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Abstract:
Copper smelters produce sulfuric acid in the sulfur scrubbing process. Oil refineries use commercial
grade sulfuric acid in alkala-tion units, and the resultant "spent" acid is a waste product.
Field and laboratory experiments were conducted to evaluate the effectiveness of these sources of
sulfuric acid for reclaiming calcareous, saline-sodic soils. Three experimental sites were located on
montmorillonitic loam to clay loam soils in irrigated agricultural valleys of southcentral Montana. The
soils had high pH, ECe, SAR, and ESP values. Subsurface drainage varied substantially with site.
Treatments used in the studies included rates of scrubber acid and comparisons with gypsum,
ammonium polysulfide, spent acid, and scrubber acid used in combination with feedlot cattle manure.
Reclamation effectiveness in the field study was evaluated by saturated paste pH, extract conductivity,
and SAR values. Available P, Cu, Zn, Mn, and Fe levels were determined. Barley (Hordeum
distichum) dry matter yields were harvested the second year.
"Undisturbed" cores from one of the sites were used in a 131-day saturated flow leaching study.
Hydraulic conductivity and leachate EC and pH were measured with time. Soil cores were analyzed for
changes in EC and SAR of the extract from 1:5 soil-water ratios after completing the leaching study.
Field data indicate that reclamation occurred in the surface 5 to 20 cm of sulfuric acid treated plots.
Progress in reclamation was indicated by all soil criteria measured. Barley dry matter yields increased
by significant amounts the second cropping year. Yields due to the highest rate of acid were more than
four times that of the check.
Acid effectiveness increased with rate. Spent acid generally reacted similar to scrubber acid. Sulfuric
acid affected soil properties and barley production similar to gypsum and ammonium polysulfide.
Feedlot cattle manure plus scrubber acid increased barley dry matter yield nearly 40% over acid alone.
Laboratory data indicate that hydraulic conductivity values tend to increase, then decrease under
continuous saturation. Low soil SAR and EC5 values were generally associated with high hydraulic
conductivity and low leaching EC values. Leachate pH may decline if the total volume of leachate that
passed through cores is high. Sulfuric acid was superior to gypsum and ammonium polysulfide in all
criteria measured.
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ABSTRACT.
Copper smelters produce sulfuric acid in the sulfur scrubbing
process. Oil refineries use commercial grade sulfuric acid in alkalation units, and the resultant "spent" acid is a waste product.
Field and laboratory experiments were conducted to evaluate the
effectiveness of these sources of sulfuric acid for reclaiming calcar
eous, saline-sodic soils. Three experimental sites were located on
montmorillonitic loam to clay loam soils, in irrigated agricultural
valleys of southcentral Montana. The soils had high pHj ECe » SAR, and
ESP values. Subsurface drainage varied substantially with site..
Treatments used in the studies included rates of scrubber acid and
comparisons with gypsum,, ammonium polysulfide, spent acid, and scrubber
acid used in combination with feedlot cattle manure.
Reclamation effectiveness in the field study was evaluated by
saturated paste pH, extract conductivity, and SAR values. Available P,
Cu, Zn, Mn, and Fe levels were determined. Barley (Hordeum distichum)
dry matter yields were harvested the second year.
"Undisturbed" cores from one of the sites were used in a 131-day
saturated flow leaching study. Hydraulic conductivity and leachate
EC and pH were measured with time. .Soil cores were analyzed for
changes in EC and SAR of the extract from 1:5 soil-water ratios
after completing, the leaching study..
Field data indicate that reclamation occurred in the surface 5 to
20 cm of sulfuric acid treated plots. Progress in reclamation was
indicated by all soil criteria measured. Barley dry matter yields
increased by significant amounts the second cropping year. Yields due
to the .highest rate of acid were more than four times that of the check.
Acid effectiveness increased with rate. Spent acid generally
reacted similar to scrubber acid. Sulfuric acid affected soil proper
ties and barley production similar to gypsum and ammonium polysulfide.
.Feedlot cattle manure plus,scrubber acid increased barley dry matter
yield nearly 40% over acid alone.
Laboratory data indicate that hydraulic conductivity values tend
to increase, then decrease under continuous saturation. Low soil SAR
and EC5 values were generally associated with high hydraulic conduc
tivity and low leaching EC values. Leachate pH may decline if the total
volume of leachate that passed through cores is high. Sulfuric acid
was superior to gypsum and ammonium polysulfide in all criteria measured.

INTRODUCTION

The Yellowstone and Clark’s Fork of the Yellowstone River Valleys,
in southcentral- Montana are generally very productive, irrigated agficultural areas.

The growing season is 125-130 days.

are c o m for silage, sugar beets, alfalfa, and barley.

Principal crops
The soils are

calcareous, and typically silt loam to clay loam in texture.

There

are significant areas of soils where salts have concentrated to the
extent that growth of most plants is severely limited.

Sodium is

often present in quantity, and in combination with montmorillonite,
the dominant clay in these valleys, the soils are impermeable when
dry and "puddled" when wet.
The original source of the salts is. from weathering of underlying
shale and leaching from the shale beds which protrude from higher land .
adjacent to the valleys.

Hansen (1914) conducted soils research on

the Huntley Irrigation, Project in the Yellowstone River Valley. ■He
reported that there were areas of salt existing in the surface soil
even before irrigation began in 1907.
the affected areas.

Low lying soils were usually

In 1910, Hansen measured the ground water level

at various sites during the growing season.

The water level was 180 to

240 cm below the surface and was found only in underlying gravel.

The

lower layers of the soil, between the upper 30 to 60 cm and.the under
lying gravel, contained little moisture.
extensive, the water table rose.

As irrigation became more

During the growing season in 1913,
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Hansen found the water table to be within approximately 90 cm of the
surface at the same sites he had observed in 1910.

Irrigation practices have intensified and extended the salt prob
lem that originally existed in southcentral Montana.
have been used almost exclusively.

Unlined ditches

Seepage from the ditches * as well

as excessive'application of irrigation water, have raised the water
table.

