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Abstract:
A greenhouse experiment was conducted to study the interactive effects of irrigation water quality,
surface-applied amendments, and crop species on sodium and salt leaching efficiency, soil chemical
and physical properties, and crop yield.
Differences in measured parameters as a result of treatments probably resulted from a combination of
soil physical and chemical properties and crop physiological factors. The most contributory factors
appear to be: 1) variations in soil water contents and leaching fractions, 2) effects of plant roots and
physiological characteristics of the various crops, 3) chemistry of the applied water and subsequent soil
solution processes, and 4) differences in dissolution rates, solubilities and cation composition (Ca2+ or
Mg2+) of amendments.
The following conclusions resulted from this study: 1. Irrigation with water simulating future Powder
River quality resulted in significant increases in salt concentration and SAR of soil and drainage water,
relative to irrigation with past water quality. This increase resulted in a reclassification of the soil to a
saline category.
2. Irrigation with water simulating past Powder River water quality resulted in lower soil SARs than
pre-treatment soils. However, leaching fractions were not great enough to prevent salt accumulation.
3. Irrigation with water of future quality reduced surface soil macroporosity, relative to the effects of
irrigation with past water quality.
5. Water quality had less impact on soil and drainage water chemistry in non-cropped columns than in
columns with a crop.
6. Irrigation water quality did not significantly affect crop yield. Future water quality would most likely
have reduced crop yields under conditions of greater water stress.
7. Effect of amendments on sodium leaching efficiency corresponded to amendment dissolution rate,
that being: magnesium chloride > phosphogypsum > gypsum.
8. Beneficial effects of magnesium chloride appeared to be short term relative to the duration of effects
of phosphogypsum or gypsum on soil properties. This is most likely due to the rapid leaching of
magnesium chloride from the soil and easier replaceability of magnesium from the cation exchange
complex than calcium.
9. Columns treated with phosphogypsum or gypsum had elevated soil ECs relative to ECs of soil from
columns treated with magnesium chloride or the control by the end of the experiment. Addition of
magnesium chloride elevated salt concentrations of drainage waters to a greater extent than other
amendments.
10. Effects of amendments were negligible under irrigation with past quality water.

11. All amendments increased yields of alfalfa. Addition of phosphogypsum or magnesium chloride
increased yields of barley.
12. Sodium and salt leaching efficiencies from columns planted to a crop appeared to improve with
increasing evapotranspiration and smaller leaching fractions.
13. Barley had a more beneficial effect on soil chemical properties but a more adverse effect on soil
structure than did alfalfa or sordan.
14. Sordan caused the greatest soil macroporosity of the crop treatments; however, salt leaching was
inhibited by pore bypass.
15. Columns without a crop accumulated the least net salt and sodium.
16. Presence of a crop caused an increase in soil bulk density and a decrease in macroporosity.
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INTRODUCTION
The Powder River and its tributaries drain an area of
approximately 34,700 square kilometers in northeastern
Wyoming and southeastern Montana (Hembree et al., 1952).
The headwaters of the Powder River drain a variety of
igneous and metamorphic rocks but the vast majority of the
basin is underlain by sediments of marine origin, including
limestone, sandstone, gypsiferous shales, and siltstones
(Figure I).

The combination of low precipitation (<35 cm

annually) and exposure to marine sediments produces
streamflow with high dissolved solids concentrations.
Historically, Powder River water has been of marginal
quality for irrigation.

However, roughly 4500 hectares in

the Montana portion of the Powder River drainage are
irrigated with Powder River water.
Studies of irrigated soils along the Powder River in
Montana indicate that salinization of some soils has
occurred.

The specific causes of salinization (i.e.

irrigation water quality, cropping history, irrigation
management, soil physical and chemical properties) are not
always evident.

However, it is known that irrigation with

water containing high concentrations of salt can accelerate
the salinization process, unless irrigation is accompanied
by careful water and soil management.
Historic water quality trends for the Powder River
indicate that total dissolved solids and sodium
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Figure I. Geologic map of the Powder River drainage basin
in Montana and Wyoming.
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concentrations have been increasing over the past 20 years
(Gallagher, 1986).

It has been suggested that the reduction

in crop yields reported by farmers irrigating with Powder
River water has been a symptom of deteriorating soil
conditions, caused by declining irrigation water quality.
Implementation of efficient and economically feasible
soil reclamation strategies may be necessary to maintain
production in the face of deteriorating soil conditions
associated with long-term irrigation with water having
relatively high TDS concentrations and SARs.

Drainage and

leaching of accumulated salts from the soil profile are pre
requisites of productive, long term irrigated crop
management.

Because sodium saturation and clay dispersion

are frequently associated with salinization, most
reclamation efforts focus on replacing soil-adsorbed sodium
with calcium or magnesium, both of which contribute to
aggregate stability and improved drainage.

Many researchers

have proposed the use of calcium or magnesium-rich chemical
amendments for sodic soil reclamation (Dollhopf et al.,1988;
Richards, 1954).

Various crops have been reported to

improve permeability and promote the removal of sodium and
salt from the soil (Robbins, 1986a).
This project was undertaken to examine management
alternatives (amendment additions and alternate crop
species) and their potentials for improving soil conditions
and crop yields from the predominant irrigated soil along
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the Powder River (Haverson soil series).

Effects of

irrigation water quality on crop yield and soil reclamation
were also investigated.
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LITERATURE REVIEW
Properties of Irrigation Water
Quality of irrigation water is of particular importance
in arid climates.

Salts formed in situ by weathering of.

soil minerals or by salt deposition from applied water tend
to accumulate in the soil profile.

Use of saline water may

result in reductions of crop yields while use of sodic water
may cause deterioration of physical properties of soils.
Salinity
Total salt concentration is of primary concern in
evaluation of irrigation water suitability.

The effect of

salt on crop growth is believed to be largely of an osmotic
nature, although some researchers have also reported
specific ion toxicity effects (Shainberg and Oster, 1978).
Osmotic potential is a colligative property, and is
therefore related to the total salt concentration rather
than the concentration of individual ionic species
(Shainberg and Oster, 1978).

Methods for determining salt

concentrations include total dissolved solids (TDS),
expressed in mg/L, and electrical conductivity (EC) in dS/m.
For a mixture of salts in the range of electrical
conductivity up to 10 dS/m, the relationship between EC and
TDS is linear, approximated by:
TDS(mg/L) = 640 x EC(dS/m)
(Richards, 1954).

0

°
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In the range of EC that will permit plant growth, the
osmotic potential of a solution can be.estimated by the
expression:
Tjr(bars) = -.036 x EC(dS/m)
(Richards, 1954).
Plant uptake of water occurs in response to total soil
water potential.

Under saline conditions, total soil water

potential is a function of both the matric potential and
osmotic potential.

As a salt-affected soil dries, both the

osmotic and matric potentials decrease (become more
negative), resulting in increasing plant water stress.
The net result of soil salinization is reduction of
crop yields.

Rhoades (1972) indicated that the primary

cause of soil salinization is evapotranspiration of applied
irrigation water, leaving soluble salts concentrated in the
root zone.

Many researchers have found that saline

irrigation water accelerates soil salinization, resulting in
significant reductions in crop yield (Bernstein and
Francois, 1973; Letey et al., 1985; Bajwa et al., 1986;
Bresler and Hoffman, 1986; Dinar et al., 1986).
Water need not be excessively saline to cause a
salinity problem, however.

Richards (1954) found that

application of less than 0.6 m of irrigation water with an
EC of 1.0 dS/m changed 30 cm of a salt-free loam to a saline
loam when leaching did not occur.

Conversely, Engel et al.

(1985) found that irrigation with extremely saline cooling
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tower water (EC=2.2 dS/m) did not reduce yields of corn and
alfalfa or elevate salt concentrations in the upper root
zone.

This was attributed to the initially low soil salt

content, coarse soil texture, and adequate leaching by
rainfall.

Thus, it is evident that soil salinity and the

resulting effects thereof are determined not only by
irrigation water quality, but also by such factors as soil
characterisics and management practices.
Sodicitv
An important consideration in estimating the potential
hazard of irrigation water is the extent to which the
exchangable sodium percentage (ESP) of the soil will
increase as a result of adsorption of sodium from the water.
ESP is defined as:
Tien- exchangeable Na (meg/L) ^ 1nn
ESP ~ CEC(meg/100 gm soil)
This increase depends on the ratio of soluble sodium to
the divalent cations in solution (sodium adsorption ratio),
which is expressed as :
SAR =

— /
/(Ca+Mg) /2

where concentrations are given in meq/L.
A major factor affecting the final SAR value of soil
water is the precipitation or dissolution of alkaline earth
carbonates.

In irrigation waters containing high

concentrations of bicarbonate ions, there is a tendency for
calcium, and to a lesser extent magnesium, to precipitate in
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the form of carbonate, thus increasing soil solution SAR and
soil ESP (Shainberg and Oster, 1978).
Bower et al. (1968) proposed the following prediction
equation to estimate carbonate precipitation effects on soil
sodium status:
ESP = SARadj = SARiw[1.0+(8.4 -pH*) ]
where pH.* = (pk2 - pkgp) + p(Ca + Mg) + p(C03 + HCO3),
p(Ca + Mg) and p(C03 + HCO3) are the negative logarithms of
the molar and equivalent concentrations, respectively, and
pK2 and pksp are the negative logarithms of the second
dissocation constant of H2CO3 and the solubility product of
CaCO3, respectively, both corrected for ionic strength.
The major problem associated with high soil ESP is the
effect on physical properties of the soil.

Divalent cations

tend to flocculate clays and promote favorable soil
structure, while sodium causes clay dispersion and swelling,
resulting in reductions in hydraulic conductivity (HG).
Many studies have demonstrated the deleterious effect
of sodium on soil structure. Soils leached with NaCl
solutions of various concentrations had lower HC and were
compressed to lower void ratios than those leached with
CaCl2 solutions (Waldron et al., 1970).

The HC of a given

soil has been shown to decrease with increasing ESP,
provided the electrolyte concentration is below a critical
threshold level that is dependent on soil characteristics
(Quirk and Shofield, 1955). McNeal and Coleman (1966)
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concluded that the decrease in HG associated with high SARIow electrolyte solutions was particularly pronounced for
soils with high contents of montmorrillonitic clays, while
soils high in non-swelling kaolinite and sesquioxides were
insensitive to variations in solution composition.
Differences of opinion can be found in the literature
as to whether swelling or dispersion is the major cause of
reduced permeability of sodic soils.

Shainberg and Oster

(1978) assert that swelling results in reduced pore size and
is a reversible process, while dispersion causes particle
movement and pore blockage and is essentially irreversible.
Shainberg and Caiserman (1971) found that swelling is not
generally appreciable unless the ESP exceeds about 25 or 30.
Conversely, Felhender et al. (1974) reported that dispersion
can occur at ESP levels as low as 10 to 20 if the
electrolyte level is less than 10 mg/L.

Frenkel et al.

(1978) concluded that plugging of pores by dispersed clay
particles is the major cause of reduced HC in soils in the
range of exchangeable sodium and electrolyte concentrations
most commonly encountered in soils irrigated with sodic
waters of questionable suitability.

They also maintain that

rainfall in soils irrigated with such water accentuates the
problem.
Soil permeability decreases with the square of the pore
radius.

Therefore, regardless of the mechanism of the

reduction in HC (dispersion or swelling), it is clear that a
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small reduction in the size of the larger pores has a large
effect on permeability.
Reclamation of Saline-sodic and Sodic Soils
Reclamation procedures of saline-sodic and sodic soils
should accomplish the following: I) decrease soil ESP and pH
to improve soil physical conditions, reduce problems
associated with high Na concentrations, and improve soil
nutrient status, and 2) remove soluble salts from the soil
solution by leaching.
In the case of saline-sodic soils, removal of soluble
salts without a corresponding decrease in ESP will result in
a sodic soil, while only decreasing ESP will produce a soil
solution of greater salt concentration (Cates, 1979).
Reclamation of sodic soils usually requires that water
penetration into and through the soil be improved by either:
I) exchanging excess sodium with calcium so that leaching
can precede, or 2) initially leaching with saline water and
then progressivly decreasing the salinity of the applied
water.

Occasionally, calcium present in the subsoil as

gypsum can be mixed with a shallow sodic layer by deep
tillage, eliminating or reducing the need for amendments
(Hoffman, 1986).
When both saline and non-saline waters are not
available and deep tillage will not suffice, addition of an
amendment is frequently mandatory.
chosen considering such factors as:

Amendments should be
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1. physical and chemical properties of the soil
2. time available for reclamation
3. amount of water available for leaching and the
drainage capacity of the soil
4. extent of reclamation needed
5. costs for amendments, water and application
(Prather et al., 1978).
Amendments
Gypsum

Gypsum (CaSO4.2H20) is the most commonly used amendment
for sodic soil reclamation, primarily because of cost.
Gypsum has effectively reduced ESP and increased
permeability in numerous studies (Mustafa and Abdelmagid,
1981, 1982; Keren and Shainberg, 1981; Shainberg et
al.,1982; Robbins, 1986a; Gupta and Singh, 1988).
When gypsum is mixed with soil, exchangable sodium is
replaced with calcium by the reactions:
CaSOi ZH2O (solid) - Ca2+ + 30% +ZH2O

ZNa(X) + Ca2* ^ Ca(X) + ZNa +
where (X) represents the soil exchange complex.

The soil

exchange complex acts as a sink for Ca2+ until both
reactions reach equilibrium.

Gypsum will continue to

dissolve until the solution phase is saturated or the ion
activity product of Ca2+ x SO42" equals the solubility product
of gypsum (Hira and Singh, 1980).
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The effectiveness of gypsum is dependent on its
dissolution properties.

