration (17.51 meq/L) was the highest followed by 

magnesium then calcium, 16.14 and 2.04 meq/L. On the other hand, anions CI, HCO3 

and SO4 were dominant in this order (Table 3). The SAR and ESP of the irrigation 

water were 5.8 and 6.8, respectively. These characteristics of the irrigation water (high 

levels of dissolved solids and relatively high SAR and ESP values) without or with 

minimum leaching among other factors could be the cause of sodicity of the field 

sampled (Field B of Safford, Agric. Station). Other factors that may cause sodicity 

could be the effect of continuous cropping along with irrigation that would leach soluble 

salts leaving higher concentrations of sodium ion that persists after leaching, causing 

dispersion and swelling of clay particularly smectite which is abundant in this soil. 

Restricted leaching as well as reduction in hydraulic conductivity of the soils would be 

the result of high levels of sodium that deteriorate soil physical and chemical properties. 



Table 3. Chemical analysis of irrigation water (well water) of SaflFord Agricultural Research Station of the University of Arizona. 

sample pH EC 
# (dS/m) 

Soluble cations Soluble anions 
- meq/l 

Ca Mg Na K CI Br P04 N03 S04 COS HC03 

Total alkalinity 
carbon as 

(titration) CaC03 BAR ESP 
tng/L mg/L 

1 8.02 2.21 1.86 15.75 17.87 0.11 0.13 10.10 <0.2 <0.5 0.78 4.96 <1.0 4.87 58.5 244 6.0 7.1 

2 7.88 2.23 1.52 15.86 17.86 0.10 0.14 10.16 <0.2 <0.5 0.78 5.02 <1.0 5.31 63.8 266 6.1 7.1 

3 8.06 2.15 2.40 16.64 17.14 0.10 0.14 10.10 <0.2 <0.5 0.78 5.06 <1.0 5.34 73 340 5.6 6.5 

4 7.95 2.19 2.39 16.30 17.18 0.11 0.15 10.10 <0.2 <0.5 0.78 5.08 <1.0 5.80 69.8 290 5.6 6.6 

Mean 7.98 2.20 2.04 16.14 17.51 0.11 0.14 10.11 <0.2 <0.5 0.78 5.03 <1.0 5.33 66.3 285 5.81 6.82 
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Second Phase: Laboratory Batch Studies 

Laboratory batch studies were conducted using different application rates of 

gypsum, langbeinite, and CaCl2. Table 4 shows the experimental treatments involved 

for the different amendments used. The aim was to choose optimum application rates 

of the different amendments mentioned that have a significant effect on exchangeable 

sodium displacement using well water. Effects of the nine different application rates of 

gypsum, langbeinite, and CaCl2 on exchangeable sodium displacement are presented in 

Tables 5, 6, and 7, respectively. When the different rates of gypsum were applied to 

1:1 soil to irrigation water suspension, cation exchange reactions resulted in the 

displacement of exchangeable sodium from soil exchange sites by soluble calcium 

released as a result of gypsum dissolution (Table 5). As shown in Table 5, the amount 

of exchangeable Na displaced (replaced) increased with increasing application rates of 

gypsum up to 7 tons/ha. Higher gypsum application rates (9, 11, 13, and 15 tons/ha) 

following reveal lower exchangeable Na replacement than the G7 and G5 treatments (7, 

and 5 tons/ha, respectively). This behavior can be attributed to the relatively low 

solubility of gypsum and to the fact that less water (100 mis) has been used in the soil 

to water suspension. In contrast, relatively speaking, "100 mis" of water was sufficient 

for higher gypsum dissolution of treatments, Gl, G2, G3, G5, and G7 that correspond 

to application rates of 1,  2,  3,  5,  and 7 tons/ha than the following treatments (G9, Gil ,  

G13, and G15). This behavior has been reported in a similar study by Heluf (1995), 

where gypsum (agricultural grade) application rates above 4 tons/ha did not reveal a 

significant displacement of exchangeable sodium. But in this study, the gypsum used 
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Table 4. Experimental treatments combination of the laboratory batch studies for the 
varying application rates of gypsum (G), langbeinite (L), and calcium chloride (CaCy 
dissolved in 100 ml of irrigation water mixed with 100 g of the soil studied. 

T reatment description Amendment application rate 

ID (meq/IOOg soil) 
Control no amendment added 0.00 

G1 gypsum 1 ton/ha 0.62 
G2 gypsum 2 tons/ha 1.28 
G3 gypsum 3 tons/ha 1.86 
G5 gypsum 5 tons/ha 3.14 
G7 gypsum 7 tons/ha 4.30 

G9 gypsum 9 tons/ha 5.58 
G11 gypsum 11 tons/ha 6.85 
G13 gypsum 13 tons/ha 8.13 
G15 gypsum 15 tons/ha 9.29 
L1 langbeinite 1 ton/ha 0.77 

L2 langbeinite 2 tons/ha 1.59 

L3 langbeinite 3 tons/ha 2.31 

L5 langbeinite 5 tons/ha 3.90 

L7 langbeinite 7 tons/ha 5.35 

L9 langbeinite 9 tons/ha 6.94 
L11 langbeinite 11 tons/ha 8.53 

L13 langbeinite 13 tons/ha 10.12 

L15 langbeinite 15 tons/ha 11.57 

CaCI2(1) CaCl2 1 ton/ha 0.96 

CaCI2(2) CaCl2 2 tons/ha 1.98 

CaCI2{3) CaCl2 3 tons/ha 2.88 

CaCI2(5) CaCl2 5 tons/ha 4.87 

CaC12(7) CaCl2 7 tons/ha 6.67 

CaCI2(9) CaCl2 9 tons/ha 8.65 

CaCI2(11) CaCl2 11 tons/ha 10.63 

CaCI2(13) CaCl2 13 tons/ha 12.61 

CaCI2(15) CaCla 15 tons/ha 14.42 
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Table 5. Mean exchangeable sodium (meq/100 g soil) displaced due to the different 
application rates of gypsum under laboratory batch studies. 

Treatment Application Replications treatment 
ID level (tons/ha) 1 2 3 Mean * ranking ** 
G1 1 0.42 0.54 0.47 0.48 e G7 

G5 
G2 2 0.79 0.96 0.91 0.89 d G13 

G15 
G3 3 0.97 1.12 1.05 1.05 c G9 

G11 
G5 5 1.28 1.28 1.22 1.26 B G3 

G2 
G7 7 1.46 1.47 1.5 1.48 A G1 

G9 9 1.15 1.14 1.07 1.12 Ob 

G11 11 1.13 1.11 1.08 1.11 c 

G13 13 1.19 1.15 1.11 1.15 cb 

G15 15 1.16 1.13 1.08 1 .12cb 

MSD 0.05 0.15 

* Means with the same letter are not significantly different at P= 0.05 using Tukey's (HSD) tests. 
** Tratment that displaces highest amount of exchangeable sodium to lowest one. 
MSD 0,05 = minmum significant difference at P= 0.05. 
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is finely ground (powder) and is sold for drip irrigation application and water 

application purposes. Its commercial name is "Aqua-cal". Being finely ground, its 

solubility and reactivity are probably higher than agricultural grade gypsum. As a 

result, its effect on exchangeable Na was effective up to 7 tons/ha compared to 4 

tons/ha found by Heluf (1995). Moreover, means of exchangeable Na of gypsum 

treatments Gl, G2, G3, G5, and G7 are statistically different at the 0.05 level as tested 

by Tukey test (HSD). Treatment G7 ranked first in the exchangeable Na displacement 

followed by G5 (Table 5). On the other hand, treatments G3, G9, Gil, G13, and G15 

are not statistically different using the same statistical test. Maximum displacement of 

exchangeable Na of 1.48 meq/100 g soil took place in treatment G7 (7 tons/ha). 

Table 6 represents the effect of the different application rates of langbeinite on 

exchangeable sodium. It can be clearly seen that displacement of exchangeable sodium 

increases as langbeinite application rate increases. Statistical analysis to compare the 

means of exchangeable Na displaced by the different treatments studied using the Tukey 

(HSD) test indicated that treatments L15 and L13 that correspond to application rates 

of 15 and 13 tons/ha of langbeinite, respectively, were significantly different from other 

treatments at 0.05 level, but they are not significantly different from each other with 

regard to exchangeable sodium displacement. Maximum exchangeable Na displacement 

from treatment L15 (15 tons/ha of langbeinite) was found to be 1.73 meq/100 g soil. 

The effects of calcium chloride treatments on exchangeable Na are presented in 

Table 7. Because of its higher solubility, CaClj displaces larger amounts of 

exchangeable Na particularly for application rates above 3 tons/ha than other equivalent 
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Table 6. Mean exchangeable sodium (meq/100 g soil) displaced due to the different 
application rates of langbeinite under laboratory batch studies. 

Treatment Application Replications treatment 
ID level (tons/ha) 1 2 3 Mean * ranking ** 
LI 1 0.22 0.15 0.21 0.19 g L15 

L13 
L2 2 0.6 0.5 0.42 0.51 f L11 

L9 
L3 3 0.73 0.60 0.69 0.70 e L7 

L5 
L5 5 1.1 0.95 1.05 1.03 d L3 

L2 
L7 7 1.28 1.19 1.24 1.24 c L1 

L9 9 1.31 1.47 1.43 1.4 b c 

L11 11 1.53 1.56 1.57 1.55 b a 

L13 13 1.67 1.81 1.7 1.66 a 

LI 5 15 1.69 1.69 1.59 1.73 a 
MSD 0.05 0.18 

* Means with the same letter are not significantly different at P= 0.05 using Tukey's (HSD) tests. 
** Treatment that displaces highest amount of exchangeable sodium to lowest one. 
MSD 0.05 = minmum significant difference at P= 0.05. 
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Table 7. Mean exchangeable sodium (meq/100 g soil) displaced due to the different 
application rates of calcium chloride (CaCy under laboratory batch studies. 

Treatment Application Replications treatment 
ID level (tons/ha) 1 2 3 Mean * ranking ** 

CaCl2{1) 1 0.63 0,32 0.27 0.41 e CaCl2(15) 
CaCl2(13) 

CaCl2(2) 2 0.78 0.79 0.76 0.78 d CaCl2(11) 
CaCl2(9) 

CaCl2(3) 3 0.97 0.95 0.91 0.94 d CaCl2(7) 
CaCl2(5) 

CaCl2(5) 5 1.37 1.34 1.37 1.36 c CaCl2(3) 
CaCl2(2) 

CaCl2{7) 7 1.48 1.47 1.56 1.50 c CaCl2(1) 

CaCl2(9) g 1.56 1.58 1.54 1.56 b c 

CaCl2(11) 11 1.64 1.82 1.72 1.73 b a 

CaCl2(13) 13 1.8 1.87 1.85 1.84 a 

CaCl2{15) 15 1.98 1.88 1.9 1.92 a 

MSD 0.05 0.22 

*Means with the same letter are not significantly different at P= 0.05 using Tukey's (HSD) tests. 
** Tratment that displaces highest amount of exchangeable sodium to lowest one. 
MSD 0 05 = minmum significant difference at P= 0.05. 
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treatments of gypsum and langbeinite. Maximum displacement of exchangeable Na 

corresponds to a maximum application rate of CaCl2 (15 tons/ha). As shown in Table 

7, exchangeable Na increases with increasing application rates of CaClj. 

Mean exchangeable Na displacement, however, increases with increasing 

application rates of both langbeinite and CaCl2, but in the case of gypsum treatments, 

mean exchangeable Na increases to a maximum when 7 tons of gypsum per ha were 

applied. This can be attributed to its low solubility and its high water requirement for 

its dissolution (U.S. Salinity Lab. Staff, 1954). A comparison of the effects of the 

different applications of the various amendments used in the laboratory batch studies 

on exchangeable Na displacement are shown in Figure 1. It can be clearly seen from 

Figure 1 that CaCl2 was more efficient in exchangeable Na removal followed by 

Langbeinite then gypsum. This result was expected due to the variability in the 

solubility of the amendments, where the water solubilities of CaCl2, langbeinite, and 

gypsum are 595 g/L, 280 g/L, and 2.1 g/L, respectively. Table 8 shows the results of 

statistical analysis comparisons of mean exchangeable Na displaced due to the various 

levels of application of the different amendments studied. 

Tables 9, 10 and 11 present the effect of the different amendment application 

rates on EC, SAR, and soil pH for gypsum, langbeinite, and CaCl2, respectively. The 

results presented in these tables show that each increase in amendment application rate 

(for all the amendments) resulted in a significant increase in the EC values. Calcium 

chloride (CaCl2) exhibited a higher and almost proportional increase in EC for each 

application level increase compared to either langbeinite or gypsum treatment (Fig. 2). 
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Figure 1. Mean exchangeable Na (meq/100 g of soil) 
displaced due to gypsum, langbeinite, and calcium chloride 

(CaCl2) treatments under laboratory batch studies. 
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Table 8. Mean exchangeable sodium (meq/100 g soil) displaced due to the 
application of different rates of gypsum, langbeinite, and calcium chloride (CaCl2) 
under laboratory batch studies. 

Treatment Application Treatment 
tD level (tons/ha) Mean * ranking ** 

CaCl2(1S) 15 1.92 a CaCl2(15) 
CaCl2(13) 13 1.84 ba CaCl2(13) 
CaCl2(11) 11 1.73 bac CaCl2(11) 

L15 15 1.73 bac LI 3 
LI 3 13 1.66 bdc L15 

CaCl2(9) 9 1.56 edc CaCl2(9} 
L11 11 1.55 edc L11 

CaCl2(7) 7 1.50 ed CaCl2(7) 
G7 7 1.48 ed G7 
Lg g 1.40 ef L9 

CaCliiS) 5 1.36 rf CaCl2(5) 
G5 5 1.26 gf G5 
L7 7 1.24 gfh L7 

G 13 13 1.15 gih G 13 
G15 15 1.12 gjih G15 
G9 9 1.11 gjih Gg 
G11 11 1.05 kjih Gil 
G3 3 1.03 kji G3 
L5 5 0.94 kjl L5 

CaCl2(3) 3 0.89 kim CaCl2(3) 
G2 2 0.78 Im G2 

CaCl2(2) 2 0.70 nm CaCl2(2) 
L3 3 0.61 on L3 
L2 2 0.51 0 L2 
G1 1 0.48 0 G 1 

CaCl2(1) 1 0.41 0 CaCl2(1) 
L1 1 0.19 p LI 

control 0 0.00 p control 

MSD 0.05 0.20 

• Means with the same ietter are not significantly different at P= 0.05 using Tul<ey's (HSD) tests. 
** Treatment that displaces highest amount of exchangeable sodium to lowest one. 
MSD 0.05 = minmum significant difference at P= 0.05. 
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Table 9. Effect of the different application rates of gypsum on the electrical 
conductivity (EC), SAR, and pH under laboratory batch studies. 

