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ABSTRACT 

A computer simulation model was developed to simulate the 

impact of irrigating soils containing gypsic horizons on soil 

water quality and percolated water quality. The model 

simulates saturated - unsaturated solute movement using the 

mixing cell approach to simulate dispersion and movement of 

soluble salts. Dissolution and precipitation of slightly 

soluble salts and the formation of ion pairs considered as a 

function of tempera'cure. 

Van Genuchten closed form equation is used to find soil 

water retention function. Finite difference method was 

applied to Richards equation for moisture movement simulation 

in the profile. 

The model predicts the conc~ntration of the major cations 

and anions in each segment. The regression coefficients of 

the observed vs. simulated concentration of the major ions 

were higher than 0.961 in all the three replicates with 

slopes ranging between 0.717 and 0.940. Running the model at 

1 and 41°C showed significant differences in Ca, S04' and HC03 

concentrations in the percolated water. However; the 

differences in CI, Na, and Mg concentrations were not 

significant. The presence of high Ca and S04 concentrations 

in the irrigation water reduced gypsum solubility in soils 

containing a layer of gypsum compared with the presence of Mg 
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and Cl in the irrigation water. 



CHAPTER ONE 

INTRODUCTION 

15 

Rain water penetrates the soil surface and moves into the 

soil. water movement in the soil causes the dissolution of 

soluble and slightly soluble salts. It carries those salts in 

an ionic form or as ion pairs. A part of these ions can be 

absorbed by plants to produce food for human beings and other 

organisms. Humans accelerate water movement by irrigating the 

soil to increase its productivity, especially in the arid 

regions. This, in turn increases the amount of salts leached 

from the profile and percolates below plants root zone to 

reach the ground water. Fertilizers also added to the soil to 

increase its productivity, increase the concentration of the 

major ions in the soil-water and eventually in the water 

percolating below the root zone. 

with the world population increasing, there is a growing 

demand for food. To meet this demand additional land and 

water resources are needed. This requires the use of 

irrigation water with high salts content to meet crop water 

requirements. To utilize those resources properly, a better 

understanding of the processes involved in the soil-water

plant system is required. Some of the processes are 

dissolution and precipitation of salts, convection transport, 
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ion exchange, nutrient transformations, and dispersion. These 

processes can often be better understood by using computer 

models that simulate years of land treatments in a few minutes 

or hours. 

Water quality modeling helps in predicting the impact of 

using a specific type of irrigation water on the ground water 

quality, crop production, and the productivity of the soil 

after decades. It also helps in predicting the suitability of 

new land for growing specific crops by predicting the 

concentration of the major ions in the soil water. 

Many water quality models have been developed in the 

last thirty years to solve existing problems. The 

physicochemical part of these models (such as the NTRM model 

by Shaffer and Larson 1987, and computer simulation model of 

dynamic bio-physicochemical processes in soil by Dutt et ala 

1972)were not temperature dependent. Moreover, some of the 

thermodynamic constants for the chemical reactions had only 

been evaluated at one temperature • 

The objective of this study is to develop a model that 

can predict the concentration of the major ions in the soil

water and in the percolated water from soils containing gypsic 

horizons. The developed model should handle the 

physicochemical processes at variable field temperatures. 



2.1 Introduction: 

CHAPTER TWO 

LITERATURE REVIEW 
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The main objective of soil-water quality modeling is to 

describe the rate of chemical transport under specific 

conditions. Some models concentrate on the impact of 

pesticide transport to ground water. Other models have been 

developed on the statistical characteristics of chemical 

transport processes (such as average annual transport) so that 

long term impact of a watershed treatment can be estimated 

(Frere 1982). 

2.2 Models classification: 

Woolhiser and Brakensiek (1982) showed different 

criteria of models classification. They put models in two 

categories, namely, formal and material. They defined the 

formal model by symbolic, usually a mathematical 

representation of an idealized situation that has the 

important structural properties of the real system. A 

material model, according to them, is a physical presentation 

of a complex system that is assumed to be simpler than a 

prototype (real) system and is also assumed to have properties 

similar to those of the prototype system. They divided the 

material models into iconic (look alike) models and analog 
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They divided the formal models into theoretical 

models and empirical models. Furthermore, they defined the 

iconic, analog, empirical, and theoretical models. 

Frere et ale (1982) classified models in the context of 

chemical transport. They classified models as statistical, 

stochastic, process-oriented, theoretical, conceptual, and 

parametric models. Clarke (1973) reviewed some mathematical 

models used in hydrology. Freeze (1975) analyzed the 

stochastic-conceptual models of one dimensional ground water 

flow in nonuniform homogeneous media. Hem's paper (1970) 

study And Interpretation Of The Chemical Characteristics Of 

Natural Water is an example of frequency (statistical) models. 

McMichael, and Hunter's paper (1972) is an example of 

stochastic modeling of temperature and flow in rivers. Some 

models include autoregression, integrated, and moving-average 

such as Huck and Farquhar's model (1974) which needs 

calibration data that makes it unsuitable for answering 

questions about the impact a change will have. 

type of model provides input to other models. 

However, this 

Many models are 

of the lumped storage and process type such as Hydrocomp 

Simulation Programming (HSP) by Crawford et ale (1976). The 

Nonpoint Source Pollutant Loading (NPS) model and Agricultural 

Runoff Management (ARM) model by Donigian and Crawford 

(1976,1973) are two other examples of lumped storage type 

models. Predicting Nitrate content Of Agricultural Drainage 
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water by Dutt et al. (1970), Computer Simulation Model Of 

Dynamic Bio-Physicochemical Processes In Soils by Dutt et al. 

(1972), and the Nitrogen Tillage-Residue Management (NTRM) by 

Shaffer and Larson (1987) are also lumped process models. A 

normal distribution of rain as a function of time is used in 

NTRM model to simulate rainfall. Theoretical chemical 

thermodynamic approach is used in Dutt's et al. models and in 

NTRM model mentioned earlier to predict the solubility and 

precipitation of slightly soluble salts in the soil-water 

system, while a regression equation was used in these models 

to predict carbonate equilibrium concentrations as a function 

of moisture. The hydraulic conductivity in water Erosion 

Prediction Project (WEPP) (1987) can be obtained from a 

regression equation as a function of simple soil properties 

such as texture, organic matter, and bulk density when a 

direct measurement is not available. 

Woolheiser and Brakensiek (1982) reviewed model structure 

and modeling subject. They identified four levels of 

abstraction namely; (a) individual processes, (b) component 

models, (c) integrated models, and (d) global models. They 

described the four levels by schematic representation from 

Ozga-Zielinska (1976). They defined an individual process 

model by a mathematical description of one of the physical 

processes involved in the hydrologic cycle, such as the flow 

in unsaturated media. The component model according to them 
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includes linked models of individual processes with a 

component operator that apportions the flow of water to the 

indi vidual processes in the proper order. A model that 

includes evaporation, direct surface runoff, erosion, and 

subsurface flow can be considered as an example of a component 

model such as KINEROS model by Woolhiser et al. (1989), which 

is an event oriented, physically based model. It considers 

infiltration, surface runoff, and erosion from small 

agricultural and urban watersheds. The model uses the finite 

different technique to solve the differential equations 

describing overland flow, channel flow, erosion, and sediment 

transport. An integrated model consists of a set of linked 

component models along with an operator. These models are 

developed by a process of synthesis of components, and have a 

well defined structure that is usually determined by the model 

builders' concepts of the physical nature of the watershed. 

Global models, according to Woolhiser and Brakensiek (1982), 

are al ternati ves to integrated models. They assume that there 

is a functional relationship between a set of input and output 

variables rather than a linkage of individual components. 

According to the role of time factor, models can be 

classified as static or dynamic. The cognitive value of a 

model is another criterion of classification, where models can 

be: (a), physically-based, (b) conceptual, and (c) trend 

models. The character of the output is another criterion 
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where models can be stochastic or deterministic. 

Classification can be based on the applied approach and method 

of solution, and on the properties of the operator function. 

2.3 Transport processes: 

Movement of chemicals in the soil is very complicated 

because many physical, chemical, physicochemical, and 

biochemical processes are involved. It is difficult to find 

a chemical transport model that takes care of all the required 

processes theoretically. Frere et al (1982) divided the 

transport processes into physical, chemical, and biochemical 

processes. They subdivided the physical processes into 

convection, suspension and deposition, dispersion, diffusion, 

and tillage processes. They subdivided the chemical processes 

to sorption, ion exchange, crystallization, hydrolysis, and 

oxidation-reduction. They also wrote simple definitions of 

all the above mentioned processes. Most of the chemical 

processes and some of the physical processes are explained in 

chapter three, Theory, of this dissertation. 

2.4 Chemical constituents: 

water moving in agricultural soils contains various 

constituents such as soil particles, salts, fertilizers, 

pesticides, organic matter, heavy metals, and microorganisms. 

To date, there are not many attempts in modeling heavy metals 

and microorganisms, therefore they will not be explained in 
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2.4.1 Soil particles: 
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Soil particles are important in water quality models 

because they adsorb chemicals, nutrients, and pesticides. 

Overland sediment movement (erosion) has been recognized long 

ago as a problem in agriculture. Moldenhauer and Onstad 

(1975) discussed some erosion standards from crop land. Young 

and Onstad (1976) suggested the inclusion of enrichment 

process in erosion. Nowadays, many models attack erosion 

problems and predict sediment transports. CREAMS ( Chemicals « 

Runoff« and Erosion from Agricultural Management Systems, 

1978) and WEPP (1989) are two of the models that consider 

erosion. 

2.4.2 Salts: 

The dominant cations and anions that form salts in the 

soil are ca++, Mg++, Na+, r, cr, S04--' HC0
3
-, and Co

3
--. Those 

ions react with each other to form soluble salts such as NaCI 

and slightly soluble salts, such as gypsum and calcite. They 

also form ion pairs such as CaS04. Soluble salts and ion 

pairs move with the moving water; while the slightly soluble 

salts do not move with water before transforming into soluble 

forms or ion pairs. A number of models have been developed to 

predict chemical movement through the soil by leaching. 

Alfaro and Keller (1970), Kolenbrander (1970), Terkeltoub and 

Babcock (1970), and Warrick et ale (1971), SSAM model by 
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Betson and Pratt (1972), Lai and Jurinak (1972), Dutt et al. 

(1972), Boast (1973), Burns (1974), the HSP model by Crawford 

et al. (1976), TEHM model by Huff et al. (1977), Shaffer and 

Robbens (1977), Tanji (1979), and NTRM model by Shaffer and 

Larson (1987) are examples of models that consider chemical 

movement in soils. 

2.4.3 Nutrients: 

Nitrogen and phosphorus are important nutrients for plant 

growth. They could be added to the soil as fertilizers or 

organic matter. A number of models have been developed to 

predict the behavior of nitrogen in soil-plant-water system 

(Frere et al. (1970), Dutt et al. (1972), Beek and Frissel 

(1973), Reuss and Cole (1973), Hagin and Amberger (1974), 

Mehran and Tangi (1974), Duffy et al. (1975), Knisel et al. 

(1978), Shaffer and Larson, (1987). Some of the models that 

describe phosphorus in soil systems are: Enfield and Shew 

(1975), Helyar and Munns (1975), Shah et al.(1975». 

2.4.4 Pesticides: 

Most pesticides are organic compounds. They are added to 

the soil-plant-water system in amounts averaging 2 kg/ha. 

Very sophisticated equipment is needed to analyze pesticides 

quantitivly. Organochlorine pesticides are stable; while 

organophosphate and carbamate pesticides are degradable. 

Pesticides might adsorb on the soil complex system, dissolve 

in water, or form different complexes with the existing ions 
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in the soil. Pesticides modeling is important because of the 

importance of pesticides from an agricultural point of view, 

and because some of them are toxic to human beings when they 

reach the water supply. The ARM model by Donigian and 

Crawford (1975), the NPS model by Donigian and Crawford 

(1976), CREAMS model by Knisel et ale (1978) are examples of 

models considering pesticides as a source that effect water 

quality. 

2.4.5 organic matter: 

organic matter in soil 

required for plant growth. 

capacity, it also has an 

is a source of the nutrients 

It increases water holding 

effect on soil color. Its 

decomposition is a function of moisture content, soil 

temperature, carbon to nitrogen ratio, and the presence of 

specific microorganisms in the soil. Organic matter modeling 

did not attract the attention of scientists because most 

surface soils contain less than 2%, and its percentage 

decreases with depth. The fraction of organic matter in the 

soil in WEPP model by Lane and Nearing (1989), for example is 

one of the variables required for predicting moisture content 

at field capacity and bulk density if values are not 

available. Moreover, the consolidated bulk density is 

calculated from a regression equation from soil input data 

such as sand fraction, organic matter fraction, clay fraction, 

and the cation exchange capacity. 
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2-5 Some water quality models: 

According to Shaffer and Gupta (1981), Dutt (1961) was a 

pioneer in combining relatively complex chemical equilibrium 

source-sink approach with plate theory to predict salt 

transport in soil columns. At the same period Nielson and 

Biggar (1961) worked on miscible displacement in soils. 

Following those two papers was a series of papers by Nielson 

and Biggar (1962), Hanks and Bower (1962), Dutt and Tanji 

(1962), Dutt and Donneen (1963), Dutt and Anderson (1964), 

Bresler (1967), and Warrick et ale (1971). Dutt et ale (1972) 

published a large combined model called Computer Simulation 

Model of Dynamic Bio-Physicochemical Processes in soils where 

they considered infiltration and redistribution of soil water, 

evapo-transpiration, nitrogen transformation, exchange, 

solubility and precipitation of slightly soluble salts, and 

nitrogen uptake processes. 

The Stanford Watershed Model by Crawford and Linsley 

(1966) had many revisions by Donigian and Crawford in order to 

construct the ARM model (1973), and the NPS model (1976). 

Another revision was done by Crawford et ale (1976) to 

construct tha HSP model. These models are designed for total 

watershed. They consider snow melt, infiltration, 

evapotranspiration, surface runoff, subsurface flow, chemical 

movement, and erosion. These models are continuous. 

Empirical equations are used in these models to predict soil 
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particle detachment. According to Frere and Seely (1982), the 

ARM model is the most tested combined model for agricultural 

lands. 

Warrick et ale (1971) used the basic Richars equation 

along with an equation of continuity for the solute to study 

solute and water transfer in unsaturated soil. They validated 

their theoretical derivation in the field using chloride. 

Tanji .et ale (1972) constructed a model on reclamation 

of San Joaquin valley salt affected soils. Model prediction 

of soluble salts, soluble boron, and sodium adsorption ratio 

(SAR) at soil depths of 271 cm was very close to the measured 

values. A good prediction of drainage water quality and 

gypsum requirement of sodium affected soils was obtained. 

Betson (1972) constructed two models that can be combined 

to predict evapotranspiration, surface runoff, subsurface 

flow, and chemical movement. The combined model was designed 

for forest, agricultural and urban land use. Betson and 

McMaster (1975) constructed a model to simulate mineral load 

in the Tennessee Valley. They used imperial relationships to 

predict the concentration of salts. 

Saxton et ale (1974) constructed a model 'of two parts 

(AET2-NUT) to study daily evapotranspiration, subsurface flow, 

and chemical movement. The program considers fertilizer 

applications, plant uptake, and plant-water stress. 

The ACTMO model by Frere et ale (1974) was constructed to 
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trace chemical movement. The hydrology part of this model was 

taken from the USDAHL model by Holtan and Lopez (1971) and 

sediment transport from Ostand and Foster's submodel (1975). 

ACTMO divides the watershed into cascades where the water from 

the upper zone cascades over the lower zones or goes to a 

channel. 

Huff et al. (1977) constructed the TEHM model. This model 

considers snow melt, infiltration, evapotranspiration, surface 

runoff, subsurface flow, and the transport of nutrients and 

contaminants with water. 

Knisel et al. (1972) constructed CREAMS model which can 

be considered one of the largest combined water quality 

models. CREAMS model evaluates non-point source pollution 

from field sized areas. The natural input file includes rain, 

snow, temperature, and solar radiation. The management input 

file includes land use, cultural practices, plant nutrients, 

and application of pesticides. The watershed system input 

file includes the geology, soil properties, and watershed 

topography. The model calculates evapotranspiration, surface 

runoff, erosion, sediment transport, deep percolation, the 

dissolved chemicals in runoff, the chemicals adsorbed on the 

moving sediment, and the dissolved and adsorbed chemicals in 

the soil-water. Their chemistry includes N, P, and K. The 

model handles pesticides application too. 

Jury (1982) constructed a transfer function model to 
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simulate solute transport. Jury and Stolgg (1982) tested the 

transfer function model to predict bromide transport in the 

field. They found good agreement between the observed and 

predicted values. 

The COFARM model by Shaffer, Swan, and Johson (1984) is 

a coordinated farm and research management system to help 

farmers make soil-crop management decisions regarding N, P, 

and K fertilizer needs, manure, tillage, crop residues, soil 

erosion, drainage, and crop yields. 

otom and Kuboi (1985) constructed a discrete type model 

to describe unsteady infiltration and redistribution of water 

and solutes in soil. They validated their model with a field 

experiment. The objective of their model was the estimation 

of the daily net rate of nitrate transformation. The model 

was applicable in predicting the changes in chloride 

concentration in the field. 

Recently, Sposito published four articles on modeling 

solute transport in soil. The first paper with Jury and Gupta 

(1986) where they used stochastic convection-dispersion 

equation (CDE)to model solute transport in aquifers and field 

soils. They stated that "the stochastic CDE model does not 

yet clearly resolve the mathematical conditions necessary to 

relate the mean solute concentration calculated with a field 

scale stochastic CDE to measured values of the solute 

concentration determined in a single field experiment". The 
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second article was written by sposito et al. (1986) where they 

used Two-component convection dispersion equation as a special 

case of the transfer function model (TFM) solute transport. 

They calculated the travel time probability density function 

(PDF) by Laplace transformation of the two-component CDE. In 

this model they used four fitting parameters in the 

calculation of travel time PDF. The third paper was written 

by Barry and sposito (1988). They used one-dimensional CDE to 

study solute transport in finite soil columns. The fourth 

paper by White et al. (1986) was a test of -the transfer 

function model developed by Sposito et al (1986) in 

undisturbed columns in the laboratory and in the field. They 

suggested two-component mechanism comprising fast solute 

transport through large entrapped voids and slow to negligible 

transport through small entrapped voids. They used bromide 

and chloride in their verification. 

The NTRM model by Shaffer and Larson (1987) was developed 

for tillage, crop residue, and nitrogen fertilizer management. 

The model uses integrated submodels for soil temperature, soil 

carbon and nitrogen transformation, unsaturated water flow, 

root growth, evapotranspiration, tillage, chemical equilibria 

processes, solute transport, and crop residue. 

Jaynes et al. (1988) constructed a simple mechanistic

stochastic model to predict solute transport during 

intermittent flood irrigation. The model assumes variable 
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pore velocity across the field. They did not use CDE like 

sposito et al (1986,1988) did; instead they used PDF for the 

pore velocity by measuring infiltration rates from 63 ring 

infiltrometers and from water retention data. The model 

requires two fitting parameters for the calibration; namely 

the mean and the variance of log-normally distributed pore 

water veloci ty. They got good validation resul ts wi th 

bromide. 

Jardine et al. (1988) constructed a model to simulate the 

transport of inorganic ions such as Mg2+, NH4 +, Br-, and N03 - via 

saturated flow through undisturbed soil columns using the CDE. 

They illustrated the limitations of using batch absorption 

isotherms to describe solute retardation in undisturbed column 

displacement experiments. They divided the sorption sites 

into two types. Type one follows instantaneous reversible 

reaction. Type two follows reversible first-order kinetics. 

The AGNPS model by Bosch et al. (1983) and Mouse model by 

Steenhuis et al. (1987) are some of the models that were not 

described in detail. 
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3.1 Determination of the unsaturated hydraulic conductivity 

and the diffusivity of gypsiferous soils. 

Over the years, several methods have been proposed for 

calculating the hydraulic conductivity, K, and diffusivity, D, 

as a function of moisture content, a, for a porous media from 

moisture retention functions. 

Brooks and Corey (1964,1966) concluded, from comparisons 

with a large number of experimental data, that the soil water 

retention curve could be described reasonably well with the 

following general equation: 

fOIW ~ 1 [3.1.1] 

where hbis the bubbling pressure, b is a soil characteristic 

parameter, h is suction, and W is dimensionless volumetric 

water content calculated as follows: 

[3.1.2] 
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Where a is the soil moisture content, ar is the residual 

moisture content, and as is the saturated moisture content. 

Brooks and Corey used Burdine's (1953) theory to predict the 

relative hydraulic conductivity from the following expression: 

Kr (W) - (W) 2+2/b [3.1.3] 

where b is a parameter to be determined. 

Campbell (1974) derived an empirical expression relating 

water content to water potential for limited ranges of water 

content. His expression had the following form: 

~ _ ~ (6/8 )-b 
e s [3.1.4] 

where ~e is the air entry potential, b is soil characteristic 

parameter, and ~ is the water potential. He combined eq. 