Where the water table is within 120 to 150 cm from the surface,

water with its dissolved salts moves up the soil profile by capillarity
in response to the evaporative demand (Doering and Willis, 1975).

The

salts are concentrated in the root zone when the water evaporates at
the soil surface.
Sulfuric acid (H^SO^) has been known for many years to be an
effective amendment on Na-affected calcareous soils in the Southwestern
United States (Overstreet et al., 1951).

Traditionally, it has been

expensive, and combined with the handling problems associated with any
acid, its use in reclamation has been limited.
Nonferrous smelting and coal fired industries produce sulfuric
acid in the "scrubbing"' process.

The purpose of "scrubbing" is to pre

vent sulfur oxides from entering the atmosphere.
duced is 91-95% concentrated.
pure.

The acid thus pro

Commercial sulfuric acid is 93-98%

Copper smelting activity in the Rocky Mountain states and

strict Federal air pollution standards are producing a continuing
supply of acid.
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In addition, oil refining and natural gas purification processes
are providing a waste product sulfuric acid.

Commercial grade 98%

sulfuric acid is used by refineries in alkalation units until its con
centration is reduced to 93%.
acid.

The resultant acid is called "spent"

It appears black and has a strong, organic odor.
Scientists in the Southwest have done extensive work with scrubber

produced sulfuric acid (Stroehlein et al., 1978).

They have experi

mented with calcareous and Na-affected calcareous soils, and have
researched application of acid in irrigation water as well as directly
to the soil.

The literature search indicates that research with "spent"

acid has not been reported.
The purpose of this 2-year study was to determine the effective
ness of scrubber produced and oil refinery "spent" sulfuric acid for
initiating reclamation of several calcareous, saline-sodic soils in
southcentral Montana.

LITERATURE REVIEW

Definitions and Properties of Salt-Affected Soils
The original source of the Earth's salts is the crust.

Weathering

releases minerals (salts) from rock, and water becomes the agent for
their transport.

Soils with poor drainage and a high evaporation to

precipitation ratio, may concentrate salts within the soil profile.
Predominant cations and anions present in salt-affected soils are
typically Ca, Mg, Na, K, SO^, Cl, CO^, HCO^, OH, and occasionally NO^
and Si (U.S. Salinity Laboratory Staff, 1954).

Relative cation and

anion concentrations, and their combinations into ion pairs, are signi
ficant and will be discussed below.
Salt-affected soils are classified under the headings saline,
saline-sodic, and sodic (U. S . Salinity Laboratory Staff, 1954).

Saline

soils are those with a saturation extract electrical conductivity (EC^)
greater than 4 mmhos/cm, and an exchangeable sodium percentage (ESP)
less than 15.

This concentration of neutral soluble salts is sufficient

to interfere with the growth of most plants, but creates no adverse soil
physical conditions.

The pH of these soils is usually below 8.5.

The

salt ions present in greatest quantities are generally Cl and SO^ of
Ca, Mg, and Na.

Soluble salts in a saline soil cause reverse osmosis

in the plant cell.

Less salt concentrated water within the plant cells

moves toward the more salt concentrated soil solution.

In addition to

water stress plants growing in saline soils often show nutrient defici-

5

cencies due to competition from non-nutrient ions (U. S. Salinity
Laboratory Staff, 1954).
Reclamation of a saline soil may be accomplished by creating
adequate drainage, then leaching the salts through the soil profile
with low sodium adsorption ratio (SAR) and salt content water.
Sodic soils have an EC^ less than 4 mmhos/cm and an ESP greater
than 15.

The pH is usually greater than 8.5.

High ESP creates adverse

physical conditions such as a hard impermeable crust when the soil is
dry, and "puddling" when wet.

The crust decreases aeration, and makes

seedling emergence and root and water penetration difficult.

When

these soils are wet the deflocculated or "puddled" condition slows
water movement through the profile with the result that anaerobic
conditions may be dominant for extended periods of time.

Thus, root

respiration and aerobic microbiological activity are decreased (Mahmoud
et al., 1969).

A high concentration of Na also has adverse effects

on plant metabolism and nutrition (Satyanarayana and Rao, 1963.; Bhumbla,
1972; Chander and Abrol, 1972; Laura and Idnani, 1973; Poonia and
Bhumbla, 1973).

Excessive pH is a result of the hydrolysis of sodium

bicarbonate and sodium carbonate in the soil solution, or of Na on the
exchange complex. ■ Hydrolysis occurs because of the low relative concen
tration of neutral soluble salts (Brady, 1974).
in equations I, 2, and 3.

The processes are shown
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NaHCO3 + H2O ^ Na+ + OH

+ H 2CO3

Na 2CO3 + ZHgO ^rZNa+ + ZOH

[1 ]

+ H 2CO3

[2 ]

[3]
(X denotes the negative charged clay micelle)
The resultant concentration of OH in the soil solution is expressed by
high pH.

The high concentration of OH may impair root development and

water uptake of plants (Thorup, 1969), and is detrimental to micro
organisms (Miyamoto et al., 1973).

Some plant nutrients are rendered

unavailable (Bhumbla, 197Z; Chander and Abrol, 197Z).

Another effect

of high OH concentration is that soil organic matter is dissolved.
(Mitra and Singh, 1959; Bhumbla, 197Z).

The organic matter may be left

on the soil surface as a black crust when evaporation occurs.
Saline-sodic soils have an EC^ greater than 4 mmhos/cm and an ESP
greater than 15 with a pH value usually less than 8.5.

The high neutral

salt concentration lowers pH and may facilitate flocculation.

The

degree to which flocculation is affected depends on the relative amount
of exchangeable Na to neutral soluble salts.

Therefore, saline-sodic

soils may or may not exhibit adverse physical properties, but high
osmotic potential and the effects of high Na concentration are prob
lems .
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Theory of Reclamation of Saline-Sodic and Sodic Soils.
An overview of the literature indicates that reclamation pro
cedures should accomplish the following:
1.

' Decrease soil ESP and pH.

This should result in improved

physical conditions, reduction of the problems associated with high
Na concentration, and improved soil nutrient status.