Treatment Application 
ID level (tons/ha) 

EC(dS/m) 
Mean * 

SAR 
Mean * 

pH 
Mean * 

treatment ranking ** 
EC SAR pH 

G1 1 5.03 G 25.48 A 8.04 B A Gil G1 G2 
G13 G2 G3 

G2 2 5.47 F 23.44 a 8.30 A G15 G3 G1 
G9 G5 G7 

G3 3 5.88 E 21.19 C 8.22 B A G7 G7 G1S 
G5 G9 G13 

G5 5 6.65 D 17.48 D 7.77 B A C G3 G13 G5 
G2 G15 Gil 

G7 7 7.33 C 15.37 E 8.01 B A G1 G11 G9 

G9 g 7.76 B 12.72 F 7.36 C 

G11 11 7.84 A 12.33 F 7.58 C 

G13 13 7.81 B A 12.51 F 7.86 B A C 

G15 15 7.79 B A 12.44 F 7.94 B A C 
MSD 0.03 0.067 0.548 0.644 

* Means with the same letter are not significantly different at P= 0.05 using Tul<ey's (HSD) tests. 
** Treatment that displaces highest amount of exchangeable sodium to lowest one. 
MSD 0,05 = minmum significant difference at P= 0.05. 
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Table 10. Effect of the different application rates of langbeinite on the electrical 
conductivity (EC), SAR, and pH under laboratory batch studies. 

Treatment 
ID 

Application 
leveKtons/ha) 

EC(dS/m) 
Mean * 

SAR 
Mean * 

pH 
Mean * EC 

treatment ranking ** 
SAR pH 

LI 1 5.19 1 23.16 A 8.43 A LI 5 LI LI 
L13 L2 L3 

1-2 2 5.50 H 20.59 B 7.92 C L11 L3 L5 
L9 L5 L2 

L3 3 6.00 G 18.35 C 8.05 B L7 L7 LI 3 
LS L9 L7 

L5 5 7.08 F 15.22 D 7.94 C B L3 L11 L11 
L2 L13 LIS 

L7 7 7.97 E 13.15 E 7.87 C LI LI 5 L9 

L9 9 8.78 D 11.90 F 7.83 C 

U1 11 9.55 C 11.23 G 7.84 C 

L13 13 10.40 B 10.54 H 7.92 C 

LIS 15 11.03A 9.75 1 7.84 C 
MSD 0,05 0.17 0.384 0.118 

* Means with the same letter are not significantly different at P= 0.05 using Tukey's (HSD) tests. 
** Treatment that displaces highest amount of exchangeable sodium to lowest one. 
MSD 0.05 = minmum significant difference at P= 0.05. 
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Table 11. Effect of the different application rates of CaCl2 on the electrical 
conductivity (EC), SAR, and pH under laboratory batch studies. 

Treatment Application EC(dS/m) SAR pH treatment ranking ** 
ID leveKtons/ha) Mean * Mean * Mean ' EC SAR pH 

CaCl2(1) 1 5.08 1 25.06 A 8.19 A CaCl2(1S) CaCl2(1) CaCl2(1) 
CaCl2(13) CaCl2(2) CaCl2(2) 

CaCl2(2) 2 6.09 H 20.55 B 7.93 B CaCl2(11) CaCl2(3) CaCl2(3) 
CaCljCS) CaCl2(5) CaCl2(5) 

CaCl2(3) 3 6.79 G 18.52 C 7.80 C CaCy?) CaCl2(7) CaCl2(7) 
CaCl2(5) CaCl2(9) CaCl2(9) 

CaCl2(5) 5 8.55 F 14.76 D 7.64 D CaCl2{3} CaCl2(11) CaCl2(11) 
CaCl2(2) CaCl2(13) CaCl2(13) 

CaCl2(7) 7 10.12 E 12.13 E 7.54 E CaCl2{1) CaCyiS) CaCl2(15) 

cacyg) 9 11.67 D 9.34 F 7.50 F E 

CaCyil) 11 13.37 C 8.56 G 7.46 F 

CaCl2(13) 13 15.03 B 8.00 H 7.39 G 

CaCl2(15) 15 16.77 A 7.68 H 7.38 G 
MSD 0.05 0.19 0.434 0.055 

* Means with the same letter are not significantly different at P= 0.05 using Tukey's (HSD) tests. 
** Treatment that displaces highest amoimt of exchangeable sodium to lowest one. 
MSD 0.05 = minmum significant difference at P= 0.05. 
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The EC of langbeinite treatments also increases but to a lessor degree that CaCl2 as the 

application rates increases. From Figure 2, it can be seen that the EC of gypsum 

treatments increases with increasing application rate, but showed no significant increase 

after applications above 7 tons/ha. This observation supports the finding that above 7 

tons/ha there was no significant increase in mean exchangeable Na, which can be 

attributed to the low solubility of gypsum above application rates of 7 tons/ha at that 

particular volume (100 ml) of water used in the study. 

Moreover, the EC of langbeinite under the same condition showed a slower 

increase in EC values (Fig. 2) compared to CaCl2 despite its high solubiltiy (280 g/L). 

It has been reported that although langbeinite is highly soluble, yet it dissolves slowly 

and resists rapid leaching loss from the soil by excessive moisture (Western Ag. 

Mineral Company). On tlie other hand, pH measurement of the different levels of the 

amendment studied as shown in Tables 9, 10, and 11 and Fig. 3 for gypsum, 

langbeinite, and CaCl2 treatment, respectively, indicated that suspension pH decreased 

slightly with increasing application level of each amendment. 

The sodium adsorption ratio (SAR) of the soil studied using various application 

rates of gypsum, langbeinite, and CaCl2 are presented in Tables 9, 10, and 11 and in 

Fig. 4. Obviously, the highest application rates (7 tons/ha gypsum, 15 tons/ha for each 

of langbeinite and CaCl2 independently of each of the amendments reduced the SAR of 

the soil from 27.2 (control treatment) to 15.4, 9.70 and 7.70 for gypsum, langbeinite, 

and CaCl2, respectively. On the other hand, application rates of 9 tons/ha of each of 

the amendments have lowered the SAR from 27.2 in case of the control treatment to 
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Fig. 3. The effect of the different application rates of the various 
amendments (gypsum, langbeinite , and CaCl2) on the pH of the soil under 

laboratory batch studies. 
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12.7, 11.9 and 9.30 for gypsum, langbeinite, and CaCla, respectively. It is important 

to mention that the soil originally has an SAR value of 37.8 as calculated from 

analysis of soil paste extracts. Therefore, application rates of 9 tons/ha of each 

amendment independently resulted in the reduction of SAR below the SAR critical 

limit (13) suggested by U.S. Salinity Laboratory Staff (1954) that interferes with plant 

growth and causes soil physical deterioration. 

Furthermore, the differences of SAR values of the various amendments 

investigated would be attributed for the most part to the varying solubilities of the 

amendments at the limited volume of water used in the study (100 mis) that is not 

enough to solubilize higher rates of gypsum and cause slower solubility of higher rates 

of langbeinite as well. However, the results of the various treatments evaluated in this 

phase (laboratory batch studies) provide a good guideline for the selection of the 

optimum application rates of each of the amendments that are selected and used in the 

following colunm leaching studies. Therefore, three levels (application rates) of gypsum 

(1, 5, and 7 tons/ha), of langbeinite (1, 7, and 13 tons/ha) and of CaCl2 (1, 7, 13 

tons/ha) were selected and used in the column leaching studies. Lower rates (1 tons/ha) 

of each amendment was selected for comparisons, whereas higher rates (5 and 7 tons/ha 

for gypsum; 7 and 13 tons/ha for each of langbeinite and CaCy were selected based 

on their effect on exchangeable sodium removal and significant reduction of the SAR 

of the soil after reclamation. Besides, statistically differing treatments at .05 level, 

between amendment levels were also considered in the selection of the above 

amendment levels. When higher application rates of an amendment displaces higher 
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amounts of exchangeable Na, but statistically are not significantly different from the 

treatments of lower levels for the same amendment, a lower rate or optimum rate was 

selected that is comparable with others. This is particularly true for the langbeinite and 

CaClz selected treatments. 

Third Phase: Column Leachinp Studies 

The objective of the studies conducted in this phase was to study the effect of 

various application rates of gypsum, langbeinite, calcium chloride, and "gypsum plus 

langbeinite" treatments (combination treatments: G7L1, G7L3, and G7L5) on the 

removal of exchangeable sodium (Na) from a fine-textured sodic soil and the volume 

of irrigation water required by each amendment for its dissolution which supplies the 

divalent cation (Ca supplied by gypsum and CaCl2 dissolution and Mg and K supplied 

by Langbeinite) for Na removal. The parameters of interest that are reported for the 

various levels of application of the amendments studied were cumulative exchangeable 

Na, electrical conductivity (EC) and SAR. AU mentioned parameters were measured 

at varying pore volumes of leaching water. Therefore, effluents (leachates) were 

collected at 25 minute time intervals which corresponds to 0.125 pore volume (15 mis) 

for a total pore volume of 5. One pore volume is equal to 120 ml of irrigation water; 

therefore, the total pore volume used in the leaching process was 600 ml (5 pore vol. 

* 120 ml). In case of the control treatment, soil columns were leached with 5 pore 

volumes of irrigation water with no addition of any amendment. 
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Gypsum Treatments 

Cumulative exchangeable Na: The mean cumulative exchangeable Na at varying 

applications of leaching water (pore volume) for the different gypsum treatments (Gl, 

G5, and G7) is presented in Table 12 and Fig. 5. In the first phase (characterization), 

exchangeable Na and SAR of the soil used in this study was reported as 4.91 meq/100 

g of soil (Table 2) and 37.8 (Table 1), respectively. From the results shown in Table 

12, it can be clearly seen that the different treatments of gypsum displaced 

exchangeable Na differently depending on the gypsum rate of dissolution as a function 

(among other factors) of the amount of leaching water and time as well. Fig. 5 

represents the relationship between mean cumulative exchangeable Na replaced vs. 

application of 5 pore volumes of leaching water where the effluents (leachates) were 

collected at 19 leaching water increments (0.125, 0.25, 0.5, 0.75, 1.00, 1.25, 1,50, 

1.75, 2.00, 2.25, 2.50, 2.75, 3.00, 32.25, 3.5, 3.75. 4.00, 4.5,and 5.00 pore volume). 

The objective was to study the effect of the volume of leaching water on both 

exchangeable Na replacement and water requirement for amendment dissolution. In the 

early stages of leaching, the lowest gypsum application rate (Gl = 1 ton/ha) took a low 

volume of leaching water (0.5 pore volume = 60 mis) to displace the maximum 

exchangeable Na it can displace (0.71 meq/100 g) and showed no increase in the 

following leaching pore volumes. This was due to the small rate of application with the 

quantity of applied water enough for its dissolution. On the other hand, gypsum applied 

at higher rates (G5, and G7) as shown in Table 12 and Fig. 5 exhibited a gradual 

increase in Na displacement with increasing pore volume application up to 4 pore 



Table 12. Mean exchangeable sodium (cumulative) in meq/100 g of soil displaced due to the application of gypsum (G) at 
varying rates and leaching with irrigation water at different pore volumes under the column leaching studies. 

Treatment level Cumulative Pore volume^ 

ID tons/ha O.S 1 1.5 2 2.5 3 3.5 4 4.5 5 Mean' MSD ^0 05 
G1 1 0.71 a 0.71 a 0.71 a 0.71 a 0.71 a 0.71 a 0.71 a 0.71 a 0.71 a 0.71 a 0.71 b 0.23 
G5 5 1.43 e 1.9 d 2.24 dc 2.52 be 2.72 ba 2.86 ba 2.93 a 2.95 a 2.95 a 2.95 a 2.55 a 0.41 
G7 7 1.02 e 1.47 ed 1.83 dc 2.14 bdc 2.43 bac 2.67 ba 2.84 a 2.94 a 2.95 a 2.95 a 2.33 a 0.68 

MSDVos 0.31 
Mean" 1.05 a 1.36 a 1.60 a 1.79 a 1.96 a 2.08 a 2.16 a 2.20 a 2.20 a 2.20 a 1.42 

* Means with the same letter within a column are not significantly different at P= 0.05 using Tukey's (HSD) test. 
"Means with the same letter within a row are not significantly different at P= 0.05 using Tukey's (HSD) test. 

^ One pore volume (PV) = 120 mis of irrigation water = the volume of water needed to saturate the soil column 
Note: upon leaching, each 1 PV is collected as effluents (leachates) in 8 samples of 15 "mis" each. 
^ Minimum significant difference for the rows. 
' Minimum significant difference for the columns. 

vO 
00 
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Fig. 5. Cumulative exchangeable sodium (meq/100 g soil) 
displaced as a result of the different applications of gypsum Vs. 
varying pore volumes of leaching water under column leaching 

studies. 
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volume for both treatments. Initially, application of 5 tons/ha of (G5) gypsum displaces 

higher amounts of Na than the G7 treatment at equivalent pore volumes, but as the 

volume of leaching water increases, G7 (application level of 7 tons/ha of gypsum) 

catches up with the G5 with respect to the total Na displacement (Table 12 and Fig. 5). 