[3.1.4] with the capillary rise equation [3.1.5] and an 

equation describing K by Childs (1969) [3.1.6]: 

~ - -2y/x [3.1.5] 

[3.1.6] 

where y is surface tension, r is the pore radius, M is a 

constant to be determined, R is the radius of the largest 

water-filled pore, and F(r) is the pore distribution function 

defined such that the total porosity, f ,is: 

f - !o"F(X) dx [3.1.7] 
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The result is: 

[3.1.8] 

which is similar to Brooks and corey's equation. 

campbell described in his paper an easy way to get b from 

the moisture retention (desorption) curve, by plotting the 

moisture versus potential on log-log paper in which -b is the 

slope of the straight line. 

He stated that a departure from eq. [3 • 1. 8] can be 

expected in the wet range (potential> - 0.1 bar) because the 

water potential approaches the air entry value and the water 

content approaches saturation. However, from his point of 

view, this departure does not seriously reduce the accuracy of 

the model. Campbell (1974) showed in his paper the straight 

line he could obtain for estimating b for 5 soils. He also 

showed that the hydraulic conductivity obtained using his 

method is closer to the observed points than Millington and 

Quirk (1959,1960,1961) for Cecil sandy loam soil. 

Van Genuchten (1980) used eq. [3.1.9] that was derived by 

Mualem (1976a) for predicting the relative hydraulic 

conductivity Kr from a knowledge of the soil-water retention 

curve as follows. 

[3.1.9] 
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where h is pressure head as a function of the dimension less 

water content W eq. [3.1.2] . 

Van Genuchten used the following function to solve for 

W(h) 

W - [1/1+ (<<IhI) n] m [3.1.10] 

where a, n, and m are undetermined parameters. 

Ahuja and Swartzendruber (1972), Endelman et al. (1974), 

and Haverkamp et al. (1977) used eq. [3.1.10] with m = 1 and 

got successful results. Van Genuchten derived eq. [3.1.11] 

and [3.1.12], for m = 1 - lIn and 0 < m < 1, to estimate the 

relative hydraulic conductivity as a function of dimension 

less water content Wand suction h, respectively. 

K;r (W) - (w).s [1- (1-W1 / m) m] 2 [3.1.11] 

K;r(h) - [1- (<<!hI)n-l [1+ (<<Ihi) n] -mp/ [1+ (<<Ihi) n]m/2 [3.1.12] 

The diffusivity as function of moisture could be calculated 

from 

D(a) - K(a) Idh/ dOl [3.1. 13] 

Equation [3.1.15] for the estimation of Kr (W) can be 

obtained using Burdine's (1953) theory instead of Mualem's 

theory. Starting from burdine's eq. [3.1.14] and using eqs 

[3.1.2] and [3.1.10]. 

[3.1.15] 
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[3.1.14] 

eq. [3.1.15] is valid for m = 1 - 2/n , 0 < m < 1 , and n > 2. 

The primary tests by Van Genuchten (1980) indicated that 

the Burdine based equations were - in most cases - in poorer 

agreement with experimental data than with the Mualem based 

expression. Mualem (1976a) also concluded that predictions of 

K r , based on his theory, were generally more accurate than 

those based on various forms of Burdine theory. Van Genuchten 

and Nielson (1985) found that Mualem's approach is applicable 

to a wider variety of soils compared to Burdine's 

formulation. 

From the pervious paragraphs, we can conclude that 

Mualem's formulation and Van Genuchten equation to describe 

moisture tension relationships are the best combination for 

the determination of the unsaturated hydraulic conductivity. 

Parameters 9 s ' 9 r , n, m, and a can be evaluated from the 

moisture release curve. The 9 s can be estimated directly from 

the release curve. If 9 r is approximated by the moisture 

content at 15 bars, it leaves us with two required parameters 

n and a, assuming In = 1 - lIn. Van Genuchten (1980) showed 

a graphical interpretation method for estimating the needed 

parameters i.e. n and a by solving eq. [3.1.10] for a. 

a - l/IhI(W-l/n-l) l/n [3.1.16] 
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From eqs [3.1.2] and [3.1.10] we can write 

e - 0 r+ (0 s-O r) / [1+ (ulhl) n] m [3.1.17] 

Differentiating eq. [3.1.17] with respect to h 

d6/dh - -um(Os-Or)/(l-m) .W(1-W1 / n ) [3.1.18 ] 

and substituting eq. [3.1.16] in [3.1.18] we get 

IhId6/ dh - -m(O s-O r) / (l-m) . W(1-W1 / n ) . [3.1.19] 

The left hand side, L.H.S., of eq.[3.1.19] is the slope at a 

point multiplied by h at that point. That leaves one unknown, 

m. This equation would end up with the slope, Sp (m) , for a 

point midway between 9 s and 9 r 

Sp (m) - l.151m/ (l-m) (l-2-1/ m) [3.1.20] 

The value of m can be obtained by using a simple program to 

find the roots of an equation, and the value of n by using the 

relation 

m = 1 - lIn. We can find Q from the following relationship: 

luhl - (W-1 / m-l) l-m [3.1.21] 

Van Genuchten (1980) shows that W vs. suction curve is 

symmetrical, and that he could get smooth curves of Kr vs. 

suction and 0(9) vs. 9 using his graphical method. 
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3.2 Soil-water movement: 

The general form of the moisture flow equation, Richards 

equation, in terms of hydraulic head, H, water content, a, 

in 3D can be written in the following way: 

a6/8t - %X(KOH/oX) + (%Y(KOH/oY) + (%Z(KOH/8Z) [3.2.1] 

Eq. [3.2.1] in one dimension, 1D , and in terms of pressure 

head, h, gravity head and water content, have the following 

form: 

86/8t - o/8Z(K-K 8h/oZ) [3.2.2] 

Eq. [3.2.2] can have the following mass balance form 

F j = mass in - mass out - change in storage 

where F j is the error term. 

[3.2.3] 

In order to formulate eq. [3.2.3] 

difference form, we will adopt the 

in implicit 

layers and 

finite 

nodes 

distribution that are shown in fig (3.2.1). The upper 

boundary condition is type 2, i.e. flux boundary. The lower 

boundary condition is a unit hydraulic gradient. Eq. [3.2.3] 

can be written explicitly as follows: 
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Figure 3.2.1 Horizons, segments, and nodes distribution 
of a soil column. 

depth 
soil surface 0.0 ------0------ iz = 0,1 

seg. 2 

delz ------0------ iz = 2 

seg. 3 

2*delz ------0------ iz = 3 

seg. 4 

------0------ iz = 4 

seg. 5 

------0------ iz = 5 

seg. 6 

------0------ iz = 6 

seg. 7 

------0------ iz = 7,8 

iz = node number 
nz = maximum number of nodes 
Q = nz - 1 = maximum number of segments 
segment 1 is the segment above the soil surface 
delz = nodal spacing 
a layer consists of a number of segments 



Fi = (f i -1I2 + Ki -1I2 ) - (fi+1I2 + K i+1I2 ) -

«9i
1+1 -9i

1 ) /l1.t • (Zi+1 - Zi-1 ) /2) [3.2.4] 
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where f = -K dh/dZ. Substituting for f in eg. [3.2.4] leads 

to 

Fi = - Ki -1I2 «hi -h i-1 ) / (Zi - Zi-1 » + Ki -1I2 

- [ - Ki+1I2 «hi+1 - hi ) / (Zi+1 - Zi » + K i+1I2 ] 

- [ (9 i
1+1 - 9 i

1 ) /l1.t • (Zi+1 - Zi-1 ) /2 ] [3.2.5] 

For the upper flux boundary, we assume that Zo = Z1 = o. 

Therefore, eg. [3.2.5] becomes 

F1 = [ f-1I2 + K-1I2 ] - [ f3/2 + K3/2 ] 

- [ (91
1+1 - 9 1

1 )/l1.t • (Z2 - Zo )/2 ] 

F1 = Vo (t) - [ - K3/2 (h2 - h1 ) / (Z2 - Z1) + K3/2 ] 

- [ (91
1+1 - 9 1

1 ) /l1.t • Z2/2 

[3.2.6] 

• [3.2.7] 

For the lower unit hydraulic gradient boundary, we assume that 

Zm = Zm-1. Therefore, eg. [3.2.5] becomes 

F m = [fm- 1I2 + K.n-1I2] - [ frn+1I2 + Krn+1I2 ] 

- [(9m
i+1 - 9m

i ) /l1.t • (Zrn+1 - Zm-1 ) /2 ] 

F m = - Km- 1I2 [(hm - hm-1 ) / (Zm -Zm-1 )] + Km- 1I2 

-Krn+1I2 - [(9m
1+1 - 9m

1 ) /l1.t • (Zrn+1 - Zm-1 ) /2] 

[3.2.8] 

.[3.2.9] 

In the rest of the derivation we will use equal node spacing. 

( Zi+1 - Zi-1) / 2 = I1.Z [3.2.10] 

The coefficients for the system matrix are 



F i = (Ki -1I2 / 4 Z ) h i -1 - ( (Ki -1I2 + Ki+1I2 ) /4 Z ) hi 

+ (Ki+1/2 / 4Z ) hi+1 + (Ki -1/2 + K i+112 ) 

(9m
j +1 - 9m

j ) /4 t . 4 Z 

or 
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[3.2.11] 

d(i) = a(i) h i -1 + b(i) hi + c(i) h i+1 + (Ki -1I2 + Ki+1I2 ) 

(9m
j +1 - 9 m

j )/4t • 4Z [3.2.12] 

where a (i) = (Ki -1I2 / 4 Z ) ; i = 2 , rn - 1 

b(i) = -«Ki -1I2 + K i+1I2 )/4Z ) 

c(i) = (Ki+1I2/ 4Z ) 

The coefficients for the boundaries are: 

a(l) = 0 

b(l) = -K3/ 2 /4Z 

C ( 1) = K3/2 /4 Z 

a(rn) = a(i) 

b (rn) = -Km-1I2 /4 Z 

c(rn) = 0 

Consider that K is a function of h. 

Ki -1I2 = K (hi + hH ) /2 

Ki+112 = K (hi+1 + hi ) /2 

If we differentiate eg. [3.2.12] with respect to h i -1, hi , and 

h i+1, it is found that 

[3.2.13] 
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Bd(i) /Bh1_1 - a (i) + 1/2 BK/OO 1h1- 1 • swc(i-1) [3.2.14] 

where swc is soil water capacity. 

Bd(i) lah i = b(i) - 1/2 aKlah 1 hi [3.2.15] 

ad(i) lah i = b(i) - 1/2 aKlae 1 hi· swc (i) .I1Z/I1t [3.2.16] 

ad (i) I ahi+, = c (i) - 1/2 aKlah 1 h i+, [3.2.17] 

ad (i) I ahi+, = c(i) - 1/2 aKIBe 1 h i+,· swc(i+1) .[3.2.18] 

Eqs. [3.2.13] to [3.2.18] are valid for i = 2,m-1. For the 

upper boundary: 

ad (1) lah, =b(1) -1/2aKlae 1 h, de/dh 1 h, -c,1 h,.I1Z1 11 t [3.2.19] 

ad(1)/ah, =b(1)-1/2aKlaelh1 swclh1 -swclh1.I1Z/I1t [3.2.20] 

For the lower boundary: 

[3.2.21] 

Newton-Raphson method is a common way of solving a non-linear 

set of equations. 

f, = a, h, + az hz + a3 h3 + a4 [3.2.22] 

fz = b, h, + bz hz + b3 h3 + b4 [3.2.23] 

f3 = c, h, + C z hz + c3 h3 + c4 [3.2.24] 

By differentiating eqs. [3.2.22] to [3.2.24] with respect to 

h, , hz ,and h3 respectively we get 

af, I dh, = a1 af1 I ahz = a2 af, lah3 = a3 

afz I dh, = b1 afz I ahz = b2 afz lah3 = b3 

af3 I dh1 = c1 af3 I ahz = c2 af3 lah3 = c3 

Therefore, we can have the following matrices 
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[ al 
a2 a3 ] [Oh' ] [ -fl ] bl b2 b3 cS'hz = -f2 

cl c2 c3 cS'h 3 -f3 

for m = 6 

a (l) = 0 b ( 1 ) = K3/Z / A Z c (l) = c (i) 

a(2} = K3/ Z /AZ b(2} = b(i} c(2} = c(i} 

a ( 6 ) = K6-1!Z / A Z b(m} = K6-1/2 /AZ c(6} = 0 

Therefore, the equations in the matrices are: 

d(l}=O+b(l}h, +c(1}h3 + (K_1!Z - K3/ Z ) - AZ(e, j
+

' 
- e , j 

) /At 

d(2}=a(2)h, +b(2}hz +C(2}h3 + (K1!Z -Ks/ z }-AZ(ez
j
+

1 
- ez

j }/At 

d(3}=a(3}hz +b(3}h3 +c(3}h4 + (K3/ Z -K7Iz ) -AZ(e3
j
+1 - e 3

j )/At 

d(6}=a(6}hs +b(6}h6 +C(6}h7 + (K6-1!Z -K6+1!Z }-AZ(e6
j
+1 -e6

j 
) /At 

Or 

mel} c (l) 0 0 0 0 cS'hl 

a(2} m(2} c(2} 0 0 0 cS'h2 

0 a(3} m(3} c(3} 0 0 cS'h3 = 

0 0 a(4} m(4} c(4} 0 cS'h4 

0 0 0 a(S} m(S} c(S) cS'hS 

0 0 0 0 a(6} b(6) cS'h6 

where 

mel} = b(l}-.S aK/ah / h1 -SWC/ h1 AZ/At 
m(2} = b(2}-.S aK/ah hZ -swc h2 AZ/At 

m(6} = b(6}-.S aK/ahl~ -swcl~ AZ/At 

-dl 

-d2 

-d3 

-d4 

-dS 

-d6 
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We will use Thomas algorithm to find &hjvalues, for i=l to 6. 

3.3 Temperature effect: 

The temperature dependance of the chemical reactions at 

equilibrium can be found by deriving thermodynamic 

relationships from basic thermodynamic equations such as Gibbs 

free energy equation. 

G = H - TS = A + PV [3.3.1] 

Where G is Gibbs free energy, H is the enthalpy, T is the 

temperature in oK, S is entropy, A is Helmholz free energy, P 

is pressure, and V is volume. Eq. [3.3.1] can be written in 

the following differential form: 

dG = - SdT + VdP 

At a constant pressure 

C aG I aT ) p = - S 

For a finite change in state 

t..G = G - G 2 

t..S = S - S 2 

cat..G I aT ) p = - t..S 

. [3.3.2] 

• [3.3.3] 

• [3.3.4] 

Equation [3.3.4] is a form of Gibbs-Helmholtz equation. If we 

differentiate t..G I T with respect to T we get 

aCt..G/T) I aT = - t..G/T 2 + at..GlaT lIT 

form [3.3.4] and [3.3.5] we get 

aCt..G I T) I aT = - t..G/T 2 - t..S/T 

For a finite change in Gibbs free energy 

t..G = t..H - Tt..S 

.[3.3.5] 

• [3.3.6] 

• [3.3.7] 



substituting [3.3.7] in [3.3.6] 

(a (AG/T) 1 aT) p = (TAS - AH) 1 T2 - AS/T 

(a(AG/T) 1 aT)p = - AH/T2 

[3.3.8] 

• [3.3.9] 
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Equation [3.3.9] is an alternative form of the Gibbs-Helmholtz 

equation, and is a useful form for describing the influence of 

temperature on equilibrium reactions. At equilibrium 

AG = 0.0 

From 

AG = AGO + R T In K 

AGO = - R T In K [3.3.10] 

where K is the equilibrium constant for a reaction. Combining 

equations [3.3.9] and [3.3.10] at equilibrium and constant 

pressure 

d(- R In K ) 1 dT = - AHo/T2 

d In K 1 dT = AHo/R T2 

[3.3.11] 

[3.3.12] 

equation [3.3.12] is called Van't Hoff equation. Separating 

the variables 

d In K = ( AH/R T2 ) .dT 

integrating between 2 limits 

fk/2 d In k = AHo/R ft1t2 dT/T2 

log(K2 IK1 ) = AHo/2.303 R .((T2 -T1 )/T2 T1) 

[3.3.13] 

[3.3.14] 

[3.3.15] 

where K2 is the equilibrium constant at T2 ' and K1 is the 

equilibrium constant st T1 • Or 

logK2 = AHo 12.303 R. ((T2 -T1) IT2 T1) -log K 1 • [3.3.16] 

In order to get the value of the equilibrium constant at T2 ' 
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the values of K1 and 4Hoshould be known. K1 is given in the 

literature at 298 oK and 4Hois independent of temperature. 

These K1 and 4HO values are tabulated in appendix 'F'. 

In this study, Van't Hoff's equation has been used to 

reflect the temperature effect on the equilibrium reactions 

when the 4HO value is available. For the cases of complex 

reactions, such as carbonate equilibrium in the soil-water 

system, the required experiment to derive the constant at 

different temperatures was conducted. A multi-linear 

regression analysis was done on the experimental data to 

account for the effect of the temperature. Unfortunately, due 

to lack of time, we could not find the values of the 

parameters that were needed for the water movement part of 

this model at different temperatures, as well as the cations 

on the soil exchange surface at different temperatures. 

3.4 Ionic strength, ion pairs and gypsum solubility: 

The solubility of gypsum in aqueous solutions can be 

described by 

• [3.4.1] 

The solubility product for the above reaction is 

Ksp = aca a S04 [ 3 . 4 • 2 ] 

where a j denotes the activity of the ions indicated by the 

subscript. The value of Kspcan be calculated from 

4Gr = - R T In (Ksp) [3.4.3] 

where 4Gr denotes the Gibbs free energy of formation, R is the 
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molar gas constant, and T is the temperature in OK. The 

activity as defined by Lewis and Randall (1923) is 

[3.4.4] 

where C stands for concentration, and y for activity 

coefficient of any constituent i. 

A procedure often used to calculate the activity 

coefficient is the Debye-Huckel limiting law 

Log Yi = - A Zi2 IO.s 

The ionic strength, I, is given from 

n 
I = 0.5 ~ Z.2 c. 

• I I 
1.=1 

[3.4.5] 

[3.4.6] 

where Z is the valence and n is the number of ionic 

constituents in the system. This equation is valid only in 

very dilute solutions. A second option for more concentrated 

solutions would be the use of the extended Debye-Huckel law 

[3.4.7] 

in which A and B are functions of solvent density, dielectric 

constant and temperature. The term Q i is often considered to 

be the effective diameter of the hydrated ion i. Although 

there is no exact way to determine the single ion activity 

experimentally, Lewis & Randall (1923) published the 

preliminary values for 26 individual ions. Killand (1937) 

approximated and published individual Yi 

inorganic ions in water. 

values of 130 

Although Q i is most frequently considered the distance of 
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closest approach, Lewis & Randall (1961) pointed out that if 

the Debye-Huckel theory is to be in agreement wi th the 

thermodynamic theory, a i must be a constant. As Lewis & 

Randall stated " in a multi-component system one has the 

condition 

• [3.4.8] 

where n is the number of moles of the constituents i and j. 

Substitution of the relationship of activity coefficient to 

partial molal free energy yields, for the ion species i and j 

in a mixed electrolyte, the following: 

• [3.4.9] " 

where m is the molality of the constituents i and j. 

Equations [3.4.8] & [3.4.9] show clearly that a i should be the 

same for the two different species. Guggenheim (1935) 

suggested the use of a standard value of a i • Glasstone (1947) 

used 1.0 value instead of a i * B to obtain: 

Log 'Yi = (- A z/ 1°·5 )/(1 + 1°.5 ) . [3.4.10] 

One reason for doing this is to get one value of the activity 

coefficient for each valance, or for simplification. Davis 

(1938) used Guggenheims suggestion, he used a fixed value of 

3.0 angstrom for a i and added a correction factor which led to 

the following form 

Log 'Y, = - A Z,2 «1°·5 )/(1 + 1°.5 » - C' 1 [3.4.11] 

where C' is an empirical constant. 

To find the solubility and precipitation of gypsum we 
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used eq. [3.4.1] and [3.4.2] in addition to the stoichiometric 

relations 

Cca = C I Ca + Xl 

CS04 = C I S04 + Xl 

CCaS04 = C I CaS04 - Xl 

Ksp = (C I Ca + Xl) (C I S04 + Xl) Y22 

X12 +X1( CI ca +CI S04 )+(Cl ca CIS04 )-Ksp /Y22 

[3.2.12] 

[3.4.13] 

[3.4.14] 

[3.4.15] 

[3.4.16] 

where Cli and Ci are the initial and the equilibrium concen

trations of any constituent i. We get the change in Ca and 

S04 concentrations in addition to the solubility of gypsum by 

solving the quadratic equation for Xl • 

To calculate the change in Mg and S04 concentrations due 

to the formation of the undissociated MgS04 0 ion pairs we can 

use Eq.s [3.4.17] to [3.4.22]. 

MgS04 0 = Mg++ + S04--

KoM9S04 = aM9 aS04 / aMgS04 

CM9 = C I Mg - X2 

CS04 = C I S04 - X2 

CM9S04 = C I MgS04 + X2 

X22 Y/ -X2 (Y/ C I Mg +Y/ C I S04 +KoM9S04 ) 

+y 22 C I Mg C I S04 - KoM9S04 C I MgS04 

[3.4.17] 

[3.4.18 ] 

[3.4.19] 

[3.4.20] 

[3.4.21] 

.[3.4.22] 

To calculate the change in Ca and S04 concentrations due 

to the formation of the undissociated caS04 0 ion pairs, we can 

use the calculation for the case of MgS04 0 ion pairs except 

when we have gypsum in the system, where we get the concentra-



tion of CaS04 ° from eq. [3.4.23] 

Ccas04 = Ksp / ROcas04 • [3.4.23] 
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In our model, we used the successive approximation method 

to calculate the equilibrium concentration of each constitu-

ent. However, we could use a solution for a number of nonlin-

ear equations that is equal to the number of the unknown using 

Newton-Raphson method. 