The approach is

to add a flocculating cation such as Ca to the soil, or an amendment
that solubilizes precipitated soil Ca or Mg.

In either case, cations

must exchange with the Na on the exchange complex and effect reduced
hydrolysis.
2. ,Remove soluble salts from the soil solution.

This can be

accomplished in part through uptake by extremely salt tolerant plants,
or by leaching through the soil profile if adequate drainage is estab
lished.
Procedures which effect I or 2, but not both, are of little value
alone.

Removal of soluble salts from a saline-sodic soil creates a

sodic soil.

Only decreasing ESP results in a soil solution of greater

salt concentration.
3.

Improve physical conditions.

This is attempted by deep

tillage, the incorporation of organic material, or by the application
of irrigation water with a high Ca + Mg=Na ratio.

Improving physical

conditions allows for better aeration and water penetration which
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facilitate crop growth and further reclamation (lowering of ESP, pH,
or removal of soluble salts) :

Reclamation Techniques for Saline-Sodic and Sodic Soils

Deep Tillage
Deep tillage has been used in conjunction with other reclama
tion procedures.

Bhumbla (1972) found that deep plowing resulted in

lower yields of crops in a highly deteriorated saline-sodic soil.
Branson and Fireman (1960) found subsoiling to 120 cm in a fine-textured
poorly drained saline-sodic soil to be of no benefit.

They attributed

this to the slaking of the dispersed subsoil into the vertical channels
upon irrigation.

O'Connor (1974) advises that management techniques

such as chiseling along with the incorporation of organic matter,
should accompany leaching, in order to maintain favorable infiltration
rates, in a fine-textured, saline-sodic soil.

In contrast to O'Connor,

Loveday (1976) found that deep tillage alone, to 45 cm, in a sodic
clay soil enhanced leaching of soluble Ca and Na salts in the upper
80 cm.

Effectiveness approached that of a combined gypsum-deep

tillage treatment.

Plowing to depths of 40 to 60 cm, and the subse

quent mixing of surface soil, hardpan layer, and limesalt layer in
equal proportions, has been used with lasting effectiveness on the
solonetz soils (Natriborolls) of Canada's central provinces (Cairns
and Beaton, 1976).
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Organic Matter Utilization
Organic material has been used for reclamation in primarily three
ways:

I) as a salt tolerant crop which is harvested; 2) as a green

manure crop; or 3) as an amendment.
Growing plants improve soil conditions in several ways.

Of primary

importance is the physical action of their roots (Bower, 1959; Sharma,
1971; Puttaswamygowda, 1973; Yadav, 1975).

Roots improve water move

ment and gas exchange as they break up the impermeable crust of a saline
sodic or sodic soil.
Of secondary importance is the uptake of salts.

Haq and Khan

(1971) reported that kallar grass (Diplachna fusca) was effective in
absorbing salts and exchangeable Na from the soil solution.

A variety

of salt tolerant plants are listed by the United States Salinity
Laboratory Staff (1954).

Plants that are tolerant to salty conditions

concentrate the majority of salts in their roots, but there!is
generally an increase in salt uptake into the harvestable portion of
the plant (Satyanarayana and Rao, 1963; Poonia and Bhumbla, 1973).
Of tertiary importance is the carbon dioxide produced by plant
roots during respiration.

Carbonic acid formed helps to dissolve

calcium carbonate in the soil (Overstreet et al., 1951).
is free to exchange with Na on the exchange complex.
bicarbonate produced is soluble and may be leached.

Calcium

The sodium
Equations 4
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and 5 illustrate these chemical reactions:

CO, + H,0

[4]

2NaX + H 2CO3 + CaCO3^lCaX + ZNaHCO3

[5]

Carbonic acid will also lower soil pH (Boumans and Hulsbos, 1960; De
et al., 1974).

Root respiration is not of significant influence in soil

reclamation and alone cannot be relied on to reduce ESP and lower pH
(Goertzen and Bower, 1958).
Organic material added to a salt-affected soil provides all of the
benefits that accompany its addition to any other soil.

It improves

permeability and aeration, supplies plant nutrients, increases microbial
activity, and increases cation exchange capacity (Brady, 1974).

Decom

position of organic matter by microorganisms produces carbon dioxide
with resulting influences as just mentioned for carbon dioxide produced
in root respiration.
A green manure plant commonly used with success in ameliorating ■
physical problems is the legume jantar or dhaincha (Sesbania aculeata)
(Zaidi et al., 1968; Bhumbla, 1972; Saraswat et al., 1972; Dargan et
al., 1975; Yadav, 1975)i

Rye (Hansen, 1914) and salar mar grass

(Dalpachine fusca) (Zaidi et al., 1968) have also been used with success
Some organic amendments are the following.

Argemohe mexicana, a

noxious weed, is ground to a powder and incorporated into the soil
(Ramamoorthy and Agrawal, 1966; Krishnamurthy and Soundararajan, 1967;
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Saraswat et al., 1972).

Manure (Branson and Fireman, 1960;

Krishnamurthy and Soundararajan, 1967; Saraswat et al., 1972;
Puttaswamygowda et al., 1973; Yadav, 1975) and compost (Pothiraj and
Srinivasan, 1968; Laura and Idnani, 1973) have been used successfully
for reclamation.

Polysaccharides such as molasses (Krishnamurthy and

Soundararajan, 1967; Saraswat et al., 1972; Yadav, 1975) and sugar or
starch (Padhi et al., 1965; Saraswat et al., 1972; Puttaswamygowda et
al. , 1973) have been used to improve soil aggregation.

Padhi et al.

(1965) reported, though, that starch by itself was ineffective.
Charcoal dust and sawdust (Laura and Idnani, 1973), straw
(Puttaswamygowda et al., 1973; Singh, 1974), and rice husks (Mitra
and Shanker, 1957) have shown varying degrees of success as amendments.
Organic materials are frequently used with gypsum and leaching
for reclamation.