The higher displacement of Na in case of G5 treatment initially may be attributed to the 

effect of the amount of water required by two differing weights of g3^sum for their 

dissolution. So, when considering the same (equivalent) amount of leaching water that 

has been applied to the different treatments, we would expect a smaller application rate 

to be dissolved compared to the larger application rate. Similar behavior was illustrated 

by Heluf (1995) where a gypsum application rate of 8 tons/ha displaces higher 

exchangeable Na (cumulative) compared to 10 tons gypsum application rate (Fig. 11 

in Heluf 1995). The rate of gypsum dissolution in water that is passing through the soil-

gypsum layer is strongly affected by both gypsum content and soil water velocity. The 

higher the gypsum content, the lower the influence of soil water velocity on the gypsum 

dissolution rate (Keren and O'Connor, 1982). When both treatments (G5 and 07) were 

leached with 4 pore volumes, they displaced equivalent exchangeable sodium (Table 12 

and Fig. 5). 

Based on the results of the statistical analysis, G1 is significantly different from 

any of the G5 or G7 treatments at 0.05 level using Tukey's (HSD) test, whereas, G5 

and G7 were not significantly different with regard to total Na displaced after passing 

5 pore volumes of leaching water (Table 12). However, increased volume of leaching 

water resulted in an increase in gypsum solubility in all the treatments. This in turn. 



101 

results in increased Na displacement to a certain extent but depends among other factors 

on the number of equivalents supplied by the application level (weight) upon dissolution 

and on the extent of exchangeable Na in the soil. Moreover, the amount of Na removal 

depends on both the leaching water volume passed through the soil column and the 

amount of Ca made available for Na replacement per unit volume of leachate (Prather 

et al., 1978). Mean exchangeable Na (not cumulative) displaced as a result of different 

gypsum applications (Gl, G5, and G7) is presented in Fig. 6. As it can be seen from 

the graph, exchangeable Na removal at the lower application rate of gypsum (Gl) 

decreased sharply with minimum applied pore volume (pv) (0.5 pv); therefore, no 

additional displacement of Na due to the limited quantity of gypsum applied (*0.62 

meq/100 g soil) compared to 4.91 meq/100 g that the soil originally had. Similarly, G5 

and G7 treatments showed higher Na displacement at the beginning of leaching then 

decreased with increasing leaching pore volumes. As shown in the graph, both 

treatments showed no additional replacement of Na after passing 4 pore volumes of 

water. 

The EC, and SAR of the three application rates of gypsum (Gl, G5, and G7) 

are presented in Figs. 7, and 8, respectively. Because the soil columns of the different 

treatments were saturated initially with irrigation water to enhance gypsum dissolution 

and facilitate cation exchange reaction before the leaching process, EC were high in the 

initial stages of leaching decreasing with increasing leaching pore volumes approaching 

a value close to the EC of the leaching water (Fig. 7). After passing one pore volume 



102 

0.80 

0.60 --

00 0.50 + 

1.5 2.0 2.5 3.0 3.5 

Cumulative pore volume (PV) 

Fig. 6. Mean exchangeable sodium (meq/100 g soil) displaced as 
a result of the different applications of gypsum Vs. varying pore 

volumes of leaching water under column leaching studies. 
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Fig. 7. The electrical conductivity (EC) of the effluents of the 
control tratment and the different application rates of gypsum Vs. 

varying pore volumes of leaching water under column leaching 
studies. 
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Fig. 8. Sodium adsorption ratio (SAR) of the effluents of the 
control and gypsum tratments Vs. varying pore volumes of 

leaching water under column leaching studies. 
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of leaching water, EC of all gypsum treatments decreased slightly until they reached 

the same value (» 2.50± dS/m) after passing 5 pore volumes. This indicated that at 

the initial stages of reclamation, soil solution characterized by high EC were somewhat 

diluted by the flowing leaching water. EC of the first effluents (leachates) collected 

were 28.9, 36.3 and 24.7 dS/m at 0.125 pv for Gl, G5 and G7, respectively, with the 

final readings were 2.5, 2.5, and 2.6 at 5 pv. The EC of the control treatment for the 

first effluent collected was 21.6 dS/m and the final EC reading was 2.5 after applying 

5 pore volumes of leaching, but the EC reached approximately the background EC after 

the first pore volume of leaching (1 pv). 

Sodium adsorption ratio (SAR) of the soil was significantly reduced by the 

application of gypsum at the different levels mentioned (Gl, G5, and G7), particularly 

at higher levels of applications (Fig. 8). It can be clearly seen from Fig. 8 that gypsum 

applied at rates of 5 and 7 tons/ha reduced the SAR value from 36.1 and 34.5 for the 

first effluent collected for G5 and G7, respectively, to 12.0 and 6.80 at the end of 

reclamation (after passing 5 pore volumes). The initial and final SAR values of the 

control treatment (no amendment added but leached with the same irrigation water) 

were 29.1 and 26.7, respectively (Appendix B). 

Langbeinite and Calcium Chloride Treatments 

Langbeinite (K2SO4. 2MgS04) as a reclaiming agent was applied at three 

different rates (Li = l ton/ha, 1/7=7 tons/ha, and Li3 = 13 tons/ha). Upon langbeinite 

dissolution a leaching solution of high electrolyte concentration is produced by adding 



106 

Mg and K cations. Since these cations are preferred by soil exchange sites over Na, the 

exchangeable Na will be replaced and leached out of the soil during the reclamation 

process. The strength of adsorption is stronger for Mg and K than it is for Na by soil 

exchange sites. On the other hand, CaCl2 treatments include three levels of application, 

namely CaClj (1), CaClj (7) and CaCl2 (13) that correspond to application levels of 1, 

7, and 13 tons/ha, respectively. Langbeinite and CaCl2 levels were selected based on 

the results obtained by the laboratory batch studies reported in the second stage of this 

research (Second phase: Laboratory Batch Studies). 

Exchangeable and Cumulative Exchangeable Na. 

Results of the cumulative exchangeable Na (mean) for the different treatments 

of langbeinite and CaCl2 at varying pore volumes of leaching water are shown in Tables 

13 and 14 and Figs. 9 and 10, respectively. Tables 15 and 16 show the total 

(cumulative) exchangeable Na displaced and the final SAR of all experimental 

treatments at the end of the reclamation process, respectively. Mean exchangeable 

sodium (not cumulative) for each langbeinite and CaCl2 treatment are presented in 

graphs 11 and 12, respectively. As shown in Tables 13 and 14, cumulative 

exchangeable Na increases with increasing application rate and increasing leaching pore 

volumes for the different levels of langbeinite and CaClz. In Table 13, cumulative 

exchangeable Na removal was significantiy different for the different application rates 

of langbeinite at 0.05 level using Tukey's (HSD) test. Langbeinite treatments of 7 and 

13 tons/ha (L7 and L13) displaced maximum amounts of exchangeable Na after 



Table 13. Mean exchangeable sodium (cumulative) in meq/100 g of soil displaced due to the application of langbeinite (L) 
at varying rates and leaching with irrigation water at different pore volumes under the column leaching studies. 

Treatment level Cumulative Pore volume^ 

ID (tons/ha) 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 Mean * MSD '„ o5 
LI 
L7 
LI 3 

1 
7 
13 

0.67 a 
1.94 c 
2.22 c 

0.92 a 
3.24 b 
3.92 b 

0.94 a 
3.87 a 
4.89 a 

0.95 a 
3.94 a 
4.89 a 

0.95 a 
3.94 a 
4.89 a 

0.95 a 
3.94 a 
4.89 a 

0.95 a 
3.94 a 
4.89 a 

0.95 a 
3.94 a 
4.89 a 

0.95 a 
3.94 a 
4.89 a 

0.95 a 
3.94 a 
4.89 a 

0.92 c 
3.66 b 
4.53 a 

0.41 
0.41 
0.89 

Mean *' 1.61 a 2.69 a 3.24 a 3.26 a 3.26 a 3.26 a 3.26 a 3.26 a 3.26 a 3.26 a 2.57 

MSD\O5 0.39 

* Means with the same letter within a column are not significantly different at P= 0.05 using Tukey's (HSD) test. 
"Means with the same letter within a row are not significantly different at P= 0.05 using Tukey's (HSD) test. 

' One pore volume (PV) = 120 mis of irrigation water = the volume of water needed to saturate the soil column 
Note: upon leaching, each 1 PV is collected as effluents (leachates) in 8 samples of 15 "mis" each. 

^ Minimum significant difference for the rows. 

' Minimum significant difference for the columns. 



Table 14. Mean exchangeable sodium (cumulative) in meq/100 g of soil displaced due to the application of CaCh at varying 
rates and leaching with irrigation water at different pore volumes under the column leaching studies. 

Treatment 

ID 

level 
(tons/ha) 

Cumulative Pore volume^ 

Mean * MSD 'o.o5 

Treatment 

ID 

level 
(tons/ha) 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 Mean * MSD 'o.o5 

CaCU(1) 1 0.77 b 1.0 a 1.0 a 1.0 a 1.0 a 1.0a 1.0 a 1.0 a 1.0 a 1.0 a 0.98 c 0.22 

CaCl2(7) 7 2.44 b 4.0 a 4.12 a 4.12 a 4.12 a 4.12 a 4.12 a 4.12 a 4.12 a 4.12 a 3.94 b 0.26 

CaCyiS) 13 3.52 b 4.62 a 4.64 a 4.64 a 4.64 a 4.64 a 4.64 a 4.64 a 4.64 a 4.64 a 4.53 a 0.45 

Mean ** 2.24 a 3.21 a 3.25 a 3.25 a 3.25 a 3.25 a 3.25 a 3.25 a 3.25 a 3.25 a 2.55 

MSD^os 0.23 

* Means with the same letter within a column are not significantly different at P= 0.05 using Tukey's (HSD) test. 
•'Means with the same letter within a row are not significantly different at P= 0.05 using Tukey's (HSD) test. 

^ One pore volume (PV) = 120 mis of irrigation water = the volume of water needed to saturate the soil column 
Note: upon leaching, each 1 PV is collected as effluents (leachates) in 8 samples of 15 "mis" each. 

^ Minimum significant difference for the rows. 

' Minimum significant difference for the columns. 
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Fig. 9. Mean exchangeable sodium (cumulative) displaced as a 
result of different application rates of langbeinite at varying pore 

volumes of leaching water under column leaching studies. 
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Fig. 10. Mean exchangeable sodium (cumulative) displaced as a 
result of different application rates of CaCl2 Vs. varying pore 

volumes of leaching water under column leaching studies. 



Table 15. Cumulative exchangeable sodium (meq/100 g of soil) displaced due to the application of different rates of gypsum 
(a), langbeinite (b), CaCb (c), combination treatments (d), and comparisons of all treatments (e) after leaching with 5 pore 
volumes of irrigation water under the column leaching studies. 

LaJ ( e )  
Treatment Application Mean * Treatment Application Mean * 

10 level (tons/ha) (meq/100 g) ID level (tons/ha) (meq/100 g) 
G1 1 0.710 b LI 3 13 4.89 a 
GS 5 2.947 a CaCl2(13) 13 4.64 a 
G7 7 2.950 a G7L5 7+5 4.53 ba 

G7L3 7+3 4.19 be 
MSD^,O5 = 0.51 CaCl2(7) 7 4.12 be 

-UU L7 7 3.94 dc 
L1 1 0.95 c G7L1 7+1 3.63 d 
L7 7 3.94 b G7 7 2,95 e 
L13 13 4.89 a GS 5 2.95 8 

CaCl2(1) 1 1.0 f 

MSD'O.05 ~ 0.49 LI 1 0.95 f 

LcJ G1 1 0.71 f 
CaCi2(1) 1 1.0c Control 0.00 0.00 g 
CaCl2(7) 7 4.12 b 

CaCl2{13) 13 4.64 a MSD^o.os ~ 0.44 

MSD\.os = 0.26 
XdJ 

G7L1 gypsum 7 lons/ha + 3.63 c 
langbeinite 1 ton/ha 

G7L3 gypsum 7 tons/ha + 4.19 b 
langbeinite 3 tons/ha 

G7L5 gypsum 7 tons/ha + 4.53 a 
langbeinite 5 lons/ha 

MSD^.O5 = 0.58 

* Means with the same letter within a column are not significantly different at P= 0.05 using Tukey's (HSD) test. 
MSD ' = minimum significant difference for the columns. 



Table 16. Effect of gypsum treatments (a), langbeinite treatments (b), CaCia tratments (c), combination treatments (d), and 
comparisons of all treatments (e) on sodium adsorption ratio (SAR) of the soil after leaching with 5 pore volumes of 
irrigation water under the column leaching studies. 

Treatment Application Mean ' Treatment Application Mean * 
ID level (tons/ha) SAR ID level (tons/ha) SAR 
G1 1 25.9 a L1 1 32.5 a 
GS 5 12.0 b Control 0 26.7 b 
G7 7 6.78 b G1 1 25.9 b 

cacyi) 1 24.0 b 

MSD'O.O5 = 5.73 G5 5 12.0 c 
( b )  G7 7 6.78 dc 

L1 1 32.5 a G7L1 7+1 6.32 d 
L7 7 5.61 b L7 7 5.61 d 
L13 13 4.49 b CaClj(13) 13 5.53 d 

G7L3 7+3 5.03 d 

MSD'OO5= 5.17 L13 13 4.49 d 
( c )  G7L5 7+5 4.19 d 

CaCMI) 1 24.0 a CaClj(7) 7 2.48 d 
CaCl2{7) 7 2.47 b 

CaCMI 3) 13 5.53 b MSD'O.O5= 5.41 

MSD'o,O5= 3.08 
( d ^  

G7L1 gypsum 7 tons/ha + 6.32 a 
langbeinite 1 ton/ha 

G7L3 gypsum 7 tons/ha + 5.03 b 
langbeinite 3 tons/ha 

G7L5 gypsum 7 tons/ha + 4.19 b 
langbeinite 5 tons/ha 

MSD'O.O5= 1.24 
* Means with the same letter within a column are not significantly different at P= 0.05 using Tukey's (HSD) test. 

MSD' = minimum significant difference for the columns. 