3.5 dissociation of CaC03 as a function of temperature and 

moisture: 

When cOz exists in an aqueous system, it reacts with the 

water to produce carbonic acid • 

• [3.5.1] 

The produced carbonic acid dissociates as follows 

HZ C03 = W + HC03-

The dissociation constant for reaction 2 is 

K1 = a H a HC03 / aHZC03 

The bicarbonates further dissociates 

HCO -
3 

+ CO --
3 

• [3.5.2] 

• [3.5.3] 

• [3.5.4] 

The dissociation constant for reaction [3.5.4] is 

KZ = a H a C03 • [3.5.5] 

The dissociation of Caco3 in the water is usually shown as 

+ CO --
3 • [3.5.6] 

The thermodynamic solubility product of equation [3.5.6] is 

• [3.5.7] 

Substi tuting aH value from eq. [3 .5. 3] in eq. [ 3 • 5. 5] and 



solving for a HC03 we get 

K2 = K, aH2C03 aC03 / a2HC03 

a2HC03 = K, a H2C03 a C03 / K2 

[3.5.8] 

[3.5.9] 
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In the pH range of 6.5 to 9.0,the normal range in soils, 

the predominant form of carbonic acid products is HC03 - • 

Therefore, it is more convenient to consider the following 

reaction 

CaC03 + H 2 C03 = Ca++ + 2HC03-

where the equilibrium constant is 

K = aca a2 HC03 / a H2C03 

assuming the aCaC03 = 1. Substituting the 

[3.5.9] in [3.5.11] we get 

K = K, a Ca a C03 / K2 

substituting for aca aC03 from eq. [3.5.7] 

K = K, Ksp / K 2 

from eq. [3.5.11] 

K aH2C03 = aca 2 
a HC03 

or 

K CIt~C03 = Y2 y21 Cca C2HC03 

K CII2C03 /y2, Y2 = C Ca C2HC03 = K' /y/ Y2 

[3.5.10] 

[3.5.11] 

2 
a HC03 value from 

[3.5.12] 

in eq. [3.5.12] 

. [3.5.13] 

[3.5.14] 

[3.5.15] 

. [3.5.16] 

Investigators in the USDA Salinity Laboratory (Bower et 

ale 19S~) consider the soil as a closed system in which the 

partial pressure of CO2 is constant for simplification 

purposes. Also, Dyer (1967) found that under conditions where 

the partial pressure of CO2 was known, the reaction of CaC03 
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could be described in soil-water systems by a set of equations 

which equals the number of the unknown. 

It is found that K' is a function of moisture , Dutt et 

ale (1972). since the effect of temperature was not deter-

mined in the literature, we conducted an experiment to 

determine the value of K' at different temperature and 

moisture contents. 

The stoichiometric relationship of eq. [3.5.16] is 

= C' + Z Ca 

CHC03 = C' HC03 + 2Z 

[3.5.17] 

[3.5.18] 

where C' is the initial concentration, C is the concentration 

at equilibrium, and Z is the change in concentration needed to 

reach equilibrium. From eqs. [3.5.16] - [3.5.18] we can write 

K' / y ,z Y 2 =Cca c2 HC03 

= (Cca +Z ) ( CHC03 +2Z ) 2 

or 

4Z3 +4Z2 (CHC03 +Cca ) +Z (4Cca CHC03 +C2HC03 ) 

+CCa c2 HC03 - K' / y,z Y 2 = 0 

or 

[3.5.19] 

[3.5.20] 

AZ3 +BZ2 +CZ+D = 0.0 [ 3 • 5. 21] 

Equations [3.5.17] to [3.5.21] are used in a subroutine to 

calculate the equilibrium concentration of Ca++ and HC03-

concentrations in the soil-water system when the value of K' 

is known. 
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3.6 exchange reactions: 

The exchange constants at different temperatures are not 

available in the literature. Moreover, the time did not allow 

to find the required exchange constants for the studied soil 

at different temperatures. Therefore, the constants used by 

Dutt (1972) have been used in this model in addition to the 

governing equations. 

In order to keep with the Gibbs phase rule, a mathemati

cal relationship between the soluble and exchangeable constit-

uents must be known. All the exchange equations describing 

Ca-Mg exchange in a soil water system can be reduced to 

[3.6.1] 

Ceo / CM9 = Kea-Mg N I eo / N I Mg [ 3 • 6 • 1 J 

where Kea-Mg is the Ca-Mg exchange constant, assuming an ex

change phase and a soluble phase, Ceo is Ca concentration in 

the solution, CMgis the Mg concentration in the solution, N'ea 

is the exchangeable Ca and NI M9 is the exchangeable Mg. The 

stoichiometric relationship in the solution are: 

= CI +B Y eo 

CM9 = C I Mg - B Y 

[3.6.2J 

[3.6.3J 

where Cleo and Ceo are the initial and equilibrium concentra

tions of Ca, respectively, CIM9 and CM9 are the initial and 

equilibrium concentrations of Mg respectively, B is the ratio 

of grams of oven-dry soil to liters of solution, and Y is the 

number of moles of Mg entering an exchange per gram of soil 
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when a solution is brought into contact with soil colloids. 

The stoichiometric relationship on the exchange complex are: 

= N' Ca - y [3.6.4] 

NM9 = N' Mg + Y [3 • 6 • 5 ] 

Substituting eqs.[3.6.2]-[3.6.5] in [3.6.1] leads to 

(C'co +BY)/(C'mg -BY) = Kca-Mg (N'ca -Y)/(N'M9 +Y) 

or 

B(1-Kca_Mg )y2 +[B(N'M9 +KN'Ca )+Cl ca +Kca-Mg C'M9 ]Y 

[3.6.6] 

+C 'ca N I Mg - KCa-Mg N I Ca C I Mg = o. 0 • [ 3 • 6 • 7 ] 

Solving the quadratic equation [3.6.7] for Y gives the change 

in Ca and Mg concentrations to reach equilibrium. 

The Gapon equation, eq. [3.6.8], was used to describe Na

Ca exchange. 

(NNa INca) = Kca-Na (aNa I a Ca _5 ) 

Substituting for the activity leads to 

(CNa Y, ) I (Cca Y2) = Kca-Na (NNa INca) 

• [2.6.8] 

• [2.6.9] 

The stoichiometric relationship in the solution are: 

Cca = C' Ca +B X [3.6.10] 

CNa = C I Na - 2 B X [ 3 • 6 . 11] 

where Clca and Cca are the initial and equilibrium concentra

tions of Ca respectively, C I Na and CNa are the initial and 

equilibrium concentration of Na respectively, B is the ratio 

of grams of oven-dry soil to liters of solution, and X is the 

number of moles of Na entering an exchange complex per gram of 

soil when a solution is brought into contact with soil 
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colloids. The stoichiometric relationship on the exchange 

complex are: 

Nca = NI Ca - X 

NNa = NINa + 2 X 

[3.6.12] 

[3.6.13] 

Substi tuting eqs. [3.6.10] - [3.6.13] in [3.6.9] leads to eq 

[3.6.14]. 

Ar +BX3 +CX2 +DX+E = 0.0 [3.6.14] 

where A = - 4K2 Ca-Na B2 , 

B = 4B (y 1/2 +2K2 Ca-Na N I Ca B+K2 Ca-Na C INa ) , 

C = 4Y1/2 (CICa+NI Na B)-4K2ca_Na BN'ca (BN,ca+2CI Na )-

K2 CI2 
Ca-Na Na' 

o = NINa Y1/2 (4Cl ca +NINa B)+2K2ca_Na Nlca CINa (2BN'Ca 

+C INa)' and 

E - NI2 CI Y - K2 C,2 N,2 - Na Ca 1/2 Ca-Na Na Ca 

solving eq. [3.6.14] for X gives the 

change in Ca and Na concentrations to reach equilibrium. 

The exchange reaction of Na-NH4 is similar to the Ca-Mg 

but with a different constant. 

3.7 cation exchange capacity: 

cation exchange capacity is the sum of the exchangeable 

cations on the exchange complex of the soil. It is expressed 

in mmoles/1 g of soil. Neutral ammonium acetate solution is 

commonly used for the extraction of the exchangeable cations. 

However, some saline and alkali soils fix appreciable amounts 

of ammonium under moist conditions, this leads to an underes-
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timation of the CEC. An alternative way involves filling all 

the exchange sites with Na and extracting the exchangeable 

sodium by the neutral ammonium acetate or caCl2 • According to 

Babcock (1960), certain soils that contain a high percentage 

of exchangeable sodium, exchange their sodium with Na-22 (half 

life 2.605 years) more easily than with calcium or ammonium 

ions. The use of Na-22 for the determination of CEC creates 

a radioacti ve waste management problem. In this study, 

neutron activation technique was used on Na-23 in addition to 

the dilution technique used by Babcock and Shulz (1980). 

Activation of Na-23 produces Na-24 (half life 14.97 hours). 

Nuclear activation analysis is a method of determining 

the elemental composition by means of nuclear transformations. 

Activation analysis is normally performed by exposing samples 

to intense neutron flux in the immediate vicinity of a nuclear 

reactor core. The irradiation time can be calculated from 

Ao=(grams of sample(% of element / 100)(% abundance / 100) 

6.023*1023 / a (1_e-O.69ti/t1J2 »/atomic wt. (3.7.1] 

where Ao is the number of the disintegrations per second just 

at the conclusion of an irradiation of time duration ti, a is 

the microscopic cross section of the target, f is the thermal

neutron flux to which the sample is exposed, and t1/2 is the 

half life. In order to determine the mass of the unknown W , 

equation [3.7.2] was used 



W /Ws = (R/Rs) ( (l-e [-( In 2 I t 1/2) treals]) / 

(l-e[-Cln 2 I t 1/2) treall) ) e[-Cln 2 I t 1/2) t] [3.7.2] 
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where Ws is the mass of the standard, R is the count rate of 

the detector for the unknown, Rs is the count rate of the 

detector for the standard, treal is the real time of counts of 

the unknown on the detector in a second, treals is the real 

time of counts of the standard on the detector in second, and 

t is activation time in hours. The number of mmoles of 

charges/lOO g soil can be calculated from 

moles of charges/lOO g =(W) (molecular weight) (dilution) 

(sample size factor) [3.7.3] 



CHAPTER FOUR 

MATERIAL AND METHODS 

4.1 Selection and preparation of the soil: 
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The main problem of interest for application of the model 

is to predict the water quality of Euphrates basin soils in 

Syria. However; due to the difficulty of bringing soil 

samples from that area, it was desirable to find a soil 

similar to that of Euphrates basin. It was found that Aqua 

soil from Marana, near Tucson Arizona, is similar to Euphrates 

basin soils in most of the physical and chemical properties 

except for the lack of gypsum in the Aqua soil. The soil is 

classified as sandy loam, calcareous thermic, Typic 

Torrifluvents. Consequently; 1.5 m3 was collected from the 

top 45 cm. from Marana, air dried, and it was ground and 

passed through 2 mm sieve. The soil was mixed well and 

reagent grade powder gypsum was added to produce samples 

containing 0.0, 0.5, 1.0, 2.0, 5.0, 10.0, 20.0, 50.0 and 100 

% gypsum by weight. These nine soil-gypsum mixtures were 

later used to determine the physical and chemical parameters 

required to run the developed model. 

4.2 Carbonate equilibrium: 

Triplicates of subsamples at saturation, 100, and 500% 

moisture were equilibrated over night in closed containers, 
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each at 5, 18, 30, and 42°C. An extract of each was obtained 

and analyzed. Atomic absorption spectrophotometry was used to 

determine Ca and Mg, and flame emission was used to determine 

Na and K on these extracts and subsequent analyses 

respectively. Titration with H2S04 using phenolphthalein and 

Methyl orange respectively as indicators were utilized to 

determine c03 and HC03 • A DIONEX 2320i anion analyzer was 

used to determine CI, S04' and N03 • 

4.3 Solubility of gypsum: 

The time required for gypsum to reach equilibrium with 

salt solutions was determined in the following manner. 

An excess of reagent grade gypsum was added to 

triplicates of 40 ml salt solutions containing 0, 1, 5, 10, 40 

moles of charges/m-3 of CaCI2 , MgCI2 , MgS04, Na2S04, and NaCI in 

50 ml centrifuge tubes. The tubes were daily shaken twice in 

a water bath at 25 ± 0.5 °C. The solutions were centrifuged 

after 2, 3, 4, and 5 days to separate the supernatants from 

the crystal gypsum. An aliquot of each supernatant was 

diluted and the Ca concentrations were determined. Calcium 

concentration did not vary with time, therefore; three days of 

incubation were used for the remainder of the replicates. The 

solubility of gypsum was calculated by difference in Ca 

concentrations in the supernatants for each replicate. 
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4.4 cations and Anions in 1:1 extract and in the irrigation 

water: 

Triplicates of soil subsamples containing 0 and 10% 

gypsum were added to the same weight of deionized water. The 

subsamples were equilibrated overnight at 21 oc, and extracts 

were obtained by suction and analyzed. Titration with 

sulfuric acid using phenolphthalein and Methyl orange 

respectively as indicators were utilized to determine C03 and 

HC03 • Chloride was determined by titrationn with AgNo3 using 

Potassium Chromate as an indicator (handbook 60). Sulfate was 

determined by titration with BaC12 using Thorin as indicator 

and Amberlite IR-120 as a high porosity cation exchange resin 

(Dutt, unpublished). The electrical conductivity of the 

extract was measured by conductivity meter • 

MgC12 was added to the deionized water to form the 

irrigation water that was used in the model validation. The 

same methods of analysis were utilized to determine the 

cations and the anions in the irrigation water. 

4.5 Determination of the cation exchange capacity: 

Two standard methods of estimating CEC, namely ammonium 

acetate and calcium chloride were used to test a new method of 

estimating CEC. The new method involves a combination of 

neutron activation and dilution techniques. 

The procedure involves the following steps: 

1 - 1 ml of 1.54 mmole/l of NaCl was activated for 30 min in 



TRIGA reactor. 

2 - The activated sample was added to 1 1 of 0.6 N sodium 

acetate solution to form tagged CH3COONa, CH3COONa*· 

3 - 5 9 soil was placed in 50 ml centrifuge tube. 

4 - 30 ml of CH3coONa*was added to the tube. 

60 

5 - The tube was sealed and shaken for 20 minutes on a shaker. 

6 - Then,it was centrifuged for 10 min at about 1600 rpm. 

7 - The supernatant produced by the centrifugation was 

discarded. 

8 - steps 4 to 7 were repeated two more times. 

9 - 30 ml of isopropyl alcohol was added to the tube. 

10- The tube then was sealed and shaken for 20 min. 

11- After that, it was centrifuged for 10 min at about 1600 

rpm. 

12- The supernatant produced by centrifugation was discarded. 

13- steps 9 to 12 were repeated two more times. 

14- 30 ml of 1 N ammonium acetate was added to the tube. 

15- The tube was sealed and shacked for 20 min. 

16- It was centrifuged for 10 min. 

17- The supernatant was collected in 100 ml volumetric flask. 

18- steps 14 to 17 were repeated two more times. 

19- The collected solution was completed to 100 ml by 1 N 

ammonium acetate. 

20- The Na activity of the collected solution was measured on 

the multichannel analyzer. 



21- The Na concentration of the collected solution was 

measured on flame emission. 
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22- The CEC of the soil was estimated from Na activity - The 

new technique - and from Na concentration, the first 

standard method. 

The 22 steps were repeated by using CaCl2 instead of 

ammonium acetate as a test against the second :standard method. 

4.6 Soil particle size analysis: 

Triplicate 25 g soil subsamples were thoroughly dispersed 

using a sodium pyrophosphate solution. Particles larger than 

50 J,£m were separated by wet sieving using 300 mesh sieve. 

Sand particles were dried and separated into the various sand 

fractions using sieves shaker. The pipette method was used 

for particles < 50 J,£m. Stokes law, eq. [4.6.1], was applied 

to determine the sampling time for each particle size at the 

analysis temperature and for the desired depth. 

d = [18 h n / t g Cds - d f ) ] 1/2 [4.6.1] 

where d is the particle diameter, t is the time needed for a 

particle to fall from a height h, n is fluid viscosity, g is 

gravitational acceleration, ds is particle density, and d f is 

fluid density. 

4.7 Moisture release curve: 

Disturbed soil mixtures containing 0, 0.5, 1.0, 2.0, 5.0, 

10.0, 20.0, 50.0, and 100 % gypsum were used in the 

determination of the moisture-suction relationship. Tempe 
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cells were used to find moisture-suction relationships at 0.0, 

0.08, 0.25, 0.50, and 1.0 atm. suctions. A Pressure plate 

apparatus was used for 3.0, 7.5, and 15 atm suctions. 

Triplicates of each mixture were passed through the following 

steps: 

1 - The disturbed soil mixtures were packed in Tempe cell 

rings or in pressure plate rings. 

2 - The soil mixtures were saturated from the bottom by a 

solution saturated with gypsum. 

3 - suction of one atm was applied to the mixture until 

equilibrium • 

4 - The soil mixtures were resaturated from the bottom by a 

solution saturated with gypsum. 

5 - When tempe cells were used, the drained water was 

collected from the bottom of the cells at each pressure 

and placed in preweighed volumetric flasks. At the end of 

the run - at 1 atm. - the water content of the soil was 

determined by the gravimetric method. Water content at the 

intermediate equilibrium suctions was estimated from the 

weight of the water collected between the equilibrium 

points. Gravimetric water content at each equilibrium 

point was calculated. 

6 - Volumetric water content at the equilibrium points were 

calculated by multiplying the gravimetric water contents 

by the average bulk density that were calculated at the 
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equilibrium points. 

4.8 Soil hydraulic conductivity: 

The saturated hydraulic conductivity, Ks ' was estimated 

on all the disturbed soil-gypsum mixtures. Glass cylinders 

of 4.5 cm inside diameter and a sieve on the bottom were 

used. A constant head of deionized gypsum saturated water was 

used to determine the values of Ks. Measurements were made in 

triplicates after reaching equilibrium. Darcy's equation 

[4.7.1] was used in estimating Ks • 

Q/t = A KsH/L [4.7.1] 

where Q is the volume of the solution passing through the 

material with time t, A is the area of the soil column, and Ks 

is the average saturated hydraulic conductivity in the soil 

interval L over which there is a hydraulic head different. 

Van Genuchten • s closed form method was used in the 

estimation of the unsaturated hydraulic conductivity. A 

modified version of the nonlinear curve fitting program, that 

was written by van Genuchten, was used to evaluate the 

required parameters n, a, and ere 

4.9 The validation experiment: 

Three glass tubes of 4.65 cm inside diameter and 50 cm in 

length were placed in a constant temperature chamber at 31 ± 

0.5 °C. Two layers of 11 cm gypsum free soil sandwiched an 11 

cm soil containing 10 % gypsum. A layer of glass wool was 

placed at the bottom of each column. Soil water suction at 
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the start of the experiment was about 9.5 atm. A solution 

containing 2.88 mmole/L of Mg and 5.75 mmole/L of Cl was added 

in small amounts to the soil surface. The percolated water 

from the bottom of the tubes was collected in 25 ml volumetric 

flasks, then it was analyzed for Ca, Mg, Na, Cl, and HC03 • 
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A flow diagram of the program GYPSOL for predicting the 

solubility of gypsum is presented in fig. 5.1.1. Fifteen 

subprograms " Zl to Z15 " were prepared from GYPSOL by 

changing the way of calculating the activity coefficient and 

the ion pairs considered in gypsum solubility prediction. 

A comparison of the experimental and predicted solubility 

of gypsum using a combination of different ways of calculating 

the single ion activity coefficient and different ion pairs is 

presented in table 5.1.2, where Zl to Z15 are the names of the 

subprograms defined in table 5.1.1. 

Columns 1 and 2 are, respectively, the solution and the 

concentration in which the gypsum was dissolved. Column 3 is 

the experimental solubility of gypsum. Columns 4 to 18 are 

the predicted values of gypsum solubility. As would be 

expected from the common ion effect, there was a decrease in 

the solubility with increasing solution concentration for 

solutions containing Ca or S04 as shown in table 5.1.2. There 

was an increase in the solubility for the other salt 

solutions. The subprograms which considered MgS04 and Na2S04 

ion pairs increased the predicted solubility. This increase 
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of the solubility was higher in the case of MgS04 than for 

Na2S04 ion pair. Including Na2So4 in subprograms 3, 6, 9, 12, 

and 15 did not increase gypsum solubility more than 1 %, thus 

it would not be relevant for most studies. 

Table 5.1.1 Names of the subprograms for different T'S and 
ion pair combinations. 

Activity coefficient 
Ion pair combination T1 T2 T3 T4 T5 

CaS04 Zl Z4 Z7 Z10 Z13 

CaS04 and MgS04 Z2 Z5 Z8 Zll Z14 

CaS04 , Mgs04 , and Na2S04 Z3 Z6 Z9 Z12 Z15 

T1 calculated from eg. [3.4.10] 
T2 calculated from eg. [3.4.11] with c' = 0.2 
T3 calculated from eg. [3.4.11] with C' = 0.3 
T4 calculated from eg. [3.4.7] 
T5 calculated from eg. (3.4.7] with Q. * B = 1.3 1 



Table 5.1.2 Experimantal (EXP) and predicted (Zl to Z15) 
solubility of gypsum of different salt solutions in mmolesjL . 

. 
solution conc. expo ZI ZZ Z3 14 Z5 Z6 Z7 ZS Z9 ZIO Z)) lIZ Z13 Zl4 ZIS 
~----------------------------------------------------- ---.--------------------------------------------------------------.-----

Ca C12 .00 15.55 15.96 15.96 15.96 15.33 15.33 15.33 15.06 15.06 15.06 14.81 14.81 i4.81 15.3,1 15.34 15.34 
.50 15.37 15.78 15.78 15.78 IS .14 15.14 15.14 14.85 14.86 14.86 14.61 14 .61 14.61 15.15 15.15 15.15 

2.50 14.37 15.13 15.13 15.13 14.43 14.43 14.43 14.13 14 .13 14.13 13.89 13.89 13 .B9 14.45 14.45 14.45 
5.00 13.61 14.46 14.46 14.46 13.70 13.70 13.70 13.38 13.38 13.3a 13.14 13.14 13 .14 13.74 13.74 13.74 

10.00 IZ.59 13.51 13.51 13.51 12.6Z 12.62 12.62 12.25 12.25 12.25 12.03 12.03 12.03 12.70 12.70 12.70 
20.00 11.10 12.49 12.49 12.49 11.36 11.36 11.35 10.09 10.a9 10.a9 10.76 10.76 10.76 11.52 11. 52 11.52 

119 504 .00 15.55 15.96 15.96 15.96 15.33 15.33 15.33 15.06 15.06 15.06 H.BI 14.81 14.81 15.34 15.34 15.34 
.50 15.42 15.84 15.87 15.87 15.19 15.22 15.22 14.90 14.94 14.94 I4 .61 11.70 H.70 15.20 15.24 15.24 

2.50 15.15 15.42 15.55 15.55 14.67 14 .84 14.84 14.34 11.53 1<\.53 14.10 14.30 14.30 14.70 1-1.07 H.8! 
5.00 15.04 15.00 15.22 15.22 14.12 I4 .'13 14.43 13.75 14.09 14.09 13.51 13.87 13.87 14.19 14.47 14.47 

10.00 14.03 14.43 14.72 14.72 13.30 13.78 13.78 12.S3 13.38 13.38 12.63 13.20 13.20 13.43 13.86 13.86 
20.00 13.52 13.86 14.13 H.I3 12.25 12.89 12.89 11.60 12.39 12.39 II. 56 12.30 12.30 12.55 13.06 13.06 

/oIg C12 .00 15.55 15.96 15.96 15.96 15.33 15.33 15.33 15.06 15.06 15.06 14.S1 14.S1 14.Bl 15.34 15.34 15.34 
.50 15.54 16.15 16.18 16.18 15.48 15.52 15.52 15.19 15.23 15.23 11.95 14.99 14.99 15.50 15.54 15.54 

2.50 16.75 16.06 17.03 17.03 16.05 16.26 16.26 15.69 15.93 15.93 15.45 15.69 15.69 16.09 16.30 16.30 
5.00 17.35 17.68 18.03 18.03 16.67 17.11 17.11 16.24 16.72 16.72 16.00 16.51 16.51 16.76 17.10 17.18 

10.00 19.13 19.15 19.55 19.85 17.75 la.63 18.63 17.16 18.13 18.13 16.97 IS.00 10.00 17.94 HUO HUO 
20.00 21. 62 21. 70 23.04 23.04 19.45 21. 18 21.1S IS.54 20.45 20.45 18.55 20.56 20.56 19.51 21.53 21. 53 

Na Cl .00 15.55 15.96 15.96 15.96 15.33 15.33 15.33 15.06 15.06 15.06 14.81 14.81 14.01 15.34 15.34 J5.34 
1.00 15.60 16.09 16.09 16.09 15.43 15.n 15.44 15.15 15.15 15.15 14.90 14.90 14.91 15.45 15.45 IS. '15 
5.00 16.32 16.57 16.57 16.59 15.62 15.82 15.84 15.49 15.49 15.51 15.25 15.25 15.26 15.85 15.!l5 15.07 

10.00 16.68 17.14 17 .14 17.18 16.26 16.26 16.30 15.89 15.89 15.93 15.64 15.64 15.67 16.32 16.32 16.36 
20.00 17.43 18.19 18.19 18.27 17.05 17.05 17.13 16.57 16.57 16.65 16.35 16.35 16.42 17.17 17.17 17.25 
40.00 18.83 20.05 20.05 20.21 18.37 IS.37 IS.53 17.68 17.63 17.S4 17.54 17.54 17.68 10.64 \8.64 18.80 

lla2 S04 .00 15.55 15.96 15.96 15.96 15.33 15.33 JS.33 15.06 15.06 15.05 11.01 14.81 1<1.81 15.34 15.31 15.3'1 
.50 11.82 15.70 1~.78 15.79 15.14 15.14 15. H 14.86 11.136 14.06 14.61 14.61 14.52 I~. IS 15. J 5 15. J 5 

2.50 14.48 IS. 13 15.13 15.14 14.43 14.43 14.45 14.13 14.13 14.15 13.09 13.09 13.90 14.45 14.45 14.47 
" 5.00 13.70 14.46 14.46 14.49 13.70 13.70 13.74 13.3S 13.3S 13.41 13.14 13.14 13.17 lJ.74 13.74 13.77 

/ 10.00 13.15 13.51 13.51 13.56 12.62 12.62 12.69 12.25 12.25 12.31 12.03 12.03 12.08 12.70 12.70 12.76 
20.00 11.99 17..49 12.49 12.58 11.36 11.36 11.45 10.89 10.89 10.28 11. 76 11.76 10.84 11. 52 11.52 11.61 

0\ 
..J 
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Table 5.1.3- statistical analysis of the experimental vs. 
predicted solubility of gypsum for CaCl2 ' MgS04 ' 
NaCI, and Na2S04 salt solutions combined. 

subprogram BO Bl R F 

Zl 1.467 .938 .989 1252 
Z2 .330 1.019 .990 1391 
Z3 .312 1.021 .990 1315 

Z4 -2.449 1.111 .779 43 
Z5 .421 .956 .994 2196 
Z6 .411 .958 .994 2398 

Z7 2.313 .780 .965 378 
Z8 .423 .932 .990 1420 
Z9 .407 .934 .991 1597 

Z10 1.602 .830 .968 411 
Zll .020 .945 .992 1792 
Z12 .854 .947 .993 2004 

Z13 1.575 .876 .983 804 
Z14 .265 .971 .994 2403 
Z15 .249 .973 .994 2509 

BO = intercept 
Bl = slope 
R = regression coefficient 
F = F test value 

The results of the statistical analysis are presented in 

table 5. 1. 3 . This table shows the effects of considering each 

ion pair on the value of slope "Bl" , the correlation 

coefficient "R", and the intercept of the regression line "BO" 

of the experimental vs. predicted solubility of gypsum for all 

salt solutions studied. Table 5.1.3 also shows the F values, 

which show how the regression is effective in adjusting the 

data, for each of the above cases. If there was an exact 
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agreement between the predicted and measured values, 

regression line would pass through the origin and have a slope 

of 1. 0 with a regression coefficient of 1. o. 

selecting the best subprogram was based on: 

1- The value of the intercept closest to zero. 

Therefore; 

2- The slope and regression coefficient closest to 1.0. 

3- the highest the F value. 

For each method of calculating T j when all salt solutions 

were considered the values of F and R decreased when the 

number of ion pairs considered in the estimation of the 

solubility was decreased. The difference between B1 values 

and slope of 1.0 also increased. The data indicate that MgS04 

has a larger effect than Na2S04 ion pairs. A close look at 

table 5.1.3 shows that subprogram Z15, which considers CaS04 , 

MgS04 , and Na2So4 ion pairs with equation 3.4.7 with a j * B = 

1.3, for T calculation, had the best statistical parameters R 

and F and which values of BO and B1 are the closest approach 

to zero and one respectively for all salt solutions combined. 

The second best prediction of gypsum solubility was when TiS 

were calculated from Debye-Huckel law, eq. [3.4.7], which has 

a j and B in the denominator. Considering CaCI+ ion pairs with 

a dissociation constant of 0.21, which was calculated by 

Corsaro (1962) and used later by Nakayama (1971b), made the 

prediction worse, as is shown in table 5.1.4. Table 5.1.5 

shows the effect of considering CaCI+ ion pair on the 



70 

statistical parameters compared with subprogram Z15 which did 

not consider CaCI+ ion pair. Fig. 5.1.2 shows the 

experimental vs. predicted solubility using subprogram Z15. 

The preceding discussion showed that the use of a mean 

value of "a. 
1 

* B = 1. 3" gave the best f it. That means one 

value of Ti can be used for the monovalent ions namely T 1, 

and another for the divalent,namely T 2 , instead of using a 

different value of T j for each ion. It also shows that there 

is no need to use a correction factor "c" like the one 

suggested by Guggenheim (1935) and Davis (1938) in the 

concentration range studied here. Although the statistical 

analysis presented in table 5.1.3 shows better statistical 

parameters when Na2S04 ion pairs were considered, the 

solubility of gypsum did not increase more than 1 % for the 

highest salt solutions. Since the analytical error exceeds 

1%, Na2S04 ion pairs have not been considered in the model. 

Therefore, the mean values of monovalent and divalent activity 

coefficients, only CaS04 , and MgS04 ion pairs were used in the 

model. 
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Figure 5.1.2 Measured vs. predicted solubility of 
gypsum using Z15. 
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Table 5.1.5- statistical analysis of the experimental vs. 
predicted solubility of gypsum for subprograms Z15 and 
Z16. 

solution parameter Z15 Z16* 

CaCl2 BO 1.884 2.750 
B1 .867 .811 
R .998 .998 
F 1526.000 1376.000 

MgS04 BO -1.139 -1.139 
B1 1.056 1.056 
R .983 .983 
F 117.000 117.000 

MgCl2 BO -0.393 -3.272 
B1 1. 009 1.185 
R .998 .993 
F 1103.000 285.000 

NaCI BO -1.165 -3.358 
B1 1.056 1.196 
R .995 .995 
F 427.400 391.000 

Na2S04 BO -1. 784 -1. 784 
B1 1.121 1.121 
R .987 .987 
F 147.200 147.200 

All solutions BO .249 .212 
B1 .973 1. 008 
R .994 .991 
F 2509.000 1547.000 

BO = intercept 
B1 = slope 
R = regression coefficient 
F = F test value 
Z16* = Subprogram Z15 and ~ for CaCI+ = 0.21 
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5.2. 1:1 extracts: 

The chemical analysis of 1:1 extracts is presented in 

table 5.2.1. The data are presented in two groups. The first 

group presents the data for the 0.00 % gypsum soil, and the 

second group presents the analytical data for the soil that 

contains 10.0 % gypsum. The results show that the commonly 

used rule of thumb is applicable when gypsum is not present in 

the soil, e.i. the sum of the cations or the anions estimated 

in mmoles of charges per liter is ten times the EC measured in 

decisiemens per meter (dS/m). The rule of thumb is not 

applicable for the soil containing 10.00 % gypsum because of 

ion pairs formation between the calcium or magnesium and 

sulfate. A comparison of Ca and S04 concentrations between the 

gypsum free extract and the one containing gypsum shows a 

higher concentrations of Ca and S04due to the solubility of 

gypsum. The difference in EC between the two extracts is 

about 2.0. If we assume the solubility of gypsum in distilled 

water is about 31.1 mmoles of ion charges per liter, we can 

say that the difference is due to solubility of gypsum minus 

the ion pairs that could be formed, which is about 9.8 mmoles 

of ion charges per liter. Moreover; the presence of gypsum in 

soils and its solubility increased the concentration of other 

cations in the extract. The increase of Mg, Na, and K 

concentrations can be explained by their release from the 

exchange complex when a high concentration of Ca ions exists 
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in the soil water system as a result of gypsum solubility. 

The HC03 concentration is lower in the presence of gypsum, 

this can be explained by a lower caC03 solubility product in 

the soil-water system. The amount of the extract was not 

enough for nitrate analysis. Therefore; it was estimated by 

the difference between the sum of the cations and sum of the 

ions in mmoles of ion charges per liter. However; carbonate 

equilibrium experimental data as a function of moisture and 

temperature presented later show nitrate concentration in the 

range estimated by the difference. 
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Table 5.2.1 Chemical analysis (mmole/L) of 1:1 extract 
of the soils used in the validation experiment. 

0.00 % gypsum 10.00 % gypsum 
reo 1 reo 2 ave. reo 1 reo 2 ave. 

Ca 3.44 3.15 3.30 16.57 16.27 16.42 

Mg 0.69 0.70 0.70 1.99 1.92 1.96 

Na 3.31 3.16 3.24 3.67 3.67 3.67 

K 0.72 0.61 0.67 1.07 0.97 1.02 

C03 0.00 0.00 0.00 0.00 0.00 0.00 

HC03 1.10 1.13 1.12 0.99 0.92 0.96 

Cl 3.17 3.18 3.18 3.07 3.17 3.12 

S04 2.10 2.30 2.20 15.45 15.65 15.55 

*N03 3.82 2.56 3.19 6.90 5.63 6.27 

EC 1.16 1.25 1.20 3.03 3.03 3.03 

* Calculated from the differece between the sum of the 
positive and the negative charges. 

5.3 cation Exchange Capacity: 

The results of two neutron activation methods that were 

used in the estimation of CEC of Agua soil are presented in 

table 5.3 • 1. Column one shows the solution used in the 

extraction of the activated Na and the standard used for 

concentration calculation. Column two displays the activity 

"number of disintegration per minute after background 
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correction" estimated from five minutes of measurement of each 

sample. The acti vi ty of the soil samples was negligible after 

replacing the acti vated Na by each of caCl2 and NH4 OAc 

solutions. That means both caCl2 and NH40Ac were capable of 

releasing all the exchangeable Na from the exchange sites. 

The low count rate in column two - one tenth of optimum count 

rate (activity) for the type of activity measured - means low 

activity remained in the solution at the time of measurement. 

Column three shows CEC using the neutron activation analysis 

with dilution technique for the replacing solutions shown in 

column one. The values of the CEC presented in column three 

were calculated using eq. [3.7.3]. The results of the new 

technique shown in column three is in agreement with the CEC 

value reported in Gelderman (1972) for Agua soil. 

Although the count rate values reported in column two of 

table 5.3.1 are low for optimum activity measurement, the new 

technique is promising because reasonable results could be 

obtained even with the low count rate reported. Also, a 

higher count rate (activity) can be obtained easily by 

irradiating the same amount of the solution for a longer time; 

by conducting the experiment after a short time of the 

irradiation; by using a larger quantity of the irradiation 

solution; or by using a higher concentration of the NaCI 

solution to produce the activated (tagged) Na. It is also 

promising because of the possibility of estimating the 
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concentration of the soluble ions and the exchangeable cations 

such as Ca, Mg , Na , and K in the soil-water system by 

collecting the solution percolated from replacing the exchange 

sites by replacing ions and irradiating it for reasonable 

time and measuring the activity of each cation and anion on 

the proper channel at the proper time. 

The mean value of CEC estimated by the neutron 

acti vation-dilution method was used in the soil chemical 

characteristic input file. The CEC input value of the soil 

layer containing 10% gypsum was 90% of the CEC value of the 

gypsum free soil I that is I a CEC of 0.0 was assumed for 

gypsum. 

Table 5.3.1 Activity of Na in the extraction solution 
after background correction and the CEC (mmoles of 
charges/100 g) of Agua soil. 

method 

CaC12 

CaClz 

NH40Ac 

NH40Ac 

standard 

(20.27) = 

Activity 
(Bequerel) 

59 

63 

46 

66 

108 

average 

CEC 
(mmole of charges/L) 

20.36 

21. 73 

15.87 

23.12 

(20.27) 
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5.4 Dissociation of calcium carbonate as a function of 

temperature and moisture, partial pressure of CO2, and pH 

The effect of temperature on carbonate equilibrium can be 

determined by using Vant-Hoff equation, derived in section 

[3.3], for K' value of equation [3.5.16]. 

K '= K CH2C03 • [ 5 . 4 . 1] 

Henry's law can be used to get the value of CH2C03 from the 

partial pressure of CO2 in the soil-water system, PC02 : 

KC02 = CH2C03 / P C02 [ 5 • 4 • 2 ] 

where KC02 is Henry's law constant. Substituting the value of 

CH2C03 from [ 5 • 4 • 1] into [ 5 • 4 • 1] leads to 

K' = Ksp K1 KC02 PC02 / K2 [5.4.3] 

were K' can be considered a combined constant. 

The partial pressure of CO2 in the atmosphere is 10-3.5 

atm. (Garrels and Christ, 1965). According to Foth (1978) CO2 

concentration in the soil air is ten to hundred times its 

concentration in the atmosphere. Therefore, a CO2 partial 

pressure of 0.03 atm can be considered reasonable in the soil-

water system. A value of O. 03 atm was used in a program 

called CARBTEMP written in Fortran 77. This program 

calculates the values of K1, K2, Ksp ' and KC02 at a temperature 

specified by the user of the program from their values at 298 

oK using Vant-Hoff's equation [3.3.12]. The user of CARBTEMP 

enters the desired CO2 partial pressure in order to get the K' 

value at the specified temperature. A flow diagram of the 
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CARBTEMP is shown in fig 5.4.1. The values of K" Kz' Ksp ' and 

Kcoz at 29S OK were taken from Garrels and Christ (1965). The 

values of K' and Log K' at 5 oK intervals are tabulated in 

table 5.4.1 for a partial pressure of COz equals 0.03 atm. 

Table 5.4.1 shows that a change in temperature of 40 OK 

produces one order of magnitude change in K' value. 

The second factor affecting K' value is the moisture 

content in the soil. Dutt et a1. (1972) found that the 

activity of Ca++ and HC03- are a function of moisture. They 

estimated the value of K' which is equal to aca * aZHC03 at 

different moisture contents and found a straight line 

relationship between log K' values and log percent moisture 

content in the soil. 

Table 5.4.1 Theoretical K' value for different temperature 
calculated using CARBTEMP program. 

temperature OK K' log K 

273.0 1.9SE-7 -6.70 
27S.0 1.44E-7 -6.S4 
2S3.0 1.05E-7 -6.97 
2SS.0 7.S2E-S -7.11 
293.0 5.S6E-S -7.23 
29S.0 4.43E-S -7.35 
303.0 3.3SE-S -7.47 
30S.0 2.61E-S -7.5S 
313.0 2.02E-S -7.69 
31S.0 1.59E-S -7.S0 
323.0 1.25E-S -7.90 
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The experimental procedure described in section [4.2] was 

conducted to determine the effects of temperature and moisture 

on K'. The results of the experiment on Agua soil are 

presented in table 5.4.2. Column one shows the temperature 

and column two shows log percent moisture on weight basis. 

The last column shows the EC of the extract. The average 

concentration of the ions specified in rows one and two are 

presented in the rest of the table. The sum of the cations 

(mmole of positive charges) in table 5.4.2 are approximately 

equal to the sum of the anions (mmole of negative charges) and 

each of them is about ten times the EC estimated in ds/m. The 

K' values in equation [3.5.16] were calculated for each row of 

the experimental data presented in table 5.4.2 using the 

program CARBEQ which is written in FORTRAN 77 language. A 

flow diagram of CARBEQ is shown in figure 5.4.2. Log K' 

values calculated from the experimental data of table 5.4.2 

are shown in table 5.4.3. Table 5.4.3 shows log K' values as 

a function of temperature and moisture. Figure 5.4.3 shows 

the effect of temperature and moisture on K' in three 

dimensions. A step wise multilinear regression analysis was 

conducted on the data of table 5.4.3 using Plotit software 

(table 5.4.4). The multiple R in the first step for the 

moisture independent variable was 0.886, and the R in the 

second step for moisture and temperature independent variables 

together was 0.971. The predicting multilinear regression 
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equation for the experimental data presented in table 5.4.3 

is: 

log K'=-5.4748+0.02388(T-273)-1.6146 M [5.4.4] 

where T is temperature estimated in oK, and M is log percent 

moisture on weight basis. A straight regression line was 

passed through the log K' values calculated from CARBEQ as a 

function of moisture for each temperature to compare the 

results with the experimental data of Dutt et ale (1972). The 

results of the statistical analysis are presented in table 

5.4.5 where a very high coefficient of determination, above 

0.99, was obtained for log K' as a function of log percent 

moisture only when the temperature of the equilibrium was 278 

or 291 oK. These results are in agreement with Dutt et ale 

(1972). The coefficients of determination at 305 and 315 oK 

were around 0.9. However; introducing the temperature 

independent variable in the regression analysis increased the 

coefficient of determination significantly as it is clear in 

table 5.4.4. The results of testing the K' values estimated 

from the derived equation against the experimental K' values 

were good. Therefore equation 5.4.4 has been incorporated 

into equation 3.5.20 of carbonate equilibrium calculations for 

the determining the change in Ca and HC03 concentrations in the 

soil-water system at the specified temperature. 