Gypsum with livestock manure (Zaidi et al., 1968;

Bhumbla, 1972; Puntamkar et al., 1972; Poonia and Bhumbla, 1974), with
green manure (Mitra and Shanker, 1957; Taha et al., 1966; Krishnamurthy
and Soundararaj an, 1967), with crop residues (Mitra and Singh, 1959),
and with compost (Taha et al., 1966; Bajpai et al., 1976) has been used
with success in many instances.

Sulfur combined with weed growth

was less effective in reclamation than gypsum and weeds (Mitra and
Shanker, 1957).
Pressmud, a product of the carbonation process in sugar refineries
(60-70% calcium carbonate, 10% organic matter, and small amounts of N ,
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P, and K ) , is an organic-inorganic amendment used with some success
(Kahwar and Chawla, 1963; Bhumbla, 1972; Saraswat et al., 1972).
Another form of pressmud which has been used with success results
from a sulfitation process (Yadav, 1975; Chand et al., 1977).

Bhumbla

(1972) reports that pressmud from the sulfitation process is more

-

effective than that from the carbonation process at pH values above
9.5.

Algae, particularly blue green algae (Anabaena naviculoides) ,

have been useful alone (Sims and Dregne, 1962), and in combination
with a Ca amendment (Dhar and Srivastava, 1968) for supplying N as
well as improving physical conditions of the soil.

Water in Reclamation

. High Salt Water Dilution Method for Reclaiming Sodic Soils
The high salt water dilution method for reclaiming sodic soils
involves the application of water with a high divalent cation concentra
tion.

The method gives best results bn highly impermeable, sodic soils

The flocculating effect of the high-salt concentration facilitates
infiltration, allowing reclamation to begin.

As water with a high

divalent cation concentration percolates through a sodic profile, Na
is displaced from the. exchange complex and ESP decreases according
to the "valence dilution" principle observed by Reeve and Bower (1960).
The "valence dilution" principle is that the adsorbed cation of lower
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valence tends, upon dilution, to be displaced by solution cations of
higher valence.

Successive dilutions of the water can then be used as

reclamation proceeds.

Badiger et al. (1969) report that reclaiming

sodic soils through the use of high-salt water without amendments leads
to a reduction in the cost.
Doering and Reeve (1965) found that the quantity of high-salt water
needed for reclamation increased rapidly as the water’s Ca + Mg content
decreased.

According to these scientists it is impractical to use a

water if its Ca + Mg concentration is less than 30% of the total cation
concentration.

Reeve and Bower (1960) and Reeve and Doering (1966)

used sea water with much success.

Reeve and Bower drastically reduced

ESP and increased hydraulic conductivity in 12 days using a total of 195
cm of water (three successive dilutions of sea water followed by
Colorado River water).

Equivalent.reclamation with river water alone

took 120 days.
High-salt water can be artificially prepared with soluble Ca
amendments such as calcium chloride (Reeve and Bower, 1960; Badiger
et al., 1969; Doering and Willis, 1975) or calcium nitrate (Doering
and Willis, 1975).
land.

The solution is prepared and then applied to the

Gypsum has generally been ineffective for this procedure due

to its low solubility (Doering and Reeve, 1965; Muhammed and Amin,
1965; Badiger et al., 1969; Doering and Willis, 1975).
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Doering and Reeve (1965) Indicate that a leaching water is capable
of reclaiming a particular sodic soil if its.SAR is less than that of
the equilibrium soil solution at the existing ESP.

By successively

lowering the SAR of the salt water solution added to the. soil, rapid
reclamation occurs.

Vander Pluym et al. (1973) concluded that leaching

water with a given total salt concentration produced hydraulic conduc
tivity values inversely related to its SAR.

Rawat and Singh (1974) and

Massoumi (1975) have also found that leaching with water high in salt
concentration, but with low SAR values, is an effective method for
reclaiming sodic soils.
Reeve and Bower (1960) and Reeve and Doering (1966) leached by
successive

dilution until the soil was fully equilibrated.

However,

Muhammed et al. (1969) found that the efficiency of reclamation is
highest at the beginning of any equilibration step.

The soil and water

were assumed to be in equilibrium when the SAR of the leachate was
essentially equal to that of the applied water.

At each dilution step

application of only two-thirds the amount of gypsum-saturated sea water
required for full equilibration was as effective at reducing ESP as
greater amounts of water in both a coarse- and fine-textured soil.

Reclamation of Saline-Sodic Soils by Leaching with Pure Water Only
Authors have reported that pure water has been effective in
reclaiming a saline-sodic soil (Antipov-Karataev, 1960; Boumans.and
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Hulsbos, 1960; Flannery, 1960; Reuss and Campbell, 1963).

Effectiveness

has been attributed to solubilizing Ca (or Mg) salts already present
in the soil profile.

For example, dissolved gypsum reacts with adsorbed

Na by the process in equation 6 .

Sodium sulfate that is produced can

be leached from the soil profile.

2NaX + C a S O ^ ^ CaX + 2Na2S04

[6]

'

Calcium ions are also solubilized through hydrolysis of calcium carbon
ate as desdribed by Goertzen and Bower (1958) in equation 7.
resultant soluble Na can be leached from the soil profile.

The
These

scientists were not able to effect complete reclamation by this process
due to the low solubility of calcium carbonate.

2NaX + CaCO

3

+ HnO-^CaX + NaHCO0 + NaOH
/Z
3

.

[7]

■

Water Management
Leaching of soluble salts from saline-sodic and sodic soils requires
application of water in excess of what is required for crop growth.
The majority of the leaching should be accomplished after application
of the amendment, and before planting.

This allows the seed the most

favorable environment for germination and growth.
Successful reclamation depends on movement of water into and
through the soil profile.

Land to be reclaimed should be perfectly
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level (Amemlya and Robinson, 1958; Bhumbla, 1972) and dikes can be
built in and around a field to insure uniform arid thorough wetting.
The quantity of leaching water required to achieve a desired soil
solution EC depends on the salt content of that water.