113 

0.80 

T3 
0) 
0 0.70 
Co 

Q. CO 
1 0.60 
O 0 

f 0.50 
s S.--' 

0,40 
V 
3 
1 0.30 
c 
S 
X 0.20 
C 
CQ V 
S O.IO 

0.00 
0.0 1.0 2.0 3.0 4.0 5.0 

Cumulative pore volume (PV) 

Fig. 11. Mean exchangeable sodium (meq/lOOg soil) displaced as 
a result of the different application rates of langbeinite at varying 
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Fig. 12. Mean exchangeable sodium (meq/lOOg soil) displaced as a 
result of the different application rates of CaCla Vs. varying pore 

volumes of leaching water under column leaching studies. 
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leaching each of them with equivalent volumes (2 pv). This was due to its high 

solubility (280 g/L as reported by Hagstrom, 1986) and its cation (Mg and K) 

composition effect on exchangeable Na. 

On the other hand, results of CaClj treatments as shown in Table 14 were found 

to be significantly different with respect to exchangeable Na removal at 0.05 level using 

Tukey's (HSD) test. Because CaCl2 has a greater solubility (595 g/L) as compared to 

langbeinite (280 g/L), it displaced the maximum amount of exchangeable Na after 

passing 1.5 pore volume when applied at rates of 7 and 13 tons/ha. Although it required 

less volume of leaching compared to langbeinite, it displaced smaller exchangeable Na 

than langbeinite when both were applied at higher rates (13 tons/ha). 

CaCl2 displaced a total exchangeable Na of 4.12 and 4.64 meq/100 g of soil 

when applied at rates of 7 and 13 tons/ha, respectively, after leaching with 2 pore 

volumes of leaching water; whereas, langbeinite displaced 3.94 and 4.89 meq/L when 

applied at a rate of 7 and 13 tons/ha, respectively, under same volume of leaching 

water. The differences in Na removal with the higher application rates (13 tons/ha) of 

langbeinite and CaCl2 leached with equivalent pore volumes could be attributed to the 

fact that the higher solubility of CaCl2 makes it readily leached and part of the soluble 

Ca did not have a chance to displace Na ion. It has been reported by Alperovitch and 

Shainberg (1973) that to save on water for leaching, CaCl2 should be concentrated in 

as low a volume of solution as possible. Although langbeinite is a high water soluble 

amendment, it has been reported to be slow releasing which might result in smaller 

losses of Mg and K which, in turn, results in higher removal of Na than in the CaCl2 
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treatments. Moreover, when langbeinite and CaCl2 were applied at equivalent rates (7 

tons/ha or 13 tons/ha) the total Na displaced by each amendment was not statistically 

different, but as mentioned langbeinite displaced higher exchangeable Na than CaCl2 

when both were applied at a rate of 13 tons/ha (Table 15(b&c)). Based on these results, 

it can be seen that langbeinite is as efficient as CaCl2 at lower application rates, but 

langbeinite displaced higher exchangeable Na at higher application rates with no 

significant differences found between them with respect to water requirement. This 

suggests that langbeinite would be economically advantageous in sodic soil reclamation 

because it is relatively inexpensive compared to CaCl2. Figures 9 and 10 demonstrate 

the effects of the various application rates of langbeinite and CaCl2, respectively, on 

cumulative exchangeable Na at varying pore volume applications. These graphs support 

the discussion above. 

Moreover, Figs. 11 and 12 represent the effects of the different application rates 

of each of the amendments mentioned (langbeinite and CaCy on exchangeable Na (not 

cumulative) at varying pore volume applications. It can be seen from these figures that 

both amendments regardless of application level reached maximum Na removal at 

relatively minimum volume of applied leaching water (2 pv of higher application rates 

of langbeinite and 1.25 pv for CaCy as compared with gypsum (need 4 pv Figs. 5 and 

6). 

EC values as a measure of total soluble salts in the soil solution are presented 

in Figs. 13 and 14 for the langbeinite and CaCl2 treatments, respectively. It can be 

clearly seen from both graphs that the EC of CaCla applied at 7 and 13 tons/ha reached 
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Fig. 13 . The electrical conductivity (EC) of the effluents of the 
control and langbeinite treatments Vs. varying pore volumes of 

leaching water under column leaching studies. 
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the background state after leaching with 1.25 to 1.5 pore volumes for CaCl2(7) and 

CaCl2(13), respectively, whereas langbeinite applied at weights (mass) similar to CaCl2 

did not reach the background state at similar leaching pore volumes but the slow release 

of langbeinite required 2 to 3.25 pv to reach background state although higher EC 

values than the CaClj counterpart treatments. EC values of the above discussed 

treatments are reported in Appendix B. 

Other important variables that are important in any reclamation study is SAR. 

The results of SAR measurements of the effluents are presented in fig. 15 for the 

various levels of langbeinite, and fig. 16 for the various application rates of CaCl2. The 

values of SAR for these and other treatments are reported in Table 16. Figs. 15 and 16 

indicated that both langbeinite and CaCl2 treatments have reduced SAR of the reclaimed 

soil significantly. All langbeinite treatments significantly reduced soil SAR, but 

application rates of 7 and 13 tons efficiently reduced SAR from 41.8 in the initial 

leaching to 5.60 for L7 treatment and from 52.2 initially (first leachate collected) to 

4.50 after applying 5 pore volumes of leaching water in all cases. More surprising is 

that treatments L7 and L13 efficiently reduced SAR values to 5.40 after passing 4 pv 

in case of L7 and to 1.10 after applying 2.5 pv in case of L13. Because saline water 

(EC=2.20 dS/m) was used in leaching, SAR after maximum reduction increased slowly 

to exhibit the SAR of the leaching water (SAR=5.81 as determined in the 

characterization stage=first phase - Table 3). 
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Fig. 15. Mean sodium adsorption ratio (SAR) of the effluents of 
the control and the different langbeinite applications Vs. varying 
pore volumes of leaching water under column leaching studies. 
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Fig. 16. Mean sodium adsorption ratio (SAR) of the control and 
the different application rates of CaCl2 Vs. varying pore volumes 

of leaching water under column leaching studies. 
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Combination Treatments 

These treatments involve a combination of three levels of langbeinite each 

combined with a fixed level of gypsum (application rates of langbeinite that correspond 

to 1, 3, and 5 tons/ha each combined with an application rate of gypsum that 

correspond to 7 tons/ha). These treatments are coded as G7L1 (gypsum applied at 7 

tons/ha + langbeinite applied at a rate of 1 ton/ha), G7L3 (gypsum applied at 7 tons/ha 

+ langbeinite applied at a rate of 3 tons/ha), and G7L5 (gypsum applied at 7 tons + 

langbeinite applied at 5 tons/ha). 

The results of cumulative exchangeable Na displaced as a result of these 

treatments are presented in Table 17 and Fig. 17. The results shown in Table 15 (d) 

indicated that treatment G7L1 was significantiy different from G7L3 and G7L5 with 

regard to cumulative Na removal. Treatments G7L3 and G7L5 are not significantiy 

different at 0.05 level using Tukey's test. On the other hand, the effect of applied pore 

volumes on exchangeable Na removal was found to be significant at 0.05 level when 

applied pore volumes up to 2 pv, whith no significant difference found beyond 2 pv 

applications (Table 17). G7L1, G7L3 and G7L5 have increased the efficiency of Na 

removal and significantiy decreased the amount of leaching pore volume as compared 

to the gypsum treatment (G7) alone. This could be attributed to both mass action and 

the high solubility of langbeinite which enhances Na displacement. After applying 5 

pore volumes of leaching, G7 alone displaced a total of exchangeable Na of 2.95 

meq/100 g of soil whereas the combined treatment (G7L1, G7L3, and G7L5) displaced 



Table 17. Mean exchangeable sodium (cumulative) in meq/100 g of soil displaced as a result of combination treatments 
(gypsum+langbeinite = GL) at fixed gypsum application rate combined with varying langbeinite rates and leaching with 
various pore volumes of irrigation water under column leaching studies. 

Treatment level Cumulative Pore volume' 

ID (tons/ha) 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 Mean * MSD 'o.o5 
G7L1 
G7L3 
G7L5 

7+1 
7+3 
7+5 

1.11 g 
1.39 e 
1.57 e 

1.61 f 
2.28 d 
2.81 d 

2.07 e 
2.99 c 
3.72 c 

2.52 d 
3.55 b 
4.27 b 

2.92 c 
3.97 a 
4.53 a 

3.23 b 
4.18 a 
4.53 a 

3.48 a 
4.19 a 
4.53 a 

3.62 a 
4.19a 
4.53 a 

3.63 a 
4.19 a 
4.53 a 

3.63 a 
4.19 a 
4.53 a 

2.78 b 
3.51 a 
3.95 a 

0.23 
0.32 
0.10 

Mean " 1.36 d 2.23 c 2.93 be 3.44 ba 3.81 a 3.98 a 4.06 a 4.11 a 4.11 a 4.11 a 0.84 

MSD'oos 0.59 

* Means with the same letter within a column are not significantly different at P= 0.05 using Tukey's (HSD) test. 
"Means with the same letter within a row are not significantly different at P= 0.05 using Tukey's (HSD) test. 

^ One pore volume (PV) = 120 mis of irrigation water = the volume of water needed to saturate the soil column 
Note: upon leaching, each 1 PV is collected as effluents (leachates) in 8 samples of 15 "mis" each. 

^ Minimum significant difference for the rows. 

' Minimum significant difference for the columns. 
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Fig. 17. Cumulative exchangeable sodium (meq/100 g soil) 
displaced as a result of the different combination treatments of 
gypsum and langbeinite Vs. varying pore volumes of leaching 

water under column leaching studies. 
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a total exchangeable Na of 3.63, 4.19, and 4.53 meq/100 g of soil for G7L1, G7L3, 

and G7L5, respectively (Table 15 [d]). These results indicate that there is a beneficial 

effect of combining the two amendments together, where langbeinite due to its higher 

solubility compared to gypsum, enhances Na displacement in a shorter time, and 

gypsum at the same time continues to dissolve and provide a moderate electrolyte 

concentration that is important for additional Na displacement and improvement of soil 

hydraulic conductivity jis well. Generally, their combination reduced the amount of 

leaching water as compared to G7 treatments, but most of this reduction might come 

as a result of the langbeinite amendment. However, combination treatments (G7L3 and 

G7L5) showed that the higher langbeinite level in a treatment resulted in smaller pore 

volumes of leaching water being needed to reach maximum efficiency in Na removal 

(Figs. 17 and 18). In addition to water saving, combination treatments significantly 

(statistically) displaced higher amounts of exchangeable Na compared to G7 treatment 

(gypsum applied at a rate of 7 tons/ha) alone. 

Figures 19, and 20 show the graphical representation of the results of the 

combination treatments for EC, and SAR, respectively. Fig. 19 indicates that higher EC 

values were obtained in the initial stages of leaching due to the amendment's 

dissolution, but diminished as the electrolyte concentration was diluted by the leaching 

water for aU treatments. The EC values for all the combination treatments reached the 

background state which is approximately the EC value of irrigation water after passing 

5 pore volumes of leaching irrigation water. 
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Fig. 18. Mean exchangeable sodium (meq/lOOg soil) displaced as a 
result of the combination treatments of gypsum and langbeinite Vs. 

varying pore volumes of leaching water under column leaching 
studies. 
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Fig. 19. Electrical conductivity (EC) of the control and 
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SARs of the effluents were significantly reduced in all combination treatments. 

The SAR values for these treatments after leaching with 5 pore volumes of irrigation 

water were reduced from 34.7, 40.0, and 41.4 in the beginning of leaching for G7L1, 

G7L3, and G7L5 treatments, respectively, to final SAR of 6.30, 5.00, and 4.20 for the 

same treatments in the same order mentioned. These SAR values are reported in Table 

16 (d). 

The exchangeable cations and sodium adsorption ratios (SAR) of the soils 

following completion of the column leaching studies were determined for selected 

treatments (G7, L7, CaC12(7), and L13). The results are shown in Table 18. 

Table 18. Exchangeable cations and sodium adsorption ratios (SAR) of the soils for 
selected treatments following the completion of the column leaching studies. 

Treatment 
Ca 

—Exchangeable cations (meq/IOOg of soil) 
Mg Na K 

SAR 

G7 23.0 2.28 1.70 0.18 10.9 
L7 20.8 4.10 1.94 0.63 12.6 

CaCI2(7) 22.5 1.79 2.18 0.86 10.9 
L13 25.5 4.60 1.50 3.20 12.3 

Figures reported are means of three replicates. 

As can be seen (Table 18), exchangeable Ca is the highest in all treatments. This 

is expected in both the gypsum and calcium chloride treatments since the dominant 

cation is Ca, but in the case of the langbeinite treatments, Mg and K cations were 

expected to fill the exchange sites of the soil. The values of exchangeable Mg of 

treated soil for both L7 and L13 treatments (4.10 and 4.60 meq/lOOg soil, respectively) 

is higher than that of original soil sample used in the studies (Table 2). At a higher 

application rate of langbeinite (L13), the exchangeable Mg value increased slightly, but 
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the exchangeable K value was clearly higher as compared to the L7 treatment. The 

higher values of exhangeable calcium may be attributed to the dissolution of calcium 

carbonate that is present in the soil investigated (calcareous soil). Exchangeable sodium 

was reduced dramatically as compared to its value in the original soil sample. The SAR 

was also significantly reduced below the critical level for all treatments. 

Percent (%) Total Na Displaced by the Different Amendments 

Comparison of selected equivalent (on mass basis) application rates of gypsum 

(G7=7 tons/ha), langbeinite (L7=7 tons/ha), and CaCl2(7)=7 tons/ha) are shown in 

Figs. 21 and 22 for cumulative exchangeable Na displaced and % total Na displaced, 

respectively. On the other hand, Figs. 23 and 24 represent the effect of the amendments 

mentioned applied at the highest rate of each (G7, L13 = 13 tons/ha langbeinite and 

CaCl2(13) = 13 tons/ha CaCy on both cumulative Na displaced and % total Na 

displaced during the leaching process, respectively. Table 19 presents the % total Na 

reclaimed for the above mentioned treatments at varying pore volume applications. It 

can be clearly seen from Table 19 and Fig. 22 that the different amendments when 

applied at equivalent weights, their displacement pattern mainly depends on their 

solubility and the increasing pore volume of the leaching water. Therefore, CaClj being 

readily dissolved replaced higher percentages of Na (84%) in about 1.25 pv, followed 

by langbeinite (80%) after leaching with 1.75 pv, then gypsum (60%) which required 

4 pv for its maximum efficiency of Na removal. Moreover, at the highest application 

rates of each of the amendments (G7, L13, and Cacl2(13) treatments), langbeinite 
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Fig.21. Cumulative exchangeable sodium (meq/100 g soil) 
displaced due to equivalent (mass basis) applications of the 
different amendments studied Vs. varying pore volumes of 

leaching water under column leaching studies. 
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Fig.22. Percent total exchangeable Na displaced by applying 
equivalent rates (on mass basis) of the different amendments Vs. 
varying pore volumes of leaching water under column leaching 

studies. 
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Fig. 23. Cumulative exchangeable sodium (meq/100 g soil) 
diplaced by highest application rates of the different amendments 

studied Vs. varying pore volumes of leaching water under column 
leaching studies. 
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Fig.24. Percent total exchangeable Na displaced by the highest 
application rates of the different amendments Vs. varying pore 

volumes of leaching water under colunm leaching studies. 
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Table 19. Percent (%) total Na displaced by selected application rates of the various 
amendments studied. 

Amendments applied at equivalent rates Amendments applied at highest rates 
pore vol. G7 L7 CaCI2(7) pore vol. G7 L13 CaCI2(13) 

o total exctiangeable Na total exctiangeable Na 

0.13 7 14 15 0.13 7 14 23 
0.25 12 23 28 0.25 12 24 42 
0.50 21 39 50 0.50 21 45 72 
0.75 26 54 68 0.75 26 64 89 
1.00 30 66 81 1.00 30 80 94 
1,25 34 74 84 1.25 34 93 94 
1.50 37 79 84 1.50 37 98 94 
1,75 41 80 84 1.75 41 100 94 
2.00 44 80 84 2.00 44 100 94 
2,25 47 80 84 2,25 47 100 94 
2,50 50 80 84 2.50 50 100 94 
2,75 52 80 84 2.75 52 100 94 
3,00 54 80 84 3.00 54 100 94 
3,25 56 80 84 3.25 56 100 94 
3,50 58 80 84 3.50 58 100 94 
3,75 59 80 84 3.75 59 100 94 
4.00 60 80 84 4.00 60 100 94 
4.50 60 80 84 4.50 60 100 94 
5,00 60 80 84 5.00 60 100 94 
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proved to be superior to CaClj in replacing a higher percentage of exchangeable Na 

(Table 19 and Fig. 24). Langbeinite displaced 100% after passing 1.75 pv of leaching 

water and an SAR of 4.50 at the end of leaching, whereas CaCl2(13) replaced 94% at 

about 1.00 pv and has an SAR of 5.50 at the end of the leaching process. In the case 

of gypsum the total Na displaced was 60% and the final SAR value was 6.80. The SAR 

curves for treatments G7, L7, and CaCl2(7) are presented in Fig. 25 and in Fig. 26 for 

treatments G7, LIS, and CaCljClS). 

Fourth Phase: Saturated Hvdraulic 
Conductivitv Measurements 

Maintenance of sufficiently high permeability of the soil is of utmost importance 

and a major concern in irrigated agriculture. Hydraulic conductivity as weU as 

infiltration rates are known to be the two indices of soil permeability. The effects of 

the different levels of the various amendments used in the column leaching studies on 

post-treatment saturated hydraulic conductivity (Ks) are presented in Table 20. 

As shown in Table 20, post-treatment KS values of the various levels of the 

different amendments were compared with each other at 0.05 significance level using 

Tukey's (HSD) test. The water used in Ks measurements was the same water (well 

irrigation water) used in the column leaching studies. As can be seen, gypsum applied 

at a rate of 7 tons/ha (G7) had the highest Ks value (1.92 cm/hr) among all the 

treatments. It is significantly different from all the other treatments, including the 

control except the G7L1 (gypsum applied at a rate of 7 tons/ha and langbeinite applied 
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Fig. 25. Effect of the different amendments applied at equivalent 
rates (on mass basis) on sodium adsorption ratio (SAR) Vs. 

varying pore volumes of leaching water under column leaching 
studies. 
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Fig. 26. Effect of the highest application rates of the different 
amendments on sodium adsorption ratio (SAR) Vs. varying pore 

volumes of leaching water under column leaching studies. 



Table 20. Posttreatments mean saturated hydraulic conductivity (Ks) of the different levels of the amendments studied in the 
column leaching studies. 

Ks 
Treatment Mean* Treatment ranking** 

cm/hr 
Control''' 0.24 8 G7 

Control*^ 0.71 e c d G7L1 
G7L3 

G1 0.91 bed CaCI2(13) 

G5 0.51 e d CaCI2(7) 

G7 1.92 a G1 
G7L5 

LI 0.67 e c d Control'^' 
L7 0.52 e d LI 
LI 3 0.61 e c d LI 3 

CaCI2(1) 
CaCI2(1) 0.57 e c d L7 
CaCI2(7) 0.94 bed G5 

CaCI2(13) 1.08 b e d Control''' 

G7L1 1.53 b a 
G7L3 1.17bc 
G7L5 0.86 a c d 

MSD 005 0.64 

Control''' = control treatment where the soil sampe has not been leached with any water. 
Control''' = control treatment where the soil was leached with 5 pore volumes of irrigation water. 
* Means with the same letter within a column are not significantly different at P= 0.05 using Tukey's (HSD) test. 
MSD o.oa = minimum significant difference for the columns at 0.05 level using Tukey's (HSD) test. 
'* Ranking treatments from the highest hydraulic conductivity value treatment to the lowest one. 

vo 
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at a rate of 1 ton/ha). The various level treatments of each amendment are not 

significantly different from each other for langbeinite and calcium chloride (CaCy 

except for the gypsum and combination treatments. G7 is significantly different ftxjm 

other gypsum levels (G1 and G5) where the latter levels (01 and G5) are not 

significantly different from each other. On the other hand, G7L1 is not significantly 

different from G7L3 but significantly different firom G7L5. However, to study the 

effect on Ks of the soil of each of the amendments at equivalent application rates (mass 

basis) as well as the greatest application rate of each amendment studied, comparisons 

with this respect were made and are presented in Table 21. 

Table 21 shows that the three amendments when applied at equivalent rates (7 

tons/ha), gypsum significantly improved Ks to a greater extent than the other two. 

Values of Ks of calcium chloride and langbeinite treatments were not significantly 

different at 0.05 significant level when both were applied at a rate of 7 tons/ha. When 

comparing the Ks value of the three amendments applied at equivalent rates (7 tons/ha), 

gypsum treatments had the highest (1.92 cm/hr) ks value followed by calcium chloride 

(0.94 cm/hr), then langbeinite (0.52 cm/hr). On the other hand, when comparing Ks 

of the maximum application rate treatments (G7, L13, and CaCl2(13) of each 

amendment, the gypsum treatment (07) was significantly different at 0.05 level from 

the other two amendments with respect to improvement of Ks. The Ks value of CaCl2 

treatment is not significantly different from Ks value of langbeinite treatment at the 

same application level. 



Table 21. Posttreatments mean saturated hydraulic conductivity (Ks) of the different amendments applied at equivalent 
(on mass basis) and at highest rates of application. 

Treatment Ks 

Mean* 

cm/hr 

G7 1.92 a 

CaCl2(7) 0.94 b 

L7 0.52 b 

MSD 0.05 0.63 

G7 1.92 a 

CaCl2(13) 1.08 b 

L13 0.61 b 

MSD 0.05 0.6 

' Means with ttie same letter within a column are not significantly different at P=0.05 using Tukey's (HSD)test. 
MSD 0.05 = minimum significant difference for the columns at 0.05 level using Tukey's (HSD) test. 



142 

The relatively lower values of Ks of langbeinite and CaCl2 treatments compared 

to gypsum treatments may be attributed to the fact that the gypsum treatment (G7) 

produces a higher electrolyte concentration (EC=2.62 dS/m) at the end of the 

reclamation study (after leaching with 5 pore volume of irrigation water), whereas, 

langbeinite (L13) and CaClj (13) treatments had final EC values of 2.40 and 2.23 dS/m, 

respectively, after leaching with 5 pore volumes. Another reason for G7 having higher 

Ks values is that gypsum dissolution continued and did not stop even after leaching with 

5 pore volumes of irrigation water. This is particularly true for the highest application 

rate (G7). Therefore, when Ks measurement was conducted, the remaining gypsum that 

did not have a chance to dissolve due to shortage of the leaching pore volume applied 

(120 + 600 mis = 720 mis) compared to 771.4 ml required assuming a gypsum 

solubility of 2.1 g/L as reported by Hagstrom (1986). 

Conversely, the total pore volume (5 pore volumes) applied was more than 

enough for CaCl2 or langbeinite dissolution requirement. Application rates that 

corresponds to 7 tons/ha of CaCla or langbeinite required 2.70 and 5.80 ml of irrigation 

water for the dissolution of CaCl2 and langbeinite, respectively. From this simple 

analysis, significant improvement of hydraulic conductivity by gypsum treatment (G7) 

compared to CaCl2 or langbeinite treatments can be clearly explained. Besides, Mg as 

a major component has been repeatedly reported to have a negative effect on hydraulic 

conductivity and soil structure but the effect is controversial (Alperovitch et al., 1981, 

1986; Abder-Rhaman and Rowel, 1979; Rowell and Shainberg, 1979; Quirk and 

Schofield, 1955; Bakker et al., 1973; Emerson and Chi, 1977). 
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CHAPTERS 

SUMMARY AND CONCLUSIONS 

Summary 

The effects of different application levels of finely ground (powder) gypsum 

(aqua-cal), langbeinite (standard K-MAG=K2S04.2MgS04), and calcium chloride 

(Anhydrous CaCy on exchangeable Na removal and post-treatment saturated hydraulic 

conductivity (Ks) of a fine-texture sodic soil (coarse-loamy, mixed [calcareous], 

thermic, Typic Torrifluvents) were investigated. Four phases of investigation were 

involved in this research. The first phase included a characterization of the soil and 

irrigation water used in the research to determine salinity and sodicity. The second 

phase of the study investigated the effectiveness of nine application levels (1, 2, 3, 5, 

7, 9, 11, 13, and 15 tons/ha) of each amendment on exchangeable Na displacement 

under laboratory batch studies. In the third phase, three optimum application levels of 

each amendment as determined in the second phase that result in a significant 

exchangeable Na displacement were investigated in a laboratory column leaching 

studies. In addition to the three optimum application levels for each amendment, the 

effect of combination treatments between gypsum and langbeinite on Na displacement 

was also investigated. The last phase of studies investigated the effects of the different 

application levels of the different amendments and combination treatments studied in 

the column leaching studies on posttreatment saturated hydraulic conductivity of the 

soil. 
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The characterization studies revealed that the Grabe clay loam samples used 

is classified as sodic soil (SAR=37.8, ECe=3.36 dS/m, and pH=8.05). On the other 

hand, well irrigation water was moderately saline (EC=2.20 dS/m) and slightly alkaline 

(pH=7.98»8). Its SAR value is 5.81. 

The results of the laboratory batch studies investigated in the second phase 

of this research indicated that the different application levels of gypsum were 

statistically significant at 0.05 level up to the application level of 7 tons/ha with respect 

to Na displacement but no significant difference had been found above 7 tons/ha 

application level. The reason could be attributed to the low solubility of gypsum and 

its high water requirements at higher application rates (Table 5). 

Unlike gypsum, langbeinite applied at different rates resulted in a continuous 

removal of Na with increasing application rates. The langbeinite treatments were 

significantly different at 0.05 level using Tukey's (HSD) test. Mean exchangeable Na 

displaced as a result of the different applications of langbeinite were statistically 

significant up to 11 tons/ha application level, but nonsignificant above this level, 

although there was an increase in Na removal with increased application level. The 

continuous increase in Na removal may be attributed to the high solubility of langbeinite 

(280 g/L) which supplies Mg and K to the suspension solution (1:1 solution irrigation 

water solution) that are preferred over Na by soil exchange sites, thus, facilitating Na 

replacement. 

Similarly, under laboratory batch studies, calcium chloride treatments showed 

significant increase in Na displacement with increasing application rates. This could be 
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attributed to its higher solubility by which a divalent cation (Ca^"^) is introduced to the 

1:1 soil to water suspension which in turn (Ca^"^) displaces exchangeable Na from the 

soil's exchange sites. CaCl2 treatments were statistically different at 0.05 level up to 

application rate of 11 tons/ha, but nonsignificant after this level of application although 

the increase in Na removal did continue with increasing application level of CaCl^ 

(Table 7). 

The third phase, consisting of column leaching studies, investigated the 

effects of different application rates of each amendment at varying applications of pore 

volumes of leaching water on exchangeable Na displacement, EC, and SAR, of the 

effluents. 

Gypsum was applied at 1, 5, and 7 tons/ha. Each treatment was then leached 

with 5 pore volumes of irrigation water. Mean exchangeable sodium displaced as a 

result of the different treatments of gypsum at varying rates of leaching water was 

determined and compared statistically at 0.05 significance level. Results of mean 

exchangeable Na of these treatments indicated that the application rates studied were 

statistically significant. Gypsum applied at 5 and 7 tons/ha were not significantly 

different from each other with respect to Na displacement, but significantly different 

from an application rate of 1 ton/ha. When gypsum was applied at higher rates (5 and 

7 tons/ha), varying pore volume applications were significant for each application level 

where cumulative Na displaced increases with increased pore volume of leaching up to 

about 4 pore volume. This may be attributed to the fact that gypsum requires a large 

amount of water for its dissolution. The maximum Na-displacement for both G5 and 
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G7 treatment after leaching with 5 pore volumes was the same (2.95 meq/lOO g soil), 

but G7 treatment could displace more if the leaching process continued. This is because 

5 pore volumes of leaching was below the dissolution requirement of gypsum when 

applied at 7 tons/ha. 

On the other hand, langbeinite and calcium chloride amendments were applied 

singly at a rate of 1, 7, and 13 tons/ha of each amendment and each treatment was 

leached with 5 pore volumes. The different application levels of both amendments have 

similar trends for all variables studied, where cumulative Na displaced increases with 

increased application level. CaCl2 required the smaller volumes of leaching water than 

langbeinite when both were applied at 7 and 13 tons/ha, whereas langbeinite required 

2.00 pore volume and 1.5 pore volume when applied at rates of 7 and 13 tons/ha, 

respectively. The differences in total Na displaced with a smaller volume of leaching 

water required for CaCl2 compared to langbeinite may be attributed to the differences 

in their solubilities. When all amendments were applied at equivalent quantities (7 

tons/ha each) and leached with 5 pore volumes, the total Na displaced was 2.95, 3.94, 

and 4.12 meq/lOO g soil for gypsum, langbeinite, and CaCl2, respectively. Converting 

these values to % total Na displaced resulted in 60%, 80%, and 84% for gypsum, 

langbeinite, and CaCl2, respectively. On the other hand, when the mentioned 

amendments were applied at a rate of 7, 13, and 13 tons/ha for gypsum, langbeinite, 

and CaCl2, respectively, total Na (cumulative) displaced after leaching with 5 pore 

volumes was 2.95 (60%), 4.89 (100%) and 4.64 (94.5%) meq/lOO g soil for gypsum, 

langbeinite, and CaCl2, respectively. The electrical conductivity on the other hand was 
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higher in the beginning of the leaching process decreasing with increasing volume of 

leaching. The SAR of soil was reduced when the amendments were applied at 

equivalent weights (7 tons/ha each) to 6.80 (at 5 pv) 5.20 (at 4.25), and 1.50 (at 3.375 

pv) for gypsum, langbeinite, and CaCl2, respectively. 

It is important to note that although SAR values of the different levels of the 

amendment studied have been reduced to the values mentioned above, with advanced 

leaching except for gypsum treatments, the SAR increased slightly after leaching with 

5 pore volume of leaching water to be 5.6 and 2.2 for langbeinite and CaCla, 

respectively, when both applied at a rate of 7 tons/ha each, and SAR also increased at 

the same conditions of leaching to 4.50 and 5.50 for langbeinite and CaCla, respectively 

when applied at a rate of 13 tons/ha each. The reason is attributed to the fact that the 

leaching water is saline water (SAR=5.81). Therefore, after leaching soluble salts 

particularly those added by langbeinite and CaCl2, the soil is equilibrated by the 

leaching water and the treated soil wiU have a final SAR and EC that is close or 

identical to SAR and EC of the leaching water. 

The combination treatments (gypsum applied at a rate of 7 tons/ha + 

langbeinite applied at a rate of 1, 3, and 5 tons/ha) displaced appreciable amounts of 

exchangeable Na. Their exchangeable Na displacement was statistically significant and 

different compared to G7 treatment alone (Table 15[e]). 

In the last phase, post-treatment saturated hydraulic conductivity (Ks) 

measurements indicated that when the amendments were applied at equivalent rates (7 

tons/ha each), the gypsum treatment had the highest Ks values (1.92 cm/hr), followed 
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by CaCl2 (Ks=0.94 cm/hr), then langbeinite treatment (Ks=0.52) (Table 21). All these 

values of Ks were statistically significant at O.OS level using Tukey's (HSD) test, but 

CaCl2(7) and L7 treatments were not significantly different from each other. Similarly, 

gypsum (G7) had the highest Ks value (1.92 cm/hr) compared with langbeinite and 

CaCl2 when applied at a rate of 13 tons/ha each. 

The reason for the higher conductivity of gypsum treatment (G7) may be 

attributed to the fact that residual gypsum upon dissolution during Ks measurements 

supplies more electrolyte concentration than other amendments; therefore, increased Ks 

values would be expected due to flocculation at higher electrolyte concentrations. It is 

also reported that gypsum was better than CaClz in maintaining a high hydraulic 

conductivity for a chemically stable soil that did not release salt into the soil solution 

(Shainberg et al., 1982). 

Conclusions 

Generally, it can be concluded from the results of this research that: 

1. Grabe clay loam soil used in this research is classified as a sodic soil based on 

the criteria established by U.S. Salinity Laboratory Staff, 1954. 

2. Langbeinite proved to be more efficient than gypsum and CaCl2 with respect to 

Na displacement (sodic soil reclamation) at higher rates of application (7, 13, 

and 13 tons/ha for each of gypsum, langbeinite, and CaCl2, respectively). 
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3. Langbeinite required less irrigation water during the course of reclamation 

process than gypsum but a littie higher but not significantiy higher as compared 

to CaClz. 

4. Gypsum was more efficient than CaCla or langbeinite in improving saturated 

hydraulic conductivity, whereas Ks values of both CaCl2 and langbeinite 

treatments were not significantly different at 0.05 level using Tukey (HSD) test. 

5. Langbeinite is relatively inexpensive as compared to CaCl2 with no significant 

difference found between them with regard to water requirement. Consequentiy, 

the use of langbeinite in sodic soil reclamation would have the advantage of 

being more economical. 
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Means of 3 replicates 
Treatment Na EC SAR pH 
ID (code) (meq/lOOg) (dS/m) 
Control 1 0.00 4.64 27.2 8.5 

G1 0.48 5.03 25.5 8.0 
G2 0.89 5.47 23.4 8.3 
G3 1.05 5.88 21.2 8.2 
G5 1.26 6.65 17.5 7.8 
G7 1.48 7.33 15.4 8.0 
G9 1.12 7.76 12.7 7.4 
G i l  1.11 7.84 12.3 7.6 
G13 1.15 7.81 12.5 7.9 
G15 1.13 7.79 12.4 7.9 
LI 0.19 5.19 23.2 8.4 
L2 0.51 5.50 20.6 7.9 
L3 0.70 6.00 18.4 8.0 
L5 1.04 7.08 15.2 7.9 
L7 1.24 7.97 13.1 7.9 
L9 1.40 8.78 11.9 7.8 
L l l  1.55 9.55 11.2 7.8 
LIS 1.66 10.40 10.5 7.9 
L15 1.73 11.03 9.7 7.8 

CaCl2 (1) 0.41 5.08 25.1 8.2 

CaCl2 (2) 0.78 6.09 20.6 7.9 

CaCl2 (3) 0.94 6.79 18.5 7.8 

CaCl2 (5) 1.36 8.55 14.8 7.6 

CaCl2 (7) 1.50 10.12 12.1 7.5 

CaCl2 (9) 1.56 11.67 9.3 7.5 

C a C l j d l )  1.73 13.37 8.6 7.5 

CaCl2 (13) 1.84 15.03 8.0 7.4 

CaCl2 (15) 1.92 16.77 7.7 7.4 
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Appendix B. Experimeatal data of the column leaching studies. 
Treatment: G1 

Applied Mean * Mean • Mean * Mean • 

pore volume' (cumulative) exchangeable 
(cumulative) Na displaced Na displaced EC SAR 

(meq/lOOg) (meq/lOOg) (dS/m) 

0.13 0.39 0.39 28.87 37.2 

0.25 . 0.60 0.20 11.23 30.1 

0.38 0.70 0.10 5.97 26.4 

0.50 0.71 O.Ol 3.74 25.5 

0.63 0.71 o.oo 3.21 25.3 

0.75 0.71 0.00 2.98 24.1 

0.88 0.71 0.00 2.87 23.5 

1.00 0.71 0.00 2.76 24.4 

1.13 0.71 0.00 2.73 24.3 

1.25 0.71 0.00 2.70 24.2 

1.38 0.71 0.00 2.68 25.S 

1.50 0.71 0.00 2.66 25.1 

1.63 0.71 0.00 2.62 24.8 

1.75 0.71 0.00 2.60 24.6 

1.88 0.71 0.00 2.60 25.0 
2.00 0.71 0.00 2.59 24.1 

2.13 0.71 0.00 2.57 24.7 

2.25 0.71 0.00 2.57 24.9 
2.38 0.71 o.oo 2.58 23.8 
2.50 0.71 0.00 2.58 24.4 

2.63 0.71 0.00 2.60 26.-; 
2.75 0.71 0.00 2.57 26.0 
2.88 0.71 0.00 2.56 24.8 

3.00' 0.71 o.oo 2.57 25.4 

3.13 0.71 o.oo 2.54 25.7 

3.25 0.71 0.00 2.55 24.8 

3.38 0.71 0.00 2.54 25.3 

3.50 0.71 0.00 2.55 24.9 

3.63 0.71 0.00 2.55 28.2 
3.75 0.71 0.00 2.56 25.0 

3.88 0.71 0.00 2.55 26.6 
4.00 0.71 0.00 2.54 26.2 
4.13 0.71 0.00 2.53 25.8 
4.25 0.71 0.00 2.53 26.3 
4.38 0.71 0.00 2.54 25.0 
4.50 0.71 0.00 2.54 25.5 
4.63 0.71 0.00 2.52 24.8 
4.75 0.71 0.00 2.52 25.5 
4.88 0.71 0.00 2.52 25.4 

5.00 0.71 0.00 2.54 25.9 
• Means of 3 replicates. 
' 1 pore volume( PV) = 120 mis of irrigauon water = ihe volume of water needed to saturate the soil column. 
Note: upon leaching, each IPV is collected as effluents (leachates) in 8 samples of IS mis each. 
G1 = Gypsum application rate of 1 ton /ha. 
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Appendix B. Experimental data of the column leaching sXa6.\es--continued 

Treatment: G5 
Applied Mean * Mean * Mean * Mean * Mean 

pore volume' (cumulative) exchangeable 
(cumulative) Na displaced Na displaced EC SAR ESP 

(meq/lOOg) (meq/lOOg) (dS/m) 
0.13 0.67 0.67 36.33 36.1 34.1 
0.25 0.97 0.30 13.30 31.8 31.3 
0.38 1.24 0.26 10.33 29.8 29.9 
0.50 1.43 0.19 8.42 29.0 29.3 
0.63 1.57 0.14 6.88 28.4 28.9 
0.75 1.70 0.12 6.20 28.4 28.9 
0.88 1.80 0.11 5.71 28.2 28.8 
1.00 1.90 0.10 5.44 28.2 28.8 
1.13 1.99 0.09 5.27 28.1 28.6 
1.25 2.08 0.09 5.16 28.5 28.9 
1.38 2.16 0.09 4.98 29.0 29.3 
1.50 2.24 0.08 4.91 28.1 28.7 
1.63 2.32 0.08 4.81 28.2 28.7 
1.75 2.39 0.07 4.70 28.2 28.8 
1.88 2.46 0.07 4.61 28.3 28.8 
2.00 2.52 0.06 4.48 27.9 28.5 
2.13 2.58 0.06 4.35 28.2 28.7 
2.25 2.63 0.05 4.18 28.2 28.8 
2.38 2.68 0.05 4.15 29.1 29.4 
2.50 2.72 0.04 3.99 28.6 29.1 
2.63 2.76 0.04 3.88 27.5 28.2 
2.75 2.80 0.03 3.75 26.1 27.2 
2.88 2.83 0.03 3.64 26.9 27.7 
3.00 2.86 0.03 3.53 26.7 27.6 
3.13 2.88 0.02 3.45 27.3 28.1 
3.25 2.90 0.02 3.37 26.4 27.4 
3.38 2.92 0.02 3.24 24.7 25.9 
3.50 2.93 0.01 3.14 23.8 25.1 
3.63 2.94 0.01 3.06 22.0 23.4 
3.75 2.94 0.01 2.99 22.4 23.6 
3.88 2.95 0.00 2.86 20.5 22.1 
4.00 2.95 0.00 2.78 18.9 20.6 
4.13 2.95 0.00 2.74 17.7 19.5 
4.25 2.95 0.00 2.66 16.5 18.4 
4.38 2.95 0.00 2.63 15.6 17.6 
4.50 2.95 0.00 2.61 14.8 16.9 
4.63 2.95 0.00 2.57 13.5 15.6 
4.75 2.95 0.00 2.55 13.2 15.2 
4.88 2.95 0.00 2.53 12.5 14.6 
5.00 2.95 0.00 2.50 12.0 14.0 

* Means of 3 replicates. 
^ 1 pore volume (PV) s 120 mis of irrigation water » the volume of water needed to saturate the soil column 
Note: upon leaching, each IPV is collected as effluents (leachaies) in 8 samples of 15 mis each. 
G5 « Gypsum application rate of 1 ton /ha. 
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Appendix B. Experimental data of the column leaching continued 

Treatment: G7 
Applied Mean * Mean * Mean * Mean * 

pore volume* (cumulative) exchangeable 
(cumulative) Na displaced Na displaced EC SAR 

(raeq/lOOg) (meq/lOOg) (dS/m) 
0.13 0.34 0.34 24.67 34.5 
0.25 0.60 0.26 12.67 31.4 
0.38 0.84 0.24 10.43 29.7 
0.50 1.02 0.18 8.36 29.9 
0,63 1.17 0.14 6.87 28,5 
0.75 1.28 0.11 5.94 28.4 
0.88 1.38 0.11 5.65 28.7 
1.00 1.47 0.09 5.44 28.0 
1.13 1.56 0.09 5.40 28.3 
1.25 1.65 0.09 5.26 27.8 
1.38 1.74 0.10 5.21 29.7 
1.50 1.83 0.09 5.15 28.7 
1.63 1.92 0.09 5.12 28.6 
1.75 1.99 0.07 5.08 28.4 
1.88 2.07 0.08 5.04 28.4 
2.00 2.14 0.07 4.97 28.1 
2.13 2.22 0.07 4.91 28.0 
2.25 2.30 0.08 5.17 28.1 
2.38 2.37 0.07 4.89 26.6 
2.50 2.43 0.07 4.96 25.9 
2.63 2.50 0.07 4.59 25.9 
2.75 2.56 0.06 4.57 24.4 
2.88 2.62 0.06 4.75 24.4 
3.00 2.67 0.05 4.45 22.7 
3.13 2.71 0.04 4.34 21.4 
3.25 2.76 0.04 4.24 20.3 
3.38 2.81 0.05 4.18 19.6 
3.50 2.85 0.04 4.08 18.2 
3.63 2.87 0.03 3.98 16.7 
3.75 2.90 0.02 3.88 15.3 
3.88 2.92 0.02 3.77 14.7 
4.00 2.94 0.02 3.63 13.4 
4.13 2.95 0.01 3.52 12.1 
4.25 2.95 0.01 3.37 11.2 
4.38 2.95 0.00 3.25 10.3 
4.50 2.95 0.00 3.11 9.5 
4.63 2.95 0.00 2.97 8.6 
4.75 2.95 0.00 2.82 8.0 
4.88 2.95 0.00 2.71 7.2 
5.00 2.95 0.00 2.62 6.8 

* Means of 3 replicates. 
' 1 pore volume (PV) = 120 mis of irrigation water = the volume of water needed to samrate the soil column 
Note: upon leaching, each IPV is collected as effluents (leachates) in 8 samples of IS mis each. 
G7 ~ Gypsum application rate of 7 tons /ha. 



Appendix B. Experimental data of the column leaching svadies—continued 

Treatment: LI 
Applied Mean * Mean * Mean * Mean * 

pore volume' (cumulative) exchangeable 
(ciunulative) Na displaced Na displaced EC SAR 

(meq/lOOg) (meq/lOOg) (dS/m) 
0.13 0.42 0.42 27.90 32.3 
0.25 0.50 0.08 7.20 29.3 
0.38 0.59 0.09 5.80 30.0 
0.50 0.68 0.09 5.42 29.7 
0.63 0.76 0.08 5.19 29.9 
0.75 0.84 0.08 5.09 30.3 
0.88 0.90 0.06 4.52 31.6 
1.00 0.92 0.02 3.51 29.2 
1.13 0.93 0.01 3,06 28.9 
1.25 0.93 0.00 2.87 30.6 
1.38 0.94 0.01 2.83 29.0 
1.50 0.94 0.00 2.80 29.1 
1.63 0.95 0.01 2.77 30.2 
1.75 0.95 0.00 2.76 29.0 
1.88 0.95 0.00 2.75 29.7 
2,00 0.95 0.00 2.75 29.8 
2.13 0.95 0.00 2.70 30.5 
2.25 0.95 0.00 2.73 30.7 
2.38 0.95 0.00 2.68 29.5 
2.50 0.95 0.00 2.69 29.8 
2.63 0.95 0.00 2.71 33.6 
2.75 0.95 0.00 2.69 31.9 
2.88 0.95 0.00 2.69 32.3 
3.00 0.95 0.00 2.67 32.3 
3.13 0.95 0.00 2.94 33.5 
3.25 0.95 0.00 2.68 34.2 
3.38 0.95 0.00 2.82 32.9 
3.50 0.95 0.00 2.67 32.9 
3.63 0.95 0.00 2.70 34,2 
3.75 0.95 0.00 2.80 32.4 
3.88 0.95 0.00 2.67 32.9 
4.00 0.95 0.00 2.71 32.9 
4.13 0.95 0.00 2.69 31.8 
4.25 0.95 0.00 2.71 32.6 
4.38 0.95 0.00 2.61 30.7 
4.50 0.95 0.00 2.73 32.8 
4.63 0.95 0.00 2.87 32.6 
4.75 0.95 0.00 2.86 31.6 
4.88 0.95 0.00 2,60 32.1 
5.00 0.95 0.00 2.60 32.5 

* Means of 3 replicates. 
' 1 pore volume (PV) = 120 mis of irrigation water = 
Note; upon leaching, each IPV is collected as effluents 
LI = langbeinite application rate of 1 tons /ha. 

the volume of water needed to saturate the soil column 
(leachates) in S samples of IS mis each. 



Appendix B. Experimental data of the column leaching stadias—continued 

Treatment: L7 
Applied Mean * Mean * Mean * Mean * 

pore volume' (cumulative) exchangeable 
(cumulative) Na displaced Na displaced EC SAR 

(mcq/lOOg) (meq/lOOg) (dS/m) 
0.13 0.69 0.69 40.80 41.8 
0.25 1.11 0.43 19.40 28.1 
0.38 1.53 0.42 16.90 27.4 
0.50 1.94 0.40 16.30 26.9 
0.63 2.32 0.38 15.73 28.5 
0.75 2.66 0.34 14.90 30.5 
0.88 2.96 0.30 12.37 29.8 
1.00 3.24 0.27 11.57 29.4 
1.13 3.46 0.22 10.29 28.0 
1.25 3.64 0.18 8.68 27.0 
1.38 3.77 0.14 7.42 25.4 
1.50 3.87 0.09 6.19 23.9 
1.63 3.94 0.07 5.43 22.3 
1.75 3.94 0.04 4.52 20.4 
1.88 3.94 0.02 3.72 17.8 
2.00 3.94 0.00 3.05 14.7 
2.13 3.94 O.OO 3.02 13.2 
2.25 3.94 0.00 2.99 11.6 
2.38 3.94 0.00 2.71 11.2 
2.50 3.94 0.00 2.94 10.6 
2,63 3.94 O.OO 2.61 9.2 
2.75 3.94 0.00 2.50 7.7 
2.88 3.94 0.00 2.49 7.3 
3.00 3.94 0.00 2.39 7.1 
3.13 3.94 0.00 2.36 6.5 
3.25 3.94 0.00 2.50 6.7 
3.38 3.94 0.00 2.58 5.9 
3.50 3.94 0.00 2.29 5.5 
3.63 3.94 0.00 2.42 5.9 
3.75 3.94 0.00 2.49 6.1 
3.88 3.94 0.00 2.65 5.9 
4.00 3.94 0.00 2.45 5.4 
4.13 3.94 0.00 2.37 5.3 
4.25 3.94 0.00 2.29 5.2 
4.38 3.94 O.OO 2.56 5.4 
4.50 3.94 0.00 2.51 5.8 
4.63 3.94 0.00 2.50 5.9 
4.75 3.94 0.00 2.40 6.0 
4.88 3.94 0.00 2.47 6.2 
5.00 3.94 0.00 2.37 5.6 

* Means of 3 replicates. 
1 pore volume (PV) = 120 mis of irrigation water = the volume of water needed to saturate the soil column 

Note: upon leaching, each IPV is collected as effluents (Icacbates) in 8 samples of 15 mis each. 
L7 = langbeinite application rate of 7 tons /ha. 



Appendix B. Experimental data of the column leaching stadits—continued 

Treatment: L13 
Applied Mean • Mean * Mean * Mean * 

pore volume' (cumulative) exchangeable 
(cumulative) Na displaced Na displaced EC SAR 

(meq/lOOg) (meq/lOOg) (dS/m) 
0.13 0.67 0.67 41.00 52.2 
0.25 1.20 0.53 23.17 36.7 
0.38 1.72 0.52 19.83 33.0 
0.50 2.21 0.50 18.87 32.1 
0.63 2.68 0.46 18.17 30.5 
0.75 3.12 0.44 17.30 30.7 
0.88 3.54 0.42 16.20 29.1 
1.00 3.92 0.39 15.10 27.6 
1.13 4.26 0.34 13.93 25.4 
1.25 4.55 0.28 12.23 22.1 
1.38 4.78 0.23 12.23 17.5 
1.50 4.85 0.07 10.10 11.2 
1.63 4.89 0.04 8.75 6.8 
1.75 4.89 0.00 8.00 3.9 
1.88 4.89 0.00 7.58 2.7 
2.00 4.89 0.00 7.03 2.1 
2.13 4.89 0.00 6.95 1.7 
2.25 4.89 0.00 6.88 1.5 
2.38 4.89 0.00 6.45 1.3 
2.50 4.89 0.00 6.11 1.1 
2.63 4.89 0.00 5.46 0.9 
2.75 4.89 0.00 4.93 0.9 
2.88 4.89 0.00 4.26 0.9 
3.00 4.89 0.00 3.43 0.8 
3.13 4.89 0.00 3.23 1.1 
3.25 4.89 0.00 2.87 1.3 
3.38 4.89 0.00 2.65 1.4 
3.50 4.89 0.00 2.71 1.6 
3.63 4.89 0.00 2.49 1.9 
3.75 4.89 0.00 2.39 2.3 
3.88 4.89 0.00 2.47 2.7 
4.00 4.89 0.00 2.41 3.0 
4.13 4.89 0.00 2.49 3.4 
4.25 4.89 0.00 2.48 3.5 
4.38 4.89 0.00 2.36 3.6 
4.50 4.89 0.00 2.37 4.1 
4.63 4.89 0.00 2.48 4.1 
4.75 4.89 0.00 2.47 4.6 
4.88 4.89 0.00 2.61 4.6 
5.00 4.89 0.00 2.40 4.5 

* Means of 3 replicates. 
* 1 pore volume (PV) = 120 mis of irrigation water = the volume of water needed to saturate the soil column 
Note: upon leaching, each IPV is collected as effluents (leachates) in 8 samples of IS mis each. 
L13 = laogbeinite application rate of 13 tons /ha. 
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Appendix B. Experimental data of the column leaching staii&s—continued 

Treatment: CaCl2(1) 
Applied Mean * Mean * Mean * Mean * 

pore volume' (cimiulative) excliangeable 
(cumulative) Na displaced Na displaced EC SAR 

(meq/lOOg) (meq/lOOg) (dS/m) 
0.13 0.39 0.39 29.43 28.8 
0.25 0.56 0.17 10.12 27.6 
0,38 0.67 0,10 6.78 29.6 
0.50 0.77 0,10 6.71 30.0 
0.63 0.86 0.09 6.02 28.9 
0.75 0.95 0.09 5.81 29.5 
0.88 0,99 0.04 4.24 26.5 
1.00 1.00 0.01 3.11 23.6 
1.13 I.OO 0.00 2.83 21.9 
1.25 1.00 0.00 2.75 21.6 
1.38 1.00 0.00 2.70 24.2 
1.50 I.OO 0.00 2.66 22.1 
1.63 1.00 0.00 2.61 22.3 
1.75 1.00 0.00 2.61 21.9 
1.88 1.00 0.00 2.58 21.6 
2.00 1.00 0.00 2.60 21.8 
2.13 1.00 0.00 2.57 21.8 
2.25 1.00 0.00 2.55 21.2 
2.38 1.00 0.00 2.53 21.4 
2.50 1.00 0.00 2.53 21.3 
2.63 1.00 0.00 2.55 24.0 
2.75 1.00 0.00 2.52 22.8 
2.88 I.OO 0.00 2.55 23.1 
3.00 1.00 0.00 2.50 22.8 
3.13 1.00 0.00 2.51 22.6 
3.25 1.00 0.00 2.50 22.9 
3.38 1.00 0.00 2.50 22.8 
3.50 1.00 0.00 2.51 22.3 
3.63 1.00 0.00 2.51 23.1 
3.75 1.00 0.00 2.49 22.5 
3.88 1.00 0.00 2.50 24.7 
4.00 1.00 0.00 2.52 23.5 
4.13 1.00 0.00 2.48 23.4 
4.25 1.00 0.00 2.46 23.3 
4.38 1.00 0.00 2.47 24.2 
4.50 1.00 0.00 2.51 23.5 
4.63 I.OO 0.00 2.46 23.8 
4.75 1.00 0.00 2.47 23.7 
4.88 1.00 0.00 2.47 24.0 
5.00. 1.00 0.00 2.45 24.0 

* Means of 3 rq)licates. 
' 1 pore volume (PV) = 120 mis of iirigation water = the volume of water needed to samrate the soil column 
Note: upon leaching, each IPV is collected as effluents (leachates) in 8 samples of IS mis each. 
CaCIjCl) = calcium chloride application rate of I tons /ha. 



Appendix B. Experimental data of the column leaching sxadies-continued 

Treatment: CaCl2(7) 
Applied Mean • Mean * Mean * Mean • 

pore volume' (cumulative) exchangeable 
(cmnulative) Na displaced Na displaced EC SAR 

(meq/lOOg) (meq/lOOg) (dS/m) 
0.13 0.76 0.76 58.70 32.6 
0.25 1.39 0.63 29.53 35.3 
0.38 1.93 0.54 25.40 32.6 
0.50 2.44 0.51 24.00 30.9 
0.63 2.90 0.46 22.37 30.2 
0.75 3.32 0.42 19.90 29.1 
0.88 3.70 0.37 17.70 28.4 
1.00 4.00 0.30 14.43 28.1 
1.13 4.12 0.12 7.82 25.0 
1.25 4.12 0.00 3.49 15.2 
1.38 4.12 0.00 2.74 11.0 
1.50 4.12 0.00 2.67 8.5 
1.63 4.12 0.00 2.57 7.1 
1.75 4.12 0.00 2.48 6.2 
1.88 4.12 0.00 2.40 5.7 
2.00 4.12 0.00 2.44 4.7 
2.13 4.12 0.00 2.44 3.9 
2.25 4.12 0.00 2.40 3.3 
2.38 4.12 0.00 2.36 2.9 
2.50 4.12 0.00 2.32 2.5 
2.63 4.12 0.00 2.39 2.5 
2.75 4.12 0.00 2.32 2.0 
2.88 4.12 0.00 2.28 2.1 
3.00 4.12 0.00 2.35 1.7 
3.13 4.12 0.00 2.32 1.7 
3.25 4.12 0.00 2.25 1.7 
3.38 4.12 0.00 2.34 1.5 
3.50 4.12 0.00 2.27 1.6 
3.63 4.12 0.00 2.27 1.7 
3.75 4.12 0.00 2.30 1.7 
3.88 4.12 0.00 2.27 1.9 
4.00 4.12 0.00 2.25 1.9 
4.13 4.12 0.00 2.35 1.8 
4.25 4.12 0.00 2.34 2.3 
4.38 4.12 0.00 2.28 2.1 
4.50 4.12 0.00 2.36 1.8 
4.63 4.12 0.00 2.29 2.1 
4.75 4.12 0.00 2.43 2.7 
4.88 4.12 0.00 2.38 2.6 
5.00 4.12 0.00 2.33 2.5 

