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Abstract:

Saline-sodic soils have developed in some irrigated areas of eastern Montana, due in part to increasing
total dissolved solids of irrigation water and sodium accumulation in these irrigated soils. This
accumulation has resulted in reduced yields, prompting farmers to consider application of amendments
without evaluating the potential impact on irrigation return flow quality and/or soil physical properties
other than sodium displacement.

Previous greenhouse experiments have been conducted with intact soil columns of loam, silt loam, and
silty clay loam textures. Medicaao sativa L. was grown in soil columns irrigated with an accelerated
salt-loading schedule using past, present and projected future irrigation water qualities from the Powder
River. Following the final harvest, two studies were conducted. One study utilized undisturbed soil
cores from two of the five replicated soil columns to characterize long-term irrigation and subsequent
calcium chloride application effects on soil hydraulic properties and drainage water quality. Identical
cores were treated with two rates of calcium chloride, 6.42 kg m-2 and 7.73 kg m-2. Calcium chloride
solution was applied to the cores and passed through with a pressure head of 33.0 kPa to simulate free
drainage. Leachate was collected and analyzed for sodium concentration. Following amendment
application and leaching, replicated Tempe cell measurements in the pressure range 0-100. kPa were
made to determine the effect of calcium chloride on soil hydraulic properties. Water outflow data were
used to prepare moisture release curves and calculate pore size distribution.

The second study utilized the remaining undisturbed soil columns to evaluate the effect of calcium
chloride application on soil hydraulic properties. Calcium chloride was applied at a rate of 6.42 kg m-2
to soil columns. Following calcium chloride application, a 5 cm irrigation was applied and allowed to
drain below soil surface. Intact cores were taken from surface and placed in Tempe cells to determine
effect of treatments on soil hydraulic properties.

Irrigation of the soils with present and projected future water qualities resulted in decreased
macro-porosity and reduced soil hydraulic conductivity. Addition of calcium chloride increased the
macro-porosity but resulted in significantly elevated sodium concentration in drainage water. This
elevated sodium concentration would likely have deleterious effects on groundwater quality.
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ABSTRACT

Saline-sodic soils have developed in some irrigated
areas of eastern Montana, due in part to increasing total
dissolved solids of irrigation water and sodium accumulation
in these irrigated soils. This accumulation has resulted in
reduced yields, prompting farmers to consider application of
amendments without evaluating the potential impact on
irrigation return flow quality and/or soil physical
properties other than sodium displacement.

Previous - greenhouse experiments have been conducted

"with intact soil columns of loam, silt loam, and silty clay

loam textures. Medicago sativa L. was grown in soil columns
irrigated with an accelerated salt-loading schedule using
past, present and projected future irrigation water
gualities from the Powder River. Following the final
harvest, two studies were conducted. One study utilized
undisturbed soil cores from two of the five replicated soil

. columns to characterize long-term irrigation and subsequent

calcium chloride application effects on soil hydraulic
properties and drainage water quality. Identical cor were
treated with two rates of calcium chloride, 6.42 kg m™“ and
7.73 kg m2. Calcium chloride solution was applied to the
cores and passed through with a pressure head of 33.0 kPa to
simulate free drainage. Leachate was collected and analyzed
for sodium concentration. ' Following amendment application
and leaching, replicated Tempe cell measurements in the
pressure range 0-100 kPa were made to determine the effect
of calcium chloride on soil hydraulic properties. Water
outflow data were used to prepare moisture release curves
and calculate pore size distribution.

The second study utilized the remaining undisturbed
soil columns to evaluate the effect of calcium chloride
application on soil hydraulic properties. Calcium chloride
was applied at a rate of 6.42 kg m“ to soil columns.
Following calcium chloride application, a 5 cm irrigation
was applied and allowed to drain below soil surface. Intact
cores were taken from surface and placed in Tempe cells to
determine effect of treatments on soil hydraulic properties.

Irrigation of the soils with present and projected
future water qualities resulted in decreased macro-porosity
and reduced soil hydraulic conductivity. Addition of
calcium chloride increased the macro-porosity but resulted
in significantly elevated sodium concentration in drainage
water. This elevated sodium concentration would llkely have
deleterious effects on groundwater quality.




CHAPTER 1

" INTRODUCTION

Many ancient civilizations came into power by forming
an agricultural—ba;ed economy through extensive use of
irrigation. These same -civilizations experienced difficulty
when their soils became too salty to sustain éontinued érop
production (Schafer, 1982). SalinizatiOn‘of irrigated
cropland not only has a serious impact on the economy of a
nation but can influence quality of the environment.

It is generally assumed there is a direct relationship
between irrigation of arid and semiarid soils and crop
yield. About one-third of the earth’s land is arid dr
semiarid (James et al., 1982). With the.earfh’s population
expanding exponentially, there is increasing need to bring
thisiland under production. Irrigation is the key for
enabling these regions to produce food necessary to feed -
this expanding popuiation.

For the most part,-all soil parent materials contain
some salts (Schafer, 1982). Natural weathering processes
release these salts, and water moving through this material
solubilizes thesé salts (Rhoades, 1968a). Irrigation water
containing excessive salts can have a deleterious effect on

structure and physical properties of soil.
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Fine-textured soils are adversely affecfed when sodiuﬁ
becomes the predominant cation on the exchange sites of ciay
minerals. Shrinking and swelling of the clay double layer
in response to decreases and increases in soil water content
weaken soil aggregates (Abu~Sharar et-al., 1987 and Barnes,l
1980) . This weakening decreases overall.effective pore size
radius (EPSR). Soils with relatively smaller EPSR retain
soil water at more negative potential than soils with largér
EPSR for a given volumetric water content. Since plants are
limited in the potentials they are able to generafe for
extracting soil watef, this decrease in EPSR reduces the
amount of plaht available water (PAW) in soil.

The Montana Department of Natural ﬁeséurces and
Conservation is concerned about sodium accumulation in soils
irrigated with Powder River water. This accumulation has
resulted in reduction of irrigated crop yields over the past
two decades.(Gallagher, 1986). . These yield reductions have
prompted irrigators to consider various land management
alternatives, including the use of surface-applied soil
amendments.

Nuﬁerous studies have evaluated the effect of surface-
applied amendments on crop yield, performance, and soil
properties (Richards, 1969; Brock, 1991; Anderson et al.,
1972). Farmers aiong the Powder'River'ﬁave considered
application of amendments without evaluating the potential.

impact on.irrigation return flow quality and/or soil
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physical properties other than sodium displacement.
Previoué'studies in this area have shown limited benéfit
from addition of either calcium sulfate (CaSQ,) or elemental

sulfur (S) (Brock, 1991). The lack of consistent response

to these amendments is due in part to the fact that many of

the soils along the Powder River are saturated with respect
to calcium carbonate_(CaCO3), and S is a common constituent
of the irrigatién water. Calcium chloride and/or MgCl, have
been considered as alternative amendmeﬁté (Bond et al.,
1984). However, little is known about the effect of either
of these amendmenté‘on soil hydraulic property modification
or the effeét on irrigation return flow qualities. |
Excessive Mg? cations on clay exchange sites can have é

more deleterious effect than sodium on soil structure.

Obijectives

The objectiﬁe of this study was to evaluate the effect
of reclaiﬁing sodium-damaged soils from along the Powder
River on water quality of irrigation return flows and
shallow groundwater. This thesis provides baseline data for
predictive modeling of irrigation.leachate quality and
return flow of sodium by soil type into the Powder River
water table. Also,‘an attempt was made to quantify the
potential impact of future irrigation and reclamation

efforts on vadose zone salt loading.
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Specific objectives were:
To determine the impact of CaCly on the physical and
hydraulic properties of three soils irrigated with
simulatéd past, present, and expected future irrigation 
water qualities of the Powder River;

Evaluate the effect of CaCl; addition on quality of

irrigation return flow.
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CHAPTER 2
LITERATURE REVIEW

Much work has been done to examine effects of surface-
applied amendments on soil physical properties, but little
work has been done to assess the'iﬁpadt amendment rates have
on the quality of groundwater and irrigatioﬁ return flow.
Sodium, the cation usually targeted for displaceménf by‘
amendments, fhough nét commonly considered a hazardous
-chemical, is deleterious to freshwater aquatic sjsfems at
high concentrations (Rhoades et al., 1973).

Soil water retention curves are used in-modelé
predicting non-satﬁrated fldw‘through sgil, since fluid
movement takes place only in those areas occupied by water.
This.approach is partially incorrect since~part of the total
soil water content is located in isolated pockets or dead-
end pores not contributing to the overall hydraulic
conductivity. Current methods for predicting sdluté
transport rates have come under much scrutihy recently with
the detection of hazardous chemicals in groundwater ahead of
.prediction.

It is necessary to understand conceptsvof-water and its
movement through soils before understanding amendment rate.

effects on groundwater quality and irrigation returh flow.
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7
called hydrogen bonding (Mortimer, 1986). Hydrogen bonding
occurs when hydrogen is covalently bonded to the small, |
strongly glectronegative oxygen atom. The oxygen atom pulls
the center of the electron cloud from the hydrogen,
resulting in a significant partial positive charge on the
almost exposed hydrogen proton. The electropositive
hydrogen atom of water is attracted to unshared electrons of
an electronegative atom, resulting in an electrostatic
bonding force. Hydrogen bonds are relatively weak in
comparison to covalent and ionic bonds. These bonds are,

however; crucial-to many important properties of water.

States of Water

Water molecules in vapor phase have a structure that is
independent of other water molecules; although dimers and
trimers structures are possible, they are very.rare (Hillel,
1980). Water molecules in the solid phase have a rigid
lattice structure with a tetrahedral configﬁrétion (Figure
2).

Ligquid phase (state) ﬁater is somewhere between these
two structures. When ice melts, the rigid lattice structure
does not totally disappéar. Hydrogen bonds between liquid
water molecules hold the molecules in small, transient

crystal configurations called "flickering ice crystals"
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9
greater as a liquid than a solid; high heat of fusion; high
heat of vaporization; high specific heat; high dielectric
constant (Table 1). These unusual fluid properties for
water are best explained by the frequency of hydrogen
bénding taking place between individual molecules.

Table 1. Selected physical properties of pure water (from
Jury et al., 1991)

Properties Value Units Temperature
(%)

Density

(liquid) .0.998 g cm3 20

(solid) 0.910 g cm3 0

(vapor) 1.73 % 105‘ g cm'3 20
Heat of fusion 3.34 x 10° erg q'1 0
Heat of vapor. 2.45 x 10° erqg gJ- 20
‘Specific heat 0.999 erg g1 ocl ' 20
Dielectric con. 80 _ 20
Thermal cond. 6.03 x 105 erg cm! sl o¢l 20
Viscosity 1.00 x 1072 g eml &1 20'
Surface tension 72.7 erg cm2 : 20

Fluid- Properties

Surface Tension

When water has an interface with another fluid like
air, molecules near the interface are Supjéct to many
forces. Molecules of water in the bulk fluid are hydrogen
bonded to adjacent molecules in all directions. There is no

net tension pulling bulk fluid molecules in any particular




10
direction. The molecules exposed to an air-water. interface
~do not have tension in all directions since no hydrogen °
‘bonding exists between the molecules of the air and the
molecules of water. at the water surface. The water
-molecules at the interface have a net tension pulling them
toward the bulk fluid, thereby forming a érystallihe—like
structure at the surface. The density of water at the air-
water interface is greater than that of the bulk fluid.
Since the afrangement of the molecules at the surface has
greatef order, the molecules at the surface have more'energy
per unit area than.mélecules in the bulk fluid. This force
exhibited on the surface molecules is referred to as surface
tension (o).

Surface tension is the reason water will form a dome at

the top of an over-filled glass. This, curved surface at the .

air-water-solid interface‘is the basis for another important
propértonf water——pressure;gradient across a cu;ved
interface. ' The pressure is greater on the convex side of a
curved fluid interface than on the concave side (Kirkham and
Powers, 1972). This pressure differénce is the result of
tension  created by stretching of the hydrogen bonds in the
surface 1ayer,'chénging the surface area on the bpposing
sides of this layer. The pressure at the surface at

equilibrium can be described by Equation 1.

=nr2p, * 1]
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where r is the radius of curvature, and P, is the preésure
greater than atmospheric, o is surface tension, p is fluid
density, and g is the acceleration due to gravity (see
Figure 2). Rearranging and solvingiEquation 1 for pressure

yields Eguation 2.

p =29 | [2]

¢ rgp

Contact Angle

When water is present in a three phase system, the

‘angle measured from the water-solid interface to the water-

air interface is called the contact angle (y). When water
is preferentially attracted to a solid phase with more force
than the cohesive attraction to adjacent water molecules, ‘
the solid phase is considered "wettable" (Figure 3).

When the cohesive force between adjacent water
molecules is greater thén the attractive force between water
molecules and the liquid phase, the solid is considered

"non-wettable" (Figure 4).

Capillary Rise

When'a small, glass capillary tube is placed in a
reservoir of water exposed.to‘atmospheric pressure, the
adhesive force between the liquid and solid phase causes the
water to move up the éides of the glass tube, forming a

curved surface at the interface (Figure 5).
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Morgan, 1981). This water contributes very little to the
overall flow process since it is essentially fixed.

Another phenomenom affecting flow of water near
particle éurfaces is the electrostatic attraction water has
for ions held in the clay double layer. Water molecules
that surround charged ions impede ion transport, and the
attractive force between water molecules and ions increases
the force ﬁith which water  is held in solution. Water is
likewise attracted to charged ions held in the double layer,
resulting in properties similar to a semi-permeable

membrane.

Diffuse Double laver

Sand and silt soil particles are essentially
electrostatically neutral and do not take part. in the
majority of physical, chemical, and biological reactions
within most soil systems. Clay particles are '
electrostatically negative and play a vital role in water
and solute transport. The net negative charge of clay
particles attracts cations from the soil solution and repels
anions away from clay particle surfaces. Under dry |
conditions, these cations are held tightly to the clay
surface. This arrangement is called Helmholtz dougle layer
(Figure 7). As water content of the soil increases, ion-
diffusion tends to dilute the concentratioh of cations with

increasing distances from the clay surface. This results in
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‘potential of the colloid, k is the Boltzmann constant, T is
absolute temperature.

Force of ion-clay interactions (Fj.) is governed by

Coulomb’s law (Equation 6):

_1e’e” . | '
Fﬁa“ﬁ FE (el

where D is the dielectric constant of the solutioﬁ, e is
the electrostatic unit of the anion, et is the

élecfrostatic unit of the cation, and d is distance between
the point charge of fhe ion and point charge of the clay
particle. -

Force of ion attraction or repulsion increases with
charge,of’the ion and with the clay surface charge density.
Also, force of attraction or repulsion‘is inversely
proportiohal to distance between the clay surface and the
ionlcharge source.

Diffuse doublé layer is treated quantitatively either
as: (1) the clay.particle has é constant surface charge
density; or (2) the clay particle has constant potential but
varying surface charge density. The former is the |
traditional approach while the latter is more common for
soil syétems with pH—dependeht charges (Bohn et al., 1985).

Stern improved on the Gouy-Chapman theory by assuming
some ions are so tightly held on the colloid that they are

stripped of their hydration sphere and adsorbed onto the
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21"'
model soil pore size distributién and tortuosity. Due to
Ithe complexity of non-homogenous soils,imodels containing'
all the necessary parameters would be foo complicated for

practical use for predicting water movement in soil.

Energy State of Water in Soil

Water moves in response to a potential gradient between
two points. Water flow in soil is dependent on several

component potentials, including gravitational (¥,) , matric
(Y,) » and pressure (¢p) potential. This combination of

potentials is commonly referred to as hydraulic potential

(Yp) - For flow of liquid water in the absence of a semi-

perméable membrane (e.g. root membranes, air-water

interfaces), solute potential (¢S) is irrelevant.

. Water Flow in a Capillary Tube

A simple system for describing water flow through
porous media such as soil is the water-filled capillary
tube. A round capillafy tube of radius R and 1en§th L has
water fldwing through it in accérdance with the ﬁotential
difference between the two ends of the tube (Figure 10).
Assuming no acceleration, the net force applied to the water
is opposed by the viscous force of the fluid as described by
Newton’s law of viscosity. Accordingly, the net force of

the water must be equal to zero. - The ends of the capillary
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Fy=t(2mRL) - [10]

where 7 is the tangential force pef unit area of the water.

With acceleration of zero, FP=FS which gives
. H

_ APR
T—_EZT [11]

Relating 7 to the rate of change of velocity Vv
perpendicular to direction of fluid flow with Newton’s law

-of viscosity gives

_APR___ dv

T Ve—
2L dr’

(12]

Separation of variables.and integration of Equation [12]

gives

=A_L 2_2
v(r) A.4LV(R r?), (13]

Equation 13 describes the parabolic velocity profile of

water flow through a capillary tube.

Poiseuille’s Law

Once velocity of flow is determined, calculation of the
quantity of water (Q) per unit area per unit time, or water

flux (J is possible since water is flowing at different

w) *
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rates dependent on position in the capillary tube. The
cylindrical shape of the capillary tube makes it‘possible to
convert Equation 13 into ahpolar coordinate system and
integrate across the tubé cross-sectional area. Doiﬁg this
yields |

. AA D
-ZELF, [14]

Q
which is referred to as Poiseuille’s law. For a given
length of tube with radius R, having a pressure gradient AP
across the tube ends; a volume quantity (Q) of watgr will
flow per unit time.

Dividing both sides of Equation 14 by the cross-

sectional area of the capillary tube yields Equation [15]

J
v 8L

R2A '
_R°AP | [15]
where J,, is the average volumetric water flux. Water flux

is commohly used to describe the quantity of water flowing
through a porous media per cross-sectional unit area per

unit time.

Effect of Porosity on Hvdraulic Conductivitv

Knowledge of pore size distribution is useful when
interpreting changes in soil physical properties caused by

management practices (Bathke et al., 1991). Commonly used
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techniques to éva1Uate pore size aistribution of a soil
include moisture releaseicurves, non—pOlar liguid .
desorption, and mercury intrusion porosimetry (Diamond,
1970) . |

Klute and‘Dirksen (1986) have proposed a number of
hydraulic models for 1aminar.flow using the Hagen-Poiseuille .
equation. One of the simplest models describing porosity

effects on water flow in soil is

2
x.= &I

16
= [16)

4

where X; is intrinsic permeability, € is the water-filled

porosity, and r is the radius of pore Spaces (Marshall and
Holmes, 1988). Equation‘16‘shows the importance of pore |
radius and water-filled porosity in controlling intrinsic
permeability. - “

- Even though X; is depenaent only on the;pfoperties of‘
the soil, properties of the fluid can be added to describe

hydraulic conductivity (HC).

HC=K;f C[17]

where K; is intrinsic permeability, and £ is the fluidity.

Fluidity is defined.by

=P9 [18]
n .

where p is the density of the fluid, g is the.acceleration
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due to gravity, and n is the dynamic viscosity of the fluid.
'ﬁffective pore size radius can be determined by

evaluating the soil moisture release curve using Equation 3
(Childs and Collis-George, 1950). This is possiblé assuming
there is no pressure potential, there is no éemi—permeablé
membrane, and the gravitational potential is negligible..
When these assumptions hold true, matric potential (¥ ) can

be equated to h in Equation 3.

Amendment Effects on. Porosity

Salt reténtion~is prevalent in many medium and fine
textured irrigated solils because of a lérge irrigation water
salt qoncentration.and a limited leaching fraction (LF)
(Anderson et al., 1972). Salt retention is aggravated in
many arid regions by limited dilution from rainfall |
(Bernstein and Francois, 1973), Over a period of time, Na*
wili dominate the cation éxchange siteS'qfaclays, résultiﬁg
in dispersion of soil aggregafes. Large pores will be
saérificed for smaller pores, causing substantiélly
decreased hydraulic conductivity (Yousaf et ai.,'1987)°

In accordance with Equation 3, small pores hold water
ét more negative Yy, than large pores éxposed to the same
negative y . For plants to extract water} the potential
within plant‘roéts must be lower than the potential with
which water is held in soil, thus creating a gradient

driving force. Plant roots are limited in the potentials
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they are able to create. This limitation reduces the
gradient force with which roots can extract water.

Amendments have been used effectively to replace NaT

on clay exchange sites saturated with divalent cations.
This substitution results in soil flocculation, reversing

the dispersive effect Nat has on soil aggregates.

Flocculation leads to creation of additional larger pores,
thereby reducing the potential roots need to exert for
extracting soil water.

The two specific cations which are primarily used for
feplacement of sodium are calcium and magnesium. Many
r formulations of thesg cations are available as amendmenfs;
however, use of most amendments is prohibited by cost.
Gypsunm (CéSO4) is the most commonly used amendment. Since
the solubility of gypsun is'relatively low, cafion
replacement is slow and high application rates of gypéum are

necessary (Brock, 1991). Calcium chloride (éa012) is much
more soluble than CaSOy, which causes faster replacement of
Na’ on clay exchange sites than CaS0Oy4, and can be applied

at loWer rates than CaSO4.

Alternatively, magnesium chloride (MgCl,) is a viabie,

cost-effective substitute for gypsum. Magnesium is

24+

preffered over Ca on exchange sites (Bohn et at., 1985),

and also increases the Mg/Ca ratio:. Large Mg/Ca ratios

increase the exchangeable Na or K (Rhoades, 1968b),
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particularly in montmorillonitic soils.

Saturated Water Flow

Most soil contains a wide distribution of pore sizes.
The largest pores in soil have the most significant impact
on saturated HC, as described by Equation 12. However,
since the exact geometry of all pores in.the soil is unknown
and interconnected pores of many differént sizes are
present, direct calculation of flow rates using Equétion 12
is'impossible. Average flow rates through many pores are
used to define macroécopic flow equations of movement of
water through soil. The first person to use this method was

Henry Darcy (Jury et al., 1991).

Darcv’s Law

Even though differences exist between the complex
' geometry of soil systems and the uniformity of a straight
capillary tube, Darcy was able to use principles of flow

through a tube to generate Equation 19,

, ‘ [19]

where HCg is saturated hydraulic conductivity. Equation 19

(similar to Equation 15) describes water flow through a
saturated, packed sand column. ' Saturated hydraulic

conductivity is dependent on properties of the porous media
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and properties of the fluid,_but is constant for a given
system. Rate of flow is dependent on length of the packed
column and the hydréulic‘gradient‘across the ends of the
column. Saturafed hydraulic conductivity is independent of

relative position within the column or column orientation.

Methods of Determining Hydraulic Conductivity

There are many different methods to estimate-soil HC
(Klute and Dirksen, 1986; Reynolds and Elriqk, 1991; Ankeny
et al., 199;; Campbell, 1974; van Genuchten, 1980; Schuh and
Bauder, 1986, and Muélem, 1976b). Each method has
advantages and disadvantages,idependent on application of
the méthod, required input data, and reliability of the
data. '

Solution of unsaturated flow problems usually requires
predetermination of‘soil‘hydraulic properties, such as: 1)
fhe'felationship between matric potential and soil water

content, and 2) dependence of HC; on § (Mualem, 1986).

These parameters are often difficult to determine because of
cost, hysteresis, and soil heterogeneity. -The impéct of
hysteresis is reduced in many models by utilizing the HC(#)

relationship instead of the HC(y,,) relationship, since the

hysteresis loop for the HC(§) relationship is less
significant than the hysteresis loop associated with the

HC (V) relaﬁionship (Klute and Dirksen, 1986).

Research effort has been undertaken to develop
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numerical modéls describing fluid flow and mass transport in
the unsaturated zone of soil using soillmoisture'release
curves (van Genuchten, 1980). Moisture release curves on
disturbed soils are relatively easy to obtain and have been
used extensively in models for calculating unsaturatéd flow.
Many models (Mualem, 1976a; Miliington and Quirk, 1961;
Brooks and Corey, 1966; Campbell, 1974) have been proposed
for predicting HC from knowledge of the soil moisture

release curve and HC;. Mualem (1976a) proposed a simple

integral equation fb; predicting the unsaturated HC. This
approach enables a ciosed-form analytical expression (van
Genuchten, 1980).

Complexity of soil-water systems limits the utility of
these models for predicting HC over a wide variety of
applications. Diversity and variability of required inpﬁt
parameters‘ahd variability of HC predictions limit the
compérisoﬁ of these prédictive models.and their oﬁtput to
each other, particularly under field conditions: Current
use of HC models ié not primarily directed at determining
the precise value of HC, but at computing a comparative
vaiue of HC for evaluation of causal effects of treatments

on HC.
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' CHAPTER 3
METHODS

Two different studies were conducted. One study
utilized intact soil cores to characterize long-term
irrigation and subsequent amendment application effecfs on
soil physical and chemical properties and outflow water
quality. Soil used in this study was obtained from two of
the five replicated éoil columns of a previously conducted
greenhouse study (Thompson, 1991). The second study, a
greenhouse inveétigation, utilized intact soil columns to
evaluate subsequent amendment -application effects on soil

physical properties.

Laboratory Core Study

After approximately- 18 mopths of an accelerated salt
loading and crop consumptive use study, intact soil cores
were collected from two of the five replicatioﬁs of intact
soil columns (Thompsoh, 1991) by driving bevelled 0.09 m
long by 0.054 m diameter aluminum rings into the soil at the
surface, at 0.4 m, and at 0.8 m deﬁths in the columns. Soil
was then excavated around the bevelled rings to facilitate
core removal. Excavated cores Were.transferred to 0.03 m

long by 0.054 m diameter aluminum rings which could be
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fitted inside Tempe pressure cells. The top and bottom
portion of soil in the rings was femoved to minimize
. physical property alteration resulting from the coring
procedure. ‘The aluminum rings with soil cores were wrapped
in aluminum foil and placed in plastic containers.along with
bulk soil from the same depth as each respective core. The
plastic containers were placed in a cold, wet storage room

until chemical and physical analyses were completed.

Soil Selection and Site Location

Alfalfa (Medicado sativa var. Ladak 65) was grown in
the greenhouse in replicated, intact columns éf three soil
series (Figurelll). The alfalfa crop was irrigated for
approximételyj18 months with an accelerated salt-loading
irrigation schedule to represent past (WQ A), present (WQ
B), and predicted future (WQ C) water qualities of the ‘
Powder River (fhompson, 1991) (see Table 2). 1Ion
constituent concentrations for the irrigation water
qualities are listed in Tablé 3. Criteria for soil

selection and site location were described by Thompson

(1991) .
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Table 2. Irrigation water quality treatments (Thompson,’
1991) . L
Treatment TDS  EC SAR SAR_,;
(mg L") (ds m")
A Past 750° 1.0 , 1.1 - 2.3
B Present 1150 ' 1.5 5.1 10.7
C Future 1650 2.4 9.6 19.7
Table 3. Ion constituent concentratiqns.of'wéter quality
treatments (Thompson, 1991).
TDS K ca* Mg®* Na* - ¢l S0,>”  HCO;
ng L mg L '
750 10 100 . 40 54 30 370 143
1150 10 75 40 220 + 85 510 220
1650 10 - 75 30 400 190 707 230

Soil Characterization

Particle Size Analysis

- Samples from each of the soil replications were.
combined'into a composite sample. Approximately 400 grams
of ground, sieved 0.002 m soil from each composite sample
were placed in Tempe cells. Distilled, deionized water was
passed through each soil—filled cell at a pressure head of
33.0 kPa to remove soluble salts. Each cell was leached
until the leachate had an electrical conductivity (EC) less
than 0.750 dS m''. Following soluble salt removal, organic
matter and carbonates were removed from each soil sample by

oxidizing‘to completion the soil with 30% hydrogen peroxide.
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The oxidized soil samples were dried, ground, and
quantitatively passed through a 0.002 m sieve.

Particle size distribution was determined by fhe
hydrometer method (Gee and Bauder, 1986). Sedimentation
‘measurements were made at 0.5, 1.0, 3.0, 10.0,'30;6, 60.0,
90.0, 120.0, 1440 minutes after agitation. Summation
percentage of particleé in solution was calculated for each
reading time interval. An equation Qas generéted using
TableCurve (release 3.11, Jandel Spientific, 1991) software.
TableCurve uses Gauss-Jordan non-linear curve fitting
procedures to generaﬁe an eguation describing summation
percentage data as a function of mean particle diameter for
each soil sample. USDA partiéle size limit classification
criteria were entered in the equation to determine
percentages for sand, silt, and clay.

Sand size summation percentages were détefmined by
quanfitatively transferring.the sedimentation sample through

a 5.3 x 10 m sieve, retaining only sand-size particles on

the siev¢, All material passing through the sieve was
discarded. Sand fraction samples were'dried, weighed, and
placed in a weighed nest of sieves with 2.06, 1.00, 0.50,
‘0.250, 0.106, 0.053 mm openings. Sieves were shaken for
-approximately 10 minutes and .weighed to determine
gravimetric percentage of sand for each of the different
USDA sand size classes. Summaries of results are listed in.

Appendix B.
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Organic Matter

Organic matter was determined using a simplf%ied
colorimetric procedure (Sims and Haby, 1970) for each soil,
depth, and water qualify treatment. Organic matter
determination was averaged for all replications of the same

treatment (Appendix B).

cation Exchange Capacity

A 1 g sample from each soil, depth, and water guality
treatment combination was treated with a 2.0 N NaCl solution
to saturate exchange sites with sodium. The soil and sodium
solution was shaken and centrifuged. The supernatant was
decanted and discarded. The soil was then washed, shaken,
centrifuged,- and decanted 4 times with a 95% ethanol
solution. A 1.0 N solution of ammonium acetate was added to
the soil to remove the Na from the soil exchanée sites.
Sodium concentration of the decanted 1.0 N ammonium acetate

supernatant was determined by atomic adsorption.

Chemical Sampling

Saturated paste extracts were prepared from samples

of bulk soil for each replication of soil, depth, and WQ

combination, according to methods described by Rhoades

(1982). Solution extracts were analyzed for pH, EC, and

concentration of Na+,'Ca2+, and Mg2+ by atomic absorption.

Ll
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Physical Sampling

L2

- h,, Determination

Intact soil cores from each replication of each soil,
depth, and WQ combination were placed.in Tempe pressﬁre
cells. To prevent physical alteration, cores were then
saturated with water of gquality equal to that previously
used to irrigate the columns. A pressure head simulating a
matric potential of 2.00 kPa was applied to each saturated
soil core to equilibrate all cores at a comparative starting:
'point. After start point was established, matric head (hy,)
was incrementally increased and allowed to equilibrate at
10.0, 33.0, 50.0, and 100.0 kPa, respectively. Time was
allowed between each increase in matric head for the soil
cores to reach a steady state mass water contept (&) -
Gravimetric measurements of the Tempe cell were made when
cores reached equilibrium at each matric head to determine
water -outflow by weight loss.

When equilibrium was achieved at 100 kPa, the Tempe

cell chambers were weighed and dismantled. Soil was removed

from the aluminum rings, weighed and placed in a convective

d;ying oven at 105° C. The dry soils were weighed to
determine 100 kPa 6,. Mass water content for the other

matric head increments was back-calculated using gravimetric

water outflow data.
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Hydraulic Property Determination L
outflow data were fitted to Equation 20

In ¥, = 1na - b 1ln 6§, {20]

which is a linear form of an equation proposed by Gardner et
al. (1970), describihg ¥m as a function of gravimetric

(mass) water content. The b-coefficients (slopes) for each
moisture release curve were used for statistical comparisons

'to determine significant differences in the 6, - hp,,

relationship among main treatments and interactive effects.
Allowing for sign differencé, matric head (hp) was
substituted for Y, in Equationvzo b& using shoft cores (3‘
cm), thereby reducing Ay, to ﬁegiigible levels and allowing
¢m to remain the primary driving-forée. Since the
magnitude of ¥y is dependent upon the radius.of the poré, a

direct substitution of h for Y, was done, using Equation 3.

Amendment Rate

Exchangeable sodium percentage (ESP) of each bulk soil
from each soil series by water quality treatment by depth
combination was determined by the difference between total
and soluble sodium. Total sodium percentages were-
detérmined by procedures described by Knudsen et al. (1985)
and Rhoades (1982). Solpble sodium percentage was
determined by procedures similar to CEC determina?ion.

Amendment rates 1 and 2 were determined by estimating .
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the amount pf amendment required to reduce the average ESP
of soils irrigated with WQ B to an ESP of 15% and 7.5%,
respectively. The average ESP of all surface soil following

accelerated salt loading was 52%, with a standard deviation

of 19.34%. Therefore, amendment rate 1 was 6.42 kg‘m‘2 and
rate 2 was 7.73 kg nfz. The rates were based on the

assumption of replacing 1 meq Na /100 g soil with each 0.348

Kg mJ-CaC12 for the upper 0.15 m of soil (Richards et al.,
1969). The CaCl, was applied in a solution.

All soil cores were saturated with water of the quality
with which they have been previously irrigated, aféer which
a pressure of 2.00 kPa was applied to each soil core to
establish a uniform starting point. Ring extensions were
added to each Tempe cell to facilitate addition of 60 ml of
amendment water to each soil core. Once the aﬁendment was
added, a matric heéd of 33.0 kKPa was imposed to simulate
free drainage. The soil cores were allowed to achieve
equilibrium. The drainage water was collected and analyzed
for sodium concentration.

To determine the effect of amendmenf aﬁd rate on
hydraulic properties modification, the soil cores were re-
saturated using WQ B. Incremental matric head was applied

and outflow data were collected as described in the'previéus

section describing 6, vs. hp determination.
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Greenhouse Study

Amendment Rate

Three of the five undisturbed soil columns previously
irrigated on an accelerated salt loading schedule (Thompson,

1991) were treated with CaCl, at a rate equivalent to rate 1
of the laboratory core study. The CaCl) was dissolved in

250 ml of water and sprinkled on the surface of each column.
A subsequent 5.0 cm irrigation was drip applied to each soil
column. The irrigation water was allowed to freely drain
past the surface and drain freely from the bottom of the
columns. No suction was applied fo the bottom of columns.

Intact cores were removed from the surface of each
column once the soils reached approximate containér

capacity. The 6, vs h, relationship was determined for

each core of each treatment, as previously described. The
outflow vs. pressure head data were compared statistically.
Bulk soil from the surface of each column was placgd in
plastic containers and stored in a cold, wet storage room

until chemical analyis could be completed.

Statistical Analysis

Significance of differences in hydraulic properties due
to main treatments and interactions was determined from
ANOVA of the b-coefficients derived with Equation 20 for

each replication of each treatment. Analysis was completed
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as a repeated measure of 6, as é function of hy, The
study design was a randomizea, complete block, three—factor
experiment. Main treatment factérs were water quality x

soil series x amendment rate.

&F‘.
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CHAPTER 4

RESULTS

Laboratory Core Studvy

All main treatments caused significant differences (a =

0.05 level) in calculated slopes of the 8, Vs- h

m curves

(Table 4). Calculéted b-coefficients (slopes) and r2 values

for all replications of all treatment combinations are

presented in Table 5.

Main treatment effects on b-

coefficients and means separation are shown in Figure 12.

Table 4. Results of analysis of variance for b-coefficients

from Equation 20.

Source DF S.S. M.S. F-value P-Value
WQ 2 4619.7 2309.9 194.92 0.0000
Soil 2. 2928.4 1464.2 123.56 0.0000
Amend 2 418.9 209.45 17.67 -0.0000
WQ*Soil 4 2556.0 638.99 53.92 0.0000
WQ*Amend 4 ' 878.75 219.69 18.54 0.0000
Soil*Amend 4 366.89 91.72 7.74 0.0003
WQ*Soil*Amend 8 1237.7 154.71 13.06 0.0000
Error 27 319.96 11.85

n-= 54 observations
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Table 5. Calculat‘ed b-coefficients and r2 values for all
main treatments.

waQ Rep Soil » Amend. b-coef. r2
A 1 ' B 0 -8.01 0.94
A 2 0 -15.84 0.92
A 1 H 0 -12.00 0.96
A 2 H 0 -7.92 0.94
A 1 T 0 -15.18 0.97
A 2 T 0 -13.98 0.99
B 1 B 0 -13.77 0.99
B 2 B 0 -13.74 . 0.74
B 1 H 0 -9.55 ~0.99
B 2 'H 0 -14.75 0.99
B 1 T 0 -19.3 0.98
B 2 T 0 -19.63 0.99
c 1 B 0 -13.85 0.96
c 2 B 0 -15.23 0.95
Cc 1 H 0 -33.89 0.98
c - 2 'H 0 -32.85 - 0.93
c 1 T 0 -71.97 0.91
c 2 T 0 -70.61 0.96
A 1 B 1 -8.01 0.94
A 2 B 1 -20.56 0.93
A 1 H 1 -11.4 . 0.96
A 2 H 1 -7.64 0.93
A 1 T 1 -16.69 0.97
A 2 T 1 -15.16 . 0.99
B 1 B 1 - -12.49 0.99
B 2 B 1 -12.38 0.74
B 1 H 1 -10.22 - 0.99
B 2 H 1 -16.48 0.99
B 1 T 1 -20.59 0.98




44

Table b. continued

B 2 T 1 -19.08 . 0.99
C 1 B 1 -14.09 - 0.96
c 2 B 1 -12.08 © 0.97
Cc 1 H 1 -34.79 0.98
C 2 H 1 -32.83 0.93
C 1 T 1 -69.09 0.89
C 2 T 1 -68.41 0.57
A 1 B 2 -10.82 0.99
A 2 B 2 -5.29 0.93
A 1 H 2 -6.07 . 0.98
A 2 H ) -6.49 ©0.97
A 1 T 2 -16.82 0.99
A 2 T 2 -17.30 0.97
B 1 B 2 -10.68 0.99
B 2 B 2 -20.62 0.98
B 1 H 2 -11.45 ~ 0.98
B 2 H 2 -16.81 - 0.99
B 1 T 2 -26.73 0.99
B 2 T 2 -17.85 0.99
C 1 B 2 -13.94 0.98
C 2 B 2 -13.75° 0.97
C 1 H 2 -29.95 0.96
Cc 2 H 2 -21.85 0.99
C 1 T 2 24.12 0:88
C 2 T 2 -25.44 0.98
Note: WQ A, B, C, = WQ A, WQ B, WQ C, respectively;
Soil B, H, T = Busby, Haverson, Thurlow, respectively;
Amend 0, 1, 2, = Control, Rate 1, Rate 2, respectively.
%&
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Figure 12. Average b-coefficients for WQ, soil series, and
amendment rate effects. The b-coefficients within main
treatments having the same letter designation did not differ
significantly at @ = 0.05 level, according to Student’s t
test. (n = 18). :
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Similarly, all treatment interactions caused
significant differences in b—coefficients (x = 0.05 levelf.
Because of significance of effects of all main and
interactive treatment combinations, only main treatments

will be discussed.

Water OQuality Effect on Hydraulic Prdperties

Although average b-coefficients were significantly
different due to water quality treatments, the coefficients
by themselves do not clearly iliustrate the water quality
treatment effects on- soil hydraulic properties.

Consequently, bar plots of mass water content (6,,) with
treatment mean separation were prepared for each hm
equilibration by averaging 6, data over soil series,

amendment rate, and replication for each water. quality
treatment (Figure 13, top). Effect of water quality
treatment on pore size distribution was determined by
calculating the percentage distribution of total porosity
(PDTP) for each diameter class indicated in Figure 13
(bottom). Gravimetric outflow data between each sequential

h. was divided by total porosity to determine PDTP. The

m
effective pore diameter was determined by re-arranging
Equation 3 and solving for radius. Moisture release curves

(MRC) were prepared by averaging hm VS. 8, data over soil

series, amendment rate and replication for each water

quality treatment (Figure 14).
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Differences in MRCs among the three water quality
treatments are illustrated in the b-coefficients (Figure 12)

and the treatment average 6 PDTP, and MRCs (Figure 13,

m’
top and bottom, and Figure 14). Mass water qohtent and PDTP
within matric head equilibrations having the. same letter
designation did not differ significantly.at a = 0.05 levél,
according to Student’s t test;

Soils tfeated with WQ A had the most unifofm PDTP
across the measured pore diameter classes following
accelerated salt ldading and intensive cropping (Figure 13,

bottom). Soils treated with water qualities B and C

exhibited a substantial decrease in 8, between 0 to 2.00

kPa matric head. Columns treated with water quality C
retained more water at all matric heads >20.0 kPa than
columns treated with water quality A or B and équilibrated
at the same matric heads (Figure 14). The net'result of
this redistribution of pore sizes was the b-coefficient for
cores treated with water guality C were substantially more
negative than the b-coefficients for‘cofes treated with
water quality A or B(i.e., -11.95 vs. -15.90 and -33.25,
respectiﬁely, Table .6). /

Only 17.9% of the total pofosity'of soils treated with
WO A was.>144 um diameter; 25.4% of the total porosity
ranged in diameter from 144 to 2.88 um. Soils treated with
WQ B had approximately equal distribution of pore

percentages in the measured diameter classes, with 20.7% of
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the total porosity in the >144 um diameter range, and 17.4%:
of the total porosity in the 144 to 2.88 um diameter range.
Soils treated with WQ C had 22.0% and 11.4% of the total
porosity in the same two diameter classes, respectively.

Increasing the salt concentration in the soil by means
of irrigation seemed to cause an alteration in the soil |
hydraulic properties. The majority of the pores of coiumné
treated with water quality B or C drained at less than 2.00
kPa métric head. This drainage at low matric head resulted
in relatively few pores being drained at subsequently
greatef matric heads; This relatively rapid drainage with
minimal applied pressure is best illustrated by Figure 13
(top) and Figure 14.

Soils treated with WQ C had greater o, at all matric

heads >20.0 kPa than soils subjected to the same matric head
eqﬁilibrations and treated with eithef WQ A or WQ B. A
greafer percentage of total porosity of the soils treated
with WQ A drained when the matric head exceeded 20.0 kPa
than did pores of soils treated with WQ B or WQ C.

The &, of the soils equilibrated at 100 kPa matric

head also illustrates the effect of irrigation water quality
on soil hydraulic properties. Inéreasing the salt |
concentration of irrigation water increased the percentage

. of pores with a diameter less than 2.85 pm (Table 6).

' Soils treated with water quality A or B had the lower

®, (0.217 and 0.224, respectively), while the soils treated
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with WQ C had higher @, (0.246) at 100 kPa matric head.
Significant difference in 8, was detected at 33.0 kPa and

all subsequent matric head equilibrations (Figure 13 top).

Table 6. Average b-coefficients for 8y VS. h,, for all
water quality treatments and resulting percentage

distribution of total porosity. (n=18).

WQ b-coef. Matric ®m .Pore PDTP

Head Diameter
Class

kPa g/g Copm %

A -11.95 0 .~ 0.384
2.00 0.329 >144 17.9
10.0 ©0.279 144-28.8 8.9
33.0 0.248 28.8-8.72 8.3
50.0 0.231 8.72-5.76 4.4
100 - 0.217  5.76-2.88 3.8
% of total porosity >2.88 um 43.3

B -15.90 0 ' 0.378
2.00 . 0.290 >144 20.7
10.0 0.264 144-28.8 6.7
33.0 0.246 28.8-8.72 5.0
50.0 0.237 8.72-5.76 2.3
100 0.224 5.76-2.88 3.4
% of total porosity >é.88-um~ 38.1

c | -33.25| o 0.370 | |

2.00 .0.290 . 3144 22.0
10.0 0.270 144-28.8 5.0
33.0 0.263 28.8-8.72 2.0
50.0 0.253 8.72-5.76 2.6
100 ' 0.246 5.76-2.88 1.8
% of total'porosity >2.88 um 33.4
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Soil Series Effects on Hydraulic Properties

The procedures used to evaluate and illustrate the
effect of soil series on soil hydraulic properties were the
same as those used to.evaluate water quality treatment
effects. Differences in the b-coefficients for the three

soil series are illustrated in Figure 12. Average © PDTP

ml
and MRCs for all three soil series are illustrated in Figure
15 (top and bottom) and Figure 16.

Significant differences in 6, were found among all

soil series for 0.0, .33.0, 50.0, and 100 kPa matric heads.

(Figure 15, top). No difference in 8, was found among soil

series at 2.0 kPa, and only Thurlow was different from Busby
and Haverson at the 10.0 kPa matric head.

Approximately 47% of the total porosity of thé Busby
soil had a diameter >2.88 um; while 37.6% of tétal porosity
of the Haverson soil and 6nly 30.6% of total porosity of the
Thurlow soil had diameters >2.88 pm (Table 7).

Busby’s PDTP for pores with diameters >144 pm was
significantly different than the PDTP for Haverson and
Thurlow in the same diameter class. Sigﬁificant differences
in PDTP among all soil series were detected for pores in the
144-28.8 um diameter class. Busby’s PDTP was significantly
different than Thurlow’s PDTP in‘fhe 8.72-5.76 um diameter |
class; however, Haverson’s PDTP was not significantly’

different than Busby or Thurlow in the same diameter class.
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Table 7. Average b-coefficients for 6, vs. h, for all soil

series and resulting percentage distribution of total
porosity. (n=18).

Soil b- Matric IR Pore PDTP
Series coef. Head Diameter
Class
kPa g]g Mm %
Busby -13.05 0 0.415
" 2.00 0.277 >144 28.9
10.0 0.258 144-28.8 6.8
33.0 0.238 28.8-8.72 4.3
50.0 0.222 8.72-5.76 3.8
100 5.76-2.88 3.1
0.209

% of total porosity >2.88 um 46.9

Haverson | -17.61 0 0.367
2.00 0.304 144 C17.2
10.0 0.270 144-28.8 9.2
33.0 0.248 28.8-8.72 4.9
50.0 0.237 8.72-5.76 3.2
100 ' 0.225 5.76-2.88 3.1

o,

% of total porosity >2.88 um 37.6

Thurlow | —30.44 ‘ 0 " 0.352 ‘
- 2.00 0.301 144 14.6
10.0 ' 0.285 144-28.8 4.5
33.0  0.270 28.8-8.72 6.1
50.0 0.262 8.72-5.76 2.3
100 0.252 5.76-2.88 2.8

% -of total porosity >2.88 um 30.6
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Amendment Rate Effect on Hydraulic Properties

The procedures used to evaluate and illustrate the
effect of amendment rates on soil hydraulic properties weré
the same as water quality and soil series treatment effects.
Differences in the b-coefficients due to amendmeﬁt rates are

illustrated in Figure 12. Average 6,s, PDTP, and MRCs for

all three amendment rates are illﬁstrated in Figﬁre 17 (top
and bottom) and Figure 18.

There was no statistically significant difference
between b-coefficients for the control treatment,énd
aﬁendment rate 1 (Figure 12). The aVeraged b-coefficients
for the control treatment and amendment rate 1 were -22.34
and -22.33,‘fespectively. The b-coefficient for‘the MRC
due to amendment rate 2 was significantly diffefent‘from thé
b-coefficient of either the control or amendménf,rate”I.
The b-coefficient for the MRC due to amendment rate 2 was
-16.;3.

Significaﬁt increases in PDTP were in the >144 pm and
the 144-28.8 um diameter classes; PDTP increased nea;ly 4%
in each 6f these diameter classes (Figure 17 and Table 8).

The em_of cores treated with amendment rate 2 was
significantly greater at saturation than the 6, of the

cores treated with amendment rate 1. Similarly,'e of the

m

cores treated with amendment rate 2 was less than em_of

amendment rate 1 cores at all matric heads >12 kPa.
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Table 8. Average b-coefficients for 8, Vs. hy for all

m

amendment rate treatments and resulting percentage

distribution of total porosity. (n=18).
Amendment | b-coef. Matric 8m Pore PDTP
Rate Head Diameter
Class
kPa g/g Lm %
Control ~22.34 0 0.362
2.0 0.290 >144 19.1
10.0 0.269 144-28.8 5.9
33.0 0.250  28.8-8.72 5.1
50.0 0.239  8.72-5.76 2.9
100 0.228 5.76-2.88 3.1
% of total porosity >2.88 um 36.1°
1 ~-22.33 0 0.368
2.0 0.301 >144 17.6
10.0 0.278 . 144-28.8 6.1
33.0 0.259  28.8-8.72 5.2
50.0 0.248 8.72-5.76 2.9
100 0.235 5.76-2.88 3.6
$ of total porosity >2.88 um 35.4
2 -16.43 | 0 6.398 . |
| 2.0 0.300 >144 24.0 |
10.0 0.267  144-28.8 8.6
33.0 0.247 28.8-8.72 - 5.0
50.0 0.233  8.72-5.76 3.6
100 0.224 5.76-2.88 2.4
% of total porosity >2.88 um 43.6
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Drainage Water Results

All main treatments caused significant differences (a
0.05 level) in drainage water sodigm concentrations (Table
9). Sodium concentrations for all replications of all
treatment combinations are presented in}Table 10. Main
treatment effects on sodium céncentrations and means
separation are shown in Figure 19.

Table 9. Analysis of variance for drainage water sodium
concentrations.

Source DF S.S. M.S. F-Value P-Value
WQ 2 1.06E77 5.3E6 147.98 0.0000
Soil 2 2;97E5 1.48E5 4.14 . 0.0269

' Amend 2 8.64E6 4.32E6 120.46 0.0000
WQ*Soil ' 4 3.55E5 88719 2.47 0;0682
WQ*Amend _ 4 3.02E6 7.55E5 21.07 0.0000
Soil*Amend v 4 2.70E5 67416 1.88 . 0.1428
WQ*Soil*Amend 8 8.52E5 1.06E5 2.97 0.016
Error 27 9.68E5 35848

n = 54 observation

Similarly, all interactions except WQ#*Soil and

Soil*Amend caused significant differences in drainage water

sodium concentration (o = 0.05 level). This lack of
significances suggests that the main treatment effects on
drainage K water sodium concentration were not necessarily

additive.
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Table 10. Average drainage water sodium concentrations for
all treatment combinations.

WQ . Rep Soil Amend. [Na]
mg/L
a 1 B o 54
A 2 B 0 54
A 1 H 0 54
A 2 H 0 54
a 1 T 0 54
a 2 T 0 54
B 1 B 0 220
B - 2 B 0 220
B 1 H 0 220
B 2 H 0 220
B 1 T 0 220
B 2 T. 0 220
c 1 B 0 400
c 2 B 0 400
c 1 H 0 400
c 2 H 0 400
c 1 T o 400
c 2 T 0 400
A 1 B 1 390
A 2 B 1 400
‘A 1 H 1 230
A L2 H 1 280
a 1 T 1 250
A 2 T 1 260
B 1 B 1 1020
B 2 B 1 1330 -
B 1 H 1 750
B 2 H 1 960




Table 10. continue
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Note: WQ A, B, C, = WQ A, WQ B, WQ C, respectively;
Soil B, H, T Busby, Haverson, Thurlow, respectively;
Amend 0, 1, 2, = Control, Rate 1, Rate 2, respectively.
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Figure 19. Average sodium concentrations of drainage water
for WQ, soil series, and amendment rate treatments. Sodium

concentrations within main treatments having the same letter
designation did not differ significantly at a = 0.05 level,

according to Student’s t test. (n = 18).. ‘




64

Mean separation of average drainage water sodium
concentration indicated significant differences in sodium
concentrations due to water quality treatﬁents. Mean .
separation of average drainage water sodium_conéentration
for each soil series indicated significant differeﬁces in
drainage water concentration between Busby and Thurlow.
Drainage water sodium concentration did not differ
significantly between Busby and Haverson or Haverson and
Thulow soil series. Means separation of average drainage
water sodium concentration indicated no significant
differences in sodiuﬁ concentrations between amendment rates
1 or 2; however, the difference in effect between. the
control treatment and the‘two ameﬁdmeﬁt rates was

significant..

Greenhouse Study

'All main treatments caused significant differences (a =

0.05 level) in calculated slopes of the ®m Vs. h, curves
(Table 11). Calculated b-coefficients (slopes) and r2

values for all replications of all treatment combinations
are presented in Table 12. Main treatment effects on b-
coefficients and means separation are shown in Figure 17.
Similarly,-ail treatment interactions caused
significant differences in b-coefficiénts (a = 0.05 level).
This significance of interactive éffects suggests that main

treatment effects on soil hydraulic properties are additive,
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rather than null%fying. Because of siénificance of effects
for all main and interactive treatments, only main
treatments will be discussed.

Table 11. Analysis of variance of b-coefficients from
Equation 20 for samples from greenhouse study.

Source ~ DF . 8.s. M.S. F-Value P-Value
WQ . 2 1516.6 758.29 87.85 0.000
Soil 2 1144.2 572.08 66.28 0.000
Amend 1 2286.3 2286.3 264.87 0.000
WQ*Soil 4 1223.3 305.82 35.43 . 0.000
WQ*Amend 2 ‘ 1242.2 621.1 71.96 0.000
Soil*Amend 2 474.96 237.48 27.51 0.000
WQ*Soil*Amend 4 694.59 173.65 20,12 0.000
Error 18 155,37 8.6317

n = 36 observations

Table 12. Calculated b-coefficients and r2 values for all
main treatments for greenhouse study.

WQ Rep Soil Amend. b-coef. r?
A 1 B 0 -8.01 0.94
A 2 B 0 -15.84  0.92
A 1 H 0 -12.00 0.96
A 2 H 0 -7.92 0.94
A 1 T 0 -15.18 0.97
A 2 T 0 ~13.98 0.99
B 1 B 0 -13.77 0.99
B 2 B 0 '~13.74 0.74.

B 1 H 0 -9.55 0.99
B 2 H 0 -14.75 0.99
B 1 T 0 -19.30 0.98
B 2 T 0 -19.63  0.99




66

Table 12. continued

c 1 B 0 -13.85 0.96
2 B 0 -15.23 0.95
c 1 H 0 -33.89 . 0.98
c 2 H 0 -32.85 0.93
c 1 T 0 -71.97 . 0.91
c 2 T 0 -70.61 0.96
A 1 B 1- -5.07 0.97
A 2 B 1 -4.98 0.89
A 1 H 1 -7.06 0.99
A 2 H 1 -3.61 0.88
A 1 T 1 -12.56 0.99
A 2 T 1 -3.98 0.81
B 1 B 1 -5.39 0.99
B 2 B 1 -6.68 0.99
B 1 H 1 -3.43 0.96
B 2 H 1 -7.08 0.99
B 1 T 1 -7.03 0.90
B 2 T 1 -5.74 0.80
c 1 B 1 -3.77 0.98
c 2 B 1 -1.86 0.91
c 1 H 1 -2:.91 0.97
c 2 H 1 -8.07 0.99
c 1 T 1 -9.33 0.98
c 2 T 1 -16.63 0.99

Note: WQ A, B, C, = WQ A, WQ B, WQ C, respectively;
Soil B, H, T, = Busby, Haverson, Thurlow, respectively;
Amend 0, 1, 2, = Control, Rate 1, Rate 2, respectively.
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Figure 20. Average b-coefficients for WQ, soil series, and
amendment rate treatments in greenhouse study. The b-
coefficients within main treatments having the same letter.
designation did not differ significantly at a = 0.05 level,
according to Student’s t test. (n = 18, 18, and 12,
respectively).




68

Water Quality Effect on Hydraulic Properties

Although average b-coefficients were significantly
different due to water Quality treatments, the coefficients
by themselves do not clearly illustrate the water quality
treétment effects on soil hydraulic properties.
Conseduently; bér plots of mean em valﬁes were prepared for
each h,, equilibration by averaging em‘dafa over soil
series, amendment rate, and.replication for each water
guality treatment (Figure 21, top). Effect of water quality
treatment on pore size distribution was determined by
calculating the PDT? for eaqh of five diameter classes
(Figure 21, bottom). Moisture release curves were prepared

by averaging h, vs. 8, data over soil series, amendment

rate, and replicatioﬁ for each water quality treatment
(Figure 22). | ‘
. .As-illustrated in Figure 20, b-coefficients calculated
from the MRCs resulting from treatments WQ A and WQ B did
not differ significantly; however, the b-coefficient from
the MRC resulting from treatment with WQ C did differ
significantly from the other b-coefficients. The'b-
coefficient for soils treated with WQ C waé -23.52, while
the b-coefficients for soils treated with WQ A or WQ B
were -9.21 and -10.37, respectively (Table 13).
Percentage of total porosity in the measured pore
diameter classes was .approximately eqﬁal for éll cofes,

irrespective of water quality treatment. Columns treated
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with water quality A had about 3.5% more pore volume in the
28.8-8.72 um diameter class than soils treated with either
of the other two water qualities.
Table 13. Average b-coefficients for ®n Vs. h, for each

water quality treatment and resulting percentage ‘
distribution of total porosity in greenhouse study. (n=12)

WQ b-coef. Matric e Pore PDTP
: Head Diameter
' Class
kPa g/g. um %
A -9.21 0 0.456
2.00 . 0.324 T >144 31.7
10.00 0.288 144-28.8 8.6
33.00 0.242 28.8-8.72 11.2
50.00 - 0.223 8.72-5.76 4.6,
100.0 0.195 5.76-2.88 6.5

% of total porosity >2.88 um 62.2

B -10.37 o 0.445 , -
| | 2.00 0.308 >144  32.9
10.00 . 0.267 144-28.8  10.7
33.00 0.236 28.8-8.72 7.9
50.00 0.221  8.72-5.76 4.2
100.0 0.199 5.76-2.88 6.8

% of total porosity >2.88 um 62.5

c -23.52 0 0.448
1 2.00 0.306 >144 34.2
10.00 0.261 144-28.8 11.5
33.00 0.230  28.8-8.72 7.0
50.00 0.213  8.72-5.76 3.4
100.0 0.202 5.76-2.88 2.6

N

s of total porosity >2.88 um 58.7
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Soil Series Effect on Hydraulic Properties

Effects of soil‘series on hydraulic properties in the
greenhouse study were assessed thersame way the effects of
water quality treatmenfs were evaluated. Differences‘in‘the
b-coefficients for the MRCs for the three soil series are

illustrated in Figure 20. Average ®5,r PDTP and MRCs for

~all three soil series are illustrated in Figuré 23 (top and
bottom) and Figure 24.

As illustrated in Figure 20, the b-coefficients for
the MRCs differed'significantly at @ = 0.05 level among all
soil series. - The b-coefficients for Busby and Haverson
soils, although significgntly‘different, ranéed from
'6niy =-9.02 to -11.93, respectively. The b-coefficient for
the Thurlow soil was -22.16.

Significant differences in 6, were found between the

Busby soil and the Haverson or Thurlow soil at 2.0 and 10.0
kPa matric head equilibration (Figure 23, top). Significant

differences in 6, among all soils were detected at the

33.0, 50.0, and 100 kPa matric head equilibration.
Significant differences in PDTP were detected between
the Busbf soil and the Haverson or Thurlow soil series at
the >144 pm diameter. No significant difference in PDTP
among soils was detected in any other diameter class. Busby
had 71.7% of tqtal porosity with diameters >2.88 um, while
54.4% and 44.5% of the total porosity of the Haverson and

Thurlow, respectively, had a diameter >2.88 um (Table 14).
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Average b-coefficients for e, vs. h, for all
soil series and resulting percentage distribution of total

porosity in greenhouse study. (n = 12).
So%l b-coef. | Matric ©m _Pore PDTP-
Series Head Diameter
' Class
kPa g/g pm %
Busby -9.02 0 0.457
2.00 0.272 >144 44.0
10.00 0.229 144-28.8 10.1
33.00 0.193 28.8-8.72 8.2
50.00 0.173 8.72-5.76 4.6
100.0 0.153 5.76-2.88 4.8
% of total porosity >2.88 um 71.7
Haverson | -11.93 0 0.456
. 2.00 0.332 >144 29.6
10.00 0.288 144-28.8 10.7
33.00 0.237 28.8-8.72 11.9_
$50.00 0.219 8.72-5.76 4.4
1100.0 0.205 5.76-2.88 4.6
% of total porosity >2.88 um 61.2
Tﬂurlow -22.16 0 | 0.436 . |
2.00 0.333 >144 25.3
10.00 0.299 144-28.8  10.0
33.00 6.278 28.8-8.72 5.8
50.00 0.265 8.72-5.76 3.1
100.0 0.238 5.76-2.88 6.6
% of total porosity >2.88 um 50.8

| I -




76

Amendment Rate Effect on Hydraulic Properties

Effects of amendment rate on hydraulic properties of.
the soils in the greenhouse study were assessed the same way
the effects of water quality treatments were evaluated.
Differences in the b-coefficients of the MRCs due to the
amendment rates are illustrated in Figure 20. Average o,
PDTP and MRCs for both amendment rates are illustrated in
Figure 25 (top and bottom) and Figure 26.

Addition of CaCl, caused the b-coefficient to be
significantly different from the b-coefficient of the
control treatment at the a = 0.05 level. With regard to
pore size distribution, the control treatment had only 36.1% -
of total porosity greater than 2.88 um diameter, while the
columns treated with amendment rate 1 had 86.3% of total
porosity with diameter >2.88 um.

Stétiétically signifiééﬁt differences in e, between
the control and addition of CaCl, were detected for all
matric head equilibrations, with the exception of 10.0 kPa
matric head. The CaCl, amended soil had greater @, for'é.o
and 2.0 kPa matric heéd and-then had loﬁer e, for subséquent
matric heads >33.0 kPa (Figure 25, top). -The control soils
had a mass water content of 0.228 at 100 kPa matric head,
while soils treated with CaCl, had a mass water content of
only 0.169 for the same matric head equilibration.

Significant differences in PDTP between the control and

CaCl, amended soils were detected for all pore diameter
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classes. Addition of CaCl, resulted in large increases in
percentage of-total porosity with pore diameters >144, 144—
28.8, and 28.8-8.72 um. The control treatment had 19.1%,
5.9%; and 5.1% of the total porosity in these diameter
classes, while the soil treated with CaCl, had 16.8%, 14.6%,
and 12.2% of total porosity in these same diameter claéses,
respectively. Diameter classes 8.72-5.76 and 5.76-2.88 pum
had signifiéantly more PDTP. The addition of CaCl, caused a
decrease in the percent porosity of pores with a diameter
less than 2.88 um. The control soil had 63.9% of the total
porosity <2.88 um, while the CaCl, amended soil had only

13.7% of the total porosity in the same diameter class.
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Table 15. Average b-coefficients for o, vs. h, for each
amendment rate treatment and resulting percentage
distribution of total porosity in greenhouse study.

(n = 18).

Amend. b-coef. Matric c] Pore PDTP

‘Rate Head m Diameter
T Class

kPa g/g umv %

Control ’ -22.34 0] . 0.363
2.00 0.291 >144 19.1
10.00 0.269 144—28.8 5.9
33.00 0.240 28.8-8.72 5.1
50.00 0.228 8.72-5.76 2.9
100.0 0.222 5.76-2.88 3.1

% of total porosity >2.88 um 36.1

1 . =6.40 0 0.536
' 2.00 0.334 >144 46.8
10.00  0.275  144-28.8 14.6
33.00 0.250  28.8-8.72 12.2
50.00 0.198  8.72-5.76 5.2
100.0 0.169 5.76-2.88 7.5

% of total porosity >2.88 uﬁ\ 86.3
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CHAPTER 5
DISCUSSION

Laboratory Core Study

Water Quality FEffect on Hydraulic Properties

Differences in irrigation water quality caused
significant differences in percent porosity and pore size
distribution of the three soils included in this studf.
Increasing SAR of the irrigation water from 1.1 to 5.1 to
9.6 caused an increase in percent of‘total pOrosityvoccupied
by pores with diameter <2.88 um. Increasing SAR level (WQ B
or WQ C) of irrigation water caused decreases in pengntage-
of total porésity for pores with a diameter >144 um;
However, the remaining pore diameter classes showed
disproportionate decreases in percentage of total porosity.

This shift in the pore size distribution may result in
substantial decreases.in soil‘hydraulic conductivity,
particularly for montmorillonitic soils. Montmorillonitic
soils generaliy have a dynamic pore diameter distribution,
dependent on water content. As water content increases, the
clay double layer swells, dispersing soil aggregates and
shifting the pore distribution towards smaller pore
diameters.

Very little water moves through small pores because of
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the lack of sufficient potential gradient to cause
substantial flow. |
In soils which have a substantial peréentage.of their
pore size distribution occupied by relatively small diameter
pores, plants are required to decrease root .potentials to

extract water prior to salt loading from irrigation water.

Soil Series Effects on Hydraulic Proberties

The effect of soil series on hydraulic properties was
consistent with previously reported pbservationé of the
relationship between: soil téxture and soil water
characteristics. Busby finé sandy loam, with its relatively
coarse, single-grained texture, sustained'a relativély large
number of large pores with increasing irrigation water SAR
levels, while Haverson and Thurlow respoﬁded accordingly
with their increasing clay content. '

. Soi;s, 1ike.Thurlow, and to a lesser deéree Haverson,
dominated by montmorillonitic clay mighf present significant
problems if the exchangeable soaium percentage is allowed to
get sufficiently high to swell the double layer, disrupting
soil aggregates and,structuré. The soil could then become
sufficiently impermeablé that reclamation with soil
amendments would be impeded because of difficulty getting
the amendment into the soil to displace sodium on the soil
exchange sites. Reclamation via sodium displacement could be
additionally hampered by inadequate leaching of sodium and

drainage of dispersed soils.
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Saline-sodic soils are dominated by small pores.
Consequently, the exchange of sodium for calcium on the
exchange site can become a diffusion-dependent process. In
such situations, relatively low rates and frequent additions
of amendments, coupled with sléwer irrigation rates, might
" allow adequate time for the exchange of calcium for sodium.
to take place in smaller, somewhat isclated~porés; Even
though this study did not look ét the influence of
irrigation rafe on amendment effect, care was taken to allow

adequate time for cation ‘exchange between irrigation events.

Amendment Rate Effect on Hydraulic Properties
2

Appiication of CaCly at a rate of 7.73 kg m increased

large pore percentages, partiéularly in the 5.76 to 144 um
diameter class, relative to the control treatment. This
increase in the percentage of large pores woula.be
beneficial to plants since poreé in this range' of diameters
contain the largest volume of plant.a§ailab1e water. Plants
ean extract water from much smaller pores; ﬁowever, the
available volume of water and rate of extraction is usually
insufficient to meet plant transpirational demand.

A high rate of application of CaCl, was necessary

because of the unusually high ESP of the salt-loaded soils
(Appendix B). The rate used in this study might be
unrealistic under field conditions. The plates on. the

bottom of the soil columns in:the greenhouse study-acted as
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barriers to watér flow. Drainage at the bottom of the
columns took place only at or near saturated conditions.
The_barrier could ﬁave elevated the ESP of the soils to

unrealistic levels.

Drainage Water Results

The addition of CaCl, significantly incfeqsed sodium

concentration of the drainage water. Even though no
significant differences in drainage water ‘sodium
. concentration were detected between the low and high rate of

CaCl,y addifion, the addition of the amendment increased the

sodium concentration to a level nearly fivg-times greatér_
than the sodium concentration of the drainage watér of.the
cohtrol treatment.

This increase of drainage water sodium concentration is
.cause for alarm due to the deleterious effect of high sodium
concentration on fresh water groundwater supplies;_-However,
the complexity of ndnsaturated groundwater flow and the lack
of data below-the tested horizon makes quantifying the
environmental impact of this high sodium concentration
impractiéal. Again, these sodium concentrations.ﬁay not be
indicative of actual field levels.because of the elevated
ESP levels in the soil columns. However, if the exchange
sites of fine-textured soils are saturated with sodium to
the point a large amendment rate is necessary, deleterious

effects on groundwater quality might result. -
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Greenhouse Study

Water Quality Effect on Hydraulic Properties

The b-coefficient associated with the MRC of'columns
irrigated with WQ C differed significantly from the b-
coefficients for the MRCs of the columns irrigated with the
other two water guality treatments. Howevér, the
distribution of pores within the various pore diameter
classes of the soiis associated with each water quality
treatment did not appear dissimilar. Irrigation with water
guality C increased the percentage of total porosity in the
28.8-8.72 um diameter class, significantly affecting the

calculated b-coeffiéients°

Soil Series Effect on Hydraulic Properties

The average b-coefficients from the MRCs for all soil
series differed significantly. This difference is best
illuétrated by the percent 6f total porosity in the various
aiameter classes. The percent of total porosity in the
measufed diameter clasées decreased- as the texture became
increasingly more fine. As previously stated, the swelling
of the clay double layer may ha&e disrupted the éoil
aggregates and structure, resulting in more of a total
porosity in the diameter class <2.88 um. This could limit
the effectiveness of amendments because of the inability to}

achieve adequate drainage.
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Amendment Rate Effect on Hydraulic Properties

The addition of CaCly at a'rate of 6.42 kg n? altered

the soil hydraulic properties significantly. The b-
coefficient associated with the MRC of the control columns
differed significantly from the b-coefficient from the MRC

of the columns treated with CaCly Columns treated with
CaCly had significant increases in percentage of total

porosity in the méasured diameter'classes, pérticularly for
pore diameters greater than 8.72 um. These changes in pore
size distribution for the measured diameter classes resulted
in large increases in percent of total porosity in the

measured diameter classes.
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CHAPTER 6
CONCLUSIONS

An accelerated irrigation and salt-loéding study with
undisturbed soil columns led to salt and sodium accumulation
in all soils prior to this study. -Conditions of-the
accelerated irrigation and salt-loéding,study were not truly
representative of actual field conditions because a support
plate on the bottom of each soil column inhibited drainage
below the root zone. Under field conditions of adequate
drainage, drainage water would leach excess salts below the
root zone. Once below the foot zone, the salts would either
continue to move to the groundwater if the soils were weil
drained or concentrate in the perched water table,
,e&enfually migrating laterally or towards_the'surfaée.

Irrigation of the soils of thislstudy with water
comparable to either present or anticipated future water
qualities of the Powder River resulted in thé soils becoming
saline or saline/sodic (Thompson, 1991). The current |
investigation revealed that this sodium accumulation in the -
soii profile resulted in greatly decreased macro-porosity,
reducing soil hydraulic conductivity. Deleterious effects
of water quality treatments on soil physical properties

demonstrate the need for improved irrigation management in
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the future, provided the calcium concentration of the Powder
River does not increase proportionally with the sodium |
concentration of the water. This is especially true for
soils such as Haverson and Thurlow which have relatively
high montmorillinitic clay content.

A wide array of management schemes are available for
well-drained soil; however, only a limited number of
management options apply to poorly drained éoils.

Prevention of sodium accumulation might be the most cost-
effective solution to the deleterious effects of sodium.
saturation and dispefsion resulting from irrigation with
water containing high sodium concentrations. Excess
irrigation early in the spring or late in éhe fall w;th
water containing relatively low 1e§e1s of TDS could leach
seasonal sodium accumulations below the root zone.

Mohitoring SAR and TDS le&els of irrigatioﬁ water could
offér insight into when the most advantageous seasonal
irrigation could be accomplished (Rhoades et al., 1973).
When SAR and TDS levels of irrigation water are low, excess
irrigation could remove accumulated sodium and recharge the
soil profile with soil water. This would provide crops with
the water they need and limit the amount of irrigation water
needed to sustain production through drier periods when
irrigation water may have higher TDS levels.

However, shoula fhe water'quality of the Powder River

approach that of WQ C, gypsum could be used in conjunction
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with calcium chloride to aisplace sodium accumuiated in the
soil. The high dissolution rate of calcium chloride might
have short-term remedial effects on soil physical properties
because it passes through the soil profile rapidly'(Brock,
1992). Calcium chloride could be used to quickly improve
soil physical properties. If the calcium chloride
application was followed by ‘a large rate of application of
gypsum, which has a slower dissolution rate than calcium
chloride, the gypsum wodld compensate for the high sodium
concentration of the irrigation water. This would reduce
the deleterious effeéts of sodium on soil physical
properties over a lbngér period of time.

The use of crop rotations migﬁt help improve soil
physical properties. Brock (1991) suggested that a fotation
of barley, sordan; and then élfalfé might improve soil
physical and chemical properties of.these sodium-affected
soils.

The use of proper cropping systems and irrigation
management could abate or greatly reduce the neea for
amendments to remediate irfigation-induced‘saline and
saline/sodic soils. These techniques could impact
groundwater with small loads of salt over a much lonée; ﬁ
period of time, reducing stress to the ecosystem caused by

the adverse effects of irrigation.




90

REFERENCES




21

REFERENCES
Abu-Sharar, T.M., F.T. Bingham, and J.D. Rhoades. 1987.
Reduction in hydraulic conductivity in relation to clay
dispersion and disaggregation. Soil Sci. Soc. Am. J.

51:342-346.

Anderson, J.V., O.F. Bailey, and H.E. Dregne. 1972. Short
term effects of irrigation with high-sodium waters. Soil
Sci. 113:358-362.

Ankeny, M.D., M. Ahmed, T.C. Kaspar, and R. Horton. 1991.
Simple field method for determining unsaturated hydraulic
conductivity. Soil Sci. Soc. Am. J. 55:467-470.

Barnes, C.J. 1980. The swelling of clay. Soil Sci. Soc. Am.
" J. 44(3):658-659.

Bathke, G.R., A. Amoozegar, and D.K. Cassel. 1991.
Description of soil pore size distribution with mean
weighted pore diameter and coefficient of uniformity.
Soil Science. 152:82-86.

Bernstein, L., and L. E. Francois. 1973. Leaching
- requirement studies: sensitivity of alfalfa to salinity
of irrigation and drainage water. Soil Sci. Soc. An.

Proc. 37:931-943.

Bohn, H.L., B.L. McNeal, and G.A. O'Connor. 1985. Soil
chemistry. 2nd edition. John Wiley & Sons, Inc., New
York. 341 pp. ‘

Bolt, G.H. 1955. Analysis of the wvalidity of the Gouy-
Chapman theory of the electric double layer. J. Colloid.
Sci. 10:206-218.

Bond, W.J., B.N. Gardiner, and D.E. Smiles. 1984. Movement

of CaCl, solutions in an unsaturated clay soil: the
effect of solution concentration. Aust. J. Soil Res.
22:43-58.

Brock, T.A. 1991. Effect of irrigation water quality,

amendment and «crop on salt leaching and sodium
displacement. M.S. Thesis, Montana State University,
Bozeman. 133 pp.




92

Brooks, R.H., and A.T. Corey. 1964. Hydraulic properties of
porous media. Hydrology Paper no. 3. Colorado State
University, Fort Collins.

Canmpbell, G.S. 1974. A simple method for determining
unsaturated conductivity from moisture retention data.
Soil Sci. 117(6):311-314.

Childs, E.C., and G.N. Collis-George. 1950. The permeability

of porous material. R. Soc. London, Proc., A 201:392-
405.
Diamond, S. 1970. Pore size distribution in clays. Clays

Clay Miner. 18:7-23.

Gallagher, K. 1986. Powder River basin water quality study.
Report to Powder River Conservation District. Dept.
Natural Resource Conserv. Helena, MT.

Gardner, W.R., D. Hillel, Y. Benyamini. 1970. Post
irrigation movement of soil water: 1II. Simultaneous
redistribution and evaporation. Water Resources Res.

6:1148-1153.

Gee, G.W., and J.W. Bauder. 1979. Particle size analysis by
hydrometer: A simplified method for routine textural
analysis and a sensitivity test of measurement
parameters. Soil Sci. Soc. Am. J. 43:1004-1007.

Hillel, D. 1980. Fundamentals of soil physics. Acadenic
Press Inc., San Diego, CA. 413 pp.

. 1982. Introduction to soil physics. Academic
Press, Inc., Orlando, FL. 364 pp..

James, D.W., R.J. Hanks, and J.J. Jurinak. 1982. Modern
irrigated soils. John Wiley & Sons, Inc., New York. 235

pp-.

Jury, W.A., W.R. Gardner, and W. H. Gardner. 1991. Soil
physics, 5th Ed. John Wiley & Sons, Inc., New York. 328

pp-

Kirkham, D., and W.L. Powers. 1972. Advanced soil physics.
John Wiley & Sons, Inc., New York. 533 -pp.




93

Klute, A., and C. Dirksen. 1986. Hydraulic conductivity and
diffusivity: Laboratory in Kiute, A. ed., Methods of
soil analysis, part 1. 2nd edition. ASA-SSSA. Madison,
WI. pp. 687-732. ‘ |

Knudsen D., G.A. Peterson, and P.F. Pratt. 1982. Lithium,
sodium, and potassium: Exchangeable and soluble sodium
in Page, A.L., R.H. Miller, and D.R. Keeney, ed., Methods
of soil -analysis, part 2. 2nd edition. ASA-SSSA.
Madison, WI. pp. 238-246. ‘

Marshall, T.J., and J.W. Holmes. 1988. Soil physics. 2nd
edition. Cambridge University Press, New York. .374 pp.

Millington, R. J. and J.P. Quirk. 1961. Permeablllty of porous
solids. Trans. Faraday Soc. 57:1200-1206.

Mortimer, C.E. 1986. Chemlstry. 6th edition. Wadsworth
Publishing Company, Belmont, CA. 902 pp.

Mualem, Y. 1986. Hydraulic conductivity of unsaturated soils:
prediction and formulas in Klute, A. ed., Methods of soil
analysis, part 1. 2nd edition. ASA-SSSA. Madison WI.
pp. 799-823.

Mualem, Y. 1976a. A new model for predicting the hydraulic
conductivity of unsaturated porous media. Water Resour.
Res. 12:593-622.

Mualem, Y. 1976b. Hysteretical models for prediction of the
hydraulic conductivity of unsaturated porous medla.
Water Resour. Res. 12:1248-1254.

Reynolds, W.D., and D.E. Elrick. 1991. Determination of
hydraullc conductivity using a tension infiltrometer.
Soil Sci. Soc. Am. J. 55:633-639.

Rhoades, - J.D. 1968a. Mineral weathering correction for
estimating the sodium hazard of irrigation waters. Soil
Sci. Soc. Am. Proc. 32:648-652.

Rhoades, -J.D. 1968b. Leaching requirement for -exchangeable
sodium control. Soil Sci. Soc. Am. Proc. 32:652-656.

' Rhoades, J.D. 1982. Soluble salts. in Page, A.L,'(ed.),

Methods of Soil Analysis, Part 2. 2nd edition. ASA-
SSSA. Madison, WI. pp. 167-170.




94

Rhoades, J.D., R.D. Ingvalson, J.M. Tucker, and M. Clark.
1973. Salts in irrigation drainage waters. I. Effects
of irrigation water composition, leaching fraction, and
time of year on salt compositions of irrigation drainage
waters: Soil Sci. Soc. Am. Proc. 37:770-774. -

Richards, L.A., ed. 1969. Diagnosis and improvement of
saline and alkali Soils. USDA Agric. Handbook No. 60.

Schafer, W.M. 1982. Saline and sodic soils in Montana.
Coop. Ext. Ser. Bull. 1272, Montana State University,
Bozeman. 56 pp.

Schuh, W.M., and J.W. Bauder.  1986. Effect of soil
properties on hydraulic conductivity-moisture
relationships. $Soil Sci. Soc. Am. J. 50:848-855.

Sims, J.R., and V.A. Haby. 1970. Simplified colorimetric
determination of soil organic . matter. Soil Sci. 112:137-
141.

Sfumm, W., and J.J. Morgan. 1981. Aquatic chemistry:' An
introduction emphasizing chemical equilibria in natural
waters. 2nd edition. John Wiley & Sons, Inc., New York.
780 pp. -

Thompson, K.S. 1991. . Irrigation water quality effects on

soil salinity and crop production in the Powder River

. Basin, MT. M.S. Thesis, Montana State University,
Bozeman. 151 pp. '

van Genuchten, M. Th. 1980. A closed-form equatidn for -
predicting the hydraulic conductivity of wunsaturated
soils. Soil Sci. Soc. Am. J. 44:892-898. : :

Yousaf, M., O.M. Ali, and J.D. Rhoades. 1987. Clay
dispersion and hydraulic conductivity of some salt-
affected arid land soils. Soil Sci. Soc. Am. J. 51:905-
207. ‘




95

APPENDICES




96 .

APPENDIX A

Charaterization of Soil Series




Table 16.'

Charaterization of all soil series profiles.
HILSOH-GLIN BLRG/BUSBY - IRRIGATED ALTALTA 10/6/87  Jerry Selera, Jim Bauder, Steve Van Fossen
Color Consislence _
Hoel~ | o i Textwe | Slructure Reaclion|Boundary] ROOTS | PORES
100 : : ) .
Dry Malst - iy | Moist | Wel
Ap 0-6" 10yr 5/3 ' 10yr 4/5 1 mabk- sh vir ss,ps| e a,s 3vf 2vf
mgr
owl | 6-A 10yr 5/3 10yr 3/4 visl 2cpr- sh | vir | so,po] es a,s | 3vf 3vf
) 2mabk ’
Bw2 14-20 10yr 6/4 10yr 5/3 sl 2msbk sh vir ss,ps| es a,s vf vf
Bk 20-22 10yr 6/4 10yr 5/3 visl | Zmsbk sh | vlr | ss,ps{ ev a,s JQf’ vf
Cl .22-32 10yr 6/4 J10yr 5/3 visl m so. | vir ss,ps| es a,s 2vf Ivf
ce 32-33 10yr 6/4 ‘ 10yr 5/3 1fs m sb vir so,pol es a,s 1vf Ivf
moltles ' ' .
(o 33-42 10yr 6/4 10yr 5/3 fsl m S0 vir so,pg  es: a,s Ivf 3vf
sTratiried
ca| 42-18]  10yr 6/4 Joyr 5/3 i
1{s
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ey
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zoq Diy | Moist | Wel
Dry Mais! ry ois
a1l | o-2* | 107 6/4 10YR 5/3 sict | 2fpl sh | vir |s.p e a,s |avf | 3vf, | dissem-
. lco inated
Ap2 2-5 10YR 6/4 10YR 5/3 sicl 2mstk, vh [ vie |s,p e a,s [2vf vf,
2csbk ) 1co »
cl 5-15 10YR 6/4 10YR 5/3 Heavy 2msbk, | h i ' $5,PS e g,s |2vf 3vf, »
sil 2csbk lco
2 15-23 10YR 5/3 10YR 3/3 s m $0 vfr {so,po very jvf, -
" Lignite ’ e g,s |Ivf lco
3 23-32 10YR 6/4 10YR 4/3 Héavy m - h fi $S,ps e g, [1vf, 2vf, "
. sil 1f lco
C4 J2-41 10YR 6/4 10YR 4/3 Heavy m $0 vir {ss,ps [ a,s |2vf, v, .
Moltles sil If lco '
(03 41-45 | 10YR 6/4 10YR 4/4 g,sil m lo | lo ([so,po | very| a,s - | 2vf,
. © lignite & mottles . ' : e ' 1co “
o 45-60 10YR 6/4 ) 7.5YR 6/2 Heavy m h fi $S,pS e . 1vf 1vf »
Tignite & Mottles sil o
" No visible salt} in profile
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- . : ’ -2mgr :
) ] Heavy |2mpr sTight 2f,
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' o Zepr - nf
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BC 25-42" | 10YR 6/2 10YR 4/2 sic }cpr vh i vS,p ¢ g,w [ TRACE | Jvft
C | dz2+ 10YR 6/4 10YR 5/3 siel m h e s e e |- 2vft
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APPENDIX B

Data Files
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Table 17. ©Outflow data for all water quality, soil series,
amendment rate, and replications from laboratory core study.

Water  Soil Amend Rep Pres. Outflow PDTP  Pore Vol Porosity 'BD em

Quality Series Rate kPa ml % cm3 %  glem3 g/g
A Busby 0 1 0.00 3043 2402 3320 4830 137 0.353
A Busby 0 1 2.00 2245 5.80 33.20 4830 1.37 0.260
A Busby - 0 1 10.00 20.53 9.38 3320 4830 1.37 '0.238
A Busby 0 1 33.00 17.41 4.69 33.20 48.30 1.37 0.202
A Busby 0 1 50.00 15.85 4.97 3320 4830 137 = 0.184
A Busby 0 1 100.00 1421 4278 . 3320 4830 1.37 0.165
A Busby 0 2 0.00 36.94° 5049 ° 36,83 5358 1.28 0.436
A Busby 0 2 2.00 18.34 1.91 36.83 5358 1.28 0.216
A Busby 0 2 10.00 17.64 4.08 36.83 53.58 1.28 0.208
A Busby 0 2 33.00 16.14 1.36 36.83- 5358 1.23 0.190
A Busby 0 2 50.00 15.64 3.00 36.83 53.58 1.28 0.184
A Busby 0 2 100.00 1453 39.46 3683 53.58 1.28 0.171
A Haverson 0 1 0.00 28,57 7.0 30.87 4491 1.46 0.308
A Haverson 0 1 2.00 2638 7.50 30.87 44.91 1.46 0.284
A Haverson 0 1 10.00 2407 6.60 3087 4491 1.46 0.259
A Haverson 0 1 33.00 2203 3.90 30.87 4491 1.46 0.237
A Haverson 0 9 50.00 20.83 570 30.87 4491 1.46 @ 0.224
A Haverson 0 1 100.00 19.07 61.78 3087 4491 1.46 0.205
A Haverson 0 2 0.00 3543 212 3424 4981 1.33 0.375
A Haverson 0 2 2.00 3471 6.95 3424 4981 1.33 0.367
A Haverson 0 2 10.00 3233 16.62 3424 4981 133 0.342
A Haverson 0 2 33.00 26,64 6.35 3424 4981 133 0.282
A Haverson 0 2 50.00 2446 6.65 3424 4981 1.33 0.259
A Haverson 0 2 100.00 2219 6479 34.24 49.81 1.33 0.235
A Thurlow 0 1 0.00 3417 1454 33.20 4830 1.37 0.353
A Thurlow .0 1 2.00 2934 5.58 33.20 4830 1.37 0.303
A Thurlow 0 1 10.00 27.48 6.82 3320 4830 1.37 0.284
A Thurlow 0 1 33.00 2522 372 33.20 4830 1.37 0.260
A Thurlow 0 1 50.00 - 2399 3.0 33.20 48.30 1.37 0.248
A Thurlow - 0 1 100.00 2296 69.14 33.20 48.30 1.37 0.237
A’ Thurlow 0 2 0.00 3776 1768 3580 52.08 1.27 0.410
A . Thurlow 0 2 2.00 3144 737 35.80 52.08 1.27 0.341
A Thurlow 0 2 10.00 = 2880 7.37 3580 52.08 1.27 0.313
A Thurlow 0 2 33.00 - 26,16 295 35.80 - 52.08 1.27 0.284
A Thurlow 0O 2 5000 2511 3.24 3580 5208 1.27 0.273
A Thurlow 0 2 100.00 2895 66.89 3580 52,08 1.27 0.260:
B Busby 0 1 0.00 3441 ., 1879 3450 50.19 1.32 0.380
B Busby 0 1 2.00 27.93 838 34.50. 50.19 1.32 0.309
B Busby ] 1 10.00 2503 578 34.50 50.19 1.32 0.277
B Busby 0 1 33.00 23.04 3.18 3450 50.19 1.32 0.255
B Busby 0 1 50.00 21.94 231 3450 50.19 1.32 0.242
B Busby 0 1 100.00 -21.14 61,29 3450 5019 1.32 0.234
B Busby 0 2 0.00 © 3127 2157 3320 4830 137 0.353
B Busby 0 2 2.00 2411 0.85 3320 4830 1.37 0.272 .
B Busby 0 2 10.00 23.83 3.69 3320 4830 1.37 0.269
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Busby
Busby
Busby
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby

Haverson

Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson

(Cont’4d) .

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

33.00
50.00
100.00
0.00
2.00
10.00
33.00

* 50.00

100.00
0.00
2.00
10.00
33.00
50.00
100.00
0.00
2.00
10.00
33.00
50.00
100.00
0.00
2.00
10.00
33.00
50.00

- 100.00

0.00- -
2.00
10.00
33.00
50.00
100.00
0.00
2.00
10.00
33.00

-50.00

100.00
0.00
2.00
10.00
33.00
50.00
100.00
0.00
2.00
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22,61
21.48
19.03

. 39.78

31.97
26.43
23.38

'22.84

21.21
32.96
25.71
22.95
21.18
20.69
19.70
32.56
27.13
25.61
23.89
23.18
22.27
32.33
27.96
26.14
24.42
23.81
23.00
29,92
23.70
20.21
19.58
18.42
17.97
29.14

21.66.

19.41
18.96
17.53
16.81
34.31
25.95
24.74
24.13
23.42
23.22
35.55
26.69

3.40
7.38
57.30
21.33
15.16
8.33
1.49
4.46
57.98
21.67
8.24
5.30
1.47
2.94

" 58.88

16.88
4.72
5.35
220
2.83
69.23
13.67
5.72
5.40
1.91
2.54
72.09
18.60
10.42
1.87
3.47
1.34
53.71
23.08
6.83
1.39
4.44

2.22

51.84
24.60
3.57
1.78
2.08
059.
68.34
25.69
4,78

33.20
33.20
33.20
36.57
36.57
36.57
36.57
36.57
36.57
33.46
33.46
33.46
33.46
33.46
33.46
32.17
32.17
32.17
32.17
32.17
32.17
31.91
31.91
31.91
31.91
31.81
31.91
33.46
33.46
33.46
33.46
33.46
33.46
32.42
32.42
32.42
32.42
32.42
32.42
33.98
33.98
33.98
33.98
33.98
33.98
34.50
34.50

48.30
48.30
48,30
53.21
53.21
53.21
53.21
53.21
*53.21
48.68
48.68
48.68
48.68
48.68
48.68
46.79
46.79
4679
46.79
48.79
46.79
46.42
46.42
46.42
46.42
46.42
46.42
48.68
48.68
48,68
48,68
48,68
48.68
4747
47.17
47.17
47.17
4717
47.17
49.43
49.43
49.43
49.43
49.43
49.43

50.19 -

50.19

1,37
1.37
1.37
1.24
1.24
1.24
1.24
1.24
1.24
1.36
1.36
1.36
1,36
1.36
1.36
1.41
1.41
1.41
1.41
1.41
1.41
1.42
1.42
1.42
1.42
1,42
1,42
1.36
1.36
1.36
1.36
1.36
1.36
1.4

14

1.4

1.4

1.4

1.4

1.34
1.34
1.34
1.34
1.34
1.34
1.32
1.32

0.255
0.242
0.215
0.429
0.345
0.285
0.252
0.246
0.229
0.358
0.279
0.249
0.230
0.225
0.214

0.332

0.277
0.261
0.243
0.236
0.227
0.327
0.283
0.264
0.247

0.241
'0.233

0.358
0.283
0.242
0.234
0.220
0.215
0.337
0.250
0.224
0.219
0.203
0.194
0.369
0.279
0.266
0.259
0.252
0.250
0.380
0.285
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Haverson
Haverson
Haverson
Haverson
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Busby
Busby
Busby
Busby
Busby
Busby

" Busby .

Busby
Busby
Busby

. Busby

‘Busby

Haverson _

Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
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(Cont’d) .

== 4 42 A DO NOMON - 2 2 A PDRNRONMON = = = s a2 PDPPODONON = = et 2 DO N

10.00
33.00

. 50.00

100.00
0.00
2.00
10.00
33.00
50.00

100.00

0.00
2.00

" 10.00

33.00
50.00
100.00
0.00
2.00
10.00
33.00
50.00
100.00
0.00
2.00
10.00
33.00
50.00
100.00
0.00

2.00

10.00
33.00
50.00
100.00
0.00
2.00-
10.00
33.00
50.00
100.00
0.00
2.00
10.00
33.00
50.00
100.00
0.00
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25.04
24.83
23.91
23.91
32.34
29.53
29.23
28.83
28.53

28.03

32.31
28.20
27.70
27.40
27.00
26.71
36.83
24.50
22.40
19.00
17.30
15.50
37.61
23.10
22.40
20.90
20.40
19.30
33.46
27.30
24.80
22.60
21.30

19.40

34.24
32,60
30.30
24.80

2270

20.50
33.19

31.00°

29.19
27.00
25.79
24.80
34.24

0.60
2.69
0.00

- 69.29

8.69
0.92
1.23
0.92
1.54
86.45
12.68
1.54
0.92
1.23
0.92
82.36
34.20
5.81
9.44
4.71
4.99
42,99
39.41
1.88
4.09
1.34

- 299

52.40
18.29

7.40 -
6.52 |

3.85
5.65
57.53
4.95
6.91
16.56
6.34
6.62
61.74
6.68
5.47
6.68
3.65
3.02
75.27
6.65

34.50
34.50
34.50
34.50
3242
32.42
32.42
32.42
32.42
32,42
32.42
32.42
32.42
3242
32.42
32.42
36.06
36.06
36.06
36.06
36.06
36.06
36.83
36.83
36.83
36.83
36.83
36.83
33.72
33.72
33.72
33.72
33.72
33.72
33.20
33.20

33.20

33.20
33.20
33.20
32.94
32.94
32.94
32.94
32.94
32.94
33.72

50.19

50.19
50.19
50.18
47.17
47.17
47.17
4717
47.17
47.17
47.17
47.17
47147
47.17
47.17
47.17
52.45
52.45
52.45
52.45
52.45
52.45
53.58
53.58
53.58
53.58
53.58
53.58
48.06
49.06
48.06
48.06
49,06
49.06
48.30
48.30
48.30
48.30
48.30
48.30
47.92
47.92
47.92
47.92
47.92
47.92
49.06

1.32

- 1.32

1.32
1.32
1.4
1.4
1.4
1.4
1.4
1.4
1.4

1.4

1.4
1.4

1.4

1.4

1.26
1.26
1.26
1.26
1.26
1.26
1.23
1.23
1.23
1.23
1.23
1.23
1.35
1.35
1.35
1.35
1.35
1.35
1.37
1.37
1.37
1.37
1.37
1.37
1.38

.1.38
-1.38

1.38
1.38
1.38
1.35

0.268
0.266
0.256
0.256
0.337

-0.308

0.304
0.300
0.297
0.292
0.337
0.294
0.289
0.286
0.282
0.278

- 0.427
0.284

0.260
0.220
0.200°

0.180 .

0.444
0.272
0.264
0.246.
0.241

0.228
0.360
0.294
0.267

0.243

0.229
0.209
0.362
0.345
0.320
0.262
0.240

1 0.217

0.343
0.320
0.301
0.279
0.266
0.256 .
0.372,
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Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby |
Busby
Haverson
Haverson
Haverson
Haverson
Haverson

Haverson -
‘Haverson

Haverson
Haverson
Haverson
Haverson
Haverson
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Busby
Busby
Busby
Busby
Busby
Busby

(Cont’qd).
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2.00
10.00
33.00
50.00
100.00
0.00
2.00
10.00
33.00

" 50.00

100.00
0.00
2.00
10.00
33.00
50.00
100.00
0.00
2.00
10.00
33.00
50.00
100.00
0.00
2.00
10.00
33.00
50.00
100.00
0.00
2.00
10.00
33.00
50.00
100.00
0.00
2.00
10.00

33.00

50.00
100.00
0.00
2.00
10.00
33.00
50.00

100.00

104

32.00
29.50
27.00
26.00
24.90
33.46
25.70
22.80
21.14
19.70
18.90
33.72

- 23.40

23.10
21.80
20.60
18.00
32.42
31.10
26.00
23.20
22.70
21.20
31.91
28.80
26.00
24.20
23.70
22.70
31.65
28.39

126.88

25.19
24.49
23.59
32.15
26.89
25.09
23.39
22,79
21.99
34.93

.26.90

23.00
22.30
21.00
20.50

7.40
7.42
2.98
3.26
73.83
22.50
8.41
4.80
4.18
2.33
54.77
29.27
0.86
3.68
3.39

7.38

51.01
3.93
15.13
8.30
1.49
4.44
62.87
9.14
8.25
5.30
1.46
2.95
66.80
10.30
4.76
5.37
2.19
2.85
74.55
16.77
5.74
5.41
1.90
2.56
70.06
22.27
10.81
1,94

.3.60

1.38
56.85

33.72
33,72
33.72
33,72
33,72

34.50

34.50
34.50
34.50
34,50
34.50
35.28
35.28
35.28
35.28
35.28
35.28
33.72
33.72
33.72
33.72
33.72
33.72
33.98
33.98
33.98
33.98
33.98
33.98
31.65
31.65
31.65
31.65
31.65
31.65
31.39
31.39
31.39
31.39
31.39
31.39
36.06
36.06
36.06
36.06
36.06
36.06

49.06
49.06

48.06°

49.06
49.06
50.19
50.19
50.18
50.19
50.19
50.18
51.32
51.32
51.32
51.32

51.32

51.32
49.06
49.06
49.06
48.06
49.06
49.06
49.43
48.43
49.43

49.43

49.43
49.43
46.04
46.04
46.04
46.04
46.04
46.04
45.66
45.66
45.66

45.66.

45.66

45.66'

52.45
52.45
52.45
52.45
52.45
52.45

1.35
1.35
1.35
1.35
1.358
1.32

132

1.32
1.32

1.32
1.32

1.28

1.29

1.29
1.29
1.28
1.29
1.35
1.35
1.35
1.35
1.35
1.35
1.34
1.34
1.34

"1.34

1.34
1.34
1.43
1.43
1.43
1.43
1.43
1.43
1.44
1.44
1.44
1.44

1.44

1.44
1.26
1.26
1.26
1.26
1.26
1.26

0.347
0.320
0.293
0.282
0.270
0.370
0.284
0.252
0.234
0.218
0.209 .
0.380
0.264
0.260
0.246
0.232
0.203
0.350
0.335
0.280
0.250
0.245
0.229
0.346
0.313
0.282

0.263

0.257
0.246
0.323
0.289
0.274
0.257
0.250,
0.240
0.325
0.272

0.254

0.237
0.230
0.222
0.418
0.322
0.275
0.267
0.251
0.245
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Busby
Busby
Busby
Busby

" Busby

Busby

Haverson
Haverson
Haverson
Haverson

* Haverson

‘Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow -
Thurlow
Thurlow
Thuriow
Thurlow
Thurlow
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby

Haverson

Haverson
Haverson
Haverson
Haverson

(Cont’d).
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0.00
2.00
10.00
33.00
50.00
100.00
0.00
2.00
10.00
33.00
50.00
100.00
0.00
2.00
10.00
33.00
50.00
100.00
0.00
2.00
10.00
33.00
50.00

" 100.00 -

0.00

2,00

10.00
33.00
50.00
100.00
0.00
2.00
10.00
33.00
50.00
100.00
0.00
2.00
10.00
33.00
50.00
100.00
0.00
2.00
10.00
33.00

50.00
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35.28
27.42
23.37
22.34
20.62
19.91
34.00
26.38
25.17
24.57
23.87
23.67
34.50
25.90
24.30
24.10

'+ 23.20

23.20
32.42
29.60
29.40
28.90
28.60
28.10
32.42
27.80
27.50
27.00
26.60
23.40
38.92
27.32
23.58
21.09
20.20
19.07
37.47
34.64
29.65
24.28
18.17
17.91
34.31
31.04
22.43
19.71
17.41

21.18
10.92
2.78
4.65
1.89
53.69
22,60
3.57
1.77
2.08
0.59
70.20
25.70
4.79
0.60
2.69
0.00
69.33
8.71
0.61
1.55
0.93
1.53
86.67

1427

0.83
1.53
1.23
9.88
7217
31.30
10.21
6.56
240
3.06
51.40
7.66
13.56
14.58

13.86 -

3.42
48.63
9.63
25.32
8.02
6.77
247

37.09

37.09
37.09
37.08
37.09
37.09
33.72
33.72
33.72
33.72
33.72

33.72 -

33:46
33.46
33.46
33.46
33.46

33.46

32.42
32.42
32.42
32.42
32.42
32.42
32.42
32.42
32.42
32.42
32.42

32.42 -

37.09
37.09
37.09
37.09
37.08
37.09
36.83
36.83
36.83

36.83

36.83
36.83
33.98
33.98
33.98
33.98
33.98

53.96

" 53.96

53.96

- 53.96

53.96
53.96
49.06
49.06
49.06
49.06
49.06
49.06
48.68

'48.68

48.68
48.68
48.68
48.68
4717
47.17
47.17
47.17
47.17
47.17
47.17
4747
4717
47147
47.17
47.17
53.96
53.96

+ 53.96

53.96
53.96

53.96’

53.58

53.58 "

53.58
53.58
53.58
53.58
49.43
49.43
49.43
49.43
49.43

1.22
1.22
1.22
1.22
1.22
1.22
1.35
1.35
1.35
1.35
1.35
1.35
1.36
1.36

136

1.36
1.36
1.36
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.22
1.22
1.22
1.22
1.22
1.22

1.23

1.23
1.23
1.23
1.23
1.28
1.34
1.34

1.34

1.34
1.34

0.408
0.317
0.270
0.258
0.238
0.230
0.366
0.284

0.271 -

0.264
0.257
0.255
0.369
0.277
0.260
0.258
0.248
0.248
0.338
0.308.
0.306
0.301
0.298
0.293
0.338
0.290
0.287
0.282
0.277

.0.244°

0.442
0.310
0.267
0.240
0.230
0.217

"0.436

0.403

© 0.345

0.282
0.223
0.208
0.369
0.334
0.241

0.212 .

0.187




Table 17.
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Haverson

- Haverson

Haverson
Haverson
Haverson

Haverson.

Haverson
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby -
Busby
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Thurlow
Thurlow
Thurlow
Thurlow

(Cont’d) .

100.00
0.00
2.00
10.00
33.00
50.00
100.00
0.00
2.00
10.00
33.00
50.00
100.00
0.00
2.00
10.00
33.00
50.00
100.00
0.00
2.00
10.00
33.00
50.00
100.00
0.00
2.00
10.00
33.00
50.00
100.00
0.00
2.00
10.00
33.00
50.00
100.00
0.00
2.00
10.00
33.00
50.00
100.00
0.00
2.00
10.00
33.00
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16.57
37.62
34.02
24.52

21.48

19.86
19.05
34.90
27.82
24.96
23.47
22.63
22.22
33.17
28.14
26.52
24.79
23.47
22,73
38.24
21.08
18.33
16.49
15.43
14.75
38.73
21.83
20.59
19.49
18.91
18.07
34.52
25.29
22.71
20.68
19.62
17.92
33.65
22.26
20.59
18.29
18.38

17.73

35.33
27.10
25.68

24.68

4876
10.27

27.15.

8.68
4.60
2.33
54,39
21.14
8.57
4.46
2.49
1.22
66.42
15.26
4.92
5.6,
4.00
2.23
69.00
46.37
7.01
471
2.71

1.74 .

37.65
43,71
3.21
2.85
1.50
2,18
46,74
26.77
7.48
5.86
3.07-
4.93
51.95
33.77
4.97
3.85
2.69
1,92

52.58

23.33
4.03
2.84
1.53

33.98
35.02
35.02
35.02
35.02
35.02
35.02
33.46
33.46
33.46
33.46
33.46
33.46
32.94
32.94
32.94
32.94
32.94
32.94
39.17
39.17
39.17
39.17
39.17
39.17
38.65
38.65
38.65
38.65
38.65
38.65
34.50
34.50
34.50
34.50

-34.50

34.50
33.72
33.72
33.72

33.72

33.72
33.72
35.28
35.28
35.28

35.28.

49.43
50.94
50.94
50.94
50.94
50.94
50.94
48.68
48.68
48.68
48.68
48.68
48.68

47.92

47.92
47.92
47.92
47.92
47.92
56.98
56.98
56.98
56.98
56.98
56.98
56.23
56.23
56.23
56.23
56.23
56.23
50.18
50.19
50.18
50.19
50.19
50.19
49.06
49.06
49.06

48.06-

49.06
49.06
51.32
51.32
51.32
51.32

1.34
1.3
1.3
1.3
1.3
1.3
1.3
1.36
1.36

1.36

1.36
1.36
1.36
1.38

1.38 .

1.38
1.38

-1.38

1.38
1.14
1.14
1.14
1.14
1.14
1.14
1.16

1.16

1.16
1.16
1.16
1.16

1.32

1.32
1.32
1.32
1.32
1.32
1.35
1.35
1.35
1.35
1.35
1.35
1.29
1.29
1.29
1.29

0.178
0.392
0.354
0.255
0.224
0.207
0.198
0.358 °
0.285
0.256
0.241
0.232
0.228
0.347
0.295
0.278
0.260
0.246
0.238

0.500

0.269
0.234
0.210
0.197
0.188

0.485

0.273
0.258
0.244
0.237
0.226
0.380
0.278
0.250
0.228
0.216
0.197
0.363
0.240
0.222

- 0.208

0.198
0.191
0.398
0.305

0.289 |

0.278




Table 17.
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Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thuriow
Thurlow

(Cont’d).

50.00
100.00
0.00
2.00
10.00
33.00
50.00
100.00
0.00
2.00
10.00
33.00
50.00
100.00
0.00
2.00
10.00
33.00
50.00
100.00
0.00
2.00
10.00
33,00
50.00
100.00
0.00
2.00
10.00
33.00
50.00
100.00

0.00 .

2.00
10.00
33.00

. 50.00

100.00
0.00
2.00 .
10.00
33.00
50.00
100.00
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24.14
23.37
35.37
29.30

" 26.75

25.41
24.60
23.40
37.45
21.96
20.11
18.69
17.49
16.72
36.09
27.15
23.14
22.04
21.06
20.58
32.89
26.56
25.52
24.84
23.98

23.38

34.66

- 26.99

25.20
24,16
23.27
22.59
33.21
25.33
24.93
23.75
22.77
21.97
32.89
28.27
26.73
25.78

24.88.

24.30

216 |
66.26
17.22
7.22
3.81
2.27
3.41
66.33
41.48
4.94

381

3.22
2.04
4477
24,81
11.11
3.05
2.72
1.33
57.08
19.22
3.15
2.06
2.61
1.82
70.97
22.06
5.16
2,98
2.58
1.95
64.98
23.75
1.21
3.56
2.95
2.41
66.16
14,01
4.87
2.91
2.73
1.76

73.76 .

35.28
35.28
35.28
35.28
35.28
35.28
35.28
35.28
37.35
37.35
37.35
37.35
37.35
37.35
36.06
36.06
36.06
36.06
36.06
36.06
32.94

‘32.94

32.94
32.94
32.94
32.94
34.76
34.76
34.76
34.76
34,76
34,76
33.20
33.20
33.20
33.20
33.20
33.20
32.94
32.94
32.94
32.94

.32.94

32.94

51.82
51.32
51.32
51.32
51.32
51.32
51.32
51.32
54.34
54.34
54.34
54.34
54.34
54.34
52.45
52.45
52.45
52.45
52.45
52.45
47.92
47.92
47.92
47.92
47.92

47.92

50.57
50.57
50.57

. 50.57

50.57
50.57
48.30
48.30
48.30
48.30
48.30

-48.30

47.92
47.92
47.92
47.92
47.92
47.92

1.29
1.29
1.29
1.29
1.29
1.28
1.29
1.28
1.21
1.21
1.21
1.21
1.21
1.21

1.26

1.26
1.26

1.26 -

1.26
1.26

- 1.38

1.38
1.38
1.38
1.38
1.38
1.31
1.31
1.31
1.31
1.31
1.31
1.37
1.37
1.37
1.37
1.37
1.37
1.38
1.38
1.38
1.38
1.38
1.38

0.272
0.263
0.398
0.330
0.301

0.286
0.277
0.263
0.449
0.263
0.241

0.224
0.210
0.201

0.416
0.313

0.267

0.254
0.243
0.237
0.347
0.280
0.268

- 0.262

0.253
0.247
0.386
0.301
0.281
0.269
0.259
0.252
0.353
0.269
0.265
0.252
0.242
0.233

0347

0.289
0.282
0.272
0.263
0.257
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Table 18, Drainage water sodium concentrations for water
quality, soil series, amendment rate, and replications from
laboratory core study. '

Quality Series Rate [Na]
Water Soil Amend Rep mg/L
A Busby 0 1 54
A Busby 0 2 54
A Busby 1 1 390
A Busby 1 2 400
A Busby 2 1 250
A Busby 2 2 260
A Haverson 0 1 54 .
A Haverson 0 2 54
A Haverson 1 1 . 230
A Haverson 1 2 280
A Haverson 2 1 290
A . Haverson 2 2 300
A Thurlow 0 1 54
A Thurlow 0 2 54
A Thurlow 1 1 250
A Thuriow 1 2 260
A Thuriow 2 1 270
A Thurlow 2 2 290
B Busby 0 1 220
B Busby 0 2 220
B Busby 1 1 1020
B Busby 1 2 1330
B Busby 2 1 1300
B Busby 2 2 1500
B Haverson 0 1 220
‘B Haverson 0 2 220
B Haverson 1 1 750
B Haverson 1 2 960
B Haverson 2 1 1720
B Haverson 2 2 1000
B Thurlow 0 1 220
B Thurlow 0 2 220
B Thurlow 1 1 1010
B Thurlow 1 2 900
B Thurlow 27 1 1490
B Thurlow 2 2 1330
C Busby 0 1 400
C Busby 0 2 400
C Busby 1 1 1850
C Busby 1 2 1840
C Busby 2 1 2380
C - Busby 2 2 1990
C Haverson 0 1 400
C Haverson 0] 2 400
C Haverson 1 1 2650
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Table 18. (Cont’d).

C Haverson 1 2 1830
-G Haverson 2 1 1300
C Haverson 2 2 1500
C Thurlow 0 1 400
C Thurlow 0 2 400
C Thurlow 1 1 1100
C Thurlow 1 2 1640
C Thurlow 2 1 1250
(o] Thurlow 2 2 * 1450




Table 19.

Water Soil

. Quality Series
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby

- Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson

Haverson

5>>>>>>>>>§>>>>>>>>>>>>><>.>>>>>>>>>>>>>>>>>>_>>>>

Haverson

Haverson

outflow data for all water quality, soil series,
amendment rate, and replications from greenhouse study.

Amend Rep Pres.
Rate kPa
0.0
2.0
10.0
33.0
50.0
100.0
0.0
2.0
-10.0
33.0
50.0
100.0
0.0
2.0
" 10.0
33.0
50.0
100.0
0.0
2.0
10.0
'33.0
50.0
100.0
0.0
2.0
10.0
33.0
50.0
100.0
0.0
2.0
10.0
33.0
50.0
100.0
0.0
2.0
" 10.0
33.0
50.0

0:0
2.0
10.0

N RO 2 2 DD A D aaa PO NDMNONON 2 Al 2 DD NONNDND 2 et e aa a

100.0
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Outflow
ml
30.43
22.45
20.53
17.41
15.85
14.21
36.94
18.34
17.64
16.14
15.64
14.53
45.45
23.47
19.35
14.89
13.54
10.99
45,42
24.76
20.63
17.62
15.9
11.43

_ 2857

26.38
24.07
22.03
20.83
19.07
35.43
34.71
32.33

'26.64

24.46
22.19
45.03
28.26
22.22
19.23
17.95
16.1

44,82
37.28
36.12

PDTP
%
24.03
5.78
9.40
4.70
4.94
42.80
50.50
1.90
4.07
1.36
3.01
39.45
61.40
11.51
12.46
3.77
7.142
30.70

57.30

11.45
8.35
4.77
12.40

-31.70

7.09
7.48
6.61
3.89
5.70

61.78 .

210
6.95
16.62
6.37
6.63
64.81
46.18
16.63
8.23
3.52
5.09
44.33
20.19
3.11
39.81

Pore Vol. Porosity

cm3
33.20
33.20
33.20
33.20
33.20
33.20
36.83
36.83
36.83
36.83

© 36.83

36.83
35.80
35.80
35.80
35.80
35.80
35.80
36.06
36.06
36.06
36.06

36.06

36.06
30.87
30.87
30.87
30.87
30.87
30.87
34.24
34.24
34.24
34.24
34.24
34.24
36.32
36.32
36.32
36.32
36.32
36.32
37.35
37.35
37.35

%

0.483019
0.483019
0.483019
0.483019
0.483019
0.483019
0.535849
0.535849
0.535849
0.535849
0.535849
0.535849.
0.520755
0.520755
0.520755
0.520755
0.520755
0.520755
0.524528
0.524528
0.524528
0.524528
0524528
0.524528
0.449057
0.449057
0.449057
0.449057
0.449057
0.449057
0.498113
0.498113
0.498113
0.498113
0.498113
0.498113
0.528302
0.528302
0.528302
0.528302
0.528302
0.528302
0.543396
0.543396
0.543396

BD
g/cm3
1.37
1.37
1.37
1.37
1.37
1.37
1.23
1.23
1.23
1.23
1.28
1.23
1.27
1.27
1.27

1.27

1.27
1.27
1.26
1.26
1.26
1.26
1.26
1.26
1.46
1.46
1.46
1.46
1.46
1.46
1.33
1.33
1.33
1.33
1.33
1.33
1.25
1.25
1.25
1.25
1.25
1.25
1.24
1.21
1.21

em

a/g
0.353

0.260

0.238

0.202
0.184
0.165
0.436
0.216
0.208
0.190
0.184
0.171
0.522
0.269
0.222
0.171
0.155
0.126
0.525
0.286
0.239
0.204
0.184
0.132
0.308
0.284
0.259
0.237
0.224
0.205
0.375
0.367
0.342
0.282
0.259

0.235

0.562
0.353
0.277
0.240
0.224

. 0.201

0.563
0.468
0.458




Table 19. (Cont’d).

Haverson
Haverson
Haverson
Thurlow
Thurlow
Thurlow
Thurlow
Thuriow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
‘Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
" Thurlow
Thurlow
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby

m'mmmmmmmmmmmmmmmmmcum>>>'>>>>>>>>>>>>>>>>>>>>>>>">

33.0
50.0
100.0
0.0
2.0
10.0
33.0
50.0
100.0
0.0
2.0
10.0
33.0
50.0
100.0
0.0

" 2.0

10.0
33.0
50.0
100.0
0.0
2.0 -
10.0
33.0
50.0
100.0
0.0
2.0
10.0
33.0
50.0
100.0
0.0
2.0
10.0
33.0
50.0
100.0
0.0
2.0
10.0
33.0
50.0
100.0
0.0
2.0

21.25

111

17.88
15.77
34.17
29.34
27.48
25,22
23.99
22.96
37.76
31.44
28.8
26.16
25,11
23.95
45.7
31.14
26.87
24.97
24.33°
23.25
45.48
31.04
25.93
22.64
19.34
12.42
34.41
27.93
25.03"
23.04
21.94
21.14
31.27
24.11
23.83
22.61
21.48
19.03
48.75
19.09
13.59-
115
10.75

45.63
20.58

19.02

5.65
42.22
14.55
5.60
6.81
3.70
3.10
69.15
17.66
7.37
7.37
2.93
3.24
66.91
41,58
12.19
5.43
1.83
3.08

66.39

38.18
13.49
8.69
8.71
18.27

32.79

18.78
8.41
5.77

3.19

2.32
61.28
21.56
0.84
3.67
3.40
7.38
57.31
78.86
14.62
5.56
1.99
4.65 -
23.93
68.49
10.64

37.35
37.35
37.35
33.20
33.20
33.20
33.20
33.20
33.20
35.80
35.80
35.80
35.80
35.80
35.80
35.02
35.02
35.02
35.02
35.02
35.02
37.87
37.87
37.87
37.87
37.87

'37.87

34.50
34.50
34.50
34.50

34.50
34.50°
33.20,

33.20
33.20
33.20
33.20
33.20
37.61
37.67
37.61
37.61
37.61
37.61
36.57
36.57

0.543396
0.543396
0.543396
0.483019
0.483019
0.483019
0.483019
0.483019
0.483019
0.520755
0.520755
0.520755
0.520755
0.520755
0.520755
0.509434
0.509434
0.509434
0.509434
0.509434
0.509434
0.550043
0.550943
0.550943
0.550043
0.550943
0.550943
0.501887
0.501887
0.501887
0.501887
0.501887

0.501887

0.483019
0.483019

0.483019 -

0.483019
0.483019
0:483019
0.54717 °
0.54717
0.54717
0.54717
0.54717
0.54717
0.532075
0.532075

1.21
1.21
1.21
1.37
1.37
1.37
1.37
1.37
1.37
1.27
1.27
1.27
1.27
1.27
1.27
1.3

1.3

13

1.3

1.3

1.3

1.19
1:19
1.19
1.19
1.19
1.19
1.32
1.32
1.32
1.32
1.32
1.32
1.37
1.37
1.37
1.37
1.37
1.37
1.2

1.2

1.2

1.2

1.2

1.2

1.24
1.24

0.267
0.224
0.198

.0.353

0.303
0.284

0.260

0.248
0.237
0.410
0.341
0.313
0.284
0.273
0.260
0.509
0.358
0.308
0.287
0.279
0.259
0.550
0.379
0.316
0.276
0.236
0.151
0.380
0.309
0.277
0.255
0.243
0.234
0.353
0.272
0.269
0.255
0.242
0.215
0.546
0.231
0.164
0.139
0.130
0.109
0.533
0.240




Table 19.
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Busby
Busby
Busby
Busby
Haverson
Haverson

Haverson

Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson

‘Haverson

Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow -
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow

(Cont’qd).

[\ Y O SIS T S S Y S T N G iy L O S I N TR L S G M I T I T T S G N O S O X

10.0
33.0
50.0
100.0
0.0
2.0
10.0
33.0
50.0
100.0
0.0
2.0
10.0

. 33.0

50.0
100.0

" 0.0

2.0
10.0
33.0
50.0
100.0
0.0
2.0
10.0
33.0
50.0-
100.0
0.0
2.0
10.0
33.0.
50.0
100.0
0.0
2.0
10.0
33.0
50.0
100.0
0.0
2.0
10.0
33.0
50.0
100.0
0.0
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. 16.69

14

12.98
11.41
39.78
31.97
26.43
23.38
22.84
21.21
32.96
25.71
22.95

- 21,18

20.69
19.7
44.42
35.38
27.93
18.09
14.72
12.38
45.44
2228
19.88
19.16
17.54
14.16
3256
27.13
25.61
23.89
23.18
22,27
32.33
27.96
26.14
24.42
23.81
23
4553
37.96
28.54
28.14
27.59
16.92
45.76

7.35
2.79

4.29

31.20
21.35
15.15
8.34
1.48
4.46
57.99
21.67
8.25
5.29
1.46
2.96
58.87
24.20
19.94
26.34

9.02

6.26
33.14
64.23
6.66
2.00
4.49
9.37
39.27
16.88
4.73
5.35
2.21
2.83
69.24

13.70 -

5.70

'5.39

1.91
2.54
72.09

-21.62

26.90
1.14
1.57
30.47
48,32
23.84

36.57
36.57
36.57
36.57
36.57
36.57
36.57
36.57
36.57
36.57
33.46

33.46 .

33.46
33.46
33.46
33.46
37.35
37.35
37.35
37.35
37.35
37.35
36.06
36.06
36.06
36.06
36.06
36.06
32,17
32.17
32.17
32.17
3217
32,17
31.91
31.91
31.91
31.91

31.91

31.91
35.02
35.02
35.02
35.02
35.02
35.02
35.02

0.532075
0.532075
0.532075
0.532075
0.532075

0.582075

0.532075
0.532075
0.532075
0.532075
0.486792
0.486792
0.486792
0.486792
0.486792
0.486792
0.543396

' 0.543396

0.543396
0.543396
0.543396
0.543396
0.524528
0.524528
0.524528
0.524528
0.524528
0.524528
0.467925
0.467925
0.467925
0.467925
0.467925
0.467925

'0.464151

0.464151
0.464151
0.464151
0.464151
0.464151
0.509434
0.509434

-0.509434

0.509434
0.509434
0.509434
0.509434

1.24
1.24
1.24
1.24
1.24

.1.24

1.24
1.24
1.24
1.24
1.36
1.36
1.36
1.36
1.36
1.36
1.21
1.21
1.21
1.21
1.21
1.21
1.26
1.26
1.26
1.26
1.26
1.26
1.41
1.41
1.41
1.41
1.41
1.41
1.42
1.42
1.42
142
1.42
1.42
13

1.3

1.3

1.3

1.3

1.3

1.3

0.195
0.164

0.152

0.133
0.429
0.345
0.285
0.252
0.246
0.229
0.358
0.279
0.249
0.230
0.225
0.214
0.542

0.424

0.335
0.217

0.176°

0.148
0.523
0.256
0.228
0.220
0.202
0.220
0.332
0.277
0.261
0.244
0.236
0.227
0.327
0.283
0.264
0.247
0.241
0.233
0.510
0.423
0.320
0.324
0.307
0.190
0.509




Table 19.

OOOOO0,000000000000000000000000000000000000Cﬁmmmm

Thurlow
Thurlow

- Thurlow
“Thurlow

Thurlow
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby
Busby

Busby

Busby
Busby .
Busby
Busby
Haverson
Haverson

Haverson .

Haverson
Haverson
Haverson
Haverson
Haverson
Haverson
Haverson

"Haverson

Haverson
Haverson
Haverson
Haverson
Haverson

Haverson

Haverson

(Cont’d).

A4 A a4 a2 000000000 O0Q0QO0O = - = Al l OO0 O0OO0DO0O0O0O0O0O0 OO 4 = =4 &

2.0
10.0
33.0
50.0
100.0
0.0
2.0
10.0
33.0
§0.0
100.0
0.0
2.0
10.0
33.0

50.0

100.0
0.0
2.0
10.0
33.0
50.0
100.0
0.0
2.0
10.0
33.0
50.0
100.0
0.0
2.0
10.0
33.0
50.0
100.0
0.0
2.0
10.0
33.0
50.0
100.0
0.0
2.0
10.0
33.0
50.0

" 100.0

113

37.41 15.68
31.92 ~ 17.96

25,63 .7.74
22.92 3.86
21.57 61.60

29.92 18.59
23.7 10.43

2021  1.88
1958  3.47
1842  1.34
17.97  53.70
2914  23.07
21.66  6.94
1941  1.39
18.96  4.41
1753 222
16.81  51.84
4456  74.71
17.04 1254
1242  8.82
9.17 4.07
7.67 4.26
6.1 16.56
4471 3054

33.62 26.08
24.15 30.18
13.19 . 17.87

6.7 3.44
5.45 15.01
3431  24.60
2595  3.56
2474  1.80
2413  2.09
2342 059

2322 . 6833
35.55 '25.68

26.69  4.78
2504  0.61
2483  2.67
2391  0.00

23.91 69.30
45.32 83.59
25.58 19.60

18.36 17.32
11.98 717
9.34 6.43

6.97 18.92

35.02
35.02
35.02
35.02
35.02
33.46
33.46
33.46
33.46
33.46
33.46
32.42
32.42
32.42
32.42
32.42
32.42
36.83
36.83
36.83
36.83
36.83
36.83
36.32
36.32
36.32
36.32
36.32
36.32
33.98
33.98

' 33.88

33.98
33.98
33.98
34.50
34.50
34.50
34,50

3450 .
3450

36.83
36.83
36.83
36.83
36.83
36.83

0.509434
0.509434
0.509434
0.509434
0.509434
0.486792
0.486792
0.486792
0.486792
0.486792

- 0.486792

0.471698
0.471698
0.471698
0.471698
0.471698
0.471698
0.535849
0.535849
0.535849
0.535849
0.535849
0.535849
0.528302
0.528302
0.528302
0.528302
0.528302
0.528302
0.49434

0.49434

0.49434

0.49434

0.49434

0.49434

0.501887
0.501887
0.501887
0.501887
0.501887

0.501887

0.535849
0.535849
0.535849
0.535849

0.535849

0.535849

1.3
1.3
1.3
1.3
1.3
1.36
1.36
1.36
1.36
1.36
1.36
1.4
14
14
1.4
14
1.4
1.28
1.23
1.23
1.28
1.28
1.23
1.25
1.25
1.25
1.25
1.25
1.25
1.34
1.34
1.34
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1.34
1.34
1.32
1.32
1.32

1.32.

1.32
1.32
1.28
1.23
1.23

1.28"

1.28

1.28

0.352
0.355
0.287
0.257
0.240
0.358
0.284
0.242
0.234
0.220
0.215
0.337
0.250
0.224
0.219
0.203
0.194

0.573

0.219
0.160
0.118
0.099

. 0.078

0.568
0.427
0.307
0.167
0.085
0.069
0.369
0.279
0.266

0.260

0.252
0.250
0.380
0.285
0.268
0.266
0.256

0.256

0.534
0.301
0.216
0.141
0.110

0.082




Table 19.
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Haverson
Haverson
Haverson

Haverson.

Haverson
Haverson
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow.
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow
Thurlow

(Cont’d).

N RO RO DD NN 2 a2 DO NDONON A 2 g a PPN

0.0
2.0
10.0
33.0
50.0
100.0
0.0
2.0
10.0
33.0
50.0
100.0
0.0
2.0
10.0
33.0

© 50.0

100.0
0.0
2.0
10.0
33.0
50.0
100.0
0.0

2.0

10.0

. 33.0

50.0
100.0
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45.46
29.37
23.55
20.08
19.31
18.49
32.34
29.53
20.23
28.83
28.53
28.08
32,31
28.2

27.7

27.4

27 .
26.71
44.65
28.62
22.85
20.91
20.13
18.74
45.48
29.9

26.88
25.52
24.95
23.4

43,99
15.91
9.49
211,
2.24
50.55
8.67
0.93
1.28
0.83
1.54
86.45
12.68
1.54

0.93 .

1.23
0.89
82.38
4717
16.98
5.71
2.30
4.09
55.15
46,92
9.10
4.10
1.72
4.67
70.48

36.57
36.57
36.57
36.57
36,57
36.57
32.42
32142
32.42
32.42
32.42
32.42
32.42
32.42
32.42
32.42
32.42
32.42
33.98

33.98

33.98
33.98
33.98
33.98
33.20
33.20
33.20
33.20
33.20
33.20

0.532075
0.532075
0.632075
0.532075
0.532075
0.532075
0.471698
0.471698
0.471698
0471698
0.471698
0.471698

0.471698.

0.471698
0.471698
0.471698
0.471698

0.471698 -

0.49434
0.49434
0.49434
0.49434
0.49434
0.49434
0.483019
0.483019
0.483019
0.483019
0.483019
0.483019

1.24
1.24
1.24
1.24
1.24
1.24
1.4
1.4
14
1.4
1.4
1.4
1.4
1.4
1.4
14
1.4
1.4
1.34

1.34

1.34
1.34
1.34
1.34
1.37
1.37
1.37
1.37
1.37
1.37

0.533
0.344
0.276
0.235
0.226
0.217
0.337
0.308
0.304

'0.300

0.297
0.292
0.337
0.294
0.289
0.286
0.282
0.279
0.570
0.365
0.291
0.267
0.257
0.239
0.482

$0.317

0.285
0.271
0.265
0.248
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Table 20. Organic matter, exchangeable sodium percentage, and
cation exchange capacity data for each soil.

212 95.05 26.98

Water Soil Column Organic ESP CEC
Quality  Series No. Matter o

g/100g % meq/100g
A Busby 1 2.15 27.78 14.99
A Busby 2 309 . 2975 19.58
A Haverson 1 2.67 30.77 19.73
A Haverson 2 2.67 30.15  19.97
A Thurlow 1 1.9 43.94 26.37
A Thurlow 2 2.12 41.02 25.64
B Busby 1 3.7 26.78 - 2227
B Busby 2 3.72 42.8 18.84
B Haverson .1 2.08 - 41.21 21.31
B Haverson @ 2 2.26 52.7 21.83
B Thurlow 1 1.77 69.56 26.86
B Thurlow 2 1.49 78.93 26.65
C Busby 1 4.17 51.25 19.9 .
C Busby 2 413 66.17 22.67
C Haverson 1 25 . 56.56 19.73
C Haverson 2 . 2.46 4558 19.47
C Thurlow 1 1.9 82.36 26.53
C Thurlow 2
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Table 21. Particle size analysis data for each soil.

Soil Summation  Particle
‘Series Percentage Diameter
% mm
Busby 72.4 0.0811
Busby 65.5 0.0585
Busby 58.2 0.0345
Busby 52.6 0.01917 -
Busby 48 0.0112
Busby 45.2 " 0.00796
Busby 43.3 0.00654
‘Busby 41.5 0.00569
Bushy 30.5 0.00169
Haverson 82 : 0.0686
Haverson 76.5 0.0492
Haverson 67.2 ©0.02902
Haverson 56.6 0.0165
Haverson = 47 0.00978
Haverson 41.8 0.00701
. Haverson 37.7 0.00578
Haverson 36.5 0.00502
Haverson 26.6 0.00148
Thurlow 83.1 0.0642
Thurlow 81.2 0.0456
Thurlow 77.9 0.0266
Thurlow 71.3 0.0149
Thurlow 64 0.00878
Thurfow 59.6 0.00629
Thurlow 56.3 0.00518
Thurlow 54.4 0.00464

Thurlow’ 39.3 0.00136
