Table 5.4.3 Log K' as a function of temperature and log 
percent moisture calculated from experimental data using 
CARBEQ program. 

log temperature OK 
percent 
moisture 278 291 305 315 

1.47 -7.728 -7.264 -7.285 -7.270 

2.00 -8.700 -8.044 -7.588 -7.467 

2.69 -9.817 -9.458 -9.078 -8.885 
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Three-dimension gragh of log K' as a function 
and temperature. 
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In this study the assumption of Dutt et ale (1972) " a 

constant partial pressure of CO2 at a constant moisture 

content" is extended to include temperature too. In other 

words a constant partial pressure of CO2 exists at a constant 

moisture content at speciffic temperature. 

From eq. [5.4.3] we can write 

LogK - Log[ (Ksp Kl KC02 PC02) /K2] [5.4.5] 

Equating eq. [5.4.4] with eq. [5.4.5] leads to 

P _(~10[-5.475+0.024(T-273)-1.6l5M])/(K XX) [5.4.8] 
CO2 ."2 sp 1 CO2 

Equation [5.4.8] shows that the partial pressure of CO2 

is a function of moisture content and temperature. 

Equation [3.5.3] can be written in the following form 

[5.4.9] 

Substi tuting for a HC03 from eq. [3.5.5] and for aH2C03 from 

eq. [5.4.2] in eq. [5.4.9] we get 

[5.4.10] 
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Substi tuting for a C03 from eq. [3 .5. 7 ] leads to 

a H - t/(K1 K2 KC02 PC02 aca>/Ksp [5.4.11] 

Equation [5.4.11] shows that the pH in the soil-water is a 

function of the partial pressure of CO2 and the activity of 

calcium. However; the partial pressure of CO2 is a function 

of temperature and % moisture and the concentration of Ca is 

a function of precipitation and desolution of carbonate and 

gypsum when they are present and the exchange reaction • 

5.5 Moisture suction relationships: 

The moisture contents on a weight basis as a function of 

suction for Agua soil containing different gypsum percentages 

are presented in table 5.5.1. It is clear that increasing 

gypsum percentage increases water retained at each suction. 

Moisture retained in the soil at equilibrium with each suction 

for soil free-gypsum (100 % gypsum) is three to four times the 

amount of moisture remained in the gypsum-free soil (0 % 

gypsum) • 

Bulk density values of the soil mixtures in table 5.5.1 

are presented in table 5.5.2. It is obvious that the bulk 

density of the soil mixtures decreases with increasing gypsum 

content. 

Multiplying average bulk density of each soil from table 

5.5.2 by its average moisture content on the weight basis at 

each suction from table 5.5.1 produces a relationship between 
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suction and moisture content on volume basis. These 

relationships are tabulated in table 5.5.3. The moisture 

content at each suction for the soil containing 100 % gypsum 

is less than twice the moisture content of gypsum free soil. 

The moisture release curves of the soils containing 0.0, 10.0, 

20.0, 50.0, and 100.0 % gypsum are presented in figure 5.5.1 

on semi-log scale. Figure 5.5.1 shows that the moisture 

content at equilibrium with each suction increases with 

increasing percent gypsum in the soil. The differences in 

moisture content between the gypsum-free soil and the soils 

containing gypsum are larger at lower suctions. 

table 5.5.3 Soil moisture characteristic data, and saturated 
hydraulic conductivity values as a fuction of gypsum 
percentage. 

gypsum 
% 

.00 

.50 

1.00 

2.00 

5.00 

10.00 

20.00 

50.00 

suction (atm.) 
0.00 0.08 0.25 0.50 1.00 3.00 7.50 15.00 Ksat 

48.30 28.88 23.28 20.87 18.88 15.62 13.06 12.75 22.47 

43.50 28.07 21.97 19.85 17.80 15.43 12.83 12.68 20.65 

45.62 29.65 24.36 21.86 19.74 15.36 13.28 12.75 21.53 

41.91 28.30 22.56 20.03 17.79 15.40 13.13 12.83 18.09 

41.63 29.77 24.57 21.16 18.75 15.56 13.32 13.31 16.05 

39.85 32.10 27.21 22.69 19.10 15.85 13.72 13.70 17.16 

45.78 37.71 34.35 25.96 20.18 15.97 14.57 14.22 18.53 

56.90 47.60 45.11 31.73 20.96 16.79 15.75 15.54 22.22 

100.00 68.20 58.80 56.23 30.65 20.54 18.21 17.70 17.51 
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A smooth release curve was obtained from the gypsum free 

soil, while a large release of moisture occurred between 1/3 

and 1 atm. in the presence of gypsum. This abrupt release was 

higher for the soils containing large amounts of gypsum. At 

least two types of reasons, physical and chemical, could be 

associated with the abrupt moisture release. 

The first is physical, where it could be assumed that a 

large number of a range of specific pore size might be 

produced when the powdered gypsum was added to the soil. The 

range of the pore size that could be the reason of the abrupt 

release and can be calculated from: 

r = 2 a / T [5.5.1] 

where r is pore radius, a is the coefficient of surface 

tension, and T is tension. It is found that the range of pore 

radius between 2 and 10 ~m release their water under a log of 

centimeter water between 2.4 and 3 (Kirkham and Powers ,1972). 

The second reason is chemical. It is found that gypsum, 

CaSo4 .2H20, releases its molecular water when it is exposed to 

heat. It releases one molecule of water when the temperature 

reaches 311 oK and produces CaS04 .H20. The first gypsum 

product releases half molecule of water when the temperature 

reaches 353 oK and produces Caso4 .1/2 H20. The last half 

molecular water can be released at 453 oK with a production of 

caS04 • The abrupt release of moisture between 1/3 and 1 atm. 

can explained by analogy of moisture release by suction with 
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moisture release by temperature. 

5.6 Soil water retention function. unsaturated hydraulic 

conductivity. and diffusivity: 

To accurately predict the unsaturated hydraulic 

conductivity and diffusivity from retention curve data and 

saturated conductivity, a reliable retention curve function is 

required. In this study Campbell's graphical method (1974), 

a simplified method of Brooks and Corey (1964), has been 

tested. A graph of suction vs. water content on volume basis 

for 0.0, 20.0, and 100 % gypsum on log-log scale is shown in 

figure 5.6.1. This graph shows that a straight line can be 

passed through the points representing the soil containing 0.0 

% gypsum with acoefficient of determination of 0.991. The 

straight line coefficient of determination was 0.858 for the 

soil containing 20.0 % gypsum, and .776 when the gypsum was 

100.0 %. After failure to obtain an acceptable retention 

function using Campbell's method, van Genuchten's empirical 

forms with their parameters a, n, m, 9 s ' and 9 r were adapted. 

Van Genuchten's proposed water retention function, equation 

[3.1.10], has the correct behavior for h = 0.0 and as h ~ - 00, 

where W = 1.0 and 0.0 for h = 0.0 and for h ~ -00 respectively. 
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Figure 5.5.1 Moisture release curves for soils containing 0, 
10, 20, 50, and 100 % gypsum. 
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His equations [3.1.11,12] for the estimation of the relative 

hydraulic conductivity have the correct behavior, too, where 

the value of Kr = 1.0 when h = 0.0, and Kr = 0.0 when h ~ -00. 

The parameters estimation program called SWPARKD written in 

FORTRAN 4 language by van Genuchten and transferred and 

modified by the author and Euzebio Silva to FORTRAN 77 which 

was used to estimate the values of n, a, and 9 r from the 

moisture release data. Figure 5. 6.2 is a flow chart of 

SWPARKD. The correlation coefficient between the experimental 

and predicted data using [3.1.10] retention function was high. 

However, using van Genuchten' s graphical method to estimate of 

the same parameters did not give an acceptable correlation 

between the observed and the fitted moisture release data for 

the soils containing high gypsum percentages. Tables 5.6.1 to 

5.6.9 show the output of SWPARKD for all soil-gypsum mixtures 

used in this study. Each of these tables shows the input 

moisture release data, number of parameters that could be 

calculated, number of fitted parameters, the estimated a Nand 

9 r with their statistic, a comparison between the observed and 

fitted water content at equilibrium with each estimated 

suction, the values of Kr, K(9 or h), log K, and log D as a 

function of moisture content or suction. 
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Figure 5.6.1 Log percent moisture (cm3/cm3 ) vs. log suction 
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Smooth curves of unsaturated conductivity vs. suction on 

log-log scales were obtained as it is clear in figure 5.6.3. 

The curves of diffusivity vs. water content were smooth on 

semi-log scale. Figure 5.6.4 shows some of these curves. The 

curves in figures 5.6.3 and 5.6.4 are smoother for soils 

containing low amounts of gypsum, which is a reflection of the 

moisture release curves. 

5.7 Model description: 

The model consists of a main program, a function, and 14 

subroutines. Ten of the subroutines are called from the main 

program. Two input files are required to run the model when 

a constant suction in the profile exists at the start of the 

run. These input files contain the physical and the chemical 

properties of the soil. A third input file, read from RESTRT 

subroutine, is required when the initial suction of the soil 

profile is not constant. The basic structure of the model is 

shown in figure 5.7.1. A sample of the physical specification 

file (unit 2) is shown in table 5.7.1. The variable name, the 

unit, and a description of each input variable value of table 

5.7.1 are presented in table 5.7.2. Table 5.7.3 is a sample 

of chemical analysis input file (unit 77). The variable name, 

the unit, and a description of each input variable value of 

table 5.7.3 are presented in table 5.7.4. Table 5.7.5 is a 

sample of input output file (unit 3). The variable name, the 

unit, and a description of each input-output variable value of 
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table 5.7.5 are presented in table 5.7.6. A sample of soil 

physical properties output (unit 1) is shown in table 5.7.7, 

where the moisture content at each node is shown at each 

specified time after the start of the run is specified. A 

sample of soil chemical properties output (unit 99) is shown 

in table 5.7.8, where the simulated concentration of the major 

cations and anions are tabulated for short intervals • 

The MAIN program uses a finite difference method to 

calculate solution flow through a layered, 1-D profile. The 

specification of each layer is read from the input files. The 

distance between the nodes is constant through the profile. 

A segment is the computational unit within the model. Each 

layer consists of at least one segment. The number of 

segments in each layer can be calculated by dividing the 

difference between the lower and upper depths of the layer by 

the distance between the nodes. If the profile layers are 

defined as multiples of nodal spacing (delz), then the nodes 

properly correspond to the layer breaks. Figure 3.2.1 Shows 

horizons, segments, and nodes of a soil profile. 

Function FNEW is called from subroutine UPDATE. It keeps 

the value of the suction between upper and lower values 

specified by the user in unit one. 

Subroutine SET is called from MAIN to set cation exchange 

coefficients. 

Subroutine ZEROBL is called from MAIN to initialize 
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variable values to zero • 

Subroutine UNITS! is called from MAIN. It converts the 

chemical analysis input values from mmoles of charges per 

liter to micrograms per segment. 

Subroutine EQEXCH is called from subroutine XCHANG. This 

subroutine calculates ion concentration from ini tial soil 

analysis, percent moisture in the extract, cation exchange 

capacity, and the laboratory temperature. 

Subroutine XCHANG is called from subroutine COMBIN when 

an appreciable amount of solution moves between the segments. 

This subroutine considers ion exchange, solubilization or 

precipitation of slightly soluble salts. It accounts for 

field temperature of each layer in the reactions mentioned. 

It assumes that the rate of solute movement between the 

segments is slower than the reaction rates of ion exchange, 

solubilization or precipitation of the slightly soluble salts, 

and the dissociation of soluble ion pairs. Therefore, 

equilibrium is used in the reaction of the solution entering 

the segment with the solution existing in the segment, the 

slightly soluble salts, and the exchangeable ions on the 

exchange complex. It calls EQEXCH one time for each segment 

the first time it passes through XCHANG. 

Subroutine FL is called from XCHANG. This subroutine 

uses mixing cell process for the solute moving into ear,h cell. 

It computes the mass of each major ion in the soluble form 
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moving between the segments from the flux over a time step. 

One of the assumptions made is that each soluble species moves 

freely within the water contained in the segment of interest. 

Another assumption is that soluble chemical species are 

capable of being moved with the water. Upward movement is 

indicated by positive sign, and downward movement is indicated 

by negative sign. 

subroutine FLUX is called from MAIN for each specified 

time step. It calculates the depth of the water that moves 

between each two segments for the specified time steps form 

changes in moisture content at each nodal depth. It also 

calculates the volume of water in each segment. 

subroutine EXECUT is called from FLUX for each time step. 

It calculates the amounts of ions in micrograms infiltrating 

from the soil surface from irrigation or rain water analysis. 

Subroutine COMBIN is called from EXECUT for each time 

step. It calls the chemical equilibrium subroutine for each 

time step. It updates the masses of the chemical constituents 

of the soil surface. It also calculates the final 

concentration of each soluble ion in each segment for the time 

step specified and prints them on unit 99. 

Subroutine OUTPT is called from MAIN. It sums up the 

value of each solution component. It also computes the change 

of each value for the time step specified. 

Subroutine PRINTO is called from MAIN. It prints on unit 
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1 at some specified times the moisture content of the profile. 

It also prints the amount of water added to the soil surface, 

the amount of water drained in the last time period, the 

amount stored, and the total amount of water percolated below 

the specified unit gradient depth. 

Subroutine SETCON is called from UPDATE. It sets up the 

values of the parameters a, N, M, and ere It also calculates 

average unsaturated conductivity and soil water capacity. 

Subroutine UPDATE is called from MAIN. This subroutine 

calls SETCON to get the new values of the required parameters. 

It sets the coefficients for system of matrices. It calls 

subroutine THOMAS to sol ve the set of equations using the 

Newton-Raphson method. 

Subroutine RESTRT reads and writes on unit 3. It calls 

SETCON at the beginning of the run to set the required water 

movement parameters. 

5.8 Model verification and validation: 

The moisture flow subroutines are designed to calculate 

the amount of solution moving from one segment to another. 

The concentrations of each major cation and anion are 

estimated in the physicochemical part of the model. An 

important part of simulating the solution movement is to be 

able to predict the amount and concentration of solution that 

leaves the root zone to enter the ground water. 

To verify the above subroutines, the time required for 
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the moisture to reach 11, 13, 15, and 19 cm depth in a soil 

column was calculated when a solution containing Mgcl was 

added to the water. The velocity of the infiltrating solution 

was calculated by dividing the depth of the infiltrating 

solution by the time required for infiltration. The velocity 

of the infiltration and the time needed to infiltrate each 

slug of water were input variables of the physical 

specification input file. A run of the model was conducted 

for each glass tube by specifying a time to print out moisture 

content at time corresponding to the time needed for moisture 

to reach the depths of 11, 13, 15, and 19 cm. Moisture 

contents at those specified depths were plotted on figures 

5.8.1 to 5.8.3 for columns one to three respectively. Those 

graphs also show the depth of the eye observed wetting. These 

figures show that moisture moved down with time. They also 

show that moisture in the top segments remained high until the 

solution addition stopped on each column. It is obvious from 

these curves that the moisture flow part of the model is able 

to simulate water movement in those columns properly. It was 

not possible to validate the accumulation of the percolated 

solution from the bottom of the columns accurately because a 

part of the solution was trapped between the bottom of the 

columns and the outlet of the glass cylinders where the 

percolated water was collected. However, the time required 

experimentally to collect the percolated solution from the 
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These 

findings were important in order to have an acceptable model 

because the chemical part of the model depends on the water 

flow part. 

To validate the chemistry part of the model, a series 

of 25 ml of the percolated solution was collected in 

volumetric flasks. Those solutions were analyzed for Ca, Na, 

Mg, CI, and HC03 • A run of the model was conducted for each 

column using input files that have the soil physical and 

chemical parameters and the irrigation water analyses. The 

observed concentrations of the ions mentioned above were 

plotted against the simulated concentrations on figures 5.8.4 

to 5.8.8. Each of these figures contains three graphs of the 

same chemical element, one graph for each column. Figure 

5.8.4 shows that the model underestimates Ca concentration in 

the first two observed points. However, the model 

overestimates the concentration for the rest of the run. The 

slope and the regression coefficient of simulated vs. observed 

Ca concentration in the percolated solution are presented in 

each graph of figure 5.8.4. The average slope is 0.934 and 

average coefficient of correlation is 0.963. 

The presence of 2.875 mmol/l of Mg in the irrigation 

water leads to a percolating water having almost the 

concentration of the irrigation water after percolating about 

15 cm from the bottom of the columns. This means that 
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Figure [5.8.8] Bicarbonate concentration in drained solution. 
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percolating about 15 cm of solution from the bottom of the 

columns was enough to reach steady state. Magnesium 

concentration in the simulated percolated solution is a little 

higher than that observed at the beginning of the run. The 

shape of the observed and simulated curves of Mg concentration 

with increasing the volume of the percolated solution is the 

same. The slope and the regression coefficient of simulated 

vs. observed concentration of Mg are shown on each graph of 

figure 5.8.5. Average slope and regression coefficients are 

0.720 and 0.977 respectively. 

Model estimated and observed Na concentrations in the 

percolated solution are shown in figure 5.8.6. Sodium 

concentration was overestimated in the first part of the run 

followed by underestimation. The average slope and regression 

coefficient of simulated vs. observed Na concentrations in the 

percolated solution are 0.866 and 0.974 respectively. 

The slope of model simulated vs observed concentrations 

of el in the percolated water and the regression coefficient 

of each column are shown in figure 5.8.7. The model correctly 

simulated el concentrations at the beginning and the end of 

the run but over estimated concentrations in between. The 

average slope and regression coefficient for el are 0.846 and 

0.966 respectively. Figure 5.8.8 shows an overestimation by 

the model for He03 concentration. This overestimation is 

consistent allover the run time. Average regression 
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coefficient of HC03 concentration is higher than other ions 

where it reached 0.983, while the average slope is 0.731. 

Some experimental studies have been conducted on the 

solubility of gypsum as a function of temperature by Denman 

(1961) and Marshall and Slusher (1968). Marshall (1967) 

estimated the MgS04 dissociation constant at different 

temperatures. Garrels and Christ (1965) collected the values 

of carbonate equilibrium constants from different references 

at temperatures ranging from 0.0 to 80.0 °C. So far, none of 

the existing models (eg. Shaffer and Larson 1987 and Dutt et 

al. 1972) considered the effect of temperature on these types 

of reactions in soil-water systems. 

Previous chapters show the theoretical methods and the 

experimental procedures used to incorporate the effect of 

temperature on solubility, precipitation, and ions 

dissociation in the studied model. Two runs of the model were 

made at 1.0 and 41°C to see the effect of temperature on the 

major ions concentration in the percolated solution. The 

results of the runs are shown in figures 5.8.9 to 5.8.14 for 

Ca, Mg, Na, CI, S04' and HC03 respectively. , Those figures 

show a decrease of Ca, Mg, CI, and Na with depth of the 

percolated solution. At the end of the run, CI and Mg 

concentrations almost reached the concentration of the 

solution applied on the top of column one. This means that 

the system almost reached a steady state condition. The high 
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Figure 5.8.9 Effect of temperature on Ca concentration in 
percolated water. 
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20.0 

Figure 5.8.10 Effect of temperature on Mg concentration in 
the percolated water. 



ct: w 
~--;=ffi 
a!::: w-l 
z-""'" -(/) 

~w 
a~ 
z« _:::I:: 
zU 
0+ 

~~ 
.-(/) zw w-l Uo 
z~ 
o~ u ........ 
0 z 

40.0 

30.0 

20.0 

10.0 

*-* 1 CENTIGRADE 
G--£) 41 CENTIGRADE 

O.O~~~~-r-r-r-r-r-r~~~~~~~ 

0.0 4.0 B.O 12.0 16.0 

DEPTH OF PERCOLATED SOLUTION (eM) 

113 

Figure 5.8.11 Effect of temperature on Na concentration in 
percolated water. 
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Figure 5.8.12 Effect of temperature on Cl concentration in 
percolated water. 
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Figure 5.8.13 Effect of temperature on 504 concentration in 
percolated water. 

._., . 
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Figure 5.8.14 Effect of temperature on He03 concentration in 
percolated water. 
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concentration of each of the four ions mentioned before is due 

to their initial concentration in the soil. However, S04 

concentration increased a little in the first part of the run 

because S04 concentration in the percolated solution is due 

mostly to gypsum solubility. Since the presence of Ca in the 

system reduces the solubility of gypsum and because of the 

high initial Ca concentration in the system, s04concentration 

was low in the beginning of the run and reached an asymptotic 

value after percolating about 4 cm of the solution. The t 

test for the paired observations was conducted following the 

method described by Klugh (1970) and summarized on table 

5.8.1. This table shows a significant differences for Ca, S04' 

and HC03, While the difference in concentration was not 

significant for CI, Mg, and Na. The difference in CI 

concentration was zero because CI is not involved in ion pairs 

formation, nor in precipitation or dissolution or exchange 

reaction. The small (insignificant) difference in Mg 

concentration is due to exchange reactions and ion pairs 

formation with S04. The difference in Ca concentration is 

significant because it is involved in gypsum solubility, CaCo3 

equilibrium, and ion pairs formation with S04. The difference 

in S04 concentration is significant because it is involved in 

ion pairs formation with Ca and Mg. The HC03 concentration 

difference is significant and it is due to carbonate 

equilibrium at 1. 0 and 41°C. It is clear from this 
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discussion that temperature causes significant differences 

when it is modeled. However; the effect of temperature on the 

rest of the reactions and processes, which are many, are not 

available in the literature and were not considered in this 

study. 