Leaching require

ment (LR) is expressed as a fraction of the water applied per season
that must pass through the determined depth to be reclaimed in order
to maintain a steady state (U. S. Salinity Laboratory Staff, 1954),
Equation 8 illustrates the concept
ECiw _ Ddw
ECdw
Diw
where:

EC = electrical conductivity,
D = depth,
iw = irrigation water, and
dw = drainage water.

Rhoades (1968) describes LR for controlling SAR of the soil solution as
well,

Rhoades et al. (1974) suggest that the lowest possible volume of

leaching water be used, commensurate with satisfactory crop growth, to
minimize salt load in the drainage water.

There is an increase in the

total dissolved salts (TDS) of the soil solution when amendments that
decrease soil ESP are used (Miyamoto et al., 1975a).

Therefore, the

amount of water that must.pass through the zone to be reclaimed
increases.

The additional depth of water that must be applied to

achieve the original TDS level can be approximated as being equal to
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the depth of soil to be reclaimed (Miyamoto et al., 1975a).

This extra

water is required in addition to that determined by the LR.

Stromberg

(1972) reports that a depth of water equal to the depth of soil to-be
reclaimed will remove about 80% of the salts, but to remove,90% of the
salts twice as much water is required.

Stromberg believes that soil

texture has little to do with the amount of water required to remove
a given salt load, but it will affect the speed of reclamation.

That

is, soils with lower permeability will require a greater length of time
to be reclaimed because leaching is slower.
-Leaching removes soluble plant nutrients such as NO^.
recommendations must take this into account.

Fertilizer

Mahmoud et al. (1969)

observed that leaching removed organic matter from highly sodic soils.
When leaching is used in conjunction with amendments, water with
a low EC is most desirable.

Low SAR waters are always desirable. ■ Water

high in Na and CO^ or HCO^ is especially poor.

Upon application to the

land these ions cause precipitation of soil solution Ca creating
"residual

as observed by a number of authors (Schoonover et al.,

1957; Fine et al., 1959; Tisdale, 1970; Gumaa et al., 1976).

"Residual

NagCOg" means that sodium carbonate and sodium bicarbonate dominate the
soil solution.

Hence, SAR is effectively increased along with a corre

sponding rise in soil ESP.

Cairns and Szabolcs (1973) found that leach

ing with water high in sodium sulfate caused a downward displacement of
Ca, subsequent soil dispersion, and reduced hydraulic conductivity.
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Leaching can be performed by continuous or intermittent ponding.
According to Bower (1959) intermittent ponding, due to the alternate
wetting and drying, has generally been the most successful method for
improving soil structure and thereby increasing hydraulic conductivity
values.

Reuss and Campbell (1963) found that alternate flooding and

drying at 2-week intervals was most effective at reducing EC in a
saline-sodic soil.

Abed (1975) reported that leaching efficiency is

increased with intermittent ponding, but.continuous ponding effected
lower ESP values with or without gypsum amendments.

Sahota and Bhumbla

(1970) found intermittent ponding to be more effective at increasing
leaching efficiency in the 0 to 30 cm depth, but that continuous ponding
was more effective below 30 cm.

Abrol and Bhumbla (1973) found that

continuous and intermittent ponding were similar and not very effective
for assisting reclamation of a highly impermeable sodic soil.
Proper drainage is paramount if leaching is to be effective (Tob.ia .
and Pollard, 1958; Branson and Fireman, 1960; Lewis, 1966;
Puttaswamygowda et al., 1973; Sharma et al., 1974; Pandey et al., 1975).
There will simply be a dilution of the salts in the soil solution and a
rise in the water table unless soluble salts and leaching water are
'drained from the affected area.

Since most salt-affected soils have

a drainage problem, installed drainage is usually required.

The water

table should remain at least 130 cm deep, in a loam soil in the northern
Great Plains, to keep the upward flow rate near zero (Doering and Willis,
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1975).

Lewis

(1966) reports that 180 cm is the minimum depth in lower

latitudes.

Flushing as used by Yadav and Agarwal (1959) is defined as running
excess water across the surface of the soil.

The authors found that

flushing was effective in removing surface salts from poorly drained
soils not treated with gypsum, if a proper gradient existed.
Irrigation of salt-affected soils requires special management.
Plant root growth is slow and shallow in soils with poor structure
c
(Padhi et al., 1965; Chhonkar et al., 1971; Abrol,et al., 1975; Doering
and Willis, 1975).

In addition, available water is limited to the depth

that has been reclaimed.

These conditions necessitate frequent, yet

lighter irrigations (Overstreet et al., 1951; Bhumbla, 1972; Abrol et
al., 1975; Doering and Willis, 1975; Fletcher and Schurtz, 1975).
Flood irrigation is more desirable than furrow irrigation.

The latter

causes a concentration of salts in the ridges as water rises.by
capillary action to wet them (Stromberg, 1972).

Amendments Supplying Calcium

General
There are many soil amendments supplying Ca.
the form of a soluble Ca salt.

Most of them are in

The primary purpose for their applica

tion is to effect a lower ESP as Ca exchanges with Na on the exchange
complex.
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The application of a Ca amendment, accompanied by sufficient water
to solubilize it, increases the concentration of Ca in the soil solu
tion.

The SAR of the soil solution is thereby decreased and is no

longer in equilibrium with the soil ESP.

As Na leaves the exchange

complex to re-establish equilibrium, Ga ions are available to take
its place.

The process is indicated in equation 9.

2NaX + CaSO.
4

CaX + Na 0SO.
2 4

[9]

Leaching must be accomplished to remove the Na salts produced.

Calcium

amendments may be applied whether or not insoluble Ca (or Mg) is native
in the soil.

These amendments do not have to be repeated each year

unless leaching and irrigation .water have a high SAR, or drainage is
poor and Na salts are not removed.

Besides reducing ESP, Ca amendments

also react with sodium carbonate and bicarbonate that exist in soil
solution.

Equations 10 and 11 indicate reactions that occur when

gypsum is applied as an amendment.

Na3CO3 + CaSO4 ^tCaCO 3 + Na3SO4

[10]

2NaHC03 + CaSO4 ^ = N a 2SO4 + Ca(HCO3)2

111]

The resulting sodium sulfate is a neutral salt and is more desirable
than sodium carbonate or sodium bicarbonate which are caustic to
plants (Bower, 1959; Abraham, 1970).
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Authors describe other mechanisms by which Ca amendments aid
reclamation besides direct reaction with Na.

Abraham and Szabolcs

(1964) determined that Ca amendments added to the soil exert a bene
ficial influence on processes in plant physiology.

Loveday (1976)

found that hydraulic conductivity of a sodic, cla y soil improved
initially with the addition of gypsum due to an electrolytic effect.
(the increased concentration of divalent cations in the soil solution
facilitated flocculation) rather than from cation exchange with Na.
Many authors have employed the electrolytic effect in reclamation of
sodic soils with high-salt water (Reeve and Bower, 1960; Doering and
Reeve, 1965; Rhoades, 1968; Badiger et al., 1969; Muhammed et al.,
1969; Rawat and Singh, 1974; Doering and Willis; 1975; Massoumi, 1975).
Boumans and Hulsbos (1960) indicated that Ca amendments cause a
decrease in pH by exchanging with H ions on the exchange complex.

Gypsum
Gypsum has been by far the most utilized Ca amendment due to its
accessibility, low cost, easy handling, and effectiveness.

The litera

ture abounds with research that has showed gypsum to be an effective
reclaimant on Na-affected soils." Gypsum has been used successfully in
combination with various forms of organic amendments and leaching
(Mitra and Shanker, 1957; Mitra and Singh, 1959; Taha et al., 1966;
Krishnamurthy and Soundararajan, 1967; Zaidi et al., 1968; Bhumbla,
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1972; Puntamkar et al., 1972; Poonla and Bhumbla, 1974; Bajpai et al.,
1976).

Gypsum as a single amendment, in conjunction with leaching, has

reclaimed sodic soils (Overstreet et al., 1951; McGeorge et al., 1956;
Bower, 1959; Yadav and Agarwal, 1959; Baiba, 1960; Branson and Fireman,
I960; Gibaly, 1960; Srivastava et al., 1962; Kanwar and Chawla, 1963;
Abraham and Szabolcs, 1964; Padhi et al., 1965; Verhoeven, 1965;
Chaudhry and Warkentin, 1968; Kobbia et al., 1969; Mahmoud et al.,
/

/

1969; Abraham, 1970; Sahota and Bhumbla, 1970; Tisdale, 1970; Mehrotra,
1971; Sharma, 1971; Bhumbla, 1972; Khosla and Abrol, 1972; Abrol and
Bhumbla, 1973; Maskina et al., 1974; O ’Connor, 1974; Sharma et al.,
1974; Abed, 1975).
Chhonkar et al. (1971) found that pelleting Phaseolus aureus seed
with gypsum and calcium carbonate significantly increased growth, nodulation, and N-fixation in a sodic soil.

Complete soil reclamation

could not be effected, but the environment around the germinating seed
was improved.
The gypsum requirement (CR) for reclamation of a Na-affected soil
is determined by a laboratory test described by the United States
Salinity Laboratory Staff (1954).

The CR measures the amount of gypsum

needed to replace almost all of the Na from the exchange complex, to a
determined depth.

Complete replacement is usually not possible due

to the high bonding energy for part of the exchangeable Na (Chaudhry
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and Warkentin9 1968), or because leaching water may contain Na (Boumans
and Hulsbos, 1960).

The quantity of CO^ and HCO^ ions in the soil solu

tion will affect the CR.

Khosla and Abrol (1972) pointed out that the

minimum.amount of amendment necessary to initiate reclamation has to be
more than the amount needed to combine with the free CO^ and a major
fraction of the soluble HCO^.
Several factors determine the efficiency with which a given Ca
amendment operates.

One factor is solubility.

If limited water is

available, Ca salts with low solubility such as gypsum or calcium car
bonate are not very effective reclaimants (USDA9 Agricultural Research
Service, 1963; Doering and Reeve, 1965; Muhammed and Amin, 1965;
Badiger et al., 1969; Doering and Willis, 1975).

Another factor

that affects efficiency is texture of the amendment material.
grained particles solubilize more rapidly.

Finer

Gypsum has been found to

be most effective when ground so that 100% passes through a 100 mesh
United States Standard Sieve (Gibaly, 1960; Khosla and Abrol, 1972).
Gypsum is almost always applied dry, and directly to the soil.
Bhumbla (1972) reports that gypsum'is most effective for reclamation
when incorporated to shallow depths (10-20 cm).

Reclamation below the

depth of incorporation can occur slowly as the gypsum moves downward
in solution.

In solonetz soils, where Na is primarily concentrated

below the plow layer, deep incorporation is often useful (Sharma et
al., 1974; Cairns and Beaton, 1976).
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Other Amendments
Calcium amendments other than gypsum have been used with success.
Calcium nitrate (Abraham and Szabolcs, 1964; De et al., 1974; Doering
and Willis, 1975) and calcium chloride (Bower et al., 1959; Branson
and Fireman, 1960; Reeve and Bower, 1960; USDA, Agricultural Research
Service, 1963; Puttaswamygowda et al., 1973; Doering and Willis, 1975;
Prather et al., 1978) are soluble and effective on soils with low
hydraulic conductivity.

Calcium carbonate has been used effectively

in the seed pelleting experiment mentioned previously (Chhonkar et al.,
1971) , and in solonetz soils due to their slightly acidic A horizon
z

z

which greatly increases calcium carbonate solubility (Abraham and
Szabolcs, 1964; Cairns and Beaton, 1976).

/
f
Abraham (1970) reports that

"digo earth," which is a mixture of gypsum, calcium carbonate, and
subsoil, is also effective on solonetz soils.

Pressmud, a waste,

product of sugar refineries, produced by a carbonation process, con
tains 60-70% calcium carbonate (and about 10% organic matter with
small amounts of N, P,.and K).

Several scientists have reported using

it successfully (Kanwar and Chawla, 1963; Bhumbla, 1972; Saraswat et al
1972) except at soil pH values over 9.5 (Bhumbla, 1972).

Lime-sulfur

(calcium polysulfide) owes its success partly to the Ca it supplies to
the soil (Bower, 1959; Tisdale, 1970; Stromberg, 1972).

Dhar and

Srivastava (1968) reported that calcium phosphates in conjunction with
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organic matter and blue green algae were successful in reclaiming a
saline-sodic soil.

Sims and Dregne (1962) reported that calcium nitrate

plus single superphosphate (50% gypsum) produced positive growth
responses due, in part, to the Ca they supplied.

Branson and Fireman

(1960) report the use of a soil conditioner, Krilium.

They describe the

product to be a "calcium carboxylate polymer of a hydrolyzed polyacry
lonitrile."
form.

Calcium supplied by the product was in a slightly soluble

The authors concluded that Krilium's moderate success in reclama

tion was probably not due to Ca.

Mahalingam (1973) contributes the

effectiveness of lignite fly ash to its high percentage of Ca, as well
as Mg and SO^.
De et al. (1974) reported the use of a variety of Ca salts.

They

observed the order of amendment effectiveness for decreasing soil pH
and increasing P availability to be:

Calcium nitrate > calcium sulfite >

calcium citrate > calcium acetate > calcium sulfate > calcium sulfide >
calcium oxide > calcium carbonate.

Amendments Supplying Ammonium
Van Schaik and Cairns (1974) found that the addition of high con
centrations of NH^ salts to a solonetz soil increased hydraulic con
ductivity.

They believe that improvement is due to an increase in.salt
'

.

concentration in the soil solution and to the NH^ adsorbed on the clay
particles.

It was concluded that the beneficial effect of NH^ is less
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than that of added Ca, but nevertheless significant.

Cairns and Beaton

(1976) found NH^ to be more effective when added as ammonium nitrate
than as urea or ammonium sulfate.

In a field study on a solodized

solonetz soil. Carter et al. (1977) concluded that a high rate of
ammonium nitrate (449 kg/ha) added annually was effective at lowering
the soil’s ESP.

They found that ammonium nitrate plus gypsum was the

superior treatment, and that ammonium nitrate alone was more effective
than gypsum alone.

Amendments Solubilizing Native Calcium

General
Almost all amendments which solubilize native Ca contain S and
are considered acidifying amendments.

Acidifying amendments are not

effective until the S is oxidized to sulfuric acid.

Oxidation is

accelerated by the bacteria strain Thiobacillus novellus (Rupela and
Tauro, 1973a,b).
When S is in the form of sulfuric acid, reclamation is effected by
the solubilization of native calcium carbonate.

This process is illus

trated in equations 12 and 13 (Overstreet et al., 1951). ■

H2SO4 + CaCO3 + 2NaX ^ t C a X + Na 3SO4 + CO3+ + H3O

[12]

H 3SO4 + 2CaC03 + 4NaX

[13]

2CaX + Na3SO4 + 2NaHC03
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Solubilized Ca replaces Na on the exchange complex.

The exchanged

Na forms soluble sodium sulfate and sodium bicarbonate.

Leaching must

accompany the application of these amendments because their effect is
to create excess salts in the soil solution.

The reaction in equation

12 occurs under the least efficient conditions.

When there is an

abundance of calcium carbonate, adequate moisture, and good soilsolution contact, the efficient exchange shown in equation 13 occurs.
For each atom of S, four atoms of Na are exchanged with two atoms of Ca.
Sulfuric acid also reacts with CO^ and HCO^ of Na in the soil in
a manner similar to gypsum described earlier.
in equations 14 and 15.

The reactions are shown

Once again the neutral salt sodium sulfate is
.

:■

produced and it is readily leachable.

Na 2CO3 + H 2SO4^ n C O 2I + H2O + Na 2SO4

[14]

2NaHC03 + H 2SO4^ = 2C02f + 2H20 + Na 2SO4

[15]

Occasionally an acidifying amendment is used when there is no
native Ca (or Mg) salt in the soil.
is. diagrammed in equation 16.

2NaX + H 2SO4 ^

2HX + Na2SO4

The exchange reaction that occurs
^

[16]

The caution in this situation is that a small amount of amendment may
lower the pH drastically.

Calcium carbonate acts as a buffer, and

although pH is lowered with application of acidifying amendments, change
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occurs predictably.

Acidifying amendments are applied to the soil as.

a fraction of the gypsum requirement based oh. equivalent S content.

Sulfuric Acid

Descriptions and Cautions.
Sulfuric acid is a viscous, corrosive liquid.

Precautions for

handling sulfuric acid are described by Fasullo (1965) and Stroehlein
and Openshaw (1975).
established plants.

Tissue burn can result from application too near
When acid is water applied, concrete-lined ditches

and other conventional irrigation equipment will corrode when the rate
exceeds buffering capacity; i.e., the HCO^ + CO^ + NH^ content of the
water.

Transport should be in iron tanks.

satisfactory.

Only certain plastics are

Diluting acid increases corrosiveness, and releases

large amounts of heat.

Dilution should only be done in a running

stream of water and then by adding acid to the water.

Sulfuric acid

should be handled only by personnel with proper information and equip
ment.

Soil Applied Sulfuric Acid
I.

Effect on Soil Properties and Crop Yields.

The theory of

sulfuric acid reaction in soils has been presented in the earlier dis
cussion on acidifying amendments.

Sulfuric acid requires no S oxidation

period; thus, reclamation can begin immediately (Bower, 1959; Tisdale,
1970).
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All of the experiments reported herein involved soils containing
native calcium carbonate.

An early series of experiments with sulfuric

acid in reclamation was carried out by Overstreet et al.. (1951).

They

compared S equivalent rates of gypsum, elemental sulfur, and 93% sul
furic acid at establishment of an irrigated pasture on a highly sodic
soil with initial ESP values close to 100.

In' one experiment, treatment

rates equivalent to the gypsum requirement were applied and the plots
were deep chiseled.
ration.

Leaching and irrigation followed treatment incorpo

For a period of 20 months the yields of pasture mix on sulfuric

acid treated plots were markedly higher than those of the plots treated
with gypsum or sulfur.

Yields on sulfur treated plots were scarcely .

above the checks. After 20 months there was no significant difference
among yields on gypsum, sulfur, and check plots.

In further experimenta

tion on the same soil, Overstreet et al. used acid rates as low as .06
of the rate, used in the first experiment.

Pasture yields and soil

permeability increased over the check at all acid rates.

Among different

applications of sulfuric acid the final permeability rate varied directly
with the amount of acid applied.
Prather et al. (1978) found that sulfuric acid was more effective
than calcium chloride at lowering ESP of a highly sodic soil.

However

the latter treatment, due to its high electrolyte concentration, was
most effective at increasing soil permeability.

The researchers found

that gypsum was less effective than either sulfuric acid or calcium
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chloride by both criteria measured.

Combining either calcium chloride

or sulfuric acid with gypsum in proportions of one-fourth to threefourths, respectively, appreciably reduced the time and leaching needed
to achieve reclamation as compared to gypsum alone.

As reclamation

began, and ESP lessened, gypsum compared more favorably to the other
amendments because permeability was no longer preventative.
In a field experiment on a highly sodic soil Chand et al. (1977)
found sulfuric acid compared favorably to gypsum and aluminum sulfate
at improving soil properties and first crop barley yield.

Manure, and

pressmud from carbonation factories effected little improvement.

High

rates of pressmud from a sulfitation process effected improvement in
soil, properties and yields, but was inferior to sulfuric acid and gypsum
The effectiveness of aluminum sulfate had severely decreased at second
cropping.

By fourth cropping the effects of sulfuric acid and gypsum

were no longer significant.
Yahia et al. (1975) in a lab experiment studied the effects of
gypsum and 93% sulfuric acid on water penetration in calcareous and
sodic, range soils.

Sulfuric acid was more effective at increasing

penetration than gypsum at all equivalent rates.

The result was

explained by the limited solubility and plugging of soil pores by
gypsum.

For all soils tested (ESP ranged from 4 to 100), water penetra

tion increased with increasing levels of acid application up to certain
rates, then decreased with further application.

At high rates, a

\
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distinct surface crust formed.

The crust was unstable and slaked upon

addition of water, thereby clogging soil pore space.

The increase in

penetration resulting from sulfuric acid was generally greater for
soils with initially high ESP values.

Stroehlein and Halderman (1975)

also advocate sulfuric acid to increase water penetration into Naaffected soils.
Miyamoto et al. (1975a) conducted a lab test in which they found
ESP and total dissolved salts (TDS) to be continuous functions of the
acid application rate.

That is, with increasing acid there is a

decrease in ESP and an increase in TDS until a condition is reached at
which no change takes place as a result of Ca reprecipitation.
from the soil solution, along with SO
gypsum.
2.

4

Calcium

from the acid, precipitate as

Increasing the application of water restricts reprecipitation.
Effect on Soil Nutrients.

Ryan et al. (1974) tested sulfuric

acid for its effect on the solubility of trace elements Mn, Zn, and Fe
in a calcareous, non-sodic soil.

They applied sulfuric acid at varying

degrees of saturation of the acid titratable basicity (ATB). Miyamoto
et al. (1973) define ATB to be a measure of all the base constituents
with which acid may readily react, or a measure of the buffering
capacity of the soil.

Hence, acid rates less than 100% saturation of

the ATB will effect continual but slight pH decreases, whereas rates
greater than 100% saturation create drastic changes. At less than 100%
saturation of the ATB there was a significant increase in water soluble
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Mn, and in DTPA extractable Fe and Mn compared with the untreated soil
(Ryan et al., 1974).

A significant increase in water soluble forms of

Fe and Zn occurred only when acid application was greater than 100% ATB.
These increases occurred with acid rate and time of soil-acid contact.
Ryan et al. (1974) recommend acid rates less than 100% ATB because
plant growth can be severely affected if the pH was extremely lowered.
Nevertheless, rates near 100% ATB are most advantageous. ' They conclude
it would be impractical to neutralize the entire surface rooting zone
because of the great amounts of acid that would be required and because
of probable damage to plants due to increased concentration of soluble
salts.

Band application along the planted furrow is most reasonable.

Ryan et al. (1975) determined that sulfuric acid was. more effective for
increasing available Fe in a calcareous soil than either iron sulfate or
Fe-EDDHA.
Ryan and Stroehlein (1979) ran a lab experiment on calcareous soils
deficient in available P.

The objective was to determine whether 93%

sulfuric acid, mixed thoroughly with the soil, could increase that
element's availability.

They grew.tomatoes (Lycopersicum esculentum)

through three 8-week periods, and marked a significant P increase over
check plots, the entire time at acid rates of 20, 40, 60, 80, and 100%
ATB.

Sulfuric acid application effected a pH decline which made P more

available.

Plant uptake of P matched the dry matter yield response;.

Increasing acid rate affected the form in which P was found in the soil:

3.3

Ca-P decreased, soluble-? and Al-P forms Increased, Fe-P and reductant
soluble P forms remained unchanged.

Sulfuric acid injected in bands at

a rate equivalent to 1,344 kg/ha was found to be as effective as 336 kg
actual P/ha as super-phosphate.
increasing acid rates.

Extractable Fe and Al increased with

Miyamoto et al. (1975b) also suggest sulfuric

acid for increasing P availability.
Ryan and Stroehlein (1976) experimented with "jarbsite" (an iron
bearing by-product of the copper smelting process)^sulfuric acid mix
tures to increase Fe availability oh calcareous soil while growing
sorghum (Sorghum bicolor) in a greenhouse.

Mixtures increased yields

and chlorophyll significantly over either of these materials used alone
and the results were comparable to those obtainable with conventional
inorganic and chelated sources of Fe.

Iron availability changed only

slightly as mixtures were varied.
Tobia and Pollard (1959) used aluminum sulfate, ferrous sulfate,
and sulfuric acid on neutral, calcