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ABSTRACT 

This research examined the spatial variability and 

frequency distributions of electrical conductivity (EC) 

and sodium adsorption ratio (SAR) in soil. A 10 hectare 

field of the Papago Farms, 30 miles-Southwest of Sells, 

Arizona, was sampled at 100 random sites and 0 to 30 cm 

depth. The EC and SAR were measured in saturation extracts 

of the soils and ranged from 0.6 to 32 dS/m and 4.9 to 

116 per cent respectively. The EC values are approximately 

log normally distributed with a mean of 5.9 dS/m. The SAR 

also has a log normal distribution with mean of 33 per cent. 

The semi-variogram of EC is approximately spherical with 

a spatial dependence up to 85 meters between sampling 

sites. The semi-variogram of SAR is also spherical with 

a spatial dependence up to 130 meters. 

ix 



CHAPTER 1 

INTRODUCTION 

Salt accumulation on cropland may be a result of 

irrigation. The problem existed in the past as well as 

in the present. Some investigators attribute the decline 

of irrigation-based civilizations in large part to soil 

salinization. The civilization of the Tigris-Euphrates 

rivers experienced three major salinity intervals: during 

the Sumerian, Babylonian, and Arab eras. 

The Nile Valley, like the Tigris-Euphrates region, 

has been irrigated for about 6000 years; salt, sediments, 

and nutrients are brought by the annual Nile flood which 

kept the land fertile. When the water level in the river 

goes down, the gravel beds underlying the flood plain pro

vide drainage from the land to the river. These processes 

diminish salt buildup. Some other regions in Egypt have 

a salt problem, and it is serious in the Nile delta. 

The Indus River in Pakistan also supports an old 

irrigation agriculture. It has severe problems with both 

salinity and water logging. 

In Southern Arizona, archaeologists conducted an 

extensive study on the Hohokam Indian irrigation systems. 

About 300 B.C., the Hohokam began their irrigation system. 

1 
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They achieved a highly organized culture which reached its 

maximum size about 900 A.D. By 1450 A.D., they had dis

appeared after a sudden population decline. Because their 

irrigation engineering seems to have lacked an appropriate 

salinity-preventing technology, it is surmised that they 

could not maintain crop productivity adequate for the large 

population that their advanced culture had created (Casy, 

1972). 

Today, as much as one-third of all irrigated lands 

in the world, which is approximately 160 million ha, is 

considered salt-affected. Soil salinity and alkalinity 

occur most in arid and semi-arid tropic and sub-tropic 

regions. 

It is estimated that an area of about 7 million ha 

in India alone is seriously affected by salinity and/or 

alkalinity. In Southern Russia and around the Yellow 

River in China, large irrigated areas suffer from salinity 

problems. More than one-fourth of the irrigated farmland 

in the United States is affected to some extent by soil 

salinity. Another newly-cultivated land is Australia, some 

areas in the south already have a salinity problem. 

The ions that contribute to soil salinity include 

CI", S042", HC03~, Na+, Ca2+, Mg2+, and rarely NC>3~, and 

K+. The salts of these ions occur in highly variable 

concentrations and proportions. There are three general 

groups of salt-affected soils. 
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The first group is alkali or sodic soils. The term 

alkali in the U.S.D.A. classification, refers to soil con

taining more than 15 per cent exchangeable sodium. High 

Exchangeable Sodium Percentage (ESP) in soil can reduce 

water penetration through soil or seal the soil surface. 

Sodium has a large hydrated ionic radius and Na+ is 

not strongly attracted to clay surfaces. As a result, 

clay particles whose charge is even partially satisfied by 

Na+ repel each other. The clay particles become dispersed 

and move in the soil, plugging up the soil pores. Sodic 

soil is reclaimed by adding gypsum, sulfur or sulfuric 

acid to the soil. 

The second group, saline-sodic soils contain large 

amounts of total salts, usually more than 4 dS/m in their 

saturation extract and more than 15 per cent exchangeable 

sodium. The pH is less than 8.5. The physical properties 

of these soils are good and similar to those of saline and 

nonsaline soils as long as excess salts are present. 

The final group, saline soils, contains soluble 

salts in an amount high enough to interfere with plant 

growth, but not enough exchangeable sodium to alter the 

soil characteristics appreciably. These soils usually have 

electrical conductivity (EC) of more than 4 dS/m and ESP 

of less than 15 per cent. The pH is less than 8.5. Saline 

soils have normal soil physical properties. 

Salinity stress and drought stress seem to have 

much the same effect on plants. The critical rates in 
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drought stress are water absorption vs. transpiration. 

These are related to root system and leaf areas. There is 

general agreement among most workers in agricultural science 

that plant growth reduction is closely related to the os

motic pressure of the growth medium. In general, salts 

mainly exert their effect on plants through osmotic pressure. 

Actually, a soil solution with high osmotic pressure has 

a low water potential gradient compared to the solution in 

the cell of plant roots which have relatively high water 

potential.,. The consequences of this are expressed in the 

"physiological drought" idea in which it is thought that 

the driving force is too small for root water uptake. 

Some workers believe that plant roots produce organic 

acids or absorb salt in order to adjust their internal 

osmotic concentration to the soil solution.-

In addition to the osmotic effect, there are other 

salinity-related factors which may slow plant growth. 

Toxic ions include boron, lithium, selenium and bicarbon

ate. Sodium, calcium, chloride, and any ions present in 

excess concentration could be toxic to sensitive plants. 

In addition, plants could be affected by the specific ion 

effect of one ion excluding another. For instance, when 

Ca acts to exclude K, the result of this will be a defi

ciency of K or a toxic level of Ca. 

Leaching and drainage systems can be used in 

removing excess salt out of the root zone. Excess water 
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for leaching may lead to water logging and high water 

tables. This can generate salinity problems from below 

through salty groundwater. Drainage installation is 

necessary in these cases but require high capital costs. 

Soil is, in general, variable, which causes some 

difficulties in studying its properties. Soil scientists 

are always looking for new ideas that could be of help in 

learning more about soil variability. Spatial dependence 

theory is a new idea used in geology to estimate ore 

grades or petroleum reserves in a particular area. In 

hydrology, the theory is used to estimate groundwater 

levels or rainfall amounts at unmeasured sites. Appli

cations of this theory in soil science are just beginning, 

but growing rapidly. Ideally, this information would be 

useful in improving soil management and food production. 

In our study, much concern is paid to one of the 

soil components, salt. Soil salinity distribution over 

horizontal distances were studied by quantitative and 
% 

qualitative means. 

Objectives 

1. Evaluation of spatial variability of elec

trical conductivity (EC), sodium adsorption 

ratio (SAR) and exchangeable sodium 

percentage (ESP) over a field. 

2. Examination of the frequency distributions 

of EC, SAR, and ESP. 



Examination of "structure" of semi-variograms 

of soil salinity and SAR data. 



CHAPTER 2 

VARIABILITY 

Factors Causing Soil Salinity Variability 

Macrovariability, when soil salinity varies from 

one region to another under the influence of one or more 

of the following factors, is due to several causes. 

1. Parent Material. 

Rocks decompose under physical and chemical weather

ing and form soils and release dissolved salts. There is 

an intimate relation between salt accumulation and the 

chemical composition of rocks from which soils are formed. 

Soils formed directly from salt-bearing parent material 

usually contain excessive salts. Where the rate of weather

ing equals the rate of leaching, no salt accumulates in 

the soil surface. But where the rate of weathering is 

higher than the rate of leaching, salt may accumulate to 

levels which are harmful to plants. 

2. Climate and Rainfall Distribution. 

Salt is often accumulated in regions near the sea. 

Salt accumulation decreases further inland. Rain and wind-

entrained spray is probably responsible for this type 

7 
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of salinity distribution. Large amounts of salts fall 

on lands close to the sea. 

3. Topography. 

In arid and semi-arid lands, potential evapotrans-

piration exceeds precipitation. This leads to salt 

accumulation in areas of restricted drainage and in areas 

with a high water table. The incoming surface and ground

water contain salts which accumulate as the water evaporates. 

Microvariability, soil salinity variation within a 

field, occurs because of the influence of one or more of 

the following reasons. 

1. Man's Activities. 

One cause of the spatial variability of salinity 

is land leveling. The primary objective of land leveling 

is to improve water distribution within a field. Another 

advantage of land leveling is that it can reduce salt 

accumulation. In unleveled fields, droughty areas appear 

due to the non-uniform distribution of water. Whenever a 

tendency exists for salt accumulation, those areas re

ceiving less than the desired amounts of water will show 

the greatest accumulation of salt (Hansen, 1980) . 

Irrigation waters contain small to large amounts of 

salts. Irrigation with saline water will accentuate the 

soil saline problem and will affect plant growth, particu

larly during the germination stage. Sometimes, farmers 
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try to apply more water, but that results in a water 

logging problem. 

2. Soil Texture and Structure. 

Salt movement in soil is transferred with the water. 