Gypsum's solubility in water is

relatively low (2.4 kg m'3) , compared to calcium chloride
(CaCl2) , which has a solubility of 977 kg m’3.

This low

solubility may limit its effectiveness in arid environmnents
or where insufficient water is applied.

As the soil

solution is concentrated by evapotranspiration, the
solubility limits of gypsum are exceeded and gypsum is
precipitated, resulting in a corresponding increase in the
relative proportion of sodium in solution (Richards, 1954).
According to Keren and 0 1Conner (1982), the dissolution
rate of gypsum depends on :
1) activity of Ca2+ in solution (which is governed
by the exchangable Na+ fraction)
2) the rate of Ca2+ diffusion to exchange sites
3) size of the gypsum particles.
Gypsum dissolution increases with greater exchangable
sodium concentrations and decreases in the presence of lime
(Oster and Frenkel, 1980).

The amount of water required for

gypsum dissolution decreases with decreasing size of the
gypsum particles (Hira and Singh, 1980).
Prather et al. (1978) found that more water and time
were required for gypsum to be effective, relative to more
soluble amendments such as CaCl2 and H2SO4.

He reports,

however, that as soil ESP is reduced, gypsum becomes
increasingly efficient in sodium leaching relative to the
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more soluble amendments because permeability is no longer
limiting.

Similarly, Shainberg et al. (1982) reported that

gypsum had a long-term electrolyte effect on maintaining
high HG, while CaCl2 resulted in complete sealing of the
soil after continuous irrigation with distilled water.
Certain conditions, however, such as where insufficient
water intake cannot be achieved, may preclude the use of
gypsum singly.

A combination of gypsum and a more soluble

amendment may provide rapid improvements in infiltration and
drainage as well as longer-term sodium displacement.
(Prather et al., 1978).
Phosphoavpsum
Phosphogypsum is a by-product of the manufacture of
phosphoric acid (H3PO4) from phosphate rock ore processed
with sulfuric acid (H2SO4) (Mays and Mortvedt, 1986).
Gypsum is precipitated as a silt-sized (.002-.05 mm) waste
product.

Phosphogypsum consists of the gypsum waste

material (80-99% CaSO4 2H2O), mineral impurities and less
than 1% phosphate (Keren and Shainberg, 1981).

Thousands of

tons of phosphogypsum are produced annually in the U.S. with
no apparent market (Smith, 1988).

Thus, phosphogypsum is

available at a relatively low cost.
Phosphogypsum has a much greater surface area than
agricultural gypsum and is reported to have a 10 times
greater dissolution rate (Keren and Shainberg, 1981).

The

high rate of dissolution of phosphogypsum accounted for its
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effectiveness in maintaining high infiltration rates on
sodic and non-sodic soils subjected to simulated rainfall
(Kazman et al., 1983; Gal et al., 1984; Agassi et al.,
1986) .

Similarly,. duPlessis and Shainberg (1985) reported

that phosphogypsum, by dissolving readily and contributing
Ca-electrolytes to the soil solution, prevented chemical
dispersion of soil clays.

Smith (1988) found that

application of phosphogypsum improved physiochemical
properties of a sodic bentonite minespoil.
Although phosphogypsum has shown promise as a sodic
soil amendment, some of the contaminants in phosphogypsum
may be environmentally hazardous.

Phosphogypsum commonly

contains Radium 22 6 (226Ra) concentrations greater than the
EPA suspect level of 5 picocuries gram"1 (Range Inventory
and Anal.,1986).

Mays and Mordvedt (1986) investigated the

fate of 226Ra after land application of 27 and 112 Mg ha"1 of
phosphogypsum containing 25 pC gm'1 226Ra.

They concluded

that crop uptake of Ra was not affected while radioactivity
in the surface 15 cm of soil was increased with both rates
of phosphogypsum application.

Conversely, a Wyoming study

showed that a 30 cm incorporation of phosphogypsum at 35.5
Mg ha"1 resulted in no significant increase in 226Ra levels
(Range and Inventory Anal., 1986).

Recently the EPA

declared a ban on the transport of phosphogypsum from
production sites (U.S. Gypsum Co., 1990).
whether this ban is temporary.

It is not clear
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Magnesium Chloride
Magnesium chloride (MgCl2.6H20) is a by-product of
table salt evaporite production.

Magnesium

chloride, in

brine form, is relatively inexpensive since it is considered
a waste product at production sites (Smith, 1988).
Magnesium is the second most abundant exchangable
cation in soils but has been studied relatively little,
compared to other cations (Bohn et al., 1985).

As divalent

alkaline earth metals, Mg and Ca possess similar properties
and have both been classified as important in the
development of soil structure (Richards, 1954).
Magnesium chloride is very soluble (542 kg m'3)
compared to agricultural gypsum (2.4 kg m"3) .

Highly

soluble amendments such as CaCl2 can rapidly increase HC and
decrease ESP, largely due to their high electrolyte
concentrations (Arora and Coleman, 1979; Prather et
al.,1978) .
Although magnesium chloride has been relatively
untested as a chemical amendment, it has been reported to
effectively displace sodium from the cation exchange complex
(Peterson and Oad, 1974).

Smith (1988) found that

application of magnesium chloride brine to sodic bentonite
minespoils reduced the soil SAR and saturation percentage
and improved infiltration.
Some characteristics of magnesium chloride may make it
undesirable as an amendment under some conditions.

Some
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investigators have concluded that Mg and Ca are adsorbed
equally and that the cation-exchange behavior of Ca and Mg
is sufficiently similar that they can be considered as one
species for irrigation water quality considerations
(Richards, 1954).

Others have reported that soils exhibit a

preference for adsorption of Ca over Mg and the preference
depends on the nature of the cation exchange complex
(Sposito and Fletcher, 1985; Levy et al.,1972).
The preference for adsorption of Ca over Mg has been
found to account for the increase in exchangable Na or K as
the ratio of Mg/Ca increased (Haghnia and Pratt, 1988).
Similarly, Rahman and Rowell (1979) reported that
montmorillonitic soils containing Mg as the dominant
exchangable cation adsorbed more Na and produced lower
hydraulic conductivities than when Ca was the dominant
cation.

Quirk and.Shofield (1955) showed that a Mg-

saturated soil produced larger decreases in HC than a Casaturated soil when the predominant clay was illite.
Hunsaker and Pratt (1971) concluded that ion exchange sites
in allophane and in clay minerals coated with hydroxy-Al
have a strong preference for Ca over Mg.

Robbins and Carter

(1983) calculated selectivity coefficients for simultaneous
Ca-Mg-Na-K exchange for salt-affected soils.

The lyotropic

series (ease of ion replaceability) for these soils was Na >
Mg > Ca > K whereas the generally accepted series is Na > K
> Mg > Ca.
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Use of concentrated solutions may not be the most
efficient amendment strategy under some conditions.

Gupta

and Singh (1988) found that more reclamation was achieved
with gypsum than CaCl2 after continuous irrigation with
distilled water.

This was attributed to gypsum being

continuously solvated and exchanged over more parcels of
water flux, leading to more efficient displacement than the
highly soluble CaCl2 which is essentially swept forward with
the wetting front.

This effect may also contribute to the

salt load of drainage waters and degradation of groundwater
and irrigation return flow.

Moreover, high electrolyte

concentrations in the root zone can adversly affect plant
growth, especially where salinity is already a problem.
Sulfur Amendments
Other amendments have potential for improving sodic
soil conditions.

Sulfuric acid (H2SO4) can be used to

rapidly reclaim sodic, calcareous soils (Cates, 1979).

It

reacts with soil calcium carbonates to produce a soluble
source of calcium and promotes increased water intake rates
in the soil.

Elemental sulfur also promotes release of

calcium in calcareous soils but requires more time for
reclamation than sulfuric acid.
Crops in Reclamation
There is ample evidence that cropping plays a vital
role in reclamation of saline and alkali soils.

Besides

crop varieties, a proper selection of crop rotations
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(depending on specific salt tolerances and ameliorative
roles) is essential for achieving continued improvement of
saline alkali.soils (Yadav, 1975).

Saraswat et al. (1972)

suggest that alternating crops such as barley and rice will
intensify the reclamation process.

Zende (1972) reported

that sugarcane, onion, paddy, sunflower, barley and wheat
brought about appreciable reduction in the salt content of
the soil.

Ayers et al. (1951) suggest that barley, because

of its high salt tolerance, be one of the first crops
planted on land that is being reclaimed from excess salts or
alkali.
The beneficial effects of plants in reclamation are not
well understood but appear to be related to: I) physical
action of plant roots, 2) the addition of organic matter, 3)
the increase in dissolution of CaCd3, and 4) crop uptake of
salts (Hoffman, 1986).
Root Effects on Soil Structure
Little work has been conducted on the influence of root
activities on the physical structure of soil or on the
subsequent effect on water movement.

However, crop species

has been reported to result in significant alterations to
soil structure (Gibbs and Reid, 1988).

Several researchers

have found improvements.in structure under ley and pasture
grasses (Wilson and Browning, 1945; Page and Willard, 1946;
(

Skidmore et al., 1975).

Deterioration of structure has been

reported to occur under arable crops such as wheat, barley
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(Low, 1972) soybeans and .corn (tVilson and Browning, 1945) .
Ojeniyi (1978) found that the presence of a barley
crop resulted in lower macroporosity, smaller aggregates and
lower mean void size relative to non-cropped areas.
Skidmore et al. (1986) found that the pore size under
sorghum was more conducive to water infiltration and had
greater saturated HG than that from wheat plots.

Organic

matter concentrations did not account for these differences;
therefore they were attributed to differences in root or
microbial activities.

Reid and Goss (1981) postulated that

differences in aggregate stability between crop species
result from contrasting root patterns, especially the
proportion of lateral roots, since release of organic
materials occurs mainly near the root tip.

The sturdy,

extensive root system of paddy was reported to contribute to
loosening the soil and rendering it more permeable to
leaching of salts (Yadav, 1975).
Plant roots, enlarging pores or creating new pores,
compact the soil immediately around the root, thus
decreasing the size and percentage of large pores.

Also,

the decrease in macroporosity by living roots blocking
macropores decreased premeability and saturated hydraulic
conductivity in soils under sod and maize (Barley, 1953;
1954).

However, root decompostion frees channels for water

movement, thereby increasing HG of the soil (Barley and
Sedgley, 1959).

Gish and Jury (1982) compared the effects
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of wheat roots and non-cropped soils on water movement.
They found that living wheat roots produced the smallest
dispersion coefficient while the greatest dispersion was
exhibitied after the wheat roots decayed.
Plant Root Respiration and Organic Matter
Respiring plant roots and decomposing organic matter
produce carbon dioxide (CO2) , which dissolves in water to
produce carbonic acid (H2CO3).

This acid increases the

solubility of CaCO3 minerals by lowering the pH, thus
increasing soil solution Ca concentrations and facilitating
Na exchange (Robbins, 1986b).

The following reactions

describe this process:
CO2 (fir) + H2O - HCOl + H +
CaCO2 {s) + H + ^ Ca2* + HCOl
Robbins (1986a) reported that a sorghum-sudangrass
hybrid crop produced high soil atmospheric CO2
concentrations and greater sodium leaching efficiencies than
several other crop and amendment treatments.

He also

concluded that CO2 production by roots appeared to be
associated with the rate of top growth and that irrigations
should be timed for times of vigorous plant growth to take
advantage of increased CaCO3 solubility.

In the same

context, Rhoades et al. (1973) found that drainage water
salt concentrations and lime solubility were greatest when
alfalfa was rapidly growing.
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Addition of organic matter (through incorporation or
root exudates) tends to stabilize soil structure, improve
permability and aeration, supply plant nutrients, and
increase CEC (Cates, 1979). Additionally, decomposition of
organic matter by microrganisms produces CO2, resulting in
increased lime solubilization.
Uptake of Salts by Crops
Salt removal by crops alone is generally insufficient
to maintain a salt balance.

Only 2% of the salt present in

a rootzone with an EC of 4 dS m"1 would be removed by a
barley, corn, sudangrass or alfalfa crop (Hoffman, 1986).
Shainberg and Oster (1978) estimated that about 20% of the
salt applied in irrigation water with EC of I dS m"1 could
be taken up by alfalfa.

Even plants that are very efficient

in removing salt from saline soils, such as sea-blithe,
remove less than 3 Mg ha"1 each harvest (Chaudhari et al. ,
1964).
Irrigation Manacrment for Salinity Control
Leaching of soluble salts from soils requires
application of water in excess of what is required for crop
growth.

The leaching fraction (LF) is the ratio between the

amount of water drained below the root zone and the amount
applied in irrigation (LF = DdZD1).

Under conditions of

insignificant rainfall and negligable chemical reaction, EC
of the drainage water (ECd) is controlled by the leaching
fraction.

LF is related to the salt concentration in
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irrigation water (Cj)and drainage water (Cd) by:
LF = DdZDi = C j C d = ECjECd
By varying the leaching fraction, it is possible to
achieve some degree of control over EC of the drainage water
and EC distribution in the rootzone (Shainberg and Oster,
1978).

Numerous studies have demonstrated that salt

concentrations of drainage waters and accumulation of salts
in the soil decrease as leaching fractions increase (Bower
et al., 1968; Rhoades et al., 1973, 1974; Oster and Rhoades,
1974; Jury and Pratt, 1980).

Similarly, Bower and others

(1968) proposed that as the IPaching fraction increases,
precipitation of CaCO3 decreases, resulting in lower soil
ESP as described by the equation:
ESP

[SARiw(l+8.4-pH*)

=

Jl f
Rhoades et al. (1974) suggest achieving the lowest
possible leaching fraction commensurate with satisfactory
crop growth in order to minimize the salt burden on drainage
waters.