Table 5.8.1 Model simulated statistical parameters of the 
difference in major ion concentrations (mmole of 
charges/L) in the percolated solution at 1 and 41 °C4 

Ion I:D avo D SD SE t 

Ca 261.640 8.440 2230.500 6.284 1.129 7.476 

Na 0.037 0.002 0.003 0.009 0.002 0.711 

Mg 0.261 0.008 0.283 0.097 0.018 0.476 

Cl 0.000 0.000 0.000 0.000 0.000 0.000 

S04 282.05 9.098 2677.218 1.924 0.351 25.905 

HC03 30.194 0.974 29.899 0.128 0.023 41.732 
-----------------------------------------------------------
SD = {[I:D2 - ~(I:D) 2 In) ] I [n-1] }o.os 
SE = SD I nO.o 
t = avo D I SE 
SD = standard diviation 
SE = standard error 
t = t value 
D = difference between a pair of observations 
n = number of observations 
df = degree of freedom (30) 
critical t = 2.750 
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Two runs of the model were conducted to see the effect of 

the applied water quality on soil water quality, solubility of 

gypsum, and major ions concentration in the percolated 

solution. In the first run of the model, the applied water 

contained 5.75 and 5.755 mmoles of charges of Mg and Cl 

respectively. The application rate was O.OOOOOS m/sec. In 

the second run, the applied water contained 31.0 mmoles of 

charges of Ca and S04' The application rate was also 

O.OOOOOS m/sec. In both runs the column had a layer of soil 

containing 10 % gypsum between two layers containing 0 % 

gypsum. A summarized print out of the major ions 

concentration after percolating 0.52, 10.11, 20.1, and 30.27 

cm is shown in table 5.S.2 for the first run, and in table 

5.S.3 for the second run. 

The top segment had the applied concentration of Mg and 

Cl after about 3.5 hours after applying the solution. The 

last segment of the profile needed about 14 hours to reach the 

application solution concentration. At that time, the whole 

profile had a concentration of Mg and Cl almost similar to 

that of the applied water. Calcium and s04concentrations were 

high at the beginning of the first run because of their high 

initial concentration and gypsum solubility. However; their 

concentrations declined quickly only from the top two 

segments, while the rest of the profile had high concentration 

until the gypsum was dissolved from the third and the fourth 
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Figure 5.8.17 Magnesium concentration in the percolated water 
when caS04 or Mgcl2 were added to the irrigation water. 



123 

0:: 30.0 w 
t-

~ MgCI2 ~ 
0 Go-€) CaS04 
w 
~~ 
0"", 
u(/) 20.0 O::w 
wo 
Q..o:: 
w« 
II 
t-u 
ZLL 
-0 
Zw \ 
0...J 10.0 ~ 

~o \ 
& o::::E \ t-::E G, z'-" 

w & 

U ~ 
z ~'o.. 
0 
u Q'G 

~&-e.e 0.0 U 
0.00 10.00 20.00 30.00 

WATER PERCOLATED (CM) 
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segment respectively. At the end of the run, Ca concentration 

was higher than S04because of the presence of CaC03 in the 

soil. 

When Ca and S04 existed in the applied water (run two), 

their concentrations remained high in the percolated solution 

and in the whole profile, especially in the second layer 

(segments 4 and 5) where they were initially high because of 

presence of gypsum. Sodium and Mg ions were leached from the 

profile faster (than run one), when Mg and Cl were present in 

the applied water. Figures 5.8.15 to 5.8.20 show the effect 

of applied water quali ty on percolated water quality by 

graphing the concentration of the same ions on the same graph 

when different types of application water quality were used. 

The application water that contained Mg and Cl was used 

with the same rate on soil containing no gypsum to show the 

effect of presence of gypsum in the soil on percolated water 

quality. Sodium adsorption ratio (SAR) of the percolated 

water from the soil containing a layer of gypsum was plotted 

on figure 5.8.21, with the percolated water from the same soil 

but without gypsum. Figure 5.8.21 shows that the presence of 

gypsum in the soil improves the percolated water quality by 

lowering its SAR value. 

It was found from previous runs that the sum of the 

positive charges in the segments containing gypsum did not 

exceed 65.00 mmoles/l. When the ratio of EC to total desolved 
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salts (TOS) of the extract analysis is used in the evaluation 

of EC in the soil water, the value of EC in the soil water 

does not exceed 5.00 dS/m. According to water quality for 

agriculture (FAO 29) 2 dS/m of the reported ECe can be 

attributed to the presence of gypsum, the ECe safely can be 

discounted by 2 dS/m and the corrected EC becomes 3.00 dS/m 

which keeps the gypsum layer in the safe part because of the 

low soil-water SAR value. 
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The objective of this research was to develop a 

simulation model capable of predicting the concentration of 

the major ions in the soil profile and the solution leaving 

the root zone at different temperatures. comparing the 

observed wetting front with moisture content at the time of 

the observation showed that the moisture flow subroutines were 

able to properly simulate water movement in the profile. This 

means that van Genuchten's soil water retention function and 

Richards' equation in finite difference form were able to 

predict water movement in stratified soil columns. 

Experimental data on gypsum solubility showed that calcium 

sulfate and magnesium sulfate ion pairs were the only ones 

that had a significant effect on the concentration of the 

soluble ions in the aqueous phase. The calculated K' values 

of carbonate equilibrium experiment as a function of 

temperature and moisture content showed a significant effect 

of temperature on their values, where the value of the 

regression coefficient increased from .886 to .971 when 

temperature was introduced in the regression analysis. This 

finding shows the importance of including the effect of 

temperature in modeling chemical reactions in the soil. 
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The developed model correctly predicted the observed 

concentrations of Ca, Mg, CI, Na, and S04 in the percolated 

water. The regression coefficient of simulated vs. observed 

concentration were higher than 0.961 in all the cases and the 

slope ranged between 0.717 and 0.940. 

Running the model at 1 and 41 

differences in Ca, S04' and HC03 

°c showed signif icant 

concentrations in the 

percolated water. However; the differences in CI, Na, and Mg 

concentrations were not significant. From the experimental 

data and model runs, it was concluded that temperature had a 

significant effect on the concentration. This means that a 

better prediction could be obtained when temperature effect 

is included in all model's parts. That means more research is 

recommended in obtaining water movement parameters and the 

chemical reactions where temperature effect data are not 

available. 
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Table 5.1.4 Experimental (exp) and predicted solubility 
of gypsum in different salt solutions (mmole/L) using 
subprograms Z15 and Z16. 

solution 

NaCI 

conc. Z15 Z16* . . . . . . . . . . expo 
mmole / L 

.00 
.50 

2.50 
5.00 

10.00 
20.00 

.00 

.50 
2.50 
5.00 

10.00 
20.00 

.00 

.50 
2.50 
5.00 

10.00 
20.00 

.00 

.50 
5.00 

10.00 
20.00 
40.00 

.00 

.50 
2.50 
5.00 

10.00 
20.00 

15.55 
15.37 
14.37 
13.61 
12.59 
11.10 

15.55 
15.42 
15.15 
15.04 
14.03 
13.52 

15.55 
15.64 
16.75 
17.35 
19.13 
21. 62 

15.55 
15.60 
16.32 
16.68 
17.43 
18.83 

15.55 
14.82 
14.48 
13.70 
13.15 
11.99 

15.34 
15.15 
14.45 
13.74 
12.70 
11.52 

15.34 
15.24 
14.87 
14.47 
13.86 
13.06 

15.34 
15.54 
16.30 
17.18 
18.79 
21.53 

15.34 
15.45 
15.87 
16.36 
17.25 
18.80 

15.34 
15.15 
14.47 
13.77 
12.76 
11.61 

15.34 
15.16 
14.51 
13.84 
12.86 
11.77 

15.34 
15.24 
14.87 
14.47 
13.86 
13.06 

15.34 
15.55 
16.35 
17.29 
19.02 
22.01 

15.34 
15.46 
15.93 
16.47 
17.48 
19.26 

15.34 
15.15 
14.47 
13.77 
12.76 
11.61 

Z16* subprogram Z15 and ~for CaCI+ = 0.21 
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Figure 5.1.1 Flow diagram of Gypsol program. 
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Calculate KJ ualue 

print K J ualue 
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Figure 5.4.1 Flow diagram of CARBTEMP forgram to calculate 
K' value as a function of temperature and CO

2 
partial 

pressure. 
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Figure 5.4.2 Flow diagram of CARBEQ program to calculate K' 
value from experimental equilibrium data. 
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Figure 5.6.2 Flow diagram of SWPAKD program. 
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Figure 5.7.1 Flow diagram of the model structure. 
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Table 5.4.2 Average concentration (nunol/L) of the cations 
and anions in the extracts at equilibrium with the specified 
temperature and moisture for Marana Agua soil. 

N02 
temp. log • + 

OK % M Ca Mg Na K HC03 S04 CL N03 EC . . . . . . . . nunole / L . . . . . . . . . . . . . . . . . . dS/m 

278. 1.47 14.09 3.03 6.87 1.03 1.99 2.81 3.55 31.96 4.60 

2.00 6.23 1.10 3.14 0.62 0.89 1.01 1.03 11.41 1. 65 

2.67 1.26 0.25 0.74 0.20 0.43 0.16 0.23 2.05 0.40 

291. 1.47 15.20 3.05 7.57 1.21 3.68 3.06 3.57 30.55 4.10 

2.00 6.79 1.11 3.41 0.75 1.92 1.15 1.08 11.65 1.61 

2.67 1.39 0.23 0.78 0.25 0.65 0.27 0.27 1.89 0.40 

305. 1.47 12.75 2.66 8.06 1.40 3.90 3.19 3.61 20.11 3.23 

2.00 6.57 1. 07 3.53 0.89 3.31 1.25 1.11 7.27 1.50 

2.67 1. 51 0.22 0.94 0.31 1.00 0.29 0.26 1.38 0.43 

315. 1.47 11.44 2.48 8.44 1.51 4.15 3.43 4.08 18.54 3.13 

2.00 6.16 1. 01 3.76 1. 05 6.86 1.39 1.26 5.49 1.46 

2.67 1.59 0.24 0.95 0.40 1.23 0.29 0.20 1.32 0.47 

log· % M = log % moisture on weight basis. 
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Table 5.4. 4 Multiple regression analysis of log K I as a 
function of log percent moisture and temperature. 

1 stp Variable entered 3 (log % moisture 
M u 1 tip 1 eRe 9 res s ion A n a 1 y sis 

Multiple R .886 
.784 
.763 
.449977 

F Change 36.325 
R Square 
Adjusted R Square 
Std. Err. of Est. 

R Square Change .784 
Sum of Squares Change 7.355026 

Percent of SS Change 78.41 

Regression Std. Err. Beta Std. Err. Student 
Coefficient Reg. Coeff. Weight Beta Weight T value sig. 
B( 3) -1.5673860 .2600600 -.8855 .1469 -6.03 .00 

B ( 0) 4 3888020 

A n a 1 y sis o f V a ria n c e 

Sum of 
Regression 
Residual 

Degrees 
Squares Freedom 
7.35502200 1 
2.02478900 10 

of Error 
Mean Square 

7.3550220 
.20247890 

F-test 

36.32 

Sig. 

.000 

Total 9.37981400 12 cases from file: CARBO 1 

1Step 2 Variable Entered 2 (temperature) 
M u 1 tip 1 eRe g res s ion A n a 1 y sis 

Multiple R 
R Square 
Adjustd R Square 
Std. Errf Est. 

.971 

.944 
.931 

.242432 

F Change 
R Square Change 

Sum of Squares Change 
Percent of SS Change 

38.971 
.159 

1.495828 
15.95 

Regression Std. Err. Beta Std. Err. Studen 
Coefficient Reg. Coeff. Weight Beta Weight T value Sig. 
B( 3) -1.5514550 .1401473 -.8765 .0792 -11.07 .00 
B( 2) .2497155E-01 .49498E-02 .3994 .0792 5.04 .00 
B( 0) -5 0208310 

A n a 1 y sis o f V a ria n c e 

Sum 
Regression 
Residual 

Total 

Degrees of Error 
of Squares Freedom Mean Square F-test 

8.85085700 2 4.4254280 
.528960700 9 .58773410E-01 75.30 

9.37981400 12 cases from file: CARBO 1 

sig. 

.000 



142 

Table 5.4.5 Slope and intercept of the regression line for 
log K' as a function of log percent moisture only. 

PlotIT Regression Analysis of data from file: TEMP278.SDF 
************************************************************ 

Regression Standard Student's T Confidence Limits 
Coefficient Error Value sig Lower Upper 

B(0)-5.241843 .12831 -40.85 .02-6.872 -3.611 
B(1)-1.707706 .60719E-01 -28.12 .02-2.479 -.9362 

Coefficient of: Determination .999 Correlation -.999 

PlotIT Regression Analysis of data from file: TEMP291.SDF 
************************************************************ 

Regression Standard Student's T Confidence Limits 
Coefficient Error Value Sig Lower Upper 

B(0)-4.537364 .34441 -13.17 .05-8.914 -.1612 
B(1)-1.810699 .16298 -11.11 .06-3.882 .2602 

Coefficient of: Determination .992 Correlation -.996 

PlotIT Regression Analysis of data from file: TEMP305.SDF 

************************************************************ 
Regression Standard Student's T Confidence Limits 

Coefficient Error Value Sig Lower Upper 
B(0)-4.896313 .94650 -5.17 .12-16.92 7.130 
B(1)-1.503581 .44790 -3.36 .18-7.195 4.188 

Coefficient of: Determination .918 Correlation -.958 

PlotIT Regression Analysis of data from file: TEMP315.SDF 
************************************************************ 

Regression Standard Student's T Confidence Limits 
Coefficient Error Value Sig Lower Upper 

B(0)-5.082028 1.0035 -5.06 .12-17.83 7.669 
B(1)-1.359726 .47488 -2.86 .21-7.394 4.674 

Coefficient of: Determination .891 Correlation -.944 
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Table 5.5.1 Moisture (weight basis) suction relationship as a 
function of gypsum ~ercentage for Agya soil. 
gypsum suction (atm. ) 

% 0.00 0.08 0.25 0.50 1.00 3.00 7.50 15.00 
.00 31.82 22.16 16.73 14.99 13.67 11.26 9.26 9.03 
.00 37.11 21.14 16.86 15.24 13.64 10.85 9.02 8.98 
.00 34.32 19.19 16.54 14.84 13.43 11.07 9.47 9.08 
.00 33.60 19.30 15.83 14.06 12.74 11.06 9.25 9.03 
avo 34.21 20.45 16.49 14.78 13.37 11.06 9.25 9.03 
.50 31.31 19.87 15.72 14.21 12.64 11.10 9.32 9.03 
.50 30.28 19.96 15.83 14.25 12.71 10.84 9.04 8.93 
.50 30.65 19.99 15.44 14.13 12.77 11.03 9.05 9.10 
.50 31.68 20.15 15.64 13.98 12.60 10.99 9.14 9.03 
avo 30.98 19.19 15.66 14.14 12.68 10.99 9.14 9.03 

1.00 32.06 23.34 19.12 17.44 16.91 11.14 9.61 8.97 
1.00 34.51 21.36 17.30 15.56 13.67 10.80 9.51 9.25 
1.00 30.91 20.13 16.57 14.68 12.96 11.07 9.42 9.17 
1.00 33.25 20.16 16.79 14.97 13.01 11.00 9.51 9.13 

avo 32.68 21.25 17.45 15.66 14.14 11.00 9.51 9.13 
2.00 30.39 20.61 16.37 14.55 12.71 11.28 9.62 9.24 
2.00 31.36 20.63 16.57 14.80 13.18 11.13 9.54 9.25 
2.00 30.83 20.60 16.33 14.41 12.92 11.19 9.48 9.50 
2.00 29.32 20.47 16.37 14.52 12.94 11.20 9.55 9.33 

avo 30.48 20.58 16.41 14.57 12.94 11.20 9.55 9.33 
5.00 28.52 18.46 14.18 12.15 11.57 11.46 9.62 9.57 
5.00 31.79 23.74 19.58 17.07 15.11 11.35 9.88 9.79 
5.00 28.97 22.12 18.75 16.08 13.79 11.48 9.88 9.98 
5.00 33.06 23.16 16.67 16.90 14.66 11.43 9.79 9.78 

avo 30.59 21.87 18.05 15.55 13.78 11.43 9.79 9.78 
10.00 32.01 24.70 20.83 . 17.14 14.39 12.18 10.72 10.18 
10.00 30.43 24.44 20.56 17.00 14.40 11.99 10.40 10.57 
10.00 29.99 24.71 20.47 16.91 14.14 12.13 10.30 10.63 
10.00 29.24 24.16 21.23 18.21 15.38 12.10 10.47 10.46 

avo 30.42 24.50 20.77 17.32 14.58 12.10 10.47 10.46 
20.00 36.05 30.50 27.56 21.06 16.47 13.18 12.33 11.45 
20.00 35.23 30.87 27.63 20.84 16.37 13.17 11.65 11.93 
20.00 39.85 31.86 29.44 22.28 17.19 13.20 12.09 11.82 
20.00 39.96 31.20 28.72 21.50 16.58 13.18 12.02 11.73 

avo 37.77 31.11 28.34 21.42 16.65 13.18 12.02 11.73 
50.00 61.88 48.77 46.18 32.96 22.77 17.51 16.29 15.78 
50.00 58.85 49.92 46.99 33.36 21.22 17.21 16.47 16.36 
50.00 57.84 49.42 47.05 32.63 21.11 17.55 16.27 16.22 
50.00 57.04 49.42 46.94 32.72 21.84 17.42 16.34 16.12 

avo 58.90 49.38 46.79 32.92 21.74 17.42 16.34 16.12 
100.00 115.19 92.93 88.77 48.29 31.58 28.60 28.00 27.44 
100.00 112.32 93.07 88.69 48.11 32.69 28.69 27.46 27.45 
100.00 100.59 91.58 87.65 48.09 31.65 28.35 27.79 27.40 
100.00 99.46 91.10 87.42 47.66 32.88 28.46 27.73 27.45 

avo 106.89 92.17 88.13 48.04 32.20 28.55 27.75 27.44 
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table 5.5.2 Bulk density as a function of gypsum percentage. 

gypsum rep. # 1 rep. # 2 average 
% . . . . . . . . . . . g / cm3 . . . . . . . . . . . . . . . . . 
0.00 1.445 1.378 1.412 

0.50 1.431 1.376 1.404 

1.00 1.419 1.373 1.396 

2.00 1.390 1.359 1.375 

5.00 1.369 1.352 1.361 

10.00 1.330 1.290 1.310 

20.00 1.235 1.188 1.212 

50.00 0.989 0.938 0.964 

100.00 0.664 0.612 0.638 
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Table 5.6.1 Physical parameters for 0 % gypsum soil. 

VARIABLE 
A(l) 
A(2) 
A(3) 

INDEX 
1 
2 
3 
4 
5 
6 
7 
8 

RES.W.C. 
.0543 

VALUE 
.16559 

1.23062 
.05434 

PRESSURE 
.0 

80.0 
250.0 
500.0 

1000.0 
3000.0 
7500.0 

15000.0 

STATISTICAL RESULTS 
95% CONFIDENT INTERVAL 

S.E.COEFF 
.04776 
.03484 
.01945 

TVALUE LOWER UPPER 
3.47 .0720 .2592 

35.32 1.1623 1.2989 
2.79 .0162 .0925 

FINAL RESULTS 
MOISTURE CONTENT 
OBSERVED FITTED 
.49260 .49260 
.29450 .29402 
.23750 .23969 
.21280 .21249 
.19250 .18919 
.15930 .15903 
.13320 .13910 
.13030 .12658 

RESIDUAL 
.00000 
.00048 

-.00219 
.00031 
.00331 
.00027 

-.00590 
.00372 

SAT.W.C. 
.4926 

ALPHA 
.1656 

N 
1. 2306 

SATK 
22.4700 

PRESSURE LOG P WC REL K ABS K LOG KA LOG D . -------------------------------------------------------------
.OOOE+OO .4926 .100E+01 .225E+02 
.141E+01 .150 .4801 .918E-01 .206E+01 .314 2.316 
.282E+01 .450 .4663 .434E-01 .975E+00 -.011 2.012 
.562E+01 .750 .4423 . 157E-01 .353E+00 -.453 1. 666 
• 112E+02 1.050 .4079 .431E-02 .968E-01 -1.014 1.291 
.224E+02 1.350 .3675 .949E-03 .213E-01 -1.671 .899 
.447E+02 1.650 .3264 .182E-03 .410E-02 -2.388 .500 
.891E+02 1.950 .2883 .326E-04 .733E-03 -3.135 .099 
.178E+03 2.250 .2546 .565E-05 .127E-03 -3.896 -.304 
.355E+03 2.550 .2254 .964E-06 .217E-04 -4.664 -.708 
.708E+03 2.850 .2003 .163E-06 .367E-05 -5.435 -1.111 
• 141E+04 3.150 .1789 .276E-07 .620E-06 -6.208 -1.515 
.282E+04 3.450 .1606 .466E-08 .105E-06 -6.980 -1.919 
.562E+04 3.750 .1449 .784E-09 .176E-07 -7.754 2.324 
• 112E+05 4.050 .1316 .132E-09 .297E-08 -8.527 -2.727 
.224E+05 4.350 .1202 .223E-10 .500E-09 -9.301 -3.132 
.447E+05 4.650 .1105 .356E-11 .799E-10 -10.097 -3.560 
.891E+05 4.950 .1022 .561E-12 .126E-10 -10.899 -3.993 
• 178E+06 5.250 .0952 .902E-13 .203E-11 -11.693 -4.417 
.355E+06 5.550 .0892 • 126E-13 .283E-12 -12.548 -4.903 
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Table 5.6.2 Physical parameters for 0.5 % gypsum soil. 

VARIABLE 
A(l) 
A(2) 
A(3) 

INDEX 
1 
2 
3 
4 
5 
6 
7 
8 

RES.W.C. 
.0862 

PRESSURE 
.OOOE+OO 
• 141E+01 
.282E+01 
.562E+01 
• 112E+02 
.224E+02 
.447E+02 
.891E+02 
• 178E+03 
.355E+03 
.708E+03 
• 141E+04 
.282E+04 
.562E+04 
• 112E+05 
• 224E+05 
.447E+05 
• 891E+05 
• 178E+06 
.355E+06 

STATISTICAL RESULTS 
95% CONFIDENT INTERVAL 

VALUE 
.12307 

1.30001 
.08624 

S.E.COEFF 
.03387 
.04271 
.01347 

TVALUE LOWER UPPER 
3.63 .0567 .1895 

30.44 1.2163 1.3837 
6.40 .0598 .1126 

PRESSURE 
.0 

80.0 
250.0 
500.0 

1000.0 
3000.0 
7500.0 

FINAL RESULTS 
MOISTURE CONTENT 
OBSERVED FITTED 
.49260 .49260 
.28990 .28851 
.22710 .23122 
.20500 .20419 
.18390 .18211 
.15940 .15521 
.13250 .13864 
.13090 .12880 

RESIDUAL 
.00000 
.00139 

15000.0 

SAT.W.C. 
.4926 

LOG P 

.150 

.450 

.750 
1.050 
1.350 
1.650 
1.950 
2.250 
2.550 
2.850 
3.150 
3.450 
3.750 
4.050 
4.350 
4.650 
4.950 
5.250 
5.550 

WC 
.4926 
.4835 
.4720 
.4498 
.4145 
.3701 
.3242 
.2824 
.2466 
.2169 
.1925 
.1727 
.1565 
.1434 
.1327 
.1240 
.1169 
.1112 
.1065 
.1027 

ALPHA 
.1231 

REL K 
.100E+01 

• 176E+00 
.930E-01 
.374E-01 
.109E-01 
.237E-02 
.427E-03 
.693E-04 
.107E-04 
.163E-05 
.245E-06 
.368E-07 
.551E-08 
.826E-09 
.124E-09 
• 188E-10 
.291E-11 
.458E-12 
.618E-13 
.925E-14 

-.00412 
.00081 
.00179 
.00419 

-.00614 
.00210 

N 
1.3000 

ABS K 
.207E+02 

.363E+01 

.192E+01 

.772E+00 

.225E+00 

.490E-01 

.881E-02 

.143E-02 

.222E-03 

.336E-04 

.506E-05 

.759E-06 
• 114E-06 
• 171E-07 
.256E-08 
.387E-09 
.601E-10 
.945E-11 
• 128E-11 
• 191E-12 

SATK 
20.6539 

LOG KA 

.560 

.284 
-.112 
-.648 

-1.310 
-2.055 
-2.845 
-3.655 
-4.473 
-5.296 
-6.120 
-6.944 
-7.768 
-8.592 
-9.412 

-10.221 
-11.025 
-11.894 
-12.719 

LOG D 

2.664 
2.366 
2.017 
1.628 
1.213 

.786 

.355 
-.079 
-.513 
-.948 

-1.383 
-1. 818 
-2.252 
-2.686 
-3.116 
-3.535 
-3.949 
-4.428 
-4.863 
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Table 5.6.3 Physiscal properties for 1.0 % gypsum soil. 

VARIABLE 
A(l) 
A(2) 
A(3) 

INDEX 
1 
2 
3 
4 
5 
6 
7 
8 

VALUE 
.12481 

1.19212 
.02070 

PRESSURE 
.0 

80.0 
250.0 
500.0 

1000.0 
3000.0 
7500.0 

15000.0 

STATISTICAL RESULTS 

S.E.COEFF 
.04468 
.04332 
.03826 

95% CONFIDENT INTERVAL 
TVALUE LOWER UPPER 
2.79 .0372 .2124 

27.52 1.1072 1.2770 
.54 -.0543 .0957 

FINAL RESULTS 
MOISTURE CONTENT 
OBSERVED FITTED RESIDUAL 
.47710 .47710 .00000 
.31030 .31109 -.00079 
.25480 .25574 -.00094 
.22860 .22674 .00186 
.20640 .20117 .00523 
.16060 .16688 -.00628 
.13890 .14330 -.00440 
.13330 .12801 .00529 

RES.W.C. SAT.W.C. ALPHA N SATK 
.0207 .4771 .1248 1.1921 21.6365 

PRESSURE LOG P WC REL K ABS K LOG KA LOG D 
.OOOE+OO .4771 .100E+01 .216E+02 
• 141E+01 .150 .4684 .875E-01 • 189E+01 .277 2.443 
.282E+01 .450 .4589 .451E-01 .976E+00 -.011 2.165 
.562E+01 .750 .4415 • 185E-01 .399E+00 -.399 1.846 
• 112E+02 1.050 .4146 .584E-02 • 126E+00 -.899 1.495 
.224E+02 1.350 .3801 • 147E-02 .317E-01 -1.498 1.124 
.447E+02 1.650 .3424 .315E-03 • 681E-02 -2.167 .744 
.891E+02 1.950 .3055 • 616E-04 • 133E-02 -2.875 .361 
• 178E+03 2.250 .2713 • 115E-04 .250E-03 -3.603 -.025 
.355E+03 2.550 .2406 .212E-05 .458E-04 -4.339 -.411 
.708E+03 2.850 .2135 .384E-06 .832E-05 -5.080 -.797 
• 141E+04 3.150 .1896 • 695E-07 • 150E-05 -5.823 -1.183 
.282E+04 3.450 .1686 • 126E-07 .272E-06 -6.566 -1. 569 
• 562E+04 3.750 .1503 .227E-·08 .491E-07 -7.309 -1.955 
• 112E+05 4.050 .1342 .409E-09 • 885E-08 -8.053 -2.342 
.224E+05 4.350 .1201 .744E-10 • 161E-08 -8.793 -2.724 
.447E+05 4.650 .1077 .134E-10 .290E-09 -9.538 -3.111 
.891E+05 4.950 .0969 .248E-11 .537E-10 -10.270 -3.486 
• 178E+06 5.250 .0874 .461E-12 .998E-11 -11.001 -3.859 
.355E+06 5.550 .0791 • 117E-12 .253E-11 -11.598 -4.098 
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Table 5.6.4 Physical properties for 2.0 % gypsum soil. 

VARIABLE 
A(l) 
A(2) 
A(3) 

INDEX 
1 
2 
3 
4 
5 
6 
7 
8 

RES.W.C. 
.0941 

PRESSURE 
.OOOE+OO 
.141E+01 
.282E+01 
.562E+01 
• 112E+02 
.224E+02 
.447E+02 
.891E+02 
• 178E+03 
• 355E+03 
.708E+03 
• 141E+04 
• 282E+04 
.562E+04 
• 112E+05 
.224E+05 
.447E+05 
• 891E+05 
• 178E+06 
.355E+06 

VALUE 
.06133 

1.31646 
.09411 

PRESSURE 
.0 

80.0 
250.0 
500.0 

1000.0 
3000.0 
7500.0 

15000.0 

STATISTICAL RESULTS 
95% CONFIDENT INTERVAL 

S.E.COEFF 
.00820 
.02747 
.00817 

TVALUE LOWER UPPER 
7.48 .0453 .0774 

47.93 1.2626 1.3703 
11.52 .0781 .1101 

FINAL RESULTS 
MOISTURE CONTENT 
OBSERVED FITTED 
.44810 .44810 
.30250 .30221 
.24130 .24235 
.21420 .21362 
.19020 .19023 
.16460 .16206 
.14040 .14497 
.13720 .13495 

RESIDUAL 
.00000 
.00029 

-.00105 
.00058 

-.00003 
.00254 

-.00457 
.00225 

SAT.W.C. 
.4481 

ALPHA 
.0613 

N 
1.3165 

SATK 
18.0917 

LOG P 

.150 

.450 

.750 
1.050 
1.350 
1.650 
1.950 
2.250 
2.550 
2.850 
3.150 
3.450 
3.750 
4.050 
4.350 
4.650 
4.950 
5.250 
5.550 

WC 
.4481 
.4448 
.4401 
.4299 
.4097 
.3776 
.3373 
.2959 
.2586 
.2271 
.2013 
.1803 
.1634 
.1498 
.1389 
.1301 
.1230 
.1174 
.1128 
.1091 

REL K 
.100E+01 
.294E+00 
• 191E+00 
.101E+00 
.408E-01 
• 117E-01 
.251E-02 
.439E-03 
.693E-04 
.104E-04 
• 154E-05 
.225E-06 
.328E-07 
.477E-08 
.697E-09 
.102E-09 
.148E-10 
.227E-11 
.311E-12 
.452E-13 

ABSK 
• 181E+02 

.531E+01 

.345E+01 
• 184E+01 
.738E+00 
.212E+00 
.454E-01 
.794E-02 
• 125E-02 
.189E-03 
.278E-04 
.407E-05 
.593E-06 
.863E-07 
.126E-07 
• 184E-08 
.267E-09 
.411E-10 
.562E-11 
.817E-12 

LOG KA 

.725 

.538 

.264 
-.132 
-.673 

-1.343 
-2.100 
-2.902 
-3.724 
-4.556 
-5.391 
-6.227 
-7.064 
-7.899 
-8.736 
-9.573 

-10.387 
-11.250 
-12.088 

LOG D 

3.246 
2.993 
2.692 
2.339 
1.944 
1.523 
1.089 

.650 

.209 
-.233 
-.675 

-1.117 
-1.560 
-2.001 
-2.442 
-2.884 
-3.303 
-3.772 
-4.214 
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Table 5.6.5 Physical properties for 5.0 % gypsum soil. 

VARIABLE 
A(l) 
A(2) 
A(3) 

INDEX 
1 
2 
3 
4 
5 
6 
7 
8 

RES.W.C. 
.0847 

PRESSURE 
.OOOE+OO 
• 141E+01 
.282E+01 
.562E+01 
• 112E+02 
.224E+02 
.447E+02 
.891E+02 
• 178E+03 
• 355E+03 
.708E+03 
• 141E+04 
.282E+04 
.562E+04 
• 112E+05 
.224E+05 
.447E+05 
.891E+05 
.178E+06 
• 355E+06 

VALUE 
.04596 

1.29488 
.08469 

PRESSURE 
.0 

80.0 
250.0 
500.0 

1000.0 
3000.0 
7500.0 

15000.0 

STATISTICAL RESULTS 
95% CONFIDENT INTERVAL 

S.E.COEFF 
.00928 
.04396 
.01677 

TVALUE LOWER UPPER 
4.95 .0278 .0642 

29.46 1.2087 1.3810 
5.05 .0518 .1176 

FINAL RESULTS 
MOISTURE CONTENT 
OBSERVED FITTED 
.44970 .44970 
.32150 .32389 
.26530 .26070 
.22860 .22897 
.20260 .20257 
.16800 .17005 
.14390 .14986 
.14380 .13782 

RESIDUAL 
.00000 

-.00239 
.00460 

-.00037 
.00003 

-.00205 
-.00596 

.00598 

SAT.W.C. 
.4497 

ALPHA 
.0460 

N 
1. 2949 

SATK 
16.0469 

LOG P 

.150 

.450 

.750 
1.050 
1.350 
1.650 
1.950 
2.250 
2.550 
2.850 
3.150 
3.450 
3.750 
4.050 
4.350 
4.650 
4.950 
5.250 
5.550 

WC 
.4497 
.4473 
.4441 
.4366 
.4215 
.3951 
.3584 
.3175 
.2783 
.2440 
.2151 
.1912 
.1716 
.1556 
.1426 
.1319 
.1232 
.1161 
.1103 
.1056 

REL K 
.100E+01 
.309E+00 
.211E+00 
.122E+00 
.558E-01 
.187E-01 
.460E-02 
.893E-03 
.151E-03 
.240E-04 
.371E-05 
.564E-06 
.855E-07 
.129E-07 
• 195E-08 
.293E-09 
.438E-10 
.640E-11 
.944E-12 
.153E-12 

ABS K 
• 160E+02 

.495E+01 

.339E+01 
• 196E+01 
.896E+00 
.300E+00 
.738E-01 
.143E-01 
.243E-02 
.386E-03 
.595E-04 
.906E-05 
.137E-05 
.207E-06 
• 312E-07 
.470E-08 
.702E-09 
.103E-09 
.151E-10 
.246E-11 

LOG KA 

.695 

.530 

.293 
-.048 
-.522 

-1.132 
-1.844 
-2.614 
-3.414 
-4.226 
-5.043 
-5.863 
-6.683 
-7.505 
-8.328 
-9.154 
-9.988 

-10.820 
-11.610 

LOG D 

3.366 
3.134 
2.857 
2.531 
2.159 
1.755 
1. 335 

.907 

.476 

.044 
-.388 
-.821 

-1. 254 
-1.687 
-2.121 
-2.559 
-3.005 
-3.448 
-3.850 
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Table 5.6.6 Physical properties for 10.0 % gypsum soil. 

VARIABLE 
A(l) 
A(2) 
A(3) 

INDEX 
1 
2 
3 
4 
5 
6 
7 
8 

RES.W.C. 
.1025 

PRESSURE 
.OOOE+OO 
• 141E+01 
.282E+01 
.562E+01 
• 112E+02 
.224E+02 
.447E+02 
.891E+02 
• 178E+03 
• 355E+03 
.708E+03 
• 141E+04 
.282E+04 
• 562E+04 
• 112E+05 
.224E+05 
.447E+05 
• 891E+05 
. 178E+06 
• 355E+06 

VALUE 
.01800 

1.37088 
.10248 

PRESSURE 
.0 

80.0 
250.0 
500.0 

1000.0 
3000.0 
7500.0 

15000.0 

STATISTICAL RESULTS 
95% CONFIDENT INTERVAL 

S.E.COEFF 
.00393 
.07695 
.02200 

TVALUE 
4.59 

17.81 
4.66 

LOWER UPPER 
.0103 .0257 

1.2201 1.5217 
.0594 .1456 

FINAL RESULTS 
MOISTURE CONTENT 
OBSERVED FITTED 
.44410 .44410 
.35770 .36496 
.30320 .29180 
.25290 .25175 
.21290 .21883 
.17670 .18020 
.15320 .15785 
.15270 .14531 

RESIDUAL 
.00000 

-.00726 
.01140 
.00115 

-.00593 
-.00350 
-.00465 

.00739 

SAT.W.C. 
.4441 

ALPHA 
.0180 

N 
1.3709 

SATK 
17.1600 

LOG P 

.150 

.450 

.750 
1.050 
1.350 
1.650 
1.950 
2.250 
2.550 
2.850 
3.150 
3.450 
3.750 
4.050 
4.350 
4.650 
4.950 
5.250 
5.550 

WC 
.4441 
.4435 
.4426 
.4402 
.4345 
.4215 
.3965 
.3583 
.3136 
.2707 
.2343 
.2050 
.1820 
.1641 
.1502 
.1394 
.1311 
.1246 
.1196 
.1157 

REL K 
.100E+01 
.553E+00 
.449E+00 
.331E+00 
.211E+00 
.107E+00 
.395E-01 
.100E-01 
.187E-02 
.289E-03 
.408E-04 
.554E-05 
.741E-06 
• 985E-07 
.131E-07 
.173E-08 
.227E-09 
.297E-10 
.402E-11 
.532E-12 

ABS K 
• 172E+02 

• 950E+01 
.770E+01 
• 569E+01 
.363E+01 
• 184E+01 
.677E+00 
• 172E+00 
.321E-01 
.496E-02 
.700E-03 
.951E-04 
.127E-04 
.169E-05 
.224E-06 
.296E-07 
.390E-08 
.510E-09 
.689E-10 
.913E-11 

LOG KA 

.978 

.886 

.755 

.560 

.265 
-.169 
-.765 

-1.494 
-2.305 
-3.155 
-4.022 
-4.895 
-5.772 
-6.650 
-7.528 
-8.409 
-9.292 

-10.162 
-11.040 

LOG D 

4.215 
4.018 
3.789 
3.518 
3.193 
2.814 
2.391 
1.943 
1.483 
1. 019 

.553 

.087 
-.380 
-.847 

-1.315 
-1.784 
-2.256 
-2.714 
-3.181 
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Table 5.6.7 Physical properties for 20.0 % gypsum soil. 

VARIABLE 
A(l) 
A(2) 
A(3) 

INDEX 
1 
2 
3 
4 
5 
6 
7 
8 

RES.W.C. 
.1199 

PRESSURE 
.OOOE+OO 
• 141E+01 
.282E+01 
.562E+01 
• 112E+02 
.224E+02 
.447E+02 
.891E+02 
.178E+03 
• 355E+03 
.708E+03 
• 141E+04 
.282E+04 
.562E+04 
• 112E+05 
.224E+05 
.447E+05 
.891E+05 
• 178E+06 
• 355E+06 

VALUE 
.00977 

1.49169 
.11994 

PRESSURE 
.0 

80.0 
250.0 
500.0 

1000.0 
3000.0 
7500.0 

15000.0 

STATISTICAL RESULTS 
95% CONFIDENT INTERVAL 

S.E.COEFF 
.00350 
.19068 
.04477 

TVALUE LOWER UPPER 
2.79 .0029 .0166 
7.82 1.1180 1.8654 
2.68 .0322 .2077 

FINAL RESULTS 
MOISTURE CONTENT 
OBSERVED FITTED 
.54010 .54010 
.44490 .47318 
.40530 .37063 
.30630 .30692 
.23810 .25544 
.18850 .19958 
.17190 .17077 
.16770 .15611 

RESIDUAL 
.00000 

-.02828 
.03467 

-.00062 
-.01734 
-.01108 

.00113 

.01159 

SAT.W.C. 
.5401 

ALPHA 
.0098 

N 
1.4917 

SATK 
18.5295 

LOG P 

.150 

.450 

.750 
1.050 
1.350 
1.650 
1.950 
2.250 
2.550 
2.850 
3.150 
3.450 
3.750 
4.050 
4.350 
4.650 
4.950 
5.250 
5.550 

WC 
.5401 
.5399 
.5394 
.5383 
.5351 
.5267 
.5062 
.4652 
.4040 
.3373 
.2794 
.2348 
.2020 
.1785 
.1617 
.1496 
.1411 
.1350 
.1307 
.1276 

REL K 
.100E+01 

.771E+00 
• 687E+00 
• 578E+00 
.442E+00 
.288E+00 
• 145E+00 
.489E-01 
.105E-01 
• 157E-02 
.194E-03 
.220E-04 
.241E-05 
.260E-06 
.280E-07 
.302E-08 
.324E-09 
.348E-10 
.374E-11 
.402E-12 

ABS K 
.185E+02 

.143E+02 
• 127E+02 
.107E+02 
.819E+01 
.534E+01 
.268E+01 
.905E+00 
• 194E+00 
.292E-01 
.360E-02 
.407E-03 
.446E-04 
.482E-05 
.519E-06 
.559E-07 
.601E-08 
• 646E-09 
.694E-10 
.745E-11 

LOG KA 

1.155 
1.105 
1.030 

.913 

.728 

.428 
-.043 
-.711 

-1.535 
-2.444 
-3.390 
-4.351 
-5.317 
-6.284 
-7.253 
-8.221 
-9.190 

-10.159 
-11.128 

LOG D 

4.765 
4.570 
4.351 
4.101 
3.804 
3.447 
3.025 
2.551 
2.049 
1.535 
1.016 

.496 
-.025 
-.546 

-1.067 
-1.588 
-2.110 
-2.631 
-3.152 
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Table 5.6.8 Physical properties for 50.0 % gypsum soil. 

VARIABLE 
A(l) 
A(2) 
A(3) 

INDEX 
1 
2 
3 
4 
5 
6 
7 
8 

RES.W.C. 
.1610 

PRESSURE 
.OOOE+OO 
• 141E+01 
.282E+01 
.562E+01 
• 112E+02 
.224E+02 
.447E+02 
.891E+02 
.178E+03 
.355E+03 
.708E+03 
• 141E+04 
• 282E+04 
• 562E+04 
• 112E+05 
.224E+05 
.447E+05 
.891E+05 
• 178E+06 
.355E+06 

VALUE 
.00482 

1.91761 
.16096 

PRESSURE 
.0 

80.0 
250.0 
500.0 

1000.0 
3000.0 
7500.0 

15000.0 

STATISTICAL RESULTS 
95% CONFIDENT INTERVAL 

S.E.COEFF 
.00143 
.37880 
.03885 

TVALUE 
3.36 
5.06 
4.14 

LOWER UPPER 
.0020 .0076 

1.i752 2.6601 
.0848 .2371 

FINAL RESULTS 
MOISTURE CONTENT 
OBSERVED FITTED 
.67150 .67150 
.56290 .63633 
.53340 .49478 
.37530 .37094 
.24780 .27881 
.19860 .20483 
.18630 .17993 
.18380 .17101 

RESIDUAL 
.00000 

-.07343 
.03862 
.00436 

-.03101 
-.00623 

.00637 

.01279 

SAT.W.C. 
.6715 

ALPHA 
.0048 

N 
1.9176 

SATK 
22.2247 

LOG P 

.150 

.450 

.750 
1.050 
1.350 
1.650 
1.950 
2.250 
2.550 
2.850 
3.150 
3.450 
3.750 
4.050 
4.350 
4.650 
4.950 
5.250 
5.550 

WC 
.6715 
.6715 
.6714 
.6713 
.6706 
.6681 
.6591 
.6293 
.5522 
.4305 
.3195 
.2477 
.2074 
.1857 
.1741 
.1679 
.1647 
.1629 
.1620 
.1615 

REL K 
.100E+01 

.980E+00 

.962E+00 

.928E+00 

.867E+00 
• 757E+00 
.573E+00 
.319E+00 
.981E-01 
.134E-01 
.101E-02 
.581E-04 
.309E-05 
• 160E-06 
.827E-08 
.426E-09 
.220E-10 
.113E-11 
.583E-13 
.300E-14 

ABS K 
.222E+02 

• 218E+02 
• 214E+02 
.206E+02 
• 193E+02 
• 168E+02 
.127E+02 
.710E+01 
.218E+01 
.299E+00 
.224E-01 
.129E-02 
• 686E-04 
.356E-05 
• 184E-06 
.948E-08 
.488E-09 
.251E-10 
• 129E-11 
• 667E-13 

LOG KA 

1.338 
1.330 
1.314 
1.285 
1.226 
1.105 

.851 

.339 
-.525 

-1.650 
-2.889 
-4.164 
-5.449 
-6.735 
-8.023 
-9.311 

-10.600 
-11.888 
-13.176 

LOG D 

5.973 
5.689 
5.399 
5.096 
4.768 
4.396 
3.950 
3.403 
2.765 
2.077 
1.371 

.660 
-.053 
-.766 

-1. 478 
-2.191 
-2.904 
-3.617 
-4.330 
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Table 5.7.1 Physical specification file (unit 2) 

line 
1 0 .02755 13 3 
2 1. 1.01 60.0 
3 10 .0000001 1 
4 7 
5 .125 

.15 

.183 

.41667 
48. 
72. 
95.14 

6 9 
7 .1833 0.00006061 

6.36667 0.0 
6.86667 0.00002222 
44.7833 0.0 
46.8833 0.00000785 
68.7500 0.0 
71.1667 0.00000751 
93.4500 0.0 
95.1500 0.00000679 

8 0.0 -150.0 
9 -93.196 

10 .11 • 0678 .4830 13 • .207 6.24E-5 
.22 .0918 .3985 1.797 .223 4.77E-5 
.33 • 0678 .4830 13 • .207 6.24E-5 
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Table 5.7.2 Physical specification input file description. 

line 1: a} 

b} 
c} 
d} 

line 2: a} 
b} 
c} 

line 3: a} 

b} 

c} 

line 4: a} 

A flag to start the run from restrt file (1), or 
for normal start (O) - (iresta) 
The distance between two nodes [m] - (delz) 
Number of nodes - (nz) 
Number of layers - (layers) 

Minimum time step [sec] - (dtmin) 
A factor used to increase the time step - (dtpres) 
Maximum time step [sec] - (dtmax) 

Maximum of sub-iterations for any single time step 
- (maxitr) 
Tolerance demanded for the convergence of f(} -
(tal) 
Type of averaging the unsaturated hydraulic 
conductivity. (1) for arithmatic average - (jtypek) 

Number of times for output the moisture content in 
the profile and the amount of water added and 
drained - (np) 

line 5:*a} Time to print on unit 3 [h] - (timepr(ip},ip = 1 , 
np) 

line 6: a} 

line 7:*a} 

b} 

Number of times a new velocity of water 
infiltration occurs on the soil surface - (nv) 

Time at which surface velocity changes [h] -
(timeve(iv), iv = 1, nv} 

Velocity of the infiltration [m/sec] - (velocy(iv), 
iv = 1, nv} 

line 8: a} Maximum value of f(} allowed [m] - (fmax) 
b} Minimum value of f() allowed [m] - (fmin) 

line 9: a} The f(} value in the profile at the begining of the 
run [m] - (fiz) 

line 10:*a} Lower depth of layer [m] - (depth(layer},layer = 
1,larers) 

b} ar [m / m3 ] - (par(layer,l), layer = 1, layers} 
c} as [m3 / m3 ] - (par(layer,2), layer = 1, layers) 
d} a - (par(layer,3), layer = 1, layers) 
e) m - (par(layer,4), layer = 1, layers) 
f) Ks [m / sec] - (par(layer,5), layer = 1, layers) 

* line 5 is repaeted for number of print (np) 
* line 7 is repeated for the number of velocity (nv) 
* line 10 is repeated for the number of layers (layers) 
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Table 5.7.3 Chemical properties input file (unit 77). 

line 
1 
2 
3 
4 
5 
5 

, MARANA AGUA' 
0.00001 24.0 13 0.0275 
0.0 0.0 0.0 0.0 5.5 0.0 5.550 0.0 0.0 
3 

.11 .0 .0 1.0 7.58 3.14 1.29 1.11 2.98 0.0 2.2 8.0 
1.0 1.55 O. 23. 

.22 .0 .0 1.0 32.8 3.57 3.90 0.96 3.02 0.0 27. 7.2 
116.2 1.0 1.55 O. 23 • 

0.0 

• 33 .0 .0 1.0 7.58 3.14 1.29 1.11 2.98 0.0 2.2 8.0 0.0 
1.0 1.55 O. 23. 
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Table 5.7.4 Chemical properties input file description. 

line 1: a) Soil name and location - (title) 

line 2: a) 

b) 
c) 
d) 

line 3: a) 

b) 

c) 

d) 

e) 

f) 

g) 

h) 

i) 

Convergence for chemical equilibrium subroutines 
[mmole / 1] - (ch1) 
Laboratory temperature [CO] - (tmplab) 
Number of nodes - (nz) 
The distance between two nodes [m] - (delz) 

NH3 concentration in the irrigation water [mmles 
of + charges/ 1] - (anh3(1» 
N03 concentration in the irrigation water [mmoles 
of - charges/ 1] - (an03(1» 
Ca concentration in the irrigation water [mmoles 
of + cherges/ 1] - (ca(1» 
Na concentration in the irrigation water [mmoles 
of + cherges/ 1] - (ana(1» 
Mg concentration in the irrigation water [mmoles 
of + charges/ 1] - (amg(1» 
Hco3 concentration in the irrigation water [mmoles 
of - charges/ 1] - (hc03(1» 
Cl concentration in the irrigation water [mmoles 
of - charges/ 1] - (cl(1» 
co3 concentration in the irrigastion water [mmoles 
of - charges/ 1] - (c03(1» 
s04concentration in the irrigation water [mmoles 
of - charges/ 1] - (s04(1» 

line 4: a) Number of soil layers - (layers) 

line 5:*a) The lower depth of layer [m] - (depth (layer) , layer 
=1, layers) 

b) NH3 concentration in the soil extract [mmles of + 
charges/ 1 ] - (chh1(layer» 

c) No3 concentration in the soil extract [mmles of -
charges/ 1 ] - (chh2(layer» 

d) Percent moisture in the extract [kg / kg] -
(chh3(layer» 

e) Ca concentration in the soil extract [mmles of + 
charges/ 1 ] - (chh4(layer» 

f) Na concentration in the soil extract [mmles of + 
charges/ 1 ] - (chh5(layer» 

g) Mg concentration in the soil extract [mmles of + 
charges/ 1 ] - (chh6(layer» 

h) HC03 concentration in the soil extract [mmles of -
charges/ 1 ] - (chh7(layer» 

i) Cl concentration in the soil extract [mmles of -
charges/ 1 ] - (chh8(layer» 
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Table 5.7.4 (continued) 

j) co3 concentration in the soil extract [mm1es of -
charges/ 1 ] - (chh9(layer» 

k) S04concentration in the soil extract [mm1es of -
charges/ 1 ] - (chh10(layer» 

1) cation exchange capacity [mm10es of + charges/ 100 
g soil] - (chh11(layer» 

m) Number of mmo1es of charges of gypsum/ 100 g soil 
- chh12(layer» 

n) A flag for c~co~presence. 1 means there is cac03 
and 0 means 1t ~oes not - (chh13(layer» 

0) Bulk density [g/ cm3 ] - (chh14(layer» 
p) not used in the program 
q) Soil temperature [ co ] - (chh16(layer» 

* Line 5 is repeated for the number of layers (layers) 



Table 5.7.5 Restart input output file (unit 3). 

line 
1 
2 

94.9509 2.0467E-001 
-1.8801E-002 
-2.0245E-002 
-2.7446E-002 
-6. 1841E-002 
-6.6149E-002 
-5.5937E-002 
-4.3792E-002 
-2.9344E-002 
-1.8501E-002 
-1.8517E-002 
-1.8532E-002 
-1.8540E-002 

1.5326E-001 
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Table 5.7.6 Restart input output file description. 

line 1: a) Time [h] - (ti) 
b) Amount of water added [m] - (wadded) 
c) Amount of water drained [m] - (draned) 

line 2: a) soil water tension, f(), [m] - (f(iz), 
iz = 1 ,nz-1) 

* Line 2 is repeated for (nz - 1) 
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Table 5.7.7 Sample of soil physical properties output 
(unit 1). 

TIME(H)-

DEPTH(M) 
.OOOE+OO 
.276E-01 
.551E-01 
.827E-01 
• 110E+00 
• 138E+OO 
• 165E+OO 
• 193E+00 
.220E+00 
.248E+00 
• 276E+00 
.303E+00 

WADDED 
.273E-01 

.125E+00 VELOCITY(M/S)- .606E-04 

MATRIC POTENTIAL (M) 
-.67426E-09 
-.69333E-04 
-.42764E-01 
-.81318E+00 
-.63846E+02 
-.93162E+02 
-.93196E+02 
-.93196E+02 
-.93196E+02 
-.93196E+02 
-.93196E+02 
-.93196E+02 

WATER CONTENT 
.48300E+00 
.48299E+00 
• 45080E+00 
.28985E+00 
• 17039E+00 
• 16233E+00 
• 16232E+00 
.16232E+00 
• 13287E+00 
• 13287E+00 
• 13287E+00 
.13287E+00 

DRAINED 
.797E-11 

STORED SUM ARE 
• 278E-01 -.497E-03 

PERCENT MASS ERROR- 1.693 
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Table 5.7.8 Sample of water quality output (unit 99). 

INITIAL SOIL ANALYSES (MMOLE OF CHARGES/L OF SOIL EXTRACT) 
(HN=UG/GM OF SOIL, EC=MMOLE FO CHARGES/100GM OF SOIL, 
GYP=MMOLE OF CHARGES/100GM OF SOIL, BD=GM/CM3) 

LAYER NH3 N03 CA NA MG 
1 .000 .000 7.580 3.240 1.390 
2 .000 .000 32.800 3.670 3.900 
3 .000 .000 7.580 3.240 1.390 

LAYER HC03 CL C03 S04 EC 
1 1.110 3.180 .000 2.200 8.000 
2 .960 3.220 .000 27.000 7.200 
3 1.110 3.180 .000 2.200 8.000 

LAYER CAL BD HN SOLTMP 
1 1.000 1.550 .000 1.000 
2 1.000 1.550 .000 1.000 
3 1.000 1.550 .000 1.000 

PREDICTED SOLUBLE +ION 
SEG# CA 

2 .153E+02 
3 • 155E+02 
4 • 156E+02 
5 • 163E+02 
6 .396E+02 
7 .452E+02 
8 • 551E+02 
9 .599E+02 

10 • 655E+02 
11 .714E+02 
12 • 661E+02 
13 .393E+02 

NA 
.529E-03 
.507E-02 
.340E-01 
.440E+00 
.257E+01 
.861E+01 
• 184E+02 
.222E+02 
.263E+02 
.312E+02 
.292E+02 
• 149E+02 

PAIRS (MMOLE OF CHARGES/L) 
MG 

.423E+01 

.546E+01 
• 540E+01 
.724E+01 
.809E+01 
.921E+01 
.108E+02 
• 140E+02 
• 225E+02 
.250E+02 
• 161E+02 
.673E+01 

CL S04 
.405E+01 .843E-04 
.540E+01 .104E-02 
.536E+01 .899E-02 
.772E+01 • 188E+00 
• 991E+01 .236E+02 
• 140E+02 .232E+02 
• 199E+02 .218E+02 
.210E+02 .215E+02 
.232E+02 .220E+02 
.276E+02 .217E+02 
.269E+02 • 196E+02 
• 138E+02 .993E+01 

GYP 
.000 

116.200 
.000 

HC03 
• 155E+02 
.155E+02 
.157E+02 
• 157E+02 
.135E+02 
• 129E+02 
.121E+02 
• 114E+02 
.102E+02 
.996E+01 
.998E+01 
• 111E+02 

DEPTH OF WATER DRANED FROM THE LAST PRINT= 
TIME = 8.4676HOURS FROM THE START .0052 

.0052M 
M DRAINED 
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Table 5.8.2 Summarized print out of major ion concentrations 
after percolating 0.52, 10.11, 20.19, and 30.27 cm of 
solution when the irrigation water contained Mg and Cl. 

PREDICTED SOLUBLE +ION PAIRS (mmoles of charges/L) 
SEG# CA NA MG CL S04 HC03 

2 .135E+02 .406E+00 .576E+01 .603E+01 .1435E+00 .1296E+02 
3 .159E+02 .225E+01 .599E+01 .732E+01 .8153E+00 .1279E+02 
4 .482E+02 .636E+01 .772E+01 .101E+02 .3007E+02 .1204E+02 
5 .545E+02 .129E+02 .120E+02 • 146E+02 .3005E+02 .1227E+02 
6 .577E+02 .214E+02 .164E+02 .205E+02 .2720E+02 .9709E+01 
7 .635E+02 .307E+02 .177E+02 .276E+02 .2347E+02 .8764E+01 

TIME = 3.5667HOURS FROM THE START .0052 M DRAINED 

PREDICTED SOLUBLE +ION PAIRS (mmoles of charges/L) 
SEG# CA NA MG CL S04 HC03 

2 .131E+02 .106E-01 .574E+01 .576E+01 .350E-02 .130E+02 
3 .135E+02 .948E-01 .573E+01 • 581E+01 .308E-01 .133E+02 
4 .199E+02 .367E+00 .556E+01 .599E+01 .360E+01 .157E+02 
5 .449E+02 .102E+01 .581E+01 • 642E+01 .308E+02 .130E+02 
6 .413E+02 .268E+01 .664E+01 .752E+01 .283E+02 .106E+02 
7 .431E+02 .608E+01 .831E+01 .982E+01 .280E+02 .978E+01 

TIME = 6.9000HOURS FROM THE START .1011 M DRAINED 

PREDICTED SOLUBLE +ION PAIRS (mmoles of charges/L) 
SEG# CA NA 

2 .130E+02 .215E-03 
3 .134E+02 .260E-02 
4 .163E+02 .133E-01 
5 .242E+02 .474E-01 
6 .393E+02 .167E+00 
7 .389E+02 .545E+00 
TIME = 10.4000HOURS 

MG 
• 575E+01 
• 575E+01 
.573E+01 
• 551E+01 
.561E+01 
• 580E+01 
FROM THE 

CL 
• 575E+01 
.575E+01 
• 576E+01 
• 578E+01 
.585E+01 
.609E+01 

START 

S04 HC03 
.712E-04 .130E+02 
.838E-03 .134E+02 
.482E-01 .163E+02 
.854E+01 .153E+02 
.282E+02 .107E+02 
.284E+02 .100E+02 

.2019 M DRAINED 

PREDICTED SOLUBLE +ION PAIRS (mmoles of charges/L) 
SEG# CA NA MG CL S04 HC03 

2 .130E+02 .438E-05 .575E+01 • 575E+01 .144E-05 .130E+02 
3 .134E+02 .644E-04 .575E+01 .575E+01 .209E-04 .134E+02 
4 .163E+02 .376E-03 .575E+01 • 575E+01 .679E-03 .163E+02 
5 .171E+02 .153E-02 .573E+01 • 575E+01 .840E-01 .170E+02 
6 .149E+02 .706E-02 .557E+01 .576E+01 .951E+00 .137E+02 
7 .170E+02 .327E-01 .527E+01 • 577E+01 .398E+01 .125E+02 
TIME = 13.9000HOURS FROM THE START .3027 M DRAINED 
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Table 5.8.3 Summurized print out of major ions concentration 
after perculating 0.52, 10.11, 20.19, and 30.27 cm of 
solution when the irrigation water contained Ca and S04. 

PREDICTED SOLUBLE +ION PAIRS (mmoles of charges/L) 
SEG# CA NA MG CL S04 HC03 

2 .370E+02 .486E+00 .208E+00 .325E+00 .269E+02 .984E+01 
3 .385E+02 .269E+01 .105E+01 • 185E+01 .267E+02 .100E+02 
4 .468E+02 .772E+01 .358E+01 • 526E+01 .296E+02 .120E+02 
5 .532E+02 .160E+02 .886E+01 .106E+02 .297E+02 .123E+02 
6 .567E+02 .265E+02 .144E+02 • 178E+02 .272E+02 .970E+01 
7 .628E+02 .374E+02 .167E+02 .262E+02 .235E+02 .878E+01 

TIME = 3.5667HOURS FROM THE START .0052 M DRAINED 

PREDICTED SOLUBLE +ION PAIRS (mmoles of charges/L) 
SEG# CA NA MG CL S04 HC03 

2 .368E+02 .126E-01 .773E-02 .796E-02 .269E+02 .985E+01 
3 .370E+02 .112E+00 .609E-01 .701E-01 .269E+02 .101E+02 
4 .423E+02 .442E+00 .235E+00 .280E+00 .298E+02 .123E+02 
5 .435E+02 .124E+01 .687E+00 .794E+00 .300E+02 .129E+02 
6 .393E+02 .327E+01 .188E+01 .210E+01 .271E+02 .105E+02 
7 .412E+02 .744E+01 .417E+01 .486E+01 .271E+02 .974E+01 

TIME = 6.9000HOURS FROM THE START .1011 M DRAINED 

PREDICTED SOLUBLE +ION PAIRS (mmoles of charges/L) 
SEG# CA NA MG CL S04 HC03 

2 .367E+02 .257E-03 .243E-03 • 161E-03 .269E+02 .859+01 
3 .370E+02 .310E-02 .259E-02 • 190E-02 .268E+02 .101E+02 
4 .421E+02 .157E-01 .118E-01 .945E-02 .298E+02 .123E+02 
5 .429E+02 .565E-01 .399E-01 .330E-Ol .299E+02 .130E+02 
6 .375E+02 .201E+00 .144E+00 • 119E+00 .269E+02 .106E+02 
7 .370E+02 .664E+00 .462E+00 .401E+00 .269E+02 .995E+01 

TIME = 10.4000HOURS FROM THE START .2019 M DRAINED 

PREDICTED SOLUBLE +ION PAIRS (mmoles of charges/L) 
SEG# CA NA MG CL S04 HC03 

2 .367E+02 .522E-05 .768E-05 .328E-05 .269E+02 .985E+01 
3 .370E+02 .769E-04 .101E-03 .474E-04 .268E+02 .101E+02 
4 .421E+02 .446E-03 .523E-03 .272E-03 .298E+02 .123E+02 
5 .429E+02 .183E-02 .198E-02 .109E-02 .299E+02 .130E+02 
6 .374E+02 .861E-02 .878E-02 .493E-02 .268E+02 .106E+02 
7 .368E+02 .400E-01 .371E-01 .222E-01 .268E+02 .995E+01 

TIME = 13.9000HOURS FROM THE START .3027 M DRAINED 
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Table 3.3.1 Thermodynamic constants of chemical reactions. 

KSpCeS04 = ace a S04 

KoM9S04 = a M9 a S04 / a M9S04 

Koces04 = ace a S04 / a CeS04 

K1 = a H a HC03/ aH2C03 

K2 = a H a C03 /aHC03 

KSpCeco3 = ace a C03 

KC02 = CH2C03/PC02 

is subscript xx 

2.40E-05 

5.90E-03 

4.90E-03 

4.47E-07 

4.68E-11 

4.60E-09 

3.39E-02 

** assumed to be equal to AHOOM9S04 

-250 

-4000** 

-4000 

1830 

-3580 

-3120 

-4850 
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