Dissolved salts move by capillary action and rise to the 

surface. When water evaporates due to the difference in 

vapor pressure between soil and the atmosphere, salt 

accumulates in the surface. Soil texture and structure 

determine the capillary radius of soil pores and the soil's 

permeability.. Capillary rise is higher in clay soil than 

in sandy soil. In sequence, evaporation from clay soil 

will be higher, and more salts will accumulate. That has 

happened when there is a shallow water table. Often a 

soil with a high clay content may generate a problem from 

the opposite direction. Clay can delay water infiltration 

and ponds will form, then water evaporates leaving salts 

behind. 

3. Plant Distribution and Crop Type. 

Forage crops shade the soil surface for a longer 

time. The shade reduces evaporation from the soil surface, 

therefore less salt rises with capillary water to the sur

face. The plant canopy for cereal crop are less complete 

and more water will evaporate. Thus, salt will accumulate 

on the soil surface, Figures 2.1 and 2.2. 
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Figure 2.1 Salts accumulate around the plant's root and in 
soil surface away from the plant. 

Figure 2.2 In Figure 2.2 a. forage crops with denser 
canopy diminish salts accumulation; b. cereal 
crops with a less dense canopy accumulate 
more salts. 

s 
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4. Microtopography 

Microtopography can affect the way salt distribution 

takes place on the soil surface. For instance, in a 

furrow irrigation system, salts usually accumulate at the 

top of the row, Figure 2.3. Farmers are advised to put 

seeds on the side of the row away from the spot where salt 

accumulates (see Figure 2.4) . Microtopography is also 

related to unleveled fields which were mentioned above. 

Salts might increase or decrease in the same site 

from year to year. Salts not only change vertically along 

the soil profile or horizontally from site to site, but 

also with time. In a study of salt movement in Saskatchewan, 

Canada, from 1964 to 1975, Ballantyne collected samples 

from the 0-122 cm. depth. Table 2.1 shows that the 

salinity increased by 56.6 per cent at 0-15 cm. and 143.7 

per cent at 15-30 cm. from 1966-1967. But from 1967-1968 

the salinities decreased about 18.7 per c^it at 0-15 cm. 

depth and 79.7 per cent at 15-30 cm. depth. 

Ballantyne mentioned that during the study period, 

no individual site continually increased or decreased in 

salinity. He also mentioned that salt changes between 

years at specific sites do not appear to be related to any 

one specific factor such as cropping practices, profile 

type or topographic class. Ballantyne suggested that if 

the study was included of physical and chemical properties 
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Zone of accumulation 

Figure 2.3 

Salts accumulate in the top of the row. 

Figure 2.4 Farmers plant in single-row sloping bed to 
control both salinity and temperature. 
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for the area throughout the years, it would give inter

esting information about soil behavior. 

Table 2.1 The conductivity of the soil saturation extract 
at two sites for two consecutive years, indi
cating the possible changes in salinity that 
can occur in Saskatchewan agricultural soil. 

Calcareous Black Chernozem Calcareous Dark Brown Chernozem 
(glacial (ill) (silly lacustrine) 

Depth 1966 1967 % 1967 1968 * 
(cm) (mmhot/cm) change (mmhos/cm) change 

0- IS 2.00 3.13 +56.5 1.07 0.87 -18.7 
IS- 30 2.61 6.36 + 143.7 6.20 1.26 -79.7 
30- 46 4.32 8.14 +88.4 10.14 1.50 -85.2 

61 5.94 7.76 +30.6 12.92 6.31 -51.2 
61- 91 6.9S 7.83 + 12.7 14.74 12.57 -14.7 
91-122 7.33 7.56 +3.1 15.77 13.15 -16.6 

Avg S.43 7.02 +29.3 11.42 7.67 -32.8 



CHAPTER 3 

SAMPLING 

Assuming the soil to be homogeneous can create 

large sampling errors. Under this assumption the measure

ment might not represent the true information about the 

soil. In fact, soil is variable and heterogeneity seems 

to be the rule rather than the exception (Petersen, 1965). 

Soil exists as a continuous mantle over land surfaces, but 

it is made up of a number of elements or individuals that 

differ from one site to another. Sometimes soil changes 

gradually from sand to clay or from high salt content to 

low salt content. This change is not always gradual but 

can be abrupt. Factors which formed the soil play an 

important role in soil variation. For instance, soil formed 

from recent alluvium, poorly drained, is usually different 

in most of its properties than from well-drained soil formed 

from residual parent material. 

The purpose of sampling is to look for information 

that truly represents the area. The only way to have the 

true information about any characteristic is by getting the 

real mean without bias. That could be done by including 

the whole population during the sampling. Of course, that 

is impossible, particularly with soil, so soil scientists 

14 
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and statisticians are always looking for a sampling method 

that gives adequate information about the properties of 

interest with low cost. The intensity of sampling rate 

could be increased or decreased depending on the hetero

geneity of the soil population. The more heterogeneous 

the soil, the more intense the sampling must be, and the 

higher the cost (Petersen). 

Type of Sampling 

The principles of soil sampling were first outlined 

by M. Cline in 1944, but many changes have occurred since 

then. 

Simple Random Sampling 

Simple random sites can be located by using random 

number tables or generators. First, width and length of 

the area should be known. Then, start selecting the random 

numbers. The first number can represent the x-coordinate, 

the second number should be the y-coordinate for the first 

point and so forth until the required number of samples is 

reached. 

Stratified Random Sampling 

In this method of sampling, the population is 

divided into cells, squares, and sometimes rectangles, 

triangles, or hexagons within each of which are one or 

more points which are chosen at random (Webster, 1977). 

Although we have the cell at equal areas and they have the 
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same number of samples; the variation within the strata 

is the source of errors in this method of sampling. Strat

ified random sampling attempts to cover the area; that is 

not achieved in simple random sampling. 

Systematic Sampling 

In systematic sampling, coverage of the area is 

more complete than in the previous ones. The sampling 

points are located at regular distances away from each 

other. The reason this method is used widely is that it 

is easy in practice. In addition to that the data is 

easier to use in mapping than the data collected at irregu

lar intervals. The disadvantages of systematic sampling 

is that there may be regular periodicities in the population. 

Also the method gives no entirely valid estimate of the 

sampling error since the sampling points are not located 

at random. 

Unaligned Sampling 

Stratified systematic unaligned sampling is the 

full name for unaligned sampling. This method of sampling 

combines the advantages of stratified, systematic, and 

randomization sampling to provide unbiased estimates of 

means. 

Unequal Sampling 

Some areas are more variable than others so more 

attention should be paid to these areas. For instance, 
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more intense sampling should be done in these areas. 

Composite Samples 

For composite sampling, a number of field samples 

are mixed together to form one bulk sample for laboratory 

analysis. The only advantage of this method is reduced 

analysis cost. This method has some disadvantages in that 

distribution in the field is lacking. Some characteristics 

of soil properties would not be recognized, such as, for 

instance, extreme values. The mean would be biased, 

especially if it represented a large field or a highly 

variable one. Another disadvantage is that there is no 

estimate of variance of the mean. 

In a sampling study in a saline and alkali area, 

Sayegh (1958) found that the average conductivities for 

the soil mapping units ranged from 1.2 to 13.0 mmhos/cm. 

The average exchangeable-sodium percentage also varied 

greatly, from 5.2 to 54.9 per cent, when the error mean 

square between locations within soil mapping units was 

compared with the error mean square between samples within 

locations. Sayegh found that the F value was significant 

for electrical conductivity at the 5 per cent level, but 

was insignificant for ESP. He contributed the lack of 

significance to the extremely high sampling variation. 

Sayegh found that the variance may be reduced at a much 

more rapid rate by increasing the number of locations than 

by increasing the sampling rate within a location. He 



18 

suggested that for a given number of samples the most 

accurate estimate would be obtained by taking one sample 

from each location. 

Hammond and others (1958) did a study in seven 

fields in Florida. They tried to find a relation between 

soil sampling and soil heterogeneity. Two methods of 

sampling were compared, simple random and multi-stage 

sampling. The term "macrouniformity" is used for fields 

that vary within small areas. Hammond found all seven 

fields to be macrouniform with respect to three or more of 

the properties measured. Some fields did not show such 

uniformity for Ca, others for pH. "The choice between a 

multi-stage and a simple random sampling scheme depends 

upon the degree of 'macrouniformity' in the field, the 

nature of the physical or chemical analysis to be made on 

the sample, whether some compositing of samples can be 

accomplished before analysis, and the relative convenience 

or cost of a sample collection involved in the two methods." 

In Central Washington, Dow (et al., 1973) found that 

soils vary horizontally in chemical properties, and some 

areas are extremely variable and the areas do not vary to 

the same degree. Dow attributed that to the heavy level

ing operation in the area. He found that the soil test 

variation is not random and could be of use in mapping. 

He emphasized that composite sampling is poor, and the 
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degree and nature of variation can only be measured by 

systematic and intensive sampling techniques. 

James (1972) studied the degree of soil variation. 

He categorized the soil variability in three ways. 

1. Microvariation is variability between points in soil 

that are separated by fractions of an inch. 

2. Mesovariation is variability between points in the 

soil that are separated by a few inches or a few feet. 

3. Macrovariation is soil variability between points 

separated by a few or many hundred feet. 

James used several techniques of sampling: composite, 

simple random, stratified, and systematic. Systematic 

sampling was superior to the others. He attributed the 

superiority of systematic sampling to its ability to pro

vide estimates of the average soil variability. 



CHAPTER 4 

REGIONALIZED VARIABLE THEORY 

The regionalized variable theory was developed by 

the French mathematician Matheron (1965) and has two 

branches, the transitive method and the intrinsic theory. 

The transitive method is a highly geometrical abstraction 

and has little practical interest. The intrinsic theory 

is an application of regionalized variable. Regionalized 

variable theory is used by geostatisticians to estimate ore 

grade of minerals. However, it is not restricted to miner

alization, but might by used in most of the earth sciences 

that can be described by regionalized variables. The 

definition of a regionalized variable distributed in space 

is purely descriptive and does not involve any probabilis

tic interpretation (Journel, 1978) . It is specifically 

illustrated by semi-variagram plots. 

Let z(x) be the value of the regionalized variable 

z at a point x in the transect, and z(x + h) the value of 

z at a point x + h at distance h from x, also in transect. 

The relation between these pairs points can be described 

or calculated from the equation: 

^f(h) = % var [z(x) - z (x + h) ] 4.1 

where £(h) is defined as the semi-variance equal to 
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one-half the variance of the difference [z(x) - z(x + h)]. 

The vector h is known as the lag and the quantity (h) for 

any given h is the semi-variance. Also, the value of the 

semi-variance ̂ (h) for a given distance h is the expected E 

squared difference between the values of the samples sep

arated by h. 

2 % (h) = E [2 (x) - 2 (x + h)2] 4.2 

The function f(h) is the semi-variance 

^ (h) = h E[z(x) - z (x + h)2] 4.3 

The semi-variance is also a measure of the mean squared 

error (or variance) of estimation of z(x + h) by z(x). 

If we assume that sample at position x + h has the same 

value as the sample at position x, we make an error 

z(x) - z(x + h) whose average squared value is 2 ̂ (h) 

(Rendu, 1978). The function" ^(h) or graph of ̂ (h) against 

h is the semi-variogram. 

Two common models of semi-variograms are the 

spherical model and the linear model, figures 4.1 and 4.2. 

Sometimes the semi-variogram does not pass through the 

origin, giving a discontinuity between sample points at 

a distance of less than lag h and the origin. The inter

cept is the nugget effect Cg Figure 4.2. Beyond certain 

distances the semi-variance usually approaches a limiting 

value, or "sill". In Figure 4.1 the sill is where the 

semi-variogram starts to level out, and it is equal to 

CQ + C. CQ + C is also equal to #(h) when the range is 
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Figure 4.1. The Spherical 
model without nugget effect 

K(h) = K(c) - ^(h) 
When the K(c) is the variance 
and K(h) is the covariance. 

0 
h 

Figure 4.2. The linear 
model with nugget effect, 
and without distinct sill. 
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less than the lag. In most instances, $(h) increases with 

increasing h to a maximum, approximately the variance of 

the data, at L, the range (Burgess, 1980). The range 

determines the zone of influence of variance on sampling. 

If a range L represents the radius of the circle of the 

zone of influence (the distance over which samples are 

related) any two samples within the circle will be correlated. 

The variance of sample values will depend on the distance 

between them and will increase as the distance increases. 

One difference between the spherical and the linear models 

is that the spherical model has a sill. The mathematical 

formula of the spherical model which describes the shape 

of the semi-variogram in geological deposition was pro

posed by Matheron, 

(1) No Nugget effect. 

2 2" 2L3] Sill = 1 
for 0 h < L 4.4 

(2) Nugget effect, C0 

for 0 h L 4.5 

for the linear model 

V(h) = C0 + wh 

^(h) = wh 

4.6 

4.7 

Equations 4.6 and 4.7 describe the shape of the 

semi-variogram in the linear model of slope w with and 

without a nugget effect. 
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In Figure 4.1, the semi-variogram at the origin 

indicates that the values are more alike, and they are 

spatially dependent. Moving up the vertical axis, the 

similarity decreases until we reach the sill, at which 

distance the spatial dependence disappears and the values 

become independent. Revealing the nature of the geo

graphic variation in the property of interest and providing 

Kriging estimates at previously unrecorded points are two 

of the important characteristics of the semi-variogram 

(Burgess). 

Drift 

The concept of drift is one of the most important 

properties of the Regionalized Variable Theory. The drift 

or trend describes the gradual and regular manner in which 

the mean values of the properties behave over the geometric 

field. The mathematical definition is: 

n _ 
m(x) = > a^f^(x) 4.8 

i=o 

where a^ are unknown coefficients and f(x)are functions 

of x. In the case that a drift exists, it should be calcu

lated or removed to calculate the semi-variograms. 

Kriging 

Spatial variation measurements are used to predict 

values of soil property at unobserved points by interpola

tion. This interpolation procedure is named after D. C. 
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Krige who realized that he had to consider the sample lo

cations and sizes to estimate the gold content in unmined 

blocks accurately. There are three type's of kriging: 

punctual, block, and universal kriging. 

When we estimate values at points where there is 

no drift, that is known as punctual kriging or simple 

kriging. The estimation of the value z(x) of soil property 

z at an unrecorded point x0 could be done by calculating 

the weighted average of the observed values. The weights 

take account of the known spatial dependence expressed in 

the semi-variogram and the geometric relationships among 

the observed points. Points close to each other carry 

more weight than points far from each other. The model 

of simple kriging is: 

z (x) s./iy + £(x) 4.9 

where z (x) is the value of the property z at x within a 

neighborhood is the mean value in that neighborhood 

and £(x) is a spatially dependent random component with 

zero mean and variation equal to 2 ̂ (h). In the case that 

the variation is isotropic is constant for the neigh

borhood, and the semi-variogram is the same over the whole 

area. The interpolated estimate of the weighted average 

of the observed values must be unbiased, i.e., should be 

equal to the expected value as well as have minimum variance. 

For irregularly distributed observations, Olea (1975) 

suggests using only the nearest two points in each octant 
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around xQ. For data on a square grid, the nearest 16 or 

25 points are usually sufficient to give an accurate 

estimate. The accuracy of kriged estimates depends on the 

shape of the semi-variogram, in particular at the origin. 

The estimated variance also depends on the semi-variogram 

and the configuration of data points in relation to x„ and 

not on the observed values of z (Burgess). On the other 

hand, if the semi-variances are known, interpolation errors 

can be calculated for a particular sampling design. 

Punctual kriging would be proper when the nugget variance 

is small and the observations themselves are made with 

negligible error. 

Burgess and Webster studied the sodium content of 

the soil at Plas Gogerddan in Great Britain. They examined 

the field at 15 m intervals on a square grid. The sodium 

content was expressed in milliequivalents per 10 kg of 

soil. They computed semi-variograms of sodium content for 

four principal directions, (Figure 4.3). The linear model 

was used because they found it simple and adequate, and 

they also found the sodium content to be isotropic. 

Burgess made isarithmic maps of sodium content and found 

discontinuities in the surface as a result of the large 

nugget variance. 

Some shortcomings may be related to punctual kriging. 

Firstly, the sites of sampling are not points but volumes. 

Secondly, total discontinuity is ignored which could 
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» 

T. M. BURGESS and 8. WEBSTER 

20-1 

10-

0 5 10 
Lag 

Figure 4.3 Semi-variograms of sodium content in Cae Ruel. 
Plas Gogerddan, for the four principal direc- 2 
tions of the grid. >}is in units of (meq/10 kg) . 

obscure long range trends. These shortcomings are avoided 

by block kriging. In this procedure, kriging is done over 

areas that would give small estimation variances and smooth 

maps. Block kriging considers a region V or area H^. with 

its center x0 instead of using a point x0. "The semi-

variances between the data points and interpolated point 

are replaced by the average semi-variances between the 

data points and all points in the region." (Burgess, 1980) 

Universal Kriging 

Universal kriging is an optimal method of interpo

lation that includes local drift in the computation. It 

is used for a study that requires high precision and accur

acy, because it minimizes the error associated with 
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estimation. Semi-variograms of residuals should be com

puted, and also the suitable expression for the drift, 

s^e Olea (1975) for details. Figure 4.4 shows semi-

variograms of electrical resistivity of the earth in four 

directions (Webster and Burgess, 1980). 

Burgess mentioned in Part III of his paper that 

universal kriging is limited particularly in soil, because 

there are short range variations in soil. The large vari

ations in short range make it difficult to estimate the 

coefficient of drift. 

R. WEBSTER and T. M. BURGESS 

140 

120 

100 

80 -

40 

20 

20 30 Lag (metres) 

Figure 4.4 Semi-variograms of electrical resistivity in 
four directions at Bekesbourne. The directions 
here and in Figures 3 to 8 are: 1. North-west 
to south-east; 2. north-east to south-west; 3. 
north to south; 4. west to east. 



Hajrasuliha, Baniabbassi, Metthey and Nielsen 

(1980) studied the spatial variability of soil salinity 

in Southwest Iran. The study was done at three sites 

of 150 ha, 440 ha, and 455 ha for site 1, site 2, and site 

3 respectively. Site 1 was considered very highly saline 

with a mean saturated extract of 9.9 mmhos/cm. Although 

in this site the observation is normally distributed and 

the site was very saline, there is no spatial dependence 
i 

between the data points. The non-existence of spatial 

dependence was probably due to the large distance between 

samples ranging from 80 to 320 m. Site 2 was considered 

highly saline, was probably log-normally distributed, and 

showed some spatial dependence between the observation 

points, Figure 4.5. 

40 

Figure 4.5 Semivariogram of, ^ 
682 EC observations (mmho cm" ) % 20 
for Site 2. I 

662 OBSERVATIONS 

400 ) 800 
DISTANCE h (m) 

1200 

Site 3 was neither normally nor log normally distributed, 

but showed some spatial dependence without a clear range. 

The existence of spatial dependence between data points in 

both site 2 and 3 may be related to the high number of 

observations, 682 and 710 for sites 2 and 3, respectively. 
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Semi-variograms for sites 2 and 3 showed a large nugget 

effect. Soil is variable and changes in less than a meter 

seem plausible. If Hajrasuliha et al. (1980) had collected 

the sample at shorter distances, they probably would have 

found more of a correlation between the data points, par

ticularly in site 1. 

Gajem, Warrick and Myers (1980) examined the spatial 

structure of soil properties on a Typic Torrifluvent soil 

at the University of Arizona Experiment Station at Marana. 

They measured eleven soil physical parameters including 

electrical conductivity (EC). The EC values are very.low, 

and they had to scale them in micrommho/cm. The zone of 

influence, somewhat the same as range, of EC are 115 cm, 

2000 cm and 2000 cm for 20 cm, 200 cm and 2000 cm spacing 

respectively. The range 20 m seems reasonable, because of 

the low salinity in the area. 

Vieria, Nielsen and Biggar (1981) measured the 

spatial variability of infiltration rate in Typic Xero-

thants. The measurements were made at selected nodes of 

grid consisting of 160 rows and eight columns. Sample 

spacing within columns was 1 m. Columns were spaced 

irregularly at 1, 5, 15, and 19 m. They found the observa

tions are normally distributed, based on the cumulative 

frequency distribution function for a normal population. 

The variograms indicated that the observations are spatially 

dependent within a range of not more than 50 m. 



CHAPTER 5 

AREA STUDY AND SAMPLING 

Papago Farms consists of 3,600 acres in the south

western part of the Papago Indian Reservation approximately 

30 miles southwest of Sells. The climate at Papago Farms 

is typical of southwestern Arizona. It is characterized 

by low annual precipitation (251 mm/year), about evenly 

divided between summer and winter rains. The temperature 

extremes range from 45°C during the summer to -13°C during 

the winter. The main crops are cotton and alfalfa. Barley 

and grain sorghum are also grown on the farm to increase 

the organic matter and nutrients in soil. Soils on the 

farm are recent and old alluvium formed from a mixed rock 

source (Post). The texture is mostly sandy clay loam, clay 

loam, or sand. The soils are about 1.7 m deep and contain 

calcium carbonate at varying depths. Post classified the 

soil Mohave, Tucson, Dateland and McClellan series. The 

majority of the fields have a sodium hazard and a few 

fields are high in soluble salts (Bigler, Post). 

The samples were collected in a field 7 which is 

approximately 10 hectares. The soil in field 7 is classi

fied as a Tucson fine loam, mixed, hyperthermic, Typic 

Haplargid (Post, 1979) . It is deep, well-drained, moderately 
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•FARMS 

MEXICO 

Figure 5.1 The location of sampling, Papago Farms. 
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fine-textured soil that has a layer of lime accumulation at 

shallow depth. This soil formed from decomposition of 

different minerals including granite, andesite, rhyolite 

and sedimentary rock (Post). 

Post described the surface layer as a strong brown 

sandy loam about 8 to 12 cm thick; the upper subsoil is 

a yellowish-red clay loam or sandy clay loam with many large 

white and very pale brown lime masses and segregations and 

is about 50 cm thick. 

The soil has moderately slow permeability and high 

available water holding capacity. Surface run off is medium. 

The effective rooting depth is 1.7 cm or more and the 

erosion hazard is slight. Soil analyses were done by 

Stroehlein and Post (1979), but only few samples were 

taken from field 7, Table 5.1. 

Table 5.1 Typical soil analysis, Papago Farms. 

Depth EC B CaCO-
Inch PH mmhos/cm ESP ppm % 3 

0-12 8.7 2.4 13 3.1 5 

12-24 8.5 12.3 28 8.7 4 

24-36 8.2 10.7 75 10.7 8 

Bigler of the Chemonics Company in August, 1981, 

analysed most of the fields in the farms including field 

7. The results indicated that soils are alkaline, light 

in texture, with high sodium hazard, and extreme deficiencies 
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in nitrogen and phosphorus. Bigler also mentioned that 

lime-induced deficiencies of iron, zinc and manganese may 

be common in areas high in calcium carbonate (CaCO^). 

Soils are rich in sodium and poor in water soluble calcium 

and magnesium, Table 5.2. Electrical conductivity increase 

with depth as do sodium and calcium and magnesium, but 

organic nitrogen, phosphorus and potassium decrease with 

depth. 

Table 5.2. Typical soil analysis for field 7 at different 
depths, Papago Farms. 

LABORATORY NUMBER i 81 - 5 4 7 4  v  8 1 - 5 4 7 5  8 1 - 5 4 7 6  

SAMPLE MARKING # 7  
a 

- 1 '  - 2 '  - 3 '  

SATURATION PERCENTAGE 2 8 . 3  
p H  8 . 6  fl.fi 8 . 7  
ELECTRICAL CONDUCTIVITY (ECE) (1) 1 1 . 0  1 8 . 0  20 .0  
SODIUM (Na) (2) 1 5 4 . 7  1 7 4 . 0  208 .8  
CALCIUM (Ca) + MAGNESIUM (Me) (2) 2 0 . 0  2 3 . 8  24 .7  
SODIUM ADSORPTION RATIO (SAR> 4 8 . 9  50 .4  59 .4  
EXCHANGEABLE SODIUM PERCENTAGE (ESP*) 4 1 . 5  42 .2  46 .4  
NITRATE NITROGEN (N) (3) 1 5  1 3  2? 
PHOSPHORUS (P) 4 >  1 1  0 
POTASSIUM <K) <E> 5 1 1  522  36?  
ORGANIC NITROGEN (N) (3) 283 253  SQFL 
GYPSUM REQUIREMENT (7) 4 . 1  
% CALCIUM CARBONATE (CaC03) 5 . 7  8 . 9  1 2 . 5  
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Water Analysis 

Water was analyzed by NADST (Laboratory of Native 

Development Systems Analysis and Applied Technology) in 

1979 and Chemonics in 1981. They both found that the 

sodium hazard has been accentuated by irrigating with 

water which is also poor in calcium and magnesium, and rich 

in sodium, carbonate and bicarbonates (HCC>3) . This big 

concentration of sodium would retard water movement into 

the soil' profile, and affect plant growth. With this the 

exception of the sodium hazard all the wells are producing 

high quality water which could be used in overhead sprinklers 

on hiost crops, Table 5.3. Careful management, and apply

ing certain treatment, for instance, gypsum and sulfuric 

acid, would improve the water quality. 

Sampling 

One hundred and two locations were randomized by 

choosing x-, y-coordinates from a random number table. 

The 1-2 kg were taken at the 0-30 cm depth. Salts are 

considered mobile at high moisture content, but fortunately 

we sampled when the field was at low moisture content. 
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Table 5.3 Typical water analysis, Papago Farms 
(Chemonics, 1981). 

Laboratory No. 81-5449 81-5450 81-5451 
Sample Marking # 3 # 4 # 5 

mg/l* meq/l •• mg/1 * meq'l** mg/l* meq/l" 

Calcium (Ca) 12 0 .61  7 0 .37  9 0 .44  
Magnesium (Mg) 3 0 .23  7 0 .56  4 0 .36  
Sodium (Na) 141 6 .15  141 6 .15  137 5 .94  
Carbonate (CO 3 )  2 0 .08  12 0 .40  6 0 .20  
Bicarbonate (HCO3) 192 3.15 192 3 .15  216 3 .55  
Chloride (CI) 40 1.13 40 1 .13  52 1 .47  
Sulfate (S04) 122  2 .55  112 2 .33  69 1 .44  
Nitrate (NO 3 )  5 0 .09  4 0 .07  5 0 .09  

PH 8 .3  £ 1 .3  8 .3  
Total Soluble Salts* 518.8 ' 516 .2  498 .7  
SODIUM ABSORPTION RATIO (1) 9 .5  9 .0  9 .4  
SAR-ADJUSTED (2) 12 .1  12 .2  12 .4  
NITROGEN (N) LB/AC FT 3 .3  2 .7  3 .4  
Total Hardness (as CaC03>* 42 .0  46 .4  40 .0  
Boron (B)* 0 .1  0 .1  0 .1  
Potassium (K) * 

Iron (Fe)* 

Fluoride (F) • 

C a l c i u m  C a r b o n a t e  ( C a C  ) ) 114.7 126 .7 109.2 



CHAPTER 6 

METHODS 

The soil was air-dried because oven-drying affects 

the chemical composition of salts. For instance, gypsum 

CaSO^* 2H20) converts to anhydrite CaSO^'Js^O. Anhydrite 

is more soluble in water than gypsum. Two saturated soil 

pastes were made for every sample (same bag). About 200 

gm were put in a beaker and distilled water added. The 

mixture was stirred slowly while adding the water until 

saturation was reached. The beaker was tapped on the work

bench from time to time to consolidate the mixture. The 

soil paste reflected the light, flowed slightly, and slid 

freely when it became saturated. The pastes were allowed 

to stand overnight before extraction to dissolve all salts. 

Extraction of the solutions from saturated soil 

was done with the aid of a vacuum pump. Although the 

vacuum should minimize the time required to extract, it 

took 2-3 hours to collect 5-15 ml extract because some soil 

samples were high clay content. 

The conductivity bridge used to measure the 

electrical conductivity in the extracted solutions was 

an alternating current Wheatstone bridge employing a cathode 

ray tube as the null indicator Solubridge, 
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The apparatus measured the solution resistance R. 

In the pipette cell, the resistance R is directly propor

tional to the distance L between the electrodes and 

inversely proportional to the cross-sectional area A of 

the electrodes. 

E - r! EC = I I - K 

where r is the specific resistance of the solution 

.•. EC = K/R 

where K represents electrode geometry in units of cm ^. 

The cell constant K was determined by using 0.01 MKC1 

with known specific conductance at 22°C. 

The saturation extracts were also analyzed for 

the Na, Ca, and Mg concentration in solution. Standard 

solutions of 0 ppm and 50 ppm were analyzed to insure the 

machine was on the Na standard curves. The soil extracts 

were diluted to below or equal to 50 ppm. Some extrac

tions were diluted 4 times because of the high sodium 

concentration. The sodium measurements were read 3 times 

in each extract. Every sample had two extracts prepared 

from a different saturated past. 

Sodium ion concentrations were measured with flame 

emission spectrometer (Instrumentation Laboratory aa/ea, 

model 951) . This method is based on the measurement of 

the amount of radiation emitted by atoms. The sample is 

sprayed into the flame, the water vaporizes, leaving a 

fine suspension of solid particles. At the high temperature 
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of the flame some of the salt is converted to gaseous 

atoms. These atoms are excited in the hot part of the 

flame but quickly return to the ground state and emit 

ultraviolet or visible light of characteristic wave length. 

The change in energy between the excited and ground states 

is: E2 - Ex = h = hc/^ 

where a is the characteristic wavelength for each element. 
The radiated power of emitted light is directly propor

tional to the number of excited atoms in the flame. 

The saturation paste extracts were also used to 

measure calcium and magnesium ions concentrations. Standard 

solutions were prepared, 50 ppm for calcium and 25 ppm 

magnesium. About 1 per cent lithium oxide was added to 

the extract as the internal standard ion. Another reason 

for using lithium oxide is to prevent calcium and magnesium 

from forming complex compounds in the flame. 

Calcium and magnesium were measured by the atomic 

absorption spectrometer, on the same instrument. This 

method measures the amount of radiation absorbed by un-

excited atoms in the flame state when a sample solution is 

aspirated into the flame. After the water evaporates, 

the sample compounds including calcium and magnesium 

termally decompose and are converted into a gas of the 

individual atoms present. Most of these atoms are in the 

ground state. These atoms absorb light from the hollow 

cathode calcium and magnesium lamps which emits the 



characteristic wavelength of the single element being 

determined, either calcium or magnesium. The amount of 

light absorbed is proportional to the number of atoms in 

the ground state in the flame. 



CHAPTER 7 

RESULTS AND DISCUSSION 

Soil is a continuum and its components are variable. 

One of these components is soluble salts which is measured 

as electrical conductivity in units of decisiemens per 

meter (dS/m), or in mmhos/cm. The frequency distribution 

of the soil salinity at the Papago Farms was positively 

skewed, Table 7.1. Other soil components or soil proper

ties such as available phosphorus, and microbial activity, 

are often positively skewed on their original measurement 

scales (Webster, 1977). The positively skewness in EC 

values is probably related to leaching. A symmetrical or 

bell-shaped histogram in soil is often observed in other 

parameters, for instance bulk density (Warrick, 1980). 

The positively skewed distribution of EC values 

were well-represented by the two-parameter log normal 

distribution. If log (x) is a variate with normal distri

bution, then the distribution of x is said to be two-

parameter log normal. The two-parameter log plot normal of 

EC values on logarithmic-probability paper is an approxi

mately straight line, Figure 7.1. The 101 EC values ranged 

from 0.6 to 32.2 dS/m with a mean of 5.85 dS/m. The vari

ance is 35 and standard deviation is 5.9 dS/m. 
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Table 7.1. Calculation of the percent cumulative frequency 
distribution of sample value of ECe. 

EC Range 
ds m~^ 

Number 
in 

of Samples 
Class 

Cumulative Freq. 
(Number of Samples) 

Cumulative 
Freq. (%) 

0-1 7 7 6.9 

1-2 14 21 20.8 

2-4 29 50 49.5 

4-6 18 68 67.3 

6-8 16 84 83.2 

8-10 6 90 89.1 

10-12 2 92 91.1 

12-14 1 93 92.1 

14-16 2 95 94.1 

16-20 6 101 100. 
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Figure 7.1 Cumulative frequency distribution of EC 
values of a Typic Haplargid soil at 
Papago Farms. 
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The sodium absorption ratio of the saturated soil 

extracts is calculated from their Ca^+, Mg^+ and Na+ 

contents. 

SAR = Na+/ y/Ca"++ + Mg++" 7.1 

If the proportion of sodium is high as indicated 

by a high SAR value, the alkali hazard is high. Converse

ly, if calcium and magnesium predominate, the hazard is 

low. This equation should require the cation's activity 

rather than concentration but for practical purposes the 

difference is small. A high sodium content in soil effects 

the soil properties (Chapter 1). 

In Figure 7.9 the SAR distribution over the field 

is shown. The SAR values ranged from 4.9 to 116 with a 

mean of 33.0. The variance of the mean is 412 with a 

standard deviation 20.2. The SAR values in Table 7.2 are 

positively skewed also. The positive skewness of SAR 

values were analyzed as were the EC values by using the 

two-parameter log normal distribution. The frequency dis

tribution of SAR values plotted on logarithmic probability 

paper as an approximately straight line, indicating that 

the SAR values are approx, a log normal distribution Fig.72 

The exchangeable sodium percentages were calcu

lated from SAR values. The ESP determines the sodium 

hazard in the soil solution. Exchangeable sodium may affect 

the permeability of the soil by causing swelling and 
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Table 7.2 Calculation of the percent cumulative frequency 
distributions of SAR values. 

SAR Range Number of Samples Cumulative Cumulative 
in Class Freq. (# of Freq. (%) 

Samples) 

0-10 9 9 8^9 

10-20 18 27 27.0 

20-30 26 53 52.4 

30-40 20 73 72.3 

40-50 12 85 84.2 

50-60 7 92 91.1 

60-70 4 96 95.0 

70-80 1 97 96.0 

80-90 4 101 100.0 
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Cumulative frequency distribution of 
SAR Values of a Typic H'aplargid Soil 
at Papago Farms. a) Probability Scale; 
b) Locrarithmic Scale. 
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dispersion of clay particles/ and clogging of soil pores 

(Chapter 1). The effect of sodium on the soil permeability 

is inversely related to the total ion concentration in 

solution. The higher the concentration the smaller the 

sodium effect. Sodium also may cause injury to crops 

specifically sensitive to sodium such as fruit. 

Groups 55-60 and 60-65 of Table 7.3 show positive 

skewness in the frequency distribution of ESP, but it is 

not spread out as much as the EC and SAR values. The ESP 

values plot on normal probability paper, figure 7.3, as an 

approximately straight line. That indicates the ESP 

values have approximately a normal distribution. The 

ESP values ranged from 6.7 to 63 with a mean of 29.8. 

The variance of the mean is. 153 with standard deviation 

12.4 and coefficient of variance 41.6. 

The process for obtaining the sample to be measured 

may result in selection of samples that are not representa

tive of the whole area. Hopefully, the bias was minimized 

for both sampling and analysis of the saturated soil paste. 

The soil was given enough time to be saturated. The 

saturated condition is difficult to judge and depends on 

the technician's skill and experience. The pastes were 

repeated to increase precision and stood over night to 

dissolve most of the salts in the soil. 

The measurement error was minimized by checking the 

cell with several measurements, and rinsing several times 
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Table 7.3. Percent cumulative frequency distribution of 
exchangeable sodium percentage (ESP) values. 

Exchangeable Number of Samples Cumulative Cumulative 
Sodium in Class Freq. (# of Freq. (%) 

Percentage Samples) 

5-10 6 6 6.0 

10-15 6 12 12.0 

15-20 10 22 22.0 

20-25 18 40 40.0 

25-30 13 53 52.0 

30-35 15 68 67.0 

35-40 11 79 78.0 

40-45 10 89 88.0 

45-50 6 95 94.0 

50-55 2 97 96.0 

55-60 3 100 99.0 

60-65 1 101 100.0 
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Cumulative frequency distribution of 
ESP values of a Typic Haplargid Soil 
at Papago Farms. 
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with distilled water before the next measurement. The 

flame emission spectrometer is a complicated instrument, 

but it is considered reliable to some extent. The measure

ments were repeated to increase precision. The precision, 

however, does not ensure that bias is absent. That is to 

say, the degree of precision does not determine whether 

the statistical true value is the same as the scientific 

true value (Allmaras, 1979). 

The error in laboratory analysis is considered 

small compared to the error that might be produced in 

sampling. The sample locations were randomized at Papago 

Farms to avoid bias. The randomization gave each member 

of the population an equal chance of being included in the 

sample (Wonnacott, 1977). The shape and size of the sample, 

and type of sampling tool used also should be determined, 

otherwise the error in sampling will be high. At the 

Papago Farms, a spade was used to collect the sample, 

resulting in an approximately cylindrical shape. The 

spade was used because a large number of samples had to 

be collected to cover the 10 hectare field. 

The variance of any distribution that can occur 

in a measurement situation is defined as the average of 

squared deviation of results from the mean of the measure

ments which include the whole population. The standard 

deviation is a measure of spread of values, in a sense, a 

typical deviation. Table 7.4 summarizes the means, variance, 
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standard deviation, and coefficients of variation for EC, 

SAR, and ESP. 

Spatial Statistics 

Semi-Variogram 

Most scientific work is inductive reasoning: the 

sample or value is a set of measurements that examine only 

part of the population (Little et al., 1978). These 

measurements are used to obtain information and make 

inferences about the total population. When the measure

ments are normally distributed, we say the mean is a 

statistically true value representative of the population. 

These processes are common in classical statistics, as used 

in the first part of this chapter. In classical statistics, 

the assumption is made that values are realizations of a 

random variable. The relative positions of the samples 

are ignored, and it is assumed that all sample values in 

the field have an equal probability of being selected. 

Also, the trend (Chapter 4) and zones of high salt accu

mulation are ignored. The fact that two samples taken 

close to each other are more likely to have similar values 

than if taken far apart is also not taken into consideration. 

Classical statistics is more concerned with confirmatory 

data analysis than exploratory data analysis. 

In contrast, spatial statistics takes into con

sideration that the value of a sample is a function of its 
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position in the field and its relative position to other 

samples. The similarity between sample values is quanti

fied as a function of the distance between samples and this 

relationship represents the foundation of spatial statis

tics . 

In soil, however, one recognizes the presence of 

areas where the values are higher or lower than elsewhere, 

figures 8,9 and 10^ Also, the south part of the field 7, 

values of two samples in soil are more likely to be simi

lar if the samples are taken close together than if they 

are taken far apart. This indicates a degree of correlation 

which is a function of the distance between the samples. 

Models have been developed which take this correlation into 

consideration as illustrated by the semi-variogram (Chapter 

4). The semi-variogram is a measure of statistical depen

dence and is closely related to the auto-correlogram (Olea, 

1977). There are several models of semi-variogram: the 

spherical, exponential, gaussian and linear (Chapter 4). 

In an examination of possible continuity between 

pairs of observation in field 7 of Papago Farms, the semi-

variograms of ^(h) were calculated for EC, SAR, and ESP. 

The semi-variogram for EC, Figure 7.4 shows that the values 

are spatially related to each other for separation dis

tances less than 85 meters. Figure 7.4 also shows that 

the EC points are very scattered, which might be because 

EC is approximately log normal, with a high variance of 



distance , h Meters 

Figure 7.4 The Semi-Variogram of EC of a Typic Haplargid Soil at 
Papago Farms. 
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distance f h 
Figure 7.5 The semi-variograms of the log" transformation of EC 

for a Typic Haplargid soil Papago Farms. 



35 dS/m. The transformed EC values were plotted in Figure 

7.5 which shows slightly smoother behaviour. Both the 

normal and the transformed semi-variograms of EC are some

what spherical, and resemble Figure 4.1. The semi-variogram 

of EC extends to the origin, with little sign of a nugget 

effect. The shape of the semi-variogram near the origin 

is an important characteristic and provides information 

about the continuity and regularity of the regionalized 

variable. Semi-variograms with a parabolic shape near the 

origin and the tangent at the origin is horizontal which 

indicates low variability for short distances as is found 

in some regularized semi-variograms (Olea, 1975) . Also 

semi-variograms with approximately linear behavior near 

the origin have moderate continuity. 

The semi-variogram of SAR shows that the value 

dependent for separation distances up to about 130 meters. 

The semi-variogram (Figure 7.6) is spherical, and extends 

to the origin, with linear shape, when h equals zero. This 

indicates that the SAR values have moderate continuity 

between the observation points in the zone of influence 

of 160 m. The spatial dependence is not constant over the 

zone of influence but spatial dependence decreases as we 

move further from the sample point until it becomes negli

gible out of the zone. 

The spatial dependence also exist in the semi-

variogram of ESP (Figure 7.7), for separation distances 
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Figure 7.6 The semi-variogram of SAR of a Typic Haplargid soil at 
Papago Farms, with a spherical model fitted. 
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Figure 7.7 The semi-variogram of ESP of a Typic Haplargid soil at 

Papago Farms, with a spherical model fitted. 
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less than about 175 meters. The shape of semi-variogram is 

spherical. The slope of the tangent at the orgin (h = 0) 

is 3C/2L, which indicates moderate continuity. The zones 

of influence or ranges of SAR and ESP are larger than of 

EC. This might be related to the high sodium content in 

the soil. The observations are considered spatially depen

dent at the origin of semi-variogram, but at .greater 

distances the spatial dependence decreases. At the sill, 

the spatial dependence become negligible and the observation 

points become independent (Figures 7.4, 6 and 7). After 

the semi-variograms of EC, SAR, and ESP (Figures 7.4, 6, 

and 7) start to level out, the observation points fluctu

ated around the limiting value and (Chapter 4) reach a sill. 

Figures 7.8, 9, and 10 show the distribution of EC, 

SAR, and ESP values over the field 7 respectively. In 

general, the low values exist in the south part of the 

field and have greater continuity than the measurements of 

the north part. The north part of the field has higher 

values and some discontinuities or sharp boundaries between 

observation points. 

The ranges and the sills for EC, SAR and ESP are 

determined subjectively, with enough experience and good 

judgment, the estimates could be modified for better fit. 



59 

Table 7.4 Summary of the important parameters of the 
statistical analysis. 

EC SAR ESP 
Parameters dS/m 

Number of observations N 101 101 101 

Mean M 5.9 33.0 29.8 

Variance 35.0 412 153 

Standard Deviation 5.9 20 12.4 

Log M 1.4 3.3 3.3 

Log 0.7 0.4 .24 

Range, L , meters 85 130 175 

Sill C, meter 50 440 170 

Length of unit lag 5 10 10 

Coefficient of variation CV 100 60.6 41.6 
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Figure 7.9 The distribution of SAR values in the field, Papago Farms. 
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Haplargid soil at Papago Farms. 
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Table 75 The 

% 

average values of EC , SAR, and ESP • 

Sample X Y Na+ Ca Mg 
No. Meter Meter dsm meq/1 meq/1 meq/1 SAR ESP 

1 130 138 •2.0 21.6 2.3 1.2 16.4 18.6 
2 56 270 5.9 78 3.8 2.1 45.6 39.6 
3 296 55 14.2 184.6 24.5 11.0. 43.8 38.8 
4 142 95 1.0 10.22 2.0 1.8 7.5 8.9 
5 133 75 4.8 52.4 2.25 14.6 18.1 20.2 

6 229 109 5.2 68.5 2.1 2.3 46.4 40.2 
7 130 210 3.9 45.3 2.5 2.3 29.1 29.4 
8 197 140 0.9 9.5 1.6 .82 8.7 10.4 
9 339 6 5.1 51.1 11.5 3.4 18.7 20.9 
10 113 19 2.4 23.7 1.1 1.0 23.0 24.6 

11 99 39 2.5 23.1 1.3 1.0 21.7 23.5 
12 265 87 4.0 39.2 2.9 2.7 24.9 24.9 
13 137 277 3.0 25.6 2.6 1.8 17.4 19.6 
14 151 194 1.0 7.8 0.8 1.5 7.3 8.7 
15 89 203 3.9 35.4 2.6 1.8 23.9 25.4 

16 109 53 0.8 6.5 1.0 1.0 6.5 7.7 
17 337 170 10.5 103.6 15.0 10.0 29.3 29.5 
18 235 148 6.8 77.5 5.5 3.6 26.3 34.3 
19 109 76 .9 7.4 1.1 .9 7.3 8.7 
20 65 175 3.4 47.6 2.5 1.6 33.3 32.3 

21 64 170 4.8 47.7 2.9 1.5 32.0 31.5 
22 40 220 3.5 36.3 1.9 1.6 27.5 28.2 
23 53 40 2.8 31.6 2.2 1.6 22.3 24.5 
24 338 75 4.4 64.8 4.0 2.2 36.8 34.7 
25 313 122 7.7 96.0 1.8 2.3 67.3 49.5 

26 338 61 2.9 36.0 2.2 3.5 21.4 23.2 
27 275 257 3.5 40.1 2.5 1.4 29.0 29.3 
28 305 135 4.0 41.9 3.8 2.9 22.8 24.4 
29 58 247 8.4 110.1 15.8 7.3 32.3 31.7 
30 205 267 1.6 18.5 1.8 1.11 15.2 17.5 

31 318 113 4.0 54.2 2.4 1.5 38.9 36.0 
32 281 93 4.5 84.7 2.4 8.9 35.6 33.9 
33 164 110 2.8 38.1 1.8 1.4 30.2 30.2 
34 238 107 27.1 373.3 29.3 9.9 84.3 55.2 
35 144 129 3.1 31.5 5.7 3.8 14.4 16.7 
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Table 75 Continued. 

Sample 
No. 

X 
Meter 

Y 
Meter h

ec*I 
asm 

Na+ 

meq/1 
Ca 

meq/1 
Mg 

meq/1 SAR ESP 

36 285 12U 12.8 185.8 8.5 5.9 70.2 50.2 
37 59 270 5.7 86.1 7.0 2.7 39.2 36.0 
38 118 9 3.0 45.9 1.6 1.1 39.0 36.0 
39 44 55 4.2 32.0 2.2 1.5 23.5 25.1 
40 311 108 2.6 34.8 2.0 1.1 27.7 29.0 

41 292 213 8.6 109.3 4.4 3.4 55.2 44.5 
42 212 76 15.8 227.7 39.1 9.7 46.1 40.0 
43 249 248 6.2 77.6 5.0 2.6 39.5 36.3 
44 95 47 .9 8.6 0.9 0.6 10.1 12.0 
45 107 216 5.8 88.7 6.3 2.8 41.5 37.5 

46 158 7 6.01 69.1 5.2 3.0 34.2 32.9 
47 25 150 1.8 14.4 1.0 0.5 16.2 18.5 
48 44 144 4.0 46.5 4.5 1.6 26.6 27.5 
49 309 81 4.9 69.0 6.7 2.0 33.0 32.2 
50 198 33 1.0 11.7 1.4 0.85 11.2 13.2 

51 207 78 8.0 104.4 5.1 6.1 44.1 39.0 
52 117 10 4.8 90.2 4.2 1.8 52.0 43.0 
53 334 121 4.4 87.2 2.9 1.2 60.8 47.0 
54 302 111 7.3 87.2 6.5 3.7 38.6 35.78 
55 109 12 2.4 28.2 1.9 .9 23.7 25.2 

56 254 88 7.2 90.9 12.6 4.8 30.9 30.7 
57 257 225 7.6 109.4 4.16 3.2 57.2 45.4 
58 232 157 5.8 112.9 7.4 4.1 47,1 40.6 
59 23 264 6.2 102.4 4.1 3.3 53.0 43.9 
60 310 31 6.6 67.3 29.5 6.8 15.8 18.1 

61 85 35 1.5 10.6 3.5 1.5 6.7 7.9 
62 8 234 7.2 70.9 8.7 4.8 27.3 28.0 
63 270 33 1.2 19.4 1.3 0.8 19.0 21.1 
64 . 36 240 1.3 22.2 1.3 0.6 23.0 24.6 
65 137 26 4.6 86.8 2.1 1.4 63.5 48.0 

66 32 120 11.1 143.2 21.8 10.1 35.9 34.1 
68 227 236 2.1 29.5 2.3 1.5 21.5 23.3 
69 162 118 1.6 19.0 1.4 .7 18.7 20.8 
70 163 15 2.4 27.7 2.0 1.1 22.3 24.0 
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Table 7.5 — Continued. 

Sample X Y ECe Na+ Ca Mg 
No. Meter Meter dsm~^ meq/1 meq/1 meq/1 SAR ESP 

71 187 210 1.3 17.7 1.2 0.9 17.4 19.8 
72 140 97 2.0 18.8 2.4 1.2 14.2 16.4 
73 120 122 1.0 9.0 1.2 0.4 10.1 12.1 
74 30 210 7.9 88.6 12.5 5.0 29.9 30.0 
75 245 11.0 32.21 450.4 19.6 10.4 116.3 63.0 

76 221 110 25.5 253.1 22.6 4.9 68.2 49.8 
77 216 119 5.4 100.9 5.3 1.6 54.3 44.1 
78 58 iia 2.2 23.5 1.4 1.1 21.1 23.0 
79 115 158 1.8 19.6 1.1 .43 22.8 24.5 
80 198 137 3.2 33.9 2.1 1.2 26.2 27.2 

81 175 241 .6 4.9 1.4 0.6 4.9 6.7 
82 266 115 7.5 91.5 5.3 2.5 46.4 40.2 
83 225 127 6.1 59.1 3.8 1.7 35.8 34.0 
84 171 31 6.4 76.9 6.4 2.7 36.1 34.2 
85 195 74 23.4 292.6 22.7 9.2 73.3 51.6 

86 270 124 21.5 236.4 22.9 8.4 59.8 46.5 
87 155 221 1.9 18.8 1.9 1.4 14.7 16.9 
88 318 182 8.3 91.1 6.2 3.8 40.8 37.1 
89 26 245 2.85 31.5 1.4 0.7 31.2 30.9 
90 317 23 8.7 96.3 28.7 7.3 20.7 22.6 

91 303 283 5.3 101.6 1.5 1.2 88.6 56.4 
92 8 83 1.6 16.6 1.0 0.3 20.5 22.4 
93 332 252 3.0 21.4 7.7 2.9 9.3 11.1 
94 310 152 9.3 121.0 9.2 4.3 46.6 40.4 
95 308 124 7.5 87.1 3.4 2.2 52.1 43.0 

96 321 133 1.8 17.2 1.1 0.6 18.4 20.6 
97 254 68 26.6 305.9 21.3 61.2 84.2 55.1 
98 221 8 5.2 86.3 5.2 2.3 44.5 39.2 
99 316 70 2.8 19.5 8.7 1.7 8.5 10.2 

100 79 29 2.7 22.8 2.9 1.8 14.8 17.1 

101 30 20 8.4 86.9 8.8 6.9 31.0 30.8 
102 90 100 3.8 37.4 3.6 1.4 23.8 25.2 



68" 

APPENDIX 

The result of chemical analysis, Papago Farm, two 
samples were taken fromthe same site (bag). 

Sample 
No. 

£C 
dS/ffl 

Na 
ppa 

Ca 
ppm 

% 
ppm 

T-T j. 
1 
4 
8 
14 
16 

2.0 
1.0 
0.9 
0.9 
0.9 

1.9 
1.1 
1.0 

1.1 
0.8 

480.8 
263.7 
201.5 
170.7 
139.5 

513.5 
206.3 
234.0 
189.9 
159.8 

44.8 
43.0 
26.9 

13.7 
20.6 

5̂.9 
34.6 
35.2 
16.6 
20.1 

16.2 13.2 
17.2^ 26.7 

10.4 9.5 

7.0 30.5 
9.5 14.0 

19 0.9 0.9 158.5 181.7 22.8 22.8 11.0 11.0 
30 1.7 1.5 504.6 344.6 39.7 33.0 I5.7 11.5 
44 0.8 0.9 195.5 199.3 16.9 17.8 7.^ 6.5 

47 2.2 1.3 324.1 337.6 26.5 14.8 5.7 7-0 
50 0.9 1.1 236.5 303.4 21.1 32.7 9.8 11.8 

61 1.4 1.5 240.0 246.0 70.6 71.0 16.8 20.1 
63 1.1 1.3 287.2 605.9 15.0 36.3 5-9 14.1 
64 1.3 1.3 541.1 481.1 25.7 24.9 6.6 8.3 
69 *K5 ^.7 507.5 367.2 30.8 24.7 7.8 9-1 
71 1.4 1.2 520.7 293.2 16.5 • 25.3 15.3 5.8 

73 1.1 1.0 227.8 186.9 25.3 21.5 5.0 5 . 3 
79 1.7 1.8 424.5 *77.6 18.5 23.5 3.2 7.* 
81 0.6 0.6 117.9 108.4 28.0 28.1 6.5 9.1 
87 1-9 !-9 415.4 449.9 38.4 39.2 7.5 9.0 
92 1.7 1.6 395-7 365-5 20.7 18.1 5.7 2.5 

96 1.9 1.6 422.5 369.8 23.1 21.3 8.8 6.7 
7 4.0 3.7 1109.0 974.6 55.* 45.4 37.0 20.0 

10 2.4 2.3 51^.7 576.7 19.2 25.5 12.1 12.6 
11 2.4 2.5 *89.5 573.5 25*0 28.0 7.8 15.4 
12 4.1 3.8 958.9 845.5 62.2 55.2 32.5 33.5 



ample EC . Na Ca Mg 
No. dS/m PP. |  ppm ppm 

1 1 2 1 1 1 2 1 1 2 1 
1 2 

13 2.9 3.1 556.5 619.1 48.4 54.4 15.4 27.7 
15 3.5 4.2 670.1 957.4 43.6 61.2 11.1 31.8 
20 3-7 3.0 110*1.8 1083.2 50.7 , 50.9 20.2 17.6 
22 3-5 3.4 811.2 858.3 36.0 38.6 17.4 .21.9 
23 2.3 3.* 526.5 928.6 36.0 51.7 ' 22.7 17.4 

26 2.8 3.1 800.3 853.2 43.3 45.1 13.9 70.3 
27 3.* 3.6 863.3 980.5 44.1 55.2 15.9 17.1 
28 4.0 3.9 955.1 972.3 . 75.6 77.9 36.0 35.5 
31 3.7 4.1 1270.7 1223.7 64.0 31.0 29.0 7-6 
33 3.7 2.0 6I8.9 797.2 32.3 38.8 22.7 11.3 

35 3-7 2.6 797.2 651.6 136.6 91.7 30.2 63.3 
38 3-3 2.8 1022.1 IO87.O 29.0 36.0 10.6 17.1 
40 2.3 2.8 823.6 775.3 43.9 36.5 14.1 13.6 
48 4.1 3-9 1065.3 1073.1 88.5 91.5 19.4 20.4 

55 2.3 2.5 658.4 639.7 38.8 37.8 13.1 9-3 

68 1.8 2.4 656.9 701.2 44.6 45.6 13.4 23.7 
70 2.3 •2.5 605.6 669.3 35-3 45.9 12.4 13.6 
72 2.2 1.8 480.9 • 382.3 49.1 44.9 15.6 12.9 
78 2.3 2.0 644.7 436.0 31.5 26.2 12.9 12.6 
80 3.0 3.3 828.9 732.3 42.8 42.3 14.6 15.6 

89 3.4 2.3 936.2 512.4 33.3 21.4 10.8 5.5 
93 3.2 2.9 526.1 457.0 159.5 147.7 39.3 31.3 
99 2.8 . 2.8 434.7 460.1 165.1 184.0 21.9 19.7 

LOO 2.9 2.7 562.8 485.7 65.0 51.9 19-2 25.2 
102 4.2 3-4 1015.8 702.7 82.4 59-7 20.9 13.4 



Sample EC Na Ca Mg 
No. dS/m ppm ppm ppm 

1 1 2 1 1 2 1 2 1 1 2 

2 5-5 6.3 1025.4 2561.7 59-5 91.8 17.5 33-2 

5 4.7 4.8 1376.4 1033.5 60.3 29.8 42.4 313-2 
6 5.4 4.9 1646.4 1505.7 43.2 41.3 36.8 18.2 

9 5.2 5.0 1171.5 1178.3 245.5 212.8 38.3 45.4 
21 4.7 4.8 1090.9 1103.6 59-2 58.0 17.9 19.0 , 

24 4.4 4.4 1307.9 1672.8 112.0 72.9 35.0 17.9 
32 5-9 3.2 3000.0 896.5 36.7 61.0 19.4 22.3 

37 5.0 6.4 1686.1 2274.5 115.0 I66.7 26.8 38.7 
39 2.7 5.6 729.7 740.0 45.0 41.7 21.2 16.0 

45 5.5 6.0 1944.0 2136.8 114.6 137.6 35.0 34.2 

49 5.2 4.5 1741.6 1432.2 155.1 114.6 30.5 17.9 
52 4.6 5.0 1724.0 2425.8 86.7 82.2 22.7 21.6 

53 4.4 4.4 2085.7 1925.4 60.6 55-8 16.4 13.0 
58 6.0 5.6 2826.3 2366.7 104.2 190.0 27.2 23.1 

77 4.7 6.1 1915.2 2727.7 44.6 62.1 18.6 19.7 

65 4.5 4.7 1997.0 2653.6 38.3 44.6 16.0 20.1 

91 5.4 5.2 2289.4 2382.7 29.0 29.0 14.5 14.1 

98 5-3 5-0 1990.5 1979.7 103.4 105.7 27.9 28.3 
18 6.9 6.8 2026.2 1538.7 120.6 99.1 42.2 45.9 
25 8.0 •7-3 2357.2 2059.4 40.4 31.2 33.1 22.6 

43 6.5 5-9 1957.4 1495.8 110.8 90.0 34.3 28.8 
46 5-6 6.4 1384.7 1794.2 96.7 112.6 30.6 41.6 

51 8.5 7-3 2570.4 2233.3 114.4 91.2 42.2 31.8 
54 8.0 6.7 2081.8 1931.4 141.4 120.0 47.7 41.6 

57 7.6 7.6 2462.3 2569.4 80.2 86.3 41.0 36.1 



Sample EC • Na Ca Mg 
No. dS/m ppm I ppm ppm 

1 |  2 1 1 1 2 J 1 |  2 1 | 2 

59 5-5 6.9 2346.5 2362.8 97-9 66.7 38.6 42.8 
60 6.7 6.6 1535-6 1559.6 615.0 564.3 85.7 79-6 
62 7.0 7.3 1565.2 1693.7 170.8 177.5 61.2 55-7 
74 7.6 8.2 1974.7 2098.7 238.1 263.2 60.0 63.0 
82 8.0 7.0 2255.2 1953.3 116.3 95-5 28.8 31.8 

83 5.9 6.4 1339.3 1379.6 74.1 76.5 22.6 18.4 
84 6.3 6.5 1781.4 1758.0 127.3 127.0 27.5 39.2 
95 7-7 7.3 2049.2 1957.4 72.8. 64.3 29.4 23.3 
29 8.5 8.3 2272.4 2790.0 297-3 336.5 82.1 96.7 
41 8.0 9.2 2227.6 2799-1 90.3 85.7 40.1 43.8 

56 6.5 8.0 1634.8 2546.8 184.2 320.1 39.2 76.6 
88 9.2 7-3 2368.2 1822.5 137.7 109.4 45.6 46.5 
90 8.8 8.6 2122.7 2308.1 550.9 598.3 72.1 106.7 9k 9.2 9.4 2833.3 273^.5 188.8 179-7 49.3 55.6 

101 9-2 7.6 2184.2 1811.1 188.2 162.3 110.4 57-4 

17 11.0 10.0 2472.5 2294.7 243.6 357-5 137.0 107.9 
66 11.9 10.2 2976.5 3612.8 409.7 461.8 115.1 132.1 
36 10.5 15.2 5494.4 3050.2 215.7 126.1 81.2 61.8 
3 14.7 13.8 4882.3 3608.7 543.0 437.5 137.0 132.1 

42 14.7 16.9 4992.4 5482.3 728.4 836.3 107.9 128.5 

86 7.6 6.8 5647.4 5227.6 448.4 465.4 113.9 92.1 
85 7.6 8.0 6693.8 6764.8 456.9 449.7 118.8 106.7 
76 10.0 9.2 5766.7 5873-9 446.0 459.4 90.9 104.2 3k 2.7*5 26.7 8560.2 8610.0 581.8 59-5 111.5 130.9 
97 23.2 .3.0 7550.0 6521.7 442.4 409.7 73.9 48.5 
75 10.5 11.0 10687.2 1003.0 406.0 378.1 127.3 126.1 
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