Although salt concentrations are higher with low

leaching fractions, the total salt load is diminished due
to: I) the maximizing of precipitation of salts, 2)
maximizing the amount of soluble salt diverted in water
stored in the soil, and 3) minimizing of soil mineral
weathering.
However, when amendments that decrease soil ESP are
used, there is an increase in the TDS of the soil solution
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(Miyamoto et al., 1975).

Therefore the amount of water that

must pass through the zone to be reclaimed increases.
Displacement of salts depends on the amount and flow
velocity of percolating water, initial soil water content
and redistribution time (Biggar and Nielson, 1967).

Salts

generally are leached more efficiently from coarse textured
soils than from fine textured soils.

Coarse texured soils

have a lower volumetric water content and thus less water is
needed to flush salts from the soil (Hoffman, 1986).
Furthermore, in soils with large cracks and other bypass
channels, salt leaching efficiency is low.
In the same context, leaching by intermittent ponding
or sprinkling

requires less water than continuous ponding

(Beyce, 1972; Shainberg and Oster, 1978).

The drier the

soil, the larger the percentage of water flowing through the
fine pores and the more efficiently the leaching water
displaces the saline solution.
Abed (1975) reported that leaching efficiency is
increased with intermittent ponding, but continuous ponding
produced lower ESP values.

Similarly, Singh (1968) reported

that exchangable sodium decreased to a greater extent where
soil was kept saturated.

Sahota and Bumbla (1970) found

intermittent ponding to be more effective at increasing
leaching efficiency in the 0-30 cm depth but that continuous
ponding was more effective below 30 cm.
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FIELD STUDY
Objectives
The overall objective of this study was to determine
the effect of surface-applied soil amendments on soil
chemical properties and alfalfa yield on selected salt
affected soils in Powder River Conservation District.
Specific objectives of the study were:
1.

to determine the effect of soil type on soil and crop

responses to soil amendment;
2.

to characterize composition and changes in soil solution

chemistry as a function of amendments, time and depth in the
soil profile;
3.

to provide educational opportunities for Powder River-

irrigators by demonstrating the impacts of various
management alternatives on crop performance and soil
properties.
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Materials and Methods
Site Descriptions
Field plots were established at two sites in Powder
River Conservation District in July, 1988.
Leo Jurica farm, Powderville:

The study was located in an

irrigated alfalfa field, approximately 8 km south of
Powderville on the west bench of the Powder River.

The

field consisted of parallel, graded panels, separated by
border dikes.

The panels are irrigated by surface flooding,

with water provided via a delivery canal and turn-out
culverts.

The field had a history of approximately 40 years

of irrigation management. The alfalfa stand was three years
old when the study was initiated; the previous crop was
irrigated wheat.
The study location was in a soil mapping unit
representative of the predominant irrigated acreage in the
Powder River valley.

The soil was a Haverson silty clay

(fine-loamy mixed calcareous, Mesic Ustic Torrifluvent),
consistent with the published soil survey for this location
(U.S. Dept, of Agric., 1971).

The soil is moderately well

drained, with moderately slow permeability.

Specific site

location is illustrated in Figure 2.
Bill and Glenn Gay ranch. Bloom Creek:

The study location

was an irrigated alfalfa field, approximately 40 km south of
Broadus on the west side of the Powder River.

The field was

a graded basin, with surrounding border dikes and upslope
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terrain.

The basin is surface irrigated by flooding in the

same manner as the Jurica site.

The field had been

irrigated for 18 years, with barley preceding the alfalfa.
The alfalfa crop was three years old when the study was
initiated.
The soil was Haverson silty clay (fine-loamy, mixed
calcareous, Mesic ustic Torrifluvent) but differed in some
soil properties from the Jurica site.

The soil is

classified as well drained with moderately slow
permeability, although subsequent evaluation suggests that
the soil has relatively low hydraulic conductivity.

The

specific location is illustrated in Figure 3.
Field Plot Set-Up
Sixteen plots were established in a randomized block
design at each site, with four replications of each of four
amendment treatments.

Each experimental unit (plot)

measured 4.6 x 3.0 meters.

Metal borders (corrugated sheet

metal approximately 20 cm high) were installed between each
plot, to confine amendments to the plots and to insure
uniform water distribution during irrigation.

Rain gages

were installed to monitor precipitation and each study site
was fenced to prevent livestock from grazing in the study
area (Figure 4).
Pre-Experiment Soil Sampling and Analyses
Pre-experiment soil samples were collected in July,
1988, using a Giddings hydraulic probe.

Hole borings were
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JURICA SITE
Powder River area, Montana - Sheet Number 28, 43 of Powder
River Soil Survey

Figure 2.

Published soil survey of area designated as
Jurica site. Boxed area designates approximate
location of field plots.
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GAY SITE
Powder River area, Montana - Sheet Number 202, 203 of Powder
River Soil Survey
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Figure 3.

Published soil survey of area designated as Gay
site. Boxed area designates approximate
location of field plots.
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Figure 4.

Field plots at the Gay site in Sept. 1988 (top)
and during an irrigation the following year
(bottom).
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collected from each plot and separated into depth increments
of 0-8, 8-23, 23-38, 38-53, 53-84, 84-99, 99-75, 175-183 cm.
Borings from all four plots in a block were composited for
subsequent soil chemical analyses of each replication.
Additional composite samples were collected from the first
four depths for soil physical analyses.

Samples were placed

in cold storage in sealed plastic bags until analyzed.
Soil was air dried, ground and sieved for measurements
of water holding capacity and particle size distribution.
Unground, non-dried soil was used for all other soil
analyses.
Chemical analyses, conducted on saturated paste
extracts, included: EC, pH, SAR and alkalinity.

Soluble

cation concentrations were measured by atomic adsorption
spectrophotometry.

Electrical conductivity, pH and

alkalinity were determined by methods outlined by Page et
al. (1982).
Physical properties measured included: bulk density,
particle size distribution, water holding capacity and
saturation percentage.

Bulk density was estimated by

measuring oven dry weight of a subsample of soil cores of a
known volume.

Particle size distribution was determined

following the method of Bouyoucos (1936).

Water holding

capacity was measured at 1/10, 1/3, and 15 bar pressure by
the method outlined by Klute (1986).

Saturation percentage

was measured from saturated paste extracts according to Page
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et al. (1982).
Soil Solution Extractors
In situ solution extractors were constructed by
epoxying 2-bar high flow, porous ceramic cups to the end of
5 cm diameter PVC pipe, cut to specified lengths.

Rubber

stoppers equipped with tygon tubing were attached to the
opposite ends of the extractors for subsequent application
of a vacuum (Figure 5).

Extractors were installed to depths

of 15, 46, 91 and 182 cm in each plot;

A Giddings probe was

used to bore a hole to the desired depth and a soil and
water slurry was mixed, using soil from the depth increment
contacting the ceramic cup.

Slurry was poured into the hole

before insertion of the extractor; this was done to promote
soil and extractor contact.
Chemical Amendments
Chemical amendments were applied to the surface of the
plots and raked into the top 1.5 cm of soil, in August 1988.
Treatments included: gypsum (CaSO4.2H20 - 12.4 Mg ha'1),
phosphogypsum (CaSO4.2H20 - 14.6 Mg ha"1 ), magnesium
chloride (MgCl2.6H20 - 10.8 Mg ha"1), and no amendment
(control).

Amendment rates were calculated from estimates

of ESP and CEC to reduce the ESP of the top 102 cm of soil
by approximately 7 percent.

This reduction would produce an

ESP equivalent to that of non-irrigated soils at the Jurica
site.

32

Figure 5.

Soil solution extractors were constructed of PVC
pipe and porous ceramic cups and installed at 4
depths within each plot.
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Alfalfa Harvests
Alfalfa was harvested from all replicates of the
control plots to characterize pre-treatment field
variability at the Jurica site in September, 1988.

Crop

harvests were done in 1989 in conjunction with cooperator
harvests of each field.

To reduce error associated with

alfalfa root overlap into adjacent treatments only the
middle (1.8 x 4.6 m) section from each plot was harvested
and weighed.

Plots were harvested twice at the Jurica site

and once at the Gay site.

A hail storm in June 1989

destroyed the first scheduled harvest at the Gay site.
Soil Solution Extractions
Soil water samples were collected with in situ soil
solution extractors during the 1989 irrigation season.
Sampling commenced between 2 to 6 days following each
irrigation, depending on accessibility to the field.

Soil

solution from each extractor was obtained by applying a
static 0.7 bar vacuum to each extractor and fixing the
vacuum in place overnight.

Soil water solution which

entered the extractor overnight was collected the following
day.

Solution sampling dates are presented in Table I.
All soil solution extracts were placed in a cooler and

transported to Montana State University.

Samples were

analyzed for pH within 72 hours of collection, while
measurements of EC and cation concentrations were either
conducted within 72 hours of collection or on samples
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frozen for up to 3 months.

Solutions were filtered through

0.45 micron filters for analysis of cation concentrations.
All solutions were analyzed for EC, pH, and sodium
concentration.

Extracts from irrigation events # I and # 3

at the Jurica site and irrigation event # 2 at the Gay site
were also analyzed for SAR.
Two additional three-day extraction seguences were
completed at the Jurica site, to characterize short term
dynamics of change in the soil water solution following
amendment application and irrigation.
Table I.

Soil solution extraction schedule.
Jurica Site

Gay Site
Event
Irrigation # I
Creek Overflow
Irrigation # 2

Extraction Dates
5/29/89
6/24/89
7/22/89

Event
Pre-irrigation
Irrigation # I
Irrigation # 2
Irrigation # 3

Extraction Dates
5/2/89
5/26-28/89
7/9/89
7/22-24/89

Statistical Analyses
Statistical analyses were accomplished using SAS (SAS
Institute, Inc., 1987).

Separate analyses of variance were

performed for soil data from each site to determine
differences in soil chemical properties with depth.

Sums of

squares and mean values over all depths were pooled and
tested with the T-statistic to determine significance of
difference in soil chemical characteristics between sites.
Due to missing data, General Linear Models Procedure
(SAS Institute, Inc., 1987) was performed on soil solution
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chemical data from each site.

Statistical tests were

conducted on soil solution chemistry by depth, for each
extraction event, to determine significance of differences
due to amendment treatments at a given point in time.
Separate statistical analyses were performed for each
amendment, by depth, over time to determine changes in soil
solution chemistry over the irrigation season.

Duncan's

Multiple Range Test (Duncan, 1955) was used for comparisons
between treatment means.
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Results and Discussion
Pre-Experiment Soil Characterization
Differences in pre-experiment chemical characteristics
between the two sites (Gay versus Jurica) appeared to be
related to soil texture, soil hydraulic properties, and
internal drainage rate of the soil profile.

The upper soil

profile at the Gay site has greater average clay content,
bulk density, saturation percentage and water holding
capacity than the soil at the Jurica site (Table 2).
Table 2.

Pre-treatment soil physical properties.

Site

Soil
Depth
(cm)

Gay

0-8
* 8-23
23-38
* 38-53
53-84
* 84-99
99-175
* 175-183

Jurica

0-8
* 8-23
23-38
* 38-53
53-84
* 84-99
99-175
* 175-183

Soil
Texture

Saturation
%

Bul k
Density
(9 cm^)

% HpO by volume
— Potenti31 —
-1/3 bar -15 bar

sic!

67.5
65.2
74.8
71.7
65.2
55.8
63.4
57.3

1.44
1.38
1.51
1.61

51.2
48.5
53.2
56.7

53.4
47.0
44.5
42.2
41.8
66.2
70.2
62.6

1,50
1.45
1.38
1.39

44.0
40.6
40.2
40.3

C’
C
C
C
sic

C
C
sicl
sicl
sicl
sicl
cl

C
C
C

26.1
26.8
28.3
30.0

22.2
17.6
14.6
14.8

* stars indicate depths encompassing soil solution
extractors
Pre-experiment soil profile salt distribution at each
site is illustrated in Figure 6.

Average ECs were
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Soil depth (cm)

Juries

Figure 6.

EC (dS/M)

Pre-experiment soil saturated paste extract EC
and SAR at Jurica and Gay sites.
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significantly higher throughout the profile at the Gay site
and indicated an accumulation of salt between 91 and 152 cm
(Table 7, Appendix A).

This salt accumulation suggests less

internal drainage at the Gay site.

Conversely, the upper

profile at the Jurica site is relatively coarse textured,
well drained and conducive to salt leaching.
The difference in pre-experiment SAR between the Gay
and Jurica profiles was less distinct (Figure 6).

The SAR

profile at the Gay site generally corresponded to the salt
distribution. At the Jurica site, there was an accumulation
of sodium between 53 and 99 cm, corresponding to an increase
in clay content at this depth.
The soils at either site were classified neither as
saline nor sodic.

However, further accumulation of salts or

sodium, or a decrease in calcium and magnesium
concentrations due to leaching with water low in salts, may
degrade these soils to the point of becoming saline, sodic
or saline-sodic.
Depth of Water Movement Over Time
In situ extractors provided a means of periodically
assessing depth of irrigation water penetration and salt
movement.

Depth of water and salt movement varied with time

and site location.

However, neither the relatively short

duration of data collection nor the limited number of
samples provided sufficient data to draw quantitative
conclusions about effects of amendments on depth of
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irrigation water penetration.
ECs of soil solution extracts from plots treated with
magnesium chloride were assumed to provide an indication of
water movement at the Jurica site (Figure 7).

Presence of

magnesium chloride at the 91 cm depth following the first
irrigation indicated that much of the amendment leached
through the soil with the initial water front.

This

resulted in an increase in EC of the soil solution as the
wetting front moved downward into the soil profile.
Pre-irrigation soil solutions could be obtained only to
a depth of 46 cm, due to a lack of extractable water at 91
cm.

Prior to the first irrigation, ECs from the magnesium

chloride plots were low at the surface and significantly
higher at 46 cm than the other amendment treatments and the
control.

This suggests that 20 cm of over-winter

precipitation leached magnesium chloride to the 46 cm depth.
ECs of soil water solutions collected after the first
irrigation indicated that magnesium chloride had leached
below 46 cm.

Slight redistribution of salts occurred at the

surface following the second irrigation, but significant net
downward movement of salts beIbw 91 cm occurred with each
successive irrigation.

At the Gay site, magnesium chloride

had leached to a depth of only 15 cm following the first
irrigation and 15 cm of over-winter precipitation (data not
presented).
Soil water samples were obtained fairly consistently
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Figure 7.

Soil solution EC over time in 1989, at J u n c a
site in plots treated with magnesium chloride.
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from the 15, 45 and 91 cm depths at the Jurica site.
Success in obtaining soil water samples from the 183 cm
depth was variable.

Most of these samples were obtained

from one area of the study site that may have been sub
irrigated by a nearby irrigation ditch.

It is also possible

that this area was slightly lower in elevation than the
surrounding area and received more water than other parts of
the study site.

Due to the limited number of samples, soil

solution chemical data from the 183 cm depth were omitted
from statistical analyses.
Freguency of success and volumes of extract water from
all depths of the Gay site were less than from the Jurica
site.

Very few soil solution extracts were obtained from

the 91 and 183 cm depths at this site.

Samples from the

deeper depths at the Gay site were obtained from plots that
may have been affected by a 1.8 meter deep pipeline trench,
excavated in a diagonal direction across the field several
years prior to the study.

A buried irrigation dike running

parallel to plots may have affected water flow patterns as
well.

Alfalfa growth appeared to be much greater through

these areas.

It is also possible that subsurface gypsum was

brought to the surface in this area during trenching and
contributed to greater infiltration and increased alfalfa
yields.
Difficulty in extracting soil solutions at the Gay site
may have been due to the relatively high clay content in the
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upper soil profile.

Water was held more tightly in the soil

and suction applied to the extractors may not have been
enough to overcome soil matric potential.

Low permeability

and hydraulic conductivity, combined with high water holding
capacity, may have prevented significant water movement
below the soil surface, even during irrigation.

In

addition, it is likely that more runoff and evaporation
occurred at the Gay site than at the Jurica site, due to
poor infiltration and permeability.
Amendment Effects on EC
Addition of amendments increased the soil solution salt
concentration to levels greater than the control plots at
all depths at both sites.

Magnitude of salt increases and

extent of movement over time appeared to be related to
solubility of each amendment and reflects the slower
dissolution rate of gypsum and phosphogypsum relative to
magnesium chloride.

Amendment effects on soil solution EC

over time at the Jurica site are illustrated in Figure 8.
Differences over time within each three day extraction
period were not significant; therefore, values presented for
irrigation I and 3 are averages of all extracts collected
over a three day period (Table 8, Appendix A ) .
Prior to the first irrigation, plots treated with
phosphogypsum had significantly greater ECs in the surface,
while treatment with magnesium chloride caused a significant
elevation in EC at the 46 cm depth.

Following the first
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Second Irrigation
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Figure 8

Soil solution EC as a function of amendment,
following each irrigation of 1989 at Jurica
site.
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irrigation, ECs in the surface of the plots treated with
gypsum or phosphogypsum were significantly higher than the
ECs in the surface of the control plots or plots treated
with magnesium chloride, indicating continuing dissolution
of these amendments.

Conversely, ECs at 91 cm in the plots

treated with magnesium chloride were significantly greater
than at the 91 cm depth of the other treatments, suggesting
that the magnesium chloride had dissolved and moved
substantially below the soil surface.
The same pattern was observed following the second
irrigation.

However, the ECs of all plots except those

treated with magnesium chloride were significantly greater
in the top 2 depths than during any prior or subsequent
irrigation event.

This may have resulted from: I)

application of irrigation water of relatively high salt
concentration, 2) redistribution of salts toward the soil
surface from greater evapotranspiration between irrigation
events, or 3) less precipitation of CaCO3 during sample
storage.

(Samples from the pre-irrigation extraction event

and irrigation # 2 were analyzed for EC within 24 hours of
collection and may have contained greater levels of carbon
dioxide than samples held for longer periods of time.
Higher carbon dioxide concentrations may have contributed to
greater carbonate solubility and greater EC values).
Differences in EC as a result of amendments had
decreased in the surface by completion of the third
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irrigation.

However, ECs at 91 cm of the plots treated with

magnesium chloride or phosphogypsum were significantly
greater than the control and plots treated with gypsum.

In

addition, ECs at the 91 cm depth of plots treated with
magnesium chloride decreased significantly from the first to
the third irrigation, indicating movement of magnesium
chloride below 91 cm, while phosphogypsum and gypsum were
still contributing to greater salt concentrations at this
depth.

The order of amendment effects on solution EC

reflects the rate of dissolution, that being magnesium
chloride > phosphogypsum > gypsum.
Effects of amendments on solution EC at the Gay site
were similar to the effects observed at the Jurica site.
However, due to the limited number of samples from the Gay
site, significant differences in soil solution chemistry
over time as a result of amendments were difficult to
quantify statistically (Table 9, Appendix A).

However, ECs

of soil solution extracts averaged over all extraction dates
at the Gay site indicated that significant increases in salt
concentration of the surface 46 cm occurred as a result of
amendment additions (Figure 9).

Additionally, the slower

rates of increase in salt concentration over time suggest a
slower rate of dissolution and downward movement of salts
from amendments at the Gay site (data not shown).
Amendment effects on SAR
Addition of amendments caused a significant decrease in
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Average of all irrigations

—

Control

—t— G ypsu m
P-G ypsum

Soil depth (cm)

B - MgCI'

EC (dS/M)

Figure 9.
the 1989 irrigation season.
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SAR of soil solutions in the surface depths at the Jurica
site (Table 8, Appendix A).

The change in soil solution

SAR over a 3 day extraction period is shown in Figure 10.
A significant decrease in SAR occurred in all treatments
between the first and third day of sampling.

A

corresponding decrease in EC did not occur.

This

discrepancy may be explained by the possibility that the
more soluble sodium salts were dissolved initially, thus
increasing SAR of the soil solution during the first
sampling period.

As sodium was leached through the profile,

calcium and magnesium salts dissolved and exchange reactions
occurred that maintained the EC at approximately the same
level.
All amendments lowered SAR to levels less than the
control at the surface by the first extraction following the
first irrigation.

Addition of magnesium chloride reduced

SAR below the level of the other amendments at the 46 and 91
cm depths.

By the third day of extracting, differences in

SAR at the surface were consistent with the order of
amendment solubility.
SAR values from three successive days of extracting
following the third irrigation indicated continued release
of calcium from the phosphogypsum and gypsum (Figure 11).
SAR at the soil surface decreased to a level less than the
SAR of plots treated with magnesium chloride, indicating
that effectiveness of magnesium chloride may be short term,

Soil depth (cm)
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Figure 10.

Effect of amendments on soil solution SAR over a
three-day extraction period at Jurica site
following the first irrigation of 1989.

Soil depth (cm)

o

Irrigation 3

CONTROL
GYPSUM
P-GYPSUM
- B - MG CL2

Figure 11.

Effect of amendments on soil solution SAR
following the third irrigation at Jurica site.
Each value is the average of all extracts
collected over a three-day extraction period.
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relative to gypsum and phosphogypsum.

However, the effects

were reversed in the 91 cm depth, where SARs of plots
treated with magnesium chloride were less than SAR of plots
treated with other amendments.

No significant change in SAR

was detected after the third day of extraction following the
first irrigation.
All amendments decreased SAR in the top 15 cm at the
Gay site.

However, due to the small number of samples

obtained, these results could not be statistically verified
and data will not be presented.
Alfalfa Yields
Differences in alfalfa yields due to addition of
amendments were not measured at either site during the 1989
irrigation season.

Pre-experiment yield measurements

indicated that yield varied 66% across the plots at the
Jurica site.

In addition to field variability, excessive

foot traffic through the plots during the extraction process
may have disrupted alfalfa growth.

However, it is most

likely that the decrease in soil SAR as a result of
amendment addition was not sufficient to cause measurable
improvement in alfalfa yield.
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Summary and Conclusions
Gypsum, phosphogypsum and magnesium chloride were
applied to irrigated alfalfa fields at two sites in Powder
River Conservation District.

Effects of amendments on soil

chemical properties were determined from in situ soil water
extracts at various depths in the soil after each
irrigation.

Crop yield response to amendments was

determined from alfalfa harvests.
The following observations were made during this study:
1.

Differences in soil texture between the two sites may be

the most significant factor accounting for differences in
soil chemical characteristics, depth of water movement over
time, and effectiveness of amendments at modifying soil
conditions.
-

The relatively coarse-textured upper profile at the

Jurica site was more conducive to leaching of salts and
permitted greater water penetration than the fine-textured
soil at the Gay site.
Soil at the Jurica site was less negatively impacted
by irrigation than soil at the Gay site.
-

Effects of the addition of amendments on soil

solution chemistry were similar at both sites.

However, the

rate of response to amendments was much slower at the Gay
site.
2.

The rate and effectiveness of reclamation by amendments

is dependent on the dissolution rate of the amendments, that

V

r'
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being:
magnesium chloride > phosphogypsum > gyspurn.
-

Magnesium chloride rapidly displaced sodium and

elevated soil solution ECs but the effectiveness of
magnesium chloride was short term relative to the effect of
phosphogypsum or gypsum.
Phosphogypsum caused a slightly greater rate of
reclamation than gypsum.
3.

Alfalfa yield was not significantly affected by

addition of amendments.
-

The slight decrease in SAR as a result of amendment

additions may not have been sufficient to cause measurable
improvement in yield.

Additionally, greater ECs due to

amendment additions may have counteracted effects of lower
SARs.
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GREENHOUSE STUDY
Objectives
The overall objective of this investigation was to
evaluate several crop species and amendment combinations as
long term management and soil reclamation strategies for
irrigated soils along the Powder River.
Specific objectives included evaluating the effects of
several treatments on sodium and salt leaching efficiency,
soil physical and chemical properties and crop performance.
Comparisons included:
1.

effect of repeated cropping with alfalfa, barley, and

sordan;
2.

effect of surface-applied soil amendment (gypsum,

phosphogypsum and magnesium chloride);
3.

effect of irrigation with water equivalent to past and

anticipated future Powder River qualities;
4.

effects of crop species, amendment, and irrigation

water quality interactions.
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Materials and Methods
Preparation of Soil Columns
Soil used in this phase of the investigation was
Haverson silty clay (fine-loamy, mixed calcareous, mesic
Ustic TorrifIuvent) surface soil (0-24 cm depth), collected
from an irrigated alfalfa field on the property of Bill and
Glenn Gay (same location as field plots).

Soil was

collected from 4 areas adjacent to each replicate of the
field plots.
The soil was transported to Montana State University,
air dried, ground, and passed through a 3 mm sieve.

Sieved

soil was uniformly packed to a dry bulk density of 1.07 ■
g/cm3 into 15 cm diameter x 54 cm long PVC columns to which
a bottom and drainage hole had been attached.

A 1.3 cm

layer of washed pea gravel was placed over a fine-mesh nylon
screen in the bottom of each column and overlain with a 1.3
cm layer of washed sand before the soil was packed into the
columns.
A subsample of the soil was analyzed for chemical
characteristics.

Analyses were performed on saturated paste

extracts, according to procedures outlined by Page et al.
(1982).

' I

Results are presented in Table 3.
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Table 3.
SAR

5.3

Chemical characteristics of soil used in
greenhouse study.
EC
(dS m ‘1)

pH

2.47

8.27

ESP
(%)

CEC
(meq/100 g)

alkalinity
(mg L"1)

CaCO3
(%)

6.9

24.7

208

.52

■Experimental Design and Treatments
The columns were arranged as a 2 x 4 x 4 complete
factorial, randomized block design, with three replications
of all 32 treatment combinations.

Main treatment effects

included irrigation water quality, surface-applied soil
amendment, and crop species.
In order to minimize response variability attributable
to variations in environmental conditions within the
greenhouse, each block of 32 columns was placed on a wheeled
platform, and each block was rotated and relocated within
the entire design prior to each irrigation (Figure 12).
Irrigation water simulating the compositions of past
(low sodium and salt) and anticipated future (high sodium
and salt) Powder River water was applied to columns
approximately biweekly, for a total of 15 irrigations.
Irrigation water constituents and criteria were based on
historic Powder River water quality data and trends,
analyzed by Dalby (1988).

Ionic speciation analyses were

performed to ensure that the solutions would not be
supersaturated with respect to CaCO3.

Water quality

criteria are presented in Tables 4 and 5.
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Figure 12.

Column arrangement in greenhouse (top) and
column drainage water collection (bottom).
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Table 4■

Ionic composition of irrigation water treatments.
Mg2+

Ca2+

Na+

Water Quality
Past (WQ I)
Future (WQ 2)

Table 5.

K+

HC03’ SO4"
meq

4.99
5.04

3.29
4.03

2.35
14.9

0.26
0.21

0.85
5.50

2.34
3.82

7.70
14.8

Chemical criteria of irrigation water quality
treatments.

Water Quality

TDS
(mg L"1)

EC
(dS m"1)

Past (WQ I)
Future (WQ 2)

747
1647

0.97
2.21

SAR

SAR(adj)

1.15
7.01

2.5
16.6

pH

8.3
8.5

Each column was individually irrigated using a plastic
bottle which served as a supply reservoir, delivering water
to the column via a 1/2 gallon per hour drip emitter (Figure
13).

Different volumes of irrigation water were applied to

each crop, at each irrigation, to provide a constant
leaching fraction of approximately 0.13.

One block of

columns was weighed before each irrigation and average
evapotranspiration was calculated for each crop to determine
the amount of water necessary to achieve the desired
leaching fraction.

This was done by taking the difference

between the column weight at field capacity and the actual
column weight and adding to this the percentage of this
volume necessary for the desired leaching fraction.
Columns were wet to field capacity with the appropriate
water quality treatment prior to planting.

The columns were

weighed immediately following the cessation of drainage to
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Figure 13.

Each column was individually irrigated using
plastic bottles and drip emitters.
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obtain estimates of column weight at field capacity for
subsequent calculations of water application volumes.
One of three different chemical amendments or a no
amendment treatment (control) was incorporated into the top
10 cm of soil in each column.

Amendment treatments

included: I) gypsum - 12.9 Mg ha'1, 2) phosphogypsum - 12.8
Mg ha'1, 3) magnesium chloride - 10.5 Mg ha'1, and 4) no
amendment (control).

Amendment rates were calculated to

reduce ESP by 7% throughout the length of the column.
One of three crops or a non-cropped treatment (control)
was planted to each column.

Crop treatments included:

1) Alfalfa CMedicacro sativa L.), var. 'Ladak 65'; a
moderately salt tolerant cultivar and the predominant
irrigated crop in the Powder River Basin.
2) Barley CHordeum vulgarel. var. Steptoe; an efficient
water-use crop, reported to have good tolerance to salinity.
3) Sorghum-sudangrass hybrid CSorahum Sudanese) , var.
1Sordan 79'; a forage postulated to be effective in
reclaiming sodic,

calcareous soils (Robbins, 1986a).

4) No Crop - Control
Seeds were covered with I cm of soil and columns were
covered with plastic to promote germination.

Three

successive barley crops were grown in the columns.

No

additional planting of alfalfa or sordan was done.

All

crops were harvested when barley reached soft dough stage,
coinciding with each fifth irrigation, for a total of 3
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harvests throughout the experiment.

The above-ground

portion of each crop was harvested and measured for total
dry weight.
Drainage Water and Post-Treatment Soil Analyses
All drainage water was collected from each column after
each irrigation event (Figure 12).

Drainage volume, EC, and

sodium concentration of all leachate samples were measured.
Drainage waters were analyzed for SAR, pH and alkalinity
following selected irrigation events.

Alkalinity and pH

were measured within 24 hours of collection.

Most other

samples were frozen for analysis at a later date.

In

addition, drainage water analyzed for alkalinity was
collected in plastic bags tightly sealed to the column
drainage tubes to prevent precipitation of CaCO3.
Following the third crop cycle, soil from three depths
of each column was sampled, using a hydraulic probe.
Chemical analyses were performed to determine post
experiment soil EC and SAR.

Six intact soil cores were

collected from the top 10 cm of each column to measure soil
bulk density, moisture release characteristics and pore size
distribution by methods outlined by Klute (1986).
Statistical Analyses
Statistical analyses were performed using SAS (SAS
Institute, Inc., 1987).

Analysis of variance for a three-

way interaction of water quality, amendment and crop was
performed on all data.

In addition, analysis of variance

\
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was performed by crop treatment and by crop cycle, and by
crop x crop cycle, for drainage water chemistry,
evapotranspiration, leaching fraction and crop yield.
Post experiment soil chemical data were analyzed by depth
and by crop x depth.

Soil physical data were analyzed by

crop.
Due to missing data, the General Linear Models
procedure was used for analysis of variance and Duncan's
Multiple Range Test was used for comparisons between
treatment means.
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Results and Discussion
Effect of treatments was evaluated by monitoring I)
sodium and salt concentrations of leachates, 2) changes in
physical and chemical characteristics of the soil and 3)
crop yields.
Sodium and Salt Leaching Efficiency
Efficiency of treatments for removing sodium and salt
from the soil was evaluated as mmoles sodium leached per
pore volume leachate (sodium leaching efficiency) and grams
salt leached per pore volume leachate (salt leaching
efficiency).

The efficiency is presented as the slope of

the line (cumulative sodium or salt leached/cumulative pore
volumes leachate) at any given point on Figures 14 through
18.

Each point in the figures represents ah irrigation

event.

Each harvest cycle consisted of 5 consecutive

irrigation events.
The calculated sodium and salt leaching efficiencies do
not take into account the amount of sodium or salt added in
irrigation water or salt added in amendments and therefore
should be interpreted as "gross" leaching efficiencies.
Main Treatment Effects:
Main treatment effects on sodium and salt leaching
efficiency are presented in Figures 14 and 15.

Irrigation

with "future" water quality significantly elevated
concentrations of sodium and salt in drainage water relative
to effects of "past" water quality treatments.

The
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elevations in salt and sodium concentrations are a
reflection of the additional salt load to the soil and
drainage waters resulting from irrigation with "future"
quality water.
Magnesium chloride had the most significant, positive
effect of any amendment on sodium leaching efficiency.
Phosphogypsum produced significantly greater sodium leaching
efficiencies than the control treatment but the effect of
phosphogyspurn was not different than the effect of gypsum.
Magnesium chloride elevated salt concentrations of drainage
waters significantly above other amendments and the control.
Relative differences in sodium and salt leaching
efficiencies as a result of amendments changed over time.
Although magnesium chloride produced significantly greater
sodium and salt leaching efficiencies during the first crop
cycle, all amendments caused equally greater sodium leaching
efficiencies than the control during the last crop cycle.
Columns treated with magnesium chloride maintained the
greatest salt leaching efficiency throughout the experiment.
Salt leaching efficiency from phqsphogypsum and gypsum
treated columns became significantly greater than the
control during the second and third harvest periods,
respectively.

Although these differences may not be evident

from Figures 14 and 15, the significance of differences
during the three crop cycles was validated by an analysis by
harvest cycle (Table 10, Appendix B).
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Cumulative pore volumes leachate
Figure 14.

Effect of water quality, amendment and crop on
sodium leaching efficieny; values averaged over
interactions.*

* significant differences shown by letters corresponding to
Duncan grouping; alpha < .05.
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Cumulative salt leached (grams)

Water Quality

—

WQ I b
WO 2 •

. Amendments

—— C o n tro l

b

- 4 — Q ypeum

b

P -g yp e u m b

-6- MgCI2

■

- Crops

-4 — S o rd e n
B e rle y
-B -

c
b

C o n tro l b

Cumulative pore volumes leachate
Figure 15.

*

Effect of water quality, amendment and crop on
salt leaching efficiency; values averaged over
interactions.

Significant differences shown by letters corresponding to
Duncan grouping; alpha < .05.
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Effects of the amendments on leaching efficiency are
primarily a function of dissolution rates of the amendments.
The high solubility and electrolyte concentration of
magnesium chloride caused substantial replacement of
adsorbed sodium and an increase in the salt concentration of
drainage waters, at a much faster rate than in the columns
treated with either phosphogypsum or gypsum.

However, the

effectiveness of magnesium chloride decreased with continued
irrigation.
Columns cropped to barley had significantly greater
overall sodium leaching efficiencies than columns cropped to
other treatments.

Sodium removal from columns cropped to

alfalfa was similar to that of the non-cropped treatment
during the first harvest cycle but by the last harvest cycle
sodium leaching efficiency from columns cropped to alfalfa
had become greater than from columns cropped to barley.
Columns planted to sordan had the smallest sodium leaching
efficiency throughout the experiment.
Effect of the crops on salt leaching varied only
slightly from the effects of crops on sodium leaching
efficiency.

Columns cropped to barley had the greatest salt

leaching efficiency initially but the efficiency decreased
over time. Conversely, the salt leaching efficiency of
columns planted to alfalfa increased with time.

Sodium and

salt leaching from columns planted to sordan initially
paralleled that from columns planted to alfalfa and no-crop

i
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treatments but decreased dramatically after the third
irrigation.
Differences in sodium and salt leaching efficiency
among the various crops probably resulted from: I)
variations in evapotranspiration among crops and subsequent
leaching fractions, and 2) effects of differences in plant
roots and physiological characteristics of the various
crops.
Previous studies have demonstrated that intermittent
applications of ponded water or sprinkler irrigation results
in greater salt leaching efficiencies than continuously
ponded water (Shainberg and Oster7 1978).

Soil which is dry

at the time of irrigation has a greater percentage of water
flowing through the fine pores than the same soil when it is
wet prior to irrigation.

Consequently, the leaching water

displaces a greater volume of saline soil solution in dry
soils.
Variable leaching fractions may have also contributed
to the observed differences in leaching efficiencies of the
treatments.

The soil solution salt concentration increases

and results in a poorer quality drainage water of a lesser
volume as the leaching fraction is reduced.
The high salt leaching efficiency during the first crop
cycle from columns cropped to barley might be attributed to
the high rate of plant water use, which lead to both a
relatively low soil water content immediately prior to each
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irrigation and relatively low leaching fractions.

As ET of

barley decreased and leaching fractions increased over time,
the salt leaching efficiency decreased.
Soil water content of columns planted to sordan was
relatively low prior to each irrigation.

However, sodium

and salt leaching efficiency were reduced by significant
micropore by-pass due to channeling of water through large
cracks developed by roots.
Salt leaching patterns from alfalfa were similar to
those from uncropped columns during the first crop cycle
because of difficulty establishing the alfalfa crop and
relatively little water use by alfalfa during the first crop
cycle.

The salt leaching efficiency from columns cropped to

alfalfa increased over time, probably as a result of the
alfalfa ET rate increasing as the crop became established.
Columns in which no drop was planted maintained much
higher water contents than columns to which a crop had been
planted.

No-crop treatments also had a moderately high salt

leaching efficiency.

High water contents most likely

restricted the extent to which salt precipitation occurred
and may have also caused a greater amount of soil mineral
weathering.

The high salt leaching efficiency from the non-

cropped columns may also be the result of initial flushing
of salt from the soil columns.

It is possible that leaching

efficiencies would have declined if a greater cumulative
volume of water was leached through these columns.
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Water Quality Effects by Crops
Effect of irrigation water quality on the quality of
drainage water was most evident in columns cropped to barley
and sordan (Figure 16).

These two crops’caused significant

differences in the amount of sodium leached per volume of
drainage water between "past" and "future" irrigation water
quality (Table 11, Appendix B).

Water quality had less

effect on sodium leaching efficiency in alfalfa treatments
but differences became more significant during the second
and third harvest cycles as the crop became more
established.

Water quality had no significant effect on

sodium leaching efficiency within the non-cropped
treatments.
Effects of water quality on sodium leaching efficiency
within the various crops corresponded closely to the effects
on salt leaching efficiency; therefore data are not
presented.
The variation in effects of water quality on sodium and
salt leaching efficiency among crops may be partially
explained by differences in plant water use of the crops.
Soil columns planted to barley or sordan had the highest
evapotranspiration (ET) during the first crop cycle.

Salts

were thus concentrated in the soil solution during uptake of
relatively salt-free water, compounding the effects on salt
concentrations of drainage water from irrigation with
"future" quality water.

C u m u l a ti v e so d iu m lea ch e d ( m m ole s)

Alfalfa

Barley

— - WQ I

Sordan

wo

2

No Crop

Cumulative pore volumes leachate
Figure

16.

E f f e c t of i r r i g a t i o n w a t e r
leaching efficiency within

q uality on s odium
crop treatments.
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Amendment Effects by Crop:
Treatment with magnesium chloride resulted in greater
sodium leaching efficiencies than treatment with the other
amendments or the control for all crops except barley
(Figure 17).

Amendments had no significant cumulative

effect on sodium leaching efficiency when applied to columns
cropped with barley (Table 11, Appendix B).
Phosphogypsum or gypsum caused significantly greater
sodium leaching efficiencies than the control columns
planted to alfalfa.

Increases in sodium leaching efficiency

due to addition of phosphogypsum or gypsum were not
significant in other crop treatments until the third crop
cycle.

No significant differences in sodium leaching

efficiency were detected between columns treated with gypsum
or phosphogypsum within any of the crops when averaged over
the entire experiment.

However, during the last harvest

cycle, phosphogypsum produced greater sodium leaching
efficiencies than gypsum or the control treatment in columns
cropped to barley and non-cropped columns.

Within the

alfalfa crop, all amendments had an equal effect of
increased sodium leaching efficiency above the control
during the last harvest cycle.
Effects of amendments on salt leaching efficiency
generally paralleled the effects on sodium leaching
efficiency for all crops except barley (Figure 18).

The

barley-magnesium chloride combination initially increased

C u m u l a ti v e sodium l eac he d (m m o le s )

200

M

Cumulative pore volumes leachate
Figure

17.

E f fect of a m e n d m e n t s on s o d i u m l e aching
efficiency within crop treatments.

Cumulative salt leached (grams)

Alfalfa
Barley

—

Cont r ol

-4—

Qypeum

P-Qypeum
-B -

M g C I2

No Crop

Sordan

Cumulative pore volumes leachate

Figure

18.

E f f e c t of a m e n d m e n t s on sa l t l e a c h i n g
efficiency within crop treatments.
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salt leaching significantly above the control.

This is in

contrast to only a slightly greater sodium leaching
efficiency during the first harvest cycle.

It appears that

magnesium chloride was almost completely leached from the
columns cropped to barley by the end of the fifth
irrigation, resulting in a decrease in salt leaching
efficiency.

Leaching of magnesium chloride may explain the

decline in sodium leaching efficiency from magnesium
chloride-barley treatments over time, relative to other
amendment-barIey combinations.

Barley-cropped soil columns

to which no amendment was applied had a sodium leaching
efficiency similar to that from columns to which amendments
were applied.

The barley crop in and of itself contributed

significantly to sodium leaching.
Sodium Adsorption Ratio (SAR) of Drainage Water:
SAR of drainage water from 7 irrigations was measured.
Main treatment effects on SAR of the drainage water are
shown in Figure 19.

SAR of the initial drainage water was

relatively low, reflecting the sodium status of the cation
exchange complex of the soil prior to the treatments.

In

general, the SAR of the drainage water increased over time.
Leachate from columns irrigated with water of "future"
quality had greater SARs than leachate from columns
irrigated with "past" irrigation water quality.

Differences

in SAR as a result of water quality became greater over
time, reflecting differences in applied water SAR and the
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Figure 19.

SAR of column drainage water over time as
affected by water quality, amendment and crop;
values averaged over interactions.
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resultant soil solution sodium status.

The SAR of

drainage

water from columns irrigated with either water quality
(averaged over amendment treatments) increased to an SAR
greater than the initial soil SAR, indicating continued
preferential leaching of sodium.

Leachate SARs at the end

of the experiment from no-amendment treatments irrigated
with either water quality were greater than the SAR of the
applied irrigation water in all crops (data not presented).
At equilibrium, SAR of the drainage water from the no
amendment treatments should reflect the SAR of the
irrigation water, adjusted upward for the concentrating
effects of plant water uptake, minimal calcium, magnesium
and sodium uptake by the crop, and effects of leaching
fractions, precipitation, and dissolution in the soil.
Addition of magnesium chloride caused the SAR of the
initial drainage water to increase to a level significantly
greater than that caused by addition of the other amendments
(Table 10, Appendix B).

However, by the last crop cycle SAR

of the drainage water from columns treated with magnesium
chloride was less than the SAR from columns treated with the
other amendments and the control.
Addition of phosphogypsum or gypsum affected SAR of
drainage water only slightly and irregularly over time,
relative to the control treatment.

This lack of response is

indicative of the slow dissolution rates of gypsum and
phosphogypsum.
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SAR of drainage water from columns planted to barley
increased significantly over the first 7 irrigations,
relative to the other crop treatments.

The barley crop

caused the release of more sodium from the soil than did
other crops.

High water contents and anaerobic conditions

in some columns during the second and third crop cycles may
have resulted in an increase in calcium carbonate
dissolution, thereby facilitating sodium displacement.

The

barley crop without the addition of amendments resulted in
more sodium (relative to calcium and magnesium) than the
other crops in the absence of an amendment (data not shown).
SAR of drainage water from columns cropped to alfalfa
increased over time.

When the alfalfa growth was most

vigorous, leachate SARs were significantly greater than noncropped treatments and columns cropped to sordan.

This

corresponds to results found by Rhoades et al. (1973),
indicating that drainage water salt concentrations and lime
solubility were highest when alfalfa was rapidly growing and
CO2 production by roots was high.
The no-crop and sordan treatments caused lower drainage
water SARs than barley or alfalfa during much of the
experiment, but the significance of differences varied
during the 3 crop cycles.
SARs of drainage water from columns planted to
different crops should be viewed with caution, since
different volumes of water were applied and leached from the
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various crops at any point in time.

This is most evident in

the no crop treatment, where only about 1/3 the amount of
water had been leached from this treatment relative to other
crops, by the end of the experiment.
pH, Alkalinity, and oCCL of Drainage Water:
The pH of drainage water was measured during the first
two irrigations and the last irrigation.

Alkalinity was

determined on drainage waters from the last irrigation.
Alkalinity in the form of HCO3" and pH were used to estimate
CO2 concentrations of column drainage water by the equation:
CO2(g) + H2O = HCO3" + H+

log k = -7.82

(Stumm and Morgan, 1981).
Treatments caused few significant differences in pH,
alkalinity or CO2 concentrations (Table 10, Appendix B).
The lack of response is most likely due to the high
buffering capacity of the soil.

During the initial

irrigations the pH of drainage water from columns treated
with magnesium chloride was significantly lower than the pH
of drainage water from other treatments.

Following the last

irrigation, the pH of drainage water from columns treated
with magnesium chloride was not different from the pH of
leachate from the other amendment treatments or the control
treatment.

The initial high electrolyte concentration of

drainage waters from magnesium chloride treatments probably
contributed to the lower pH.

Increasing salt concentration

usually decreases pH due to the displacing of acidic H+ and
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soil surfaces by cations in solution, allowing Al3+ to
hydrolyze and further lower pH (Bohn et al., 1985).
During the last irrigation, columns cropped to sordan
or alfalfa had significantly lower pHs and greater CO2
concentrations than non-cropped columns or columns planted
to barley.

This is probably due to the greater

evapotranspiration rates from these crops during the last
crop cycle.

This corresponds to results by Robbins (1986a)

indicating that CO2 production by respiring plant roots
appeared to be associated with the rate of plant growth.
A calcite solubility plot was constructed for pC02 =
0.0003 atmospheres (atmospheric pC02) and 0.003 atmospheres
(typical soil pC02) .

The -Iog(Ca2+) of drainage water was

plotted against pH on the solubility diagram (data not
shown).

Results indicated that all drainage waters were

oversaturated with respect to calcite at both levels of

pco2.
Net Salt and Net Sodium Accumulated:
A "salt balance" was used to assess net accumulations
or losses of sodium and salt from the soil columns.

The

quantity of salt or sodium added with the irrigation water
and amendments minus the amount of sodium or salt removed by
leaching was assumed to equal the net accumulation or loss
of sodium or salt in the soil.
Main treatment effects on net salt and sodium
accumulation are shown in Figure 20.

Irrigation with

Net salt accumulated per column (g)

N et sodium accumulated per column (g)
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Figure 20.
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"past" water quality caused net removal of sodium from the
soil while irrigation with "future" water quality caused the
soils to accumulate sodium.

Irrigation with "future" water

quality resulted in a significantly greater accumulation of
total salts than irrigation with "past" water quality.
The net accumulation of salts resulting from irrigation
with "past" water quality is partially due to salts added as
amendments.

However, columns which were not treated with an

amendment had a net accumulation of salt for each crop (data
.

not shown).

This implies that the leaching fraction was too

low to prevent salt accumulations, even when irrigated with
relatively good quality water.
Columns treated with magnesium chloride accumulated
significantly less sodium than columns treated with the
other amendments.

Differences in net sodium accumulation

were not significant between control columns and columns
treated with phosphogypsum or gypsum.
Total net salt accumulation in columns treated with
either phosphogypsum or gypsum was nearly twice as great as
in columns treated with magnesium chloride or no amendment.
The magnesium chloride had dissolved and leached through the
soil by the end of the experiment, while much of the gypsum
and phosphogypsum remained undissolved in the soil columns
at the end of the experiment.
Effects of crop species on net sodium and salt
accumulations did not correspond in all cases to the sodium
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and salt leaching efficiencies.

Variations in leaching

fractions and evapotranspiration rates of the crops over
time resulted in differences in both sodium and salt fluxes.
The no^crop treatment resulted in accumulation of
significantly less sodium and salt than in the cropped
treatments.

This was probably due to the fact that about

1/3 as much water was applied and leached from the no-crop
treatments than from the cropped treatments and ET from
these columns was very small.

Relatively greater water

contents maintained by the lack of plant water uptake may
have prevented significant precipitation and accumulation of
salts in the soil as well as contributing to more soil
mineral weathering.
Columns planted to sordan accumulated significantly
more sodium and salt than columns cropped to barley or
alfalfa.

Columns planted to barley accumulated slightly

less sodium but significantly more salt than columns planted
to alfalfa.
Differences in net sodium and salt accumulations due to
crop x water quality interactions were significant (Figure
21).

Differences in net sodium and salt accumulations

between water qualities were much smaller in the non-cropped
columns, compared to the cropped columns.
Post Treatment Soil Chemistry
SAR and salt concentrations within the soil columns at
the end of the experiment were significantly different due

Net salt accumulated per column (g)

N et sodium accumulated per column (g)
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Figure 21.
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Effects of crop x water quality treatments on
net sodium and salt accumulation within soil
columns.*
*Duncan grouping, alpha < .05.
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to irrigation water quality, crop species, and amendment.
Post-experiment soil salinity was consistent with drainage
water chemical data.
Main Treatment Effects:
Main treatment effects on post-experiment SAR levels
are presented in Figure 22 and Table 12, Appendix B .

Soil

SARs throughout the columns differed significantly between
water quality treatments.

Soils irrigated with "past"

quality water had lower SARs than the pre-treatment soil in
the top 2/3 of the profile.

Irrigation with "future" water

quality resulted in uniform SAR with depth.

These SARs were

greater than pre-treatment soil SARs and the post-experiment
SARs of columns treated with "past" water quality.
Treatment with amendments produced significantly lower
SARs than the control treatments at different depths in the
columns (Table 12, Appendix B).

Treatment with

phosphogypsum or gypsum caused the surface soil SARs to be
significantly lower than the surface soil SARs of the
control columns and columns treated with magnesium chloride.
Treatment with magnesium chloride produced the lowest SARs
in the bottoms of the columns. Treatment with phosphogypsum
or gypsum increased SAR in the lowest depth due to sodium
replacement from the surface and accumulation at lower
depths.

Gypsum and phosphogypsum appeared to provided

longer lasting and more complete reclamation than magnesium
chloride as
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evidenced by elevated SARs in the surface of columns treated
with magnesium chloride.
Columns cropped to alfalfa had significantly lower SARs
in the surface 15 cm than the other cropped columns and the
control.

SARs in the bottom 2/3 of the columns were at

levels of:

non-cropped < barley < alfalfa = sordan (Table

12, Appendix B).
Main treatment effects on EC at various depths within
the columns are presented in Figure 23 and Table 12,
Appendix B.

Salt distribution patterns due to water quality

treatments were similar to SAR distributions.

Irrigation

with "future" water quality resulted in significantly
greater salt concentrations throughout the columns than
those resulting from irrigations with "past" water quality.
Irrigation with either water quality treatment resulted in
greater ECs than those measured in the pre-treatment soil.
Some of this increase in EC is attributable to the addition
of amendments.
Treatment with phosphogypsum or gypsum resulted in
greater ECs throughout most depths in the soil columns than
from treatment with magnesium chloride or no amendment.
Salt concentrations in the columns treated with magnesium
chloride were similar to the salt concentrations of the no
amendment treatments at most soil depths for each crop and
the non-cropped columns.

It appears that the magnesium

chloride had been completely leached from the soil columns
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by the end of the experiment.
No significant differences in EC or SAR were measured
between columns treated with phosphogypsum or gypsum.

There

were a few more significant differences in soil EC and SAR
between the control treatments and columns treated with
phosphogypsum than between the control treatments and
columns treated with gypsum.

Phosphogypsum elevated salt

concentrations and decreased SARs slightly more than gypsum
by the end of the experiment.

This was probably due to the

greater dissolution rate of phosphogyspum than gypsum.
Columns with a crop had different salt distribution
patterns than the non-cropped columns.

ECs in the non-

cropped columns were greater in the surface and
significantly lower in the bottom 2/3 of the columns than
the ECs of cropped columns.

Columns cropped to barley had

the lowest ECs of the cropped treatments in the bottom 2/3
of the profile.
Relatively high soil water contents in the non-cropped
columns and columns cropped to barley probably contributed
to the lower SARs and ECs in the lower portion of the
columns.

Conversely, evaporation of water from the surface

of these columns contributed to accumulation of salts in the
surface.

Insufficient drainage in ponded barley treatments

and relatively small volumes of water applied to the no crop
treatments may also have prevented downward movement of
salts in these treatments.
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Water Quality Effects by Crop:
Effects of irrigation water quality on soil SAR were
similar between crops at the 15 cm depth (Figure 24).
However, crop x water quality interactions resulted in
significant differences in SAR at deeper depths (Table 13,
Appendix B).

Irrigation with "past" quality water resulted

in reduction of SAR to levels below pre-experiment
conditions in the top 30 cm of soil columns in all crop x
amendment combinations.

SAR of the soil below 30 cm was

less than pre-experiment SAR only in the columns cropped to
barley and non-cropped columns.

Irrigation with "future"

quality water increased soil SAR at all depths of all
cropped columns.

However, SARs of the columns with no crop

and irrigated with "future" quality water were slightly less
than pre-experiment SARs in the lower 30 cm of the columns.
Effects of water quality on distribution of salts in
the columns varied between crops (Figure 25).

Soil EC near

the surface of columns planted to a crop and irrigated with
"past" water quality was nearly the same as pre-experiment
soil ECs (when averaged over amendment treatments).
Irrigation with "future" water quality caused ECs to
increase to levels above pre-experiment ECs at all depths in
all treatments.

Soil EC of cropped columns increased with

depth while EC of non-cropped columns decreased in the mid
and lower depths.

The smallest differences in post

experiment soil EC between water
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qualities were measured in the non-cropped columns.
Water Quality Effects by Amendment:
Effects of amendments on SARs in the surface soil
varied between water quality treatments (Figure 26).
Application of amendments had little effect on SAR of soils
irrigated with water of "past" quality.

It appears that

amendments would be unnecessary except in the case of
substantial sodium loading from "future" quality irrigation
water.

Magnesium chloride was less effective than

phosphogypsum and gypsum at lowering SARs in the surface of
soils irrigated with "future" quality water, while the three
amendments caused similar responses in columns irrigated
with "past" water quality.
Amendment Effects by Crop:
Effect of amendments on soil SAR varied between crops
(Figure 27).

Addition of gypsum or phosphogypsum lowered

surface soil SAR levels significantly below the control in
columns cropped to alfalfa or sordan (Table 13, Appendix B).
SARs in the surface soil of columns treated with magnesium
chloride were similar to the surface soil SARs in the
columns with no amendment, in all but the non-cropped
columns.

Addition of magnesium chloride to non-cropped

columns resulted in SAR levels less than the SAR of columns
to which no amendment was applied.

Addition of magnesium

chloride caused a significant reduction in SAR in the bottom
1/3 of all columns with a crop except those cropped to
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barley, relative to the no-amendment treatments.
Treatment with phosphogypsum or gypsum resulted in
significantly greater SARs below 30 cm within columns
cropped to alfalfa or sordan than resulted from treatment
with magnesium chloride.

Low average leaching fractions in

columns cropped to alfalfa and poor salt leaching efficiency
in columns cropped to sordan may have reduced dissolution of
amendments and downward displacement of sodium through these
soil columns.
Effects of amendments on distribution of salts within
the soil at the end of the experiment varied between crops
(Table 13, Appendix B).

For all but the non-cropped

columns, addition of gypsum or phosphogypsum resulted in
significantly greater ECs in the surface soil than in the
surface soil of control columns and columns treated with
magnesium chloride.
Treatment Effects on Soil Physical Properties
Effects of the treatments on soil physical properties
became apparent after the first irrigation.

Hydraulic

conductivity of columns planted to barley and treated with
either gypsum or no amendment appeared to decrease
significantly by completion of the third irrigation.

The

infiltration rate appeared to decrease with each successive
irrigation.

This was evidenced by prolonged ponding in the

columns planted to barley as the experiment continued.
Although several columns treated with phosphogypsum began to
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exhibit ponding, no ponding was observed on columns planted
to barley and treated with magnesium chloride.

Water

quality treatments did not appear to affect ponding.
Large surface cracks, macropore channels and root
binding appeared to cause channeling of irrigation water
through the columns and down the sides of the columns
planted to sordan.

This, channeling; which did not occur in

other cropped or uncropped treatments, became evident after
the third irrigation.

Soil was added around the sides of

each column after the eighth irrigation in an attempt to
remedy the problem.
Bulk Density:
Post-experiment soil bulk density data are illustrated
in Figure 28 and Table 12, Appendix B.

Water quality had no

significant effect on bulk density of the surface soils in
any of the crop treatments.
The effects of amendments on bulk density varied
between crops.

Addition of magnesium chloride resulted in a

significantly lower bulk density than the control treatment
within the alfalfa crop.

Conversely, the addition of gypsum

increased the bulk density of soils cropped to sordan.
The effects of the different crops on bulk density were
greater than the effects of the different amendments on bulk
density.

Presence of a crop caused the surface soil bulk

density to increase significantly over the bulk density of
the non-cropped columns.

The effect of the crops on
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increasing bulk density were ranked as follows:
barley > alfalfa = sordan > no crop.
All crop treatments (including the no crop treatment)
caused the surface soil bulk density to increase to a level
greater than the pre-treatment soil density.

The slight

increase in bulk density in the non-cropped columns relative
to the pre-experiment soil was most likely due to dispersion
and settling of soil particles during and following each
irrigation.
Pore Size Distribution:
Soil pore size distribution at the end of the
experiment was determined from water retention measurements
of undisturbed soil cores.

Gravimetric water content and

bulk density were used to calculate volumetric water
contents from -0.1 to -I bar potential (Figure 29).

All

surface soils from columns with crops had significantly
greater volumetric water contents than the non-cropped soils
at similar potentials.

Soils irrigated with "future"

quality water had greater volumetric water contents at a
specific potential than soils irrigated with "past" water
quality.
The volume of pore space in various pore size ranges
was calculated from volumetric water content values for
several potentials.

Data presented in Figure 30 show the

volume of pore space occupied by macropores and micropores.
Macropores were defined as those pores having radii greater
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than 1.49 x IO"3 cm and micropores were defined as pores
having radii less than .149 x IO"3 cm.
All surface soils from columns in which crops were
grown had lower total porosity and macroporosity than noncropped soils.

The surface soil from columns cropped to

sordan retained greater macroporosity than soils planted to
barley or alfalfa.

Columns cropped to barley had a greater

volume of micropores than surface soils of columns planted
to sordan or alfalfa.

Irrigation with "future" water

quality decreased macroporosity below percent macroporosity
of columns irrigated with "past" water quality.

Total

porosity was not different between columns irrigated with
"past" and "future" water quality.
The magnitude of differences in the volume of
macropores due to treatments was greater than the magnitude
of differences in volume of micropores due to treatments.
This suggest that changes in bulk density and total porosity
due to treatments were a result of collapse of large pores.
Pore size distributions are presented in Table 6 as
percent of total porosity occupied by pores of various
radii.

A shift to a greater percentage Of pores in the

micropore range and a lesser percentage of pores in the
macropore range occurred as a result of growing a crop and
irrigating with "future" quality water.
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Table 6.

Pore size distribution.

Pore radius
range
( x 10'^ cm)
>1.49
.49-.452
452-.298
298-.213
213-.149
<.149

Percent of total pore space in range
-- Crop Treatment------- -Water Qualitybarley alfalfa sordan no c r o p WQ I WQ 2
21.5
9.3
3.9
1.7
1.7
61.9

25.5
9.9
2.9
1.8
2.6
57.2

30.8
8.8
2.7
1.7
1.7
54.3

37.8
7.6
2.4
2.7
2.4
47.1

31.1
8.3
2.9
2.4
2.2
53.2

28.2
9.3
3.0
1.6
2.2
55.8

Previous studies indicate that presence of a growing
crop can decrease macroporosity and hydraulic conductivity,
relative to non-cropped soils (Barley, 1953; 1954).

This

has been attributed to both root activity and irreversible
shrinkage during wetting and drying cycles.

The crop effect

on reducing soil hydraulic conductivity and permeability was
most evident in columns planted to barley.

Aggregate

structure appeared to deteriorate, causing a decrease in
macropofosity and an increase in bulk density.
Sordan appeared to have the least detrimental effect of
all the crops on macropofosity.

The extensive fibrous root

system of sordan may have contributed a substantial amount
of organic matter to the soil, which would have a binding
effect on soil particles, thereby maintaining aggregate
stability and greater macroporosity.
The greater EC/SAR ratio in the surface of non-cropped
columns may have contributed to more stable soil structure
than in cropped columns which had lower EC/SAR ratios.
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There appears to be no correlation between post-experiment
soil SARs and soil physical properties of the surface soils
of columns planted to a crop.

Changes in soil chemistry

during the experiment may have contributed to soil
structural changes during the experiment.

Rapid leaching of

salts from the Columns cropped to barley during the first
crop cycle may have created a low electrolyte concentration
and high ESP, leading to irreversible clay dispersion and
structural deterioration.

Irreversible shrinkage may have

occurred in treatments that maintained high sodium
concentrations for a period of time.

Sodium-dominated soils

are generally compressed to lower void ratios at a given
pressure than non-sodium dominated soils (Waldron et al.,
1970).

High sodium concentration of soils irrigated with

"future” quality water most likely caused the observed
structural deterioration.
Leachincr Fraction
The amount of water applied to each crop during each
irrigation was adjusted to attain a uniform leaching
fraction from each column.

This was done to minimize

confounding effects that variable leaching fractions would
have on precipitation and dissolution within the soil
columns.

However, measured leaching fractions averaged over

the duration of the experiment were significantly different .
due to main treatments (Figure 31).
Most of the differences in leaching fraction can be
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attributed to differences in evapotranspiration (ET) and
soil permeability, caused by the water quality, amendment
and crop effects.

Irrigation with "future" quality water

caused significantly greater leaching fractions than
irrigation with the "past" water quality.

This was most

likely a result of lower evapotranspiration from crops
irrigated with "future" water quality than from crops
irrigated with "past" water quality.
Columns planted to alfalfa had significantly lower
leaching fractions than columns planted to the other crops.
The alfalfa crop may have used water at a more rapid rate
than other crops immediately after each irrigation, thus
decreasing the volume of drainage water.

Although plant

water use was greatest in columns planted to sordan, the
measured leaching fractions of these columns were relatively
high.

This was most likely due to water flow through the

macropores, channels and cracks observed in the columns
planted to sordan.
Relatively high leaching fractions of columns which
were not treated with an amendment were most likely due to a
smaller average ET from these treatments.

Columns treated

with magnesium chloride maintained the greatest leaching
fractions, averaged over all crop and water quality
treatments.

This is most likely due to increased

permeability caused by clay flocculation.

Clay flocculation

would have resulted from the high electrolyte concentration
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of magnesium chloride in solution and magnesium exchange for
sodium on cation exchange sites.
These patterns were not consistent within all crops,
however (Figure 31).

Treatment with magnesium chloride had

a greater effect on increasing leaching fractions than the
other amendments in columns planted to barley or without a
crop.

Columns cropped to barley and treated with magnesium

chloride did not pond, thus allowing a greater volume of
drainage water than from the barley cropped columns treated
with the other amendments.

Columns cropped to alfalfa and

not treated with an amendment had much greater leaching
fractions than the columns planted to alfalfa and treated
with amendments.

The significantly lower ET from the

alfalfa crop treated with no amendment probably resulted
from lower yields.
Differences in leaching fractions between each harvest
cycle were also measured for the various crops (Figure 31).
The leaching fraction from columns planted to barley was
significantly less than the leaching fraction from other
crops during the first crop cycle.

This situation reversed

by the second crop cycle, when columns planted to barley had
the greatest leaching fraction.
Evaootransoiration and Crop Yield
Evapotranspiration and crop yield data are presented in
Figures 32 and 33.

ET during the second and third crop

cycles from columns irrigated with "future" quality water

Evapotranspiration (kg H O / column)
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was significantly less than ET from columns irrigated with
"past" water quality.

However, crop yields did not differ

significantly between water quality treatments and thus did
not account for water quality effects on ET.

It is possible

that the increase in soil salinity and reduction in
hydraulic conductivity caused by irrigation with "future"
water quality reduced crop water use but not to the point of
causing measurable yield decreases.
Addition of magnesium chloride or phosphogypsum
resulted in cumulative barley yields significantly greater
than the barley yields from columns which were not treated
with an amendment.

Addition of phosphogypsum, gypsum or

magnesium chloride increased alfalfa yields significantly
above the control treatment yields.
Addition of amendments appeared to reduce sordan yields
slightly.

Apparently, the sordan crop was more sensitive to

elevated soil salinity levels resulting from amendment
treatments.

ET increased over time in the soil columns to

which amendments were applied.

This increase coincided with

yield increases in alfalfa and barley.
Evapotranspiration and yield varied both between crops
and within crops during the course of the experiment. Barley
had the greatest ET during the first crop cycle and thus a
lower average soil water content at the time of irrigation,
compared to the other crops.

Barley water use decreased

dramatically after the first harvest, as evidenced by the

H O

decrease in barley yield.

The decrease in barley yield

appeared to be a direct result of surface ponding and poor
root aeration, as soil structure in columns planted to
barley deteriorated over the course of the experiment.
Sordan yields decreased over time.

However, relatively

high ET was maintained over the first two crop cycles.
Channeling of water most likely decreased the amount of
water retained in the soil.

Drought stress as a result of

greater total osmotic potential may have occurred in the
sordan crop to a greater degree than in other crops and may
have contributed to the decline in sordan yield.

Ill

Summary and Conclusions
A greenhouse experiment was conducted to study the
interactive effects of irrigation water quality, surfaceapplied amendments, and crop species on sodium and salt
leaching efficiency, soil chemical and physical properties,
and crop yield.
Differences in measured parameters as a result of
treatments probably resulted from a combination of soil
physical and chemical properties and crop physiological
factors.

The most contributory factors appear to be: I)

variations in soil water contents and leaching fractions, 2)
effects of plant roots and physiological characteristics of
the various crops, 3) chemistry of the applied water and
subsequent soil solution processes, and 4) differences in
dissolution rates, solubilities and cation composition (Ca2+
or Mg2"1") of amendments.
The following conclusions resulted from this study:
1.

Irrigation with water simulating future Powder

River quality resulted in significant increases in salt
concentration and SAR of soil and drainage water, relative
to irrigation with past water quality.

This increase

resulted in a reclassification of the soil to a saline
category.
2.

Irrigation with water simulating past Powder River

water quality resulted in lower soil SARs than pre-treatment
soils.

However, leaching fractions were not great enough to
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prevent salt accumulation.
3.

Irrigation with water of future quality reduced

surface soil macroporosity, relative to the effects of
irrigation with past water quality.
5.

Water quality had less impact on soil and drainage

water chemistry in non-cropped columns than in columns with
a crop.
6.

Irrigation water quality did not significantly

affect crop yield.

Future water quality would most likely

have reduced crop yields under conditions of greater water
stress.
7.

Effect of amendments on sodium leaching efficiency

corresponded to amendment dissolution rate, that being:
magnesium chloride > phosphogypsum > gypsum.
8.

Beneficial effects of magnesium chloride appeared

to be short term relative to the duration of effects of
phosphogypsum or gypsum on soil properties.

This is most

likely due to the rapid leaching of magnesium chloride from
the soil and easier replaceability of magnesium from the
cation exchange complex than calcium.
9.

Columns treated with phosphogypsum or gypsum had

elevated soil ECs relative to ECs of soil from columns
treated with magnesium chloride or the control by the end of
the experiment.

Addition of magnesium chloride elevated

salt concentrations of drainage waters to a greater extent
than other amendments.
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10.

Effects of amendments were negligible under

irrigation with past quality water.
11.

All amendments increased yields of alfalfa.

Addition of phosphogypsum or magnesium chloride increased
yields of barley.
12.

Sodium and salt leaching efficiencies from columns

planted to a crop appeared to improve with increasing
evapotranspiration and smaller leaching fractions.
13.

Barley had a more beneficial effect on soil

chemical properties but a more adverse effect on soil
structure than did alfalfa or sordan.
14.

Sordan caused the greatest soil macroporosity of

the crop treatments; however, salt leaching was inhibited by
pore bypass.
15.

Columns without a crop accumulated the least net

salt and sodium.
16.