• Means of 3 replicates. 
' 1 pore volume (PV) = 120 mis of irrigation water = 
Note: upon leaching, each IPV is collected as effluents 
CaCl2(7) = calcium chloride application rale of 7 tons 

the volume of water needed to saturate the soil column 
(leachates) in 8 samples of IS mis each. 
/ha. 
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Appendix B. Experimental data of the coliunn leaching scadxes-continued 

Treatment: CaCl2(13) 
Applied Mean * Mean * Mean • Mean * 

pore volume' (cumulative) exchangeable 
(cumulative) Na displaced Na displaced EC SA.R 

(meq/lOOg) (meq/lOOg) (dS/m) 
0.13 1.11 1.11 88.63 33.9 
0.25 2.08 0.97 53.50 35.9 
0.38 2.88 0.80 49.00 28.5 
0.50 3.52 0.65 50.00 22.0 
0.63 4.02 0.49 48.50 16.6 
0.75 4.37 0.35 37.57 12.7 
0.88 4.55 0.19 34.13 7.7 
1.00 4.62 0.07 25.93 4.4 
1.13 4.64 0.02 18.17 2.7 
1.25 4.64 0.00 10.52 2.0 
1.38 4.64 0.00 5.57 2.0 
1.50 4.64 0.00 2.69 1.8 
1.63 4.64 0.00 2.35 1.6 
1.75 4.64 0.00 2.29 1.6 
1.88 4.64 0.00 2.33 1.9 
2.00 4.64 0.00 2.27 1.8 
2.13 4.64 0.00 2.19 1.7 
2.25 4.64 0.00 2.25 1.7 
2.38 4.64 0.00 2.25 1.7 
2.50 4.64 0.00 2.18 1.8 
2.63 4.64 0.00 2.18 1.8 
2.75 4.64 0.00 2.18 1.8 
2.88 4.64 0.00 2.18 1.9 
3.00 4.64 0.00 2.26 2.1 
3.13 4.64 0.00 2.20 2.2 
3.25 4.64 0.00 2.24 2.4 
3.38 4.64 o.oo 2.20 2.5 
3.50 4.64 0.00 2.13 2.3 
3.63 4.64 0.00 2.20 2.7 
3.75 4.64 0.00 2.21 2.9 
3.88 4.64 0.00 2.18 3.6 
4.00 4.64 0.00 2.26 3.5 
4.13 4.64 0.00 2.15 3.7 
4.25 4.64 0.00 2.32 3.9 
4.38 4.64 0.00 2.22 4.2 
4.50 4.64 0.00 2.32 4.5 
4.63 4.64 0.00 2.13 4.5 
4.75 4.64 0.00 2.33 5.0 
4.88 4.64 0.00 2.14 5.3 
5.00 4.64 0.00 2.23 5.5 

• Means of 3 replicates. 
' I pore volume (PV) = 120 mis of irrigation water = the volume of water needed to saturate the soil column 
Note: upon leaching, each IPV is collected as effluents (leachates) in 8 samples of 15 mis each. 
CaCl2(13) ~ calcium chloride application rate of 13 tons /ha. 
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Appendix B. Experimental data of the column leaching sta.dies—continued 

Treatment: G7L1 
Applied Mean * Mean * Mean * Mean * 

pore volume' (cumulative) exciiangeable 
(cumulative) Na displaced Na displaced EC SAR 

(meq/lOOg) (meq/lOOg) (dS/m) 
0.13 0.40 0.40 29.20 34.7 
0.25 0.68 0.28 12.93 33.4 
0.38 0.91 0.24 10.60 31.6 
0.50 1.10 0.19 8.44 30.8 
0.63 1.26 0.16 7.29 30.9 
0.75 1.41 0.14 6.88 31.3 
0.88 1.48 0.09 6.55 22.6 
1.00 1.61 0.13 6.32 31.4 
1.13 1.72 0.12 6.34 31.5 
1.25 1.84 0.12 6.08 31.3 
1.38 1.96 0.12 5.75 31.5 
1.50 2.07 0.11 5.77 31.3 
1.63 2.19 0.12 5.64 31.3 
1.75 2.31 0.11 5.59 31.4 
1.88 2.42 0.11 5.46 31.5 
2.00 2.52 0.10 5.48 31.1 
2.13 2.62 0.10 5.55 31.1 
2.25 2.73 0.11 5.51 31.3 
2.38 2.82 0.10 5.37 31.3 
2.50 2.91 0.09 5.19 30.3 
2.63 3.00 0.08 5.15 29.5 
2.75 3.08 0.08 5.02 28.0 
2.88 3.16 0.08 4.96 26.9 
3.00 3.22 0.07 4.90 25.9 
3.13 3.29 0.06 4.78 25.0 
3.25 3.35 0.07 4.78 24.4 
3.38 3.42 0.06 4.60 23.5 
3.50 3.48 0.06 4.50 22.3 
3.63 3.52 0.05 4.22 19.5 
3.75 3.57 0.04 4.02 17.0 
3.88 3.60 0.03 3.86 14.3 
4.00 3.62 0.02 3.67 12.0 
4.13 3.62 0.01 3.44 10.4 
4.25 3.63 0.01 3.29 8.9 
4.38 3.63 0.00 3.18 8.3 
4.50 3.63 0.00 2.99 7.7 
4.63 3.63 0.00 2.95 6.8 
4.75 3.63 0.00 2.84 6.8 
4.88 3.63 0.00 2.70 6.7 
5.00 3.63 0.00 2.68 6.3 

• Means of 3 rqilicates. 
' 1 pore volume (PV) = 120 mis of irrigation water = the volume of water needed to saturate the soil column 
Note: upon leaching, each IPV is collected as effluents (leachates) in 8 samples of IS mis each. 
G7L1 = gypsmn applied at 7 tons/ha -flangbeinitc applied at I ton /ha. 



Appendix B. Experimental data of the column leaching stndxes—continued 

Treatment: G7L3 
Applied Mean * Mean * Mean * Mean * 

pore volume' (cumulative) exchangeable 
(cumulative) Na displaced Na displaced EC SAR 

(meq/lOOg) (meq/lOOg) (dS/m) 
0.13 0.55 0.55 29.47 40.0 
0.25 0.86 0.31 13.50 31.0 
0.38 1.14 0.28 11.17 30.6 
0.50 1.40 0.25 10.37 30.0 
0.63 1.63 0.24 9.63 30.8 
0.75 1.86 0.23 9.22 31.0 
0.88 2.08 0.22 8.78 30.9 
1.00 2.28 0.21 8.56 31.2 
1.13 2.47 0.19 8.23 31.0 
1.25 2.65 0.18 7.86 31.4 
1.38 2.83 0.17 7.55 30.5 
1.50 2.99 0.16 7.28 30.3 
1.63 3.14 0.15 7.02 30.4 
1.75 3.28 0.14 6.74 30.5 
1.88 3.42 0.14 6.51 30.7 
2.00 3.55 0.13 6.32 29.4 
2.13 3.67 0.12 6.15 27.5 
2.25 3.78 0.11 5.94 25.7 
2.38 3.88 0.10 5.67 24.5 
2.50 3.97 0.09 5.51 23.3 
2.63 4.04 0.07 5.29 18.8 
2.75 4.10 0.06 5.07 15.4 
2.88 4.15 0.05 4.75 13.1 
3.00 4.18 0.03 4.54 10.9 
3.13 4.19 0.02 4.31 9.9 
3.25 4.19 0.00 4.18 8.7 
3.38 4.19 0.00 4.04 7.7 
3.50 4.19 0.00 3.86 6.9 
3.63 4.19 0.00 3.78 6.3 
3.75 4.19 0.00 3.68 5.9 
3.88 4.19 0.00 3.59 5.3 
4.00 4.19 o.oo 3.50 5.0 
4.13 4.19 0.00 3.41 5.0 
4.25 4.19 0.00 3.34 4.8 
4.38 4,19 0.00 3.26 4.6 
4.50 4.19 o.oo 3.19 4.6 
4.63 4.19 0.00 3.09 4.7 
4.75 4.19 0.00 3.07 4.6 
4.88 4.19 0.00 3.01 5.0 
5.00 4.19 0.00 2.91 5.0 

* Means of 3 replicates. 
' 1 pore volume (PV) = 120 mis of irrigation water = the volume of water needed to saturate the soil column 
Note: upon leaching, each IPV is collected as effluents (leachates) in 8 samples of 15 mis each. 
G7L3 = gypsum applied at 7 tons/ha +langbeinite applied at 3 tons /ha. 
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Appendix B. Experimental data of the column leaching stad.\ss—continued 

Treatment: G7L5 
Applied Mean * Mean * Mean * Mean 

pore volume' (cumulative) excliangeable 
(cumulative) Na displaced Na displaced EC SAR 

(meq/lOOg) (meq/lOOg) (dS/m) 
0.13 0.59 0.59 29.87 41.4 
0.25 0.92 0.33 14.17 32.1 
0.38 1.25 0.33 12.47 31.8 
0.50 1.57 0.32 11.83 31.1 
0.63 1.89 0.32 11.90 30.9 
0.75 2.21 0.32 11.87 30.8 
0.88 2.52 0.31 11.30 30.3 
1.00 2.81 0.29 10.83 29.6 
1.13 3.08 0.27 10.21 28.8 
1.25 3.33 0.25 9.47 27.9 
1.38 3.54 0.21 8.81 26.3 
1.50 3.72 0.18 8.17 24.7 
1.63 3.89 0.16 7.74 23.1 
1.75 4.03 0.14 7.12 21.5 
1.88 4.16 0.13 6.78 20.0 
2.00 4.27 0.11 6.48 18.1 
2.13 4.36 0.09 6.01 16.2 
2.25 4.44 0.08 5.66 14.1 
2.38 4.50 0.06 5.29 11.6 
2.50 4.53 0.03 4.97 9.8 
2.63 4.53 0.00 4.78 8.0 
2.75 4.53 0.00 4.56 6.8 
2.88 4.53 0.00 4.40 5.9 
3.00 4.53 0.00 4.28 5.3 
3.13 4.53 0.00 4.08 4.8 
3.25 4.53 0.00 3.99 4,4 
3.38 4.53 0.00 3.87 4.2 
3.50 4.53 0.00 3.78 4.2 
3.63 4.53 0.00 3.66 4.1 
3.75 4.53 0.00 3.53 4.0 
3.88 4.53 0.00 3.48 3.9 
4.00 4.53 0.00 3.47 3.8 
4.13 4.53 0.00 3.36 4.1 
4.25 4.53 0.00 3.31 3.9 
4.38 4.53 0.00 3.19 4.1 
4.50 4.53 0.00 3.07 4.1 
4.63 4.53 0.00 2.99 4.3 
4.75 4.53 0.00 2.94 4.4 
4.88 4.53 0.00 2.92 4.5 
5.00 4.53 0.00 2.82 4.2 

* Means of 3 rq)licates. 
* 1 pore volume (PV) =: 120 mis of irrigadoo water ~ the volume of water needed to saturate the soil column 
Note: upon leaching, each IPV is collected as effluents Oeachates) in 8 samples of 15 mis each. 
G7L5 = gypsum applied at 7 tons/ha +langbeiiiite applied at 5 tons /ha. 
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Appendix B. Experimental data of the column leaching s\Md\es--continued 

Treatment: Control 
Applied Mean * Mean • Mean • Mean * 

pore volume' (cumulative) exchangeable 
(cumulative) Na displaced Na displaced EC SAR 

(meq/lOOg) (meq/lOOg) (dS/m) 
0.13 0.00 0.00 21,60 29.1 
0.25 0.00 0.00 6.11 26.8 
0.38 0.00 0.00 3.43 26.4 
0.50 0.00 0.00 3.07 25.5 
0.63 0.00 0.00 2.90 25.7 
0.75 0.00 0.00 2.80 25.5 
0.88 0.00 0.00 2.72 25.5 
1.00 0.00 0.00 2.69 25.1 
1.13 0.00 0.00 2.65 26.9 
1.25 0.00 0,00 2.61 24.1 
1.38 0.00 0.00 2.58 27.1 
1.50 0.00 0.00 2.57 27.5 
1.63 o.oo 0,00 2.56 28.1 
1.75 0.00 0,00 2.57 29.0 
1.88 0.00 0,00 2.57 27.8 
2.00 0.00 0,00 2.55 28.2 
2.13 0.00 0,00 2.54 27.7 
2.25 0.00 0,00 2.52 27.7 
2.38 0.00 0,00 2.54 27.1 
2.50 0.00 0,00 2.56 26.3 
2.63 0.00 0,00 2.53 28.9 
2.75 0.00 0,00 2.54 29.2 
2.88 0.00 0,00 2.54 28,8 
3.00 0.00 0,00 2.54 28,3 
3.13 0.00 0,00 2.55 28,1 
3.25 0.00 0,00 2.52 27,3 
3.38 0.00 0,00 2.52 26,2 
3.50 0.00 0,00 2.52 27,7 
3.63 0.00 0,00 2.48 28.8 
3.75 0.00 0.00 2.50 27.4 
3.88 0.00 0.00 2.49 28.4 
4,00 0.00 0.00 2.48 28.9 
4.13 0.00 0.00 2.46 28.4 
4.25 0.00 0.00 2.49 27.7 
4.38 0.00 0.00 2.48 28.0 
4.50 0.00 0.00 2.47 27.8 
4.63 0.00 0.00 2.46 27.2 
4.75 0.00 0,00 2.46 27.0 
4.88 0.00 0,00 2.45 27.3 
5.00 0.00 0,00 2.46 26.7 

' Means of 3 replicates. 
' 1 pore volume (PV) = 120 mis of irrigation water = the volume of water needed to saturate the soil column 
Note: upon leaching, each IPV is collected as effluents (leachates) in 8 samples of IS mis each. 
Control = no amendment added to the soil. 
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