Presence of a crop caused an increase in soil bulk

density and a decrease in macroporosity.

f

114

RECOMMENDATIONS
1.

Irrigation should be limited to well drained,

medium and coarse textured soils.

These soils have high

salt leaching efficiencies and are not highly susceptible to
swelling and clay dispersion from high sodium
concentrations.
2.

When possible, farmers should irrigate when the

water in the Powder River is low in SAR and TDS
concentrations.
3.

Irrigations should be timed for periods of vigorous

plant growth to obtain maximum sodium and salt leaching
efficiency.
4.

Late fall irrigations should be considered.

This

would allow over winter precipitation to leach accumulated
salts further into the soil profile and provide some of the
beneficial effects observed in the non-cropped treatment.
5.

Maintaining adequate leaching fractions is

essential for salinity control.

Efforts should be directed

toward achieving the lowest leaching fraction commensurate
with satisfactory crop growth, while limiting degradation of
irrigation return flow.
6.

The majority of Powder River soil SAR levels are

not presently high enough to require amendment additions.
However, addition of amendments may be necessary for
maintaining production if soil conditions deteriorate.
7.

Amendments increase salt concentrations of soils
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and drainage waters and therefore their use should be
limited to the most impermeable soils.
8.

Use of the right cropping systems and irrigation

practices will help prevent soil degradation and eliminate
the need for amendment additions in the majority of Powder
River soils.
9.

A crop rotation of barley followed by sordan and

then alfalfa may help improve soil conditions.
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Table I.
Site

Pre-experiment soil chemical property means.
Soil
Depth
(cm)

Mean

S.D.

Gay

0-8
8-23
23-38
38-53
53-84
84-99
99-175
175-183

2.19
2.61
3.43
5.42
7.83
10.96
12.21
9.62

0.05
0.04
0.06
0.05
0.04
0.14
0.03
0.11

Jurica

0-8
8-23
23-38
38-53
53-84
84-99
99-175
175-183

1.52
1.86
2.42
2.85
3.98
4.74
7.66
8.03

0.04
0.14
0.12
0.05
0.08
0.08
0.13
0.08

EC (dS m"1)
Pr > F

SAR
Mean

S.D.

Rep=O.6384
Dep=O.0001

5.36
5.70
6.11
6.34
7.62
9.13
10.68
9.63

0.18
0.30
0.34
0.37
0.68
0.73
0.74
1.38

Rep=O.3397
Dep=O.0001

Rep=O.0001
Dep=O.0001

4.52
4.72
5.30
6.18
8.29
8.60
8.72
10.16

0.39
0.37
0.45
1.02
1.86
1.48
2.30
3.55

Rep=O.0002
Dep=O.0001

Significance of difference between sites:
EC (averaged over all depths)
sp^ (pooled sums of squares) = 10.47
t statistic = 3.28*
*significantly different at 0.05 level.
SAR (averaged over all depths)
sp^ (pooled sums of squares) = 5.30
t statistic = 0.888*
*not significantly different at 0.05 level.

Pr > F
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Table 8. Mean comparisons of soil solution EC and SAR
at Jurica site.
Extraction
Event

Amendment

EC
Depth (cm)
15
46
91

PreIrrigation

Control
Gypsum
P-gypsum
MgCl,

b
ab
a
ab

b
b
b
a

-

Control
Gypsum
P-gypsum
MgCl,

a
a
a
a

a
a
a
a

Control
Gypsum
P-gypsum
MgCl,

b
a
a
b

a
a
a

Irrigation #2

Control
Gypsum
P-gypsum
MgCl,

c
ab
a
be

a
a
a
a

b
b
b
a

Irrigation #3
Day I

Control
Gypsum
P-gypsum
MgCl,

a
a
a
a

a
a
a
a

b
ab
ab
a

a
b
b
ab

a
b
b
b

a
a
a
a

Irrigation #3
Day 2

Control
Gypsum
P-gypsum
MgCI9

a
a
a
a

a
a
a
a

a
a
a
a

a
b
b
ab

a
b
b
b

a
a
a
a

Irrigation #3
Day 3

Control
Gypsum
P-gypsum
MgCl9

a
a
a
a

a
a
a
a

b
ab
a
a

a
ab
b
ab

a
b
ab
ab

a
a
a
a

Irrigation #1
Day I

Irrigation #1
Day 3

a

SAR
Depth (cm)
15
46
91

-

-

-

a
a
a
a

a
b
ab
b

a
a
a

a
a
a

b
b
b

a
ab
ab
b

a

a

a
a
b
b
b

a
a
a
a

*Means compared for a given variable and depth followed by the same
letter are not significantly different at the 0.05 level according to
Duncan's Multiple Range test.
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Table 9. Mean comparisons of soil solution EC and SAR at
__________ Gay site.
Extraction
Event

Amendment

Irrigation
#1

Control
Gypsum
P-gypsum
MgCl,

EC
Depth (cm)
15
46
91

-

a
a

-

-

-

-

-

-

a
a
a
a

a
a
a
a

-

a
a
a
a

a
a
a
a

-

a

Control
Gypsum
P-gypsum
MgCl,

C

-

-

a
b
c

-

-

-

-

Irrigation
#3

Control
Gypsum
P-gypsum
MgCl,

a
a
a
a

a
a
a
a

-

Average of
all
irrigations

Control
Gypsum
P-gypsum
MgCl,

b
a
ab
ab

Irrigation
#2

SAR
Depth (cm)
15
46
91

b
ab
ab
a

-

*Means compared for a given variable and depth followed by the same
letter are not significantly different at the 0.05 level according to
Duncan's Multiple Range test.
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Table 10. Mean comparisons of drainage water
chemistry, evapotranspiration and leaching
______fraction, by crop cycle.
Crop
Cycle

I

2

T reatment

Alfalfa
Barley
Sordan
No Crop

a
a
a
a

SAR

b
a
C
cb

Sodium
Leaching
Efficiency

Salt
Leaching

b
a
C
b

b
a
C
b

Alka
linity

pCo2

-

-

-

ET

LF

-

C
a
b
d

b
C
b
a

-

a
a

a
a

a
a
a
a

a
a
a
a

Efficiency
I

UQ I

a

a

b

UQ 2

a

a

a

b
a

-

b
b
b
a

b
b
b
a

-

-

b
a
C
b

a
b
C
b

-

"

-

-

_

_

-

-

No Amendment

a

ab

Gypsum
P-gypsum
MgCl,

a
a
b

b
b
a

"

a
C
b

Alfalfa
Barley
Sordan
No Crop
UQ I
UQ 2
No Amendment
Gypsum
P-gypsum
H g C I,

3

pH

b

_

b

-

a

_

-

_

-

b

cb

C
a
d

a
b
C

a
b

a
a

b
a

b
a

b
b
ab
a

C

_

_

a

a

b
a
b

be
b
a

-

"
-

a
a
a

a
a
a

a
a
a
a

a
a
ab
b

a
C
b
d

C
b
a
C

ab

Alfalfa

b

Barley
Sordan

a
b

a
ab
b

a
b
C

No Crop

a

C

b

a
b
C
b

1

a

b

b

b

a

a

a

b

UQ 2

1a

a

a

a

a

a

b

a

a
a
a

a

b

C

a

a

b

ab

a
a

a
a

b
b

ab
b

a
a

a
ab

b
a

a

b

a

a

ab

a

a

a

UQ

No Amendment
Gypsum
P-gypsum
M g C I,

*Means compared for a given variable followed by the same letter are not
significantly different at the 0.05 level according to Duncan's Multiple
Range test.
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Table 11. Mean comparisons of drainage water chemistry,
_______ evapotranspiration and leaching fraction, by crop.
Crop

Ireatment

PH

SAR

Sodi urn
Leaching
Efficiency

Salt
L e a c h ing
Efficieny

Alfalfa

WQ 1
WQ 2

a
b

b
a

b
a

Barley

Sordan

LF

b

a

a

b

b
a

a
b

No Amendment

a

a

C

C

Gypsum
P -gypsum
MgCl0

a
a
a

,a
a
a

b
b

b
b

b

a
b
b

a

a

b

b

WQ I
WQ 2

a
a

b
a

b
a

b
a

b
a

b
.a

No A m e n d m e n t

a
a
a

a
a
b

a
a
a

b
b
b

a

a

Gypsum
P -gypsum

a
a

a
a

MgCl0

a

b

a

a

a

a

WQ I

a
a

b
a

b
a

b
a

a
a

a
a

WQ 2

No C r o p

ET

No A m e n d m e n t

a

a

b

b

ab

a

Gypsum
P-gypsum
MgCl0

a
ab

a
a

b
b

b
a

a
a

b

a

b
b
a

1

a

ab

a

WQ I
WQ 2

a
a

a
a

a
a

a
a

a
a

a
a

No A m e n d m e n t

a

b

a

a

a
a

a
a
a

b

Gypsum
P-gypsum
MgCl0

b
b

b
b

a
a

a
a

a

a

a

a

a

a

*Means compared for a given variable followed by the same letter are not
significantly different at the 0.05 level according to Duncan's Multiple
Range test.
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Table 12. Mean comparisons of post-experiment soil
properties, by depth.
Depth
(cm)

Treatment

EC

SAR

pH

Alkal
ini t y

Sat.
%

Bulk
Density

0-15

Alfalfa
Sordan
Barley
No Crop

C
b
cb
a

b
a
a
a

ab
a
ab
b

a
a
b
C

C
a
be
b

b
b
a
C

WQ I
WQ 2

b
a

b
a

b
a

b
a

a
a

a
a

No A m e n d m e n t
Gypsum

b
a

a
b

ab
b

a
b

a
ab

a
a

P -gypsum
MgCl0

a
b

b
a

b
a

b
a

b
b

a
a

Alfalfa
Sordan
Barley
No C r o p

a
a

-

-

b
C

a
a
b
C

-

-

C
a
be
b

-

WQ I
WQ 2

b
a

b
C

-

-

b
a

-

No A m e n d m e n t
Gypsum
P -gypsum
MgCl0

be
ab

a
ab

-

a
C

ab
b

-

-

a
a
a
a

-

15-30

30- 4 5

Alfalfa

-

Sordan
Barley
No Crop

a
b

a
b

a
a

a
a

C
b

b
C

C
d

a
a

b
b

C
a

-

WQ I
WQ 2

b
a

b
a

a
a

a
a

a
a

-

No Amendment
Gypsum

b

b
ab
a
C

a
a
a
a

b

a
a
a
a

-

P -gypsum
MgCl0

a
a
b

a
ab
b

-

-

*Means compared for a given variable and depth followed by the same
letter are not significantly different at the 0.05 level according to
Duncan's Multiple Range test.
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Table 13.

Mean comparisons of post-experiment soil
crop, by depth.

Crop
I Alfalfa

Depth
(cm)
0-15

15-30

30-45

Sordan

0-15

15-30

30-45

Barley

0-15

15-30

30-45

No Crop

0-15

15-30

30-45

Treatment
VO I
WO 2
Mo Amendment
Cypsi*
P-gypsie
NgCl1
WO I
WO 2
Mo Amendment
Cypcua
P-gyps
NgCI1
WO I
UO 2
No Amendment
Gypsue
P-gypsua
NgC I,
WO I
WO 2
No Amendment
Gypsiaa
Pgypsiaa
NgC I,
VO I
wo 2
Mo Amendment
Gypsim
P-gypsiaa
NgC I,
WQ I
WO 2
No Amendment
Gypsim
P-gypsim
*gc I,
UQ I
UO 2
Mo Amendment
Gypsua
P-gypsias
NgCl7
WQ I
wo 2
No Amendment
Gypsim
P-gypsiaa
NgCl7
WQ I
WQ 2
No Aaendmem
Gypsim
P-gypsiaa
NgCl7
WQ I
UO 2
No Amendment
Gypsim
P-gypsim
Ngci7
WO I
UO 2
No Amenoaent
Gypsim
P-gypsim
NgCl7
WQ I
WQ 2
No Amendment
Cypsim
P-gypsim
NgCl7

EC

SAR

PM

b

b
a
a
b
b
a

a
a
a
a
a
a

b
a
a
a
a
a
a
a
b
a
a
b
b
a
a
b

*

b
a
a
b
b
a
a
a
a
a
b
a
C

a
ab
b
b
a
b
a
a
b
b
a
a
a
a
a
b
a
a
a
a
a

C

a
b
a
a
ab
ab
b
b
a
a
a
a
b

b
a
b
a
a
b

b
a
a
a
a
a

b
a
a
a
a
a

b
a
a
a
a
a
b

b
a
b
ab
a
b
b
a
a
a
a
a
b
a
b
a
a
C

a
a
a
a
a #
a

ab
b
a
b
b
a
a
b
b
b
b
B
a
ab
b
b
b
a
a
ab
ab
b

a
a
a
a
a
b
a
ab
C

be
a
-

a
a
a
a
a
a
a
a
a
a
a
a

a
a
a
a
a
a
a
a
a
a
a
a
.

Alkalinity
a
a
a
b
b
a
*
-

b
a
ab
b
a
a
a
a
a
a
•
a
a
ab
a
a
b
a
a
b
b
b
a
•
a
a
a
a
a
a

a
a
ab
ab
b

Bulk
Density
a
a
a
I
ab
ab
b

a
a
a
a
a
a
a
a

a
a
a
a
a
a
a

**
a
b
a
ab
ab

a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
•
a
a
a
a
a

a
a
a
a
a
a

a
a
a
a

a
a
ab
b
b
a

a
a
a
a
a
a

a
a
a
ab
b
ab

a
a
a
a
a
a
a
a
a
a
a
a

-

a
a
a
a
a
a

Sat.
X

a
a
a
a
a

•
•
•
•
-

I

I

•Means compared for a given variable and depth followed by the same
letter are not significantly different at the 0.05 level according to
's Multiple Range test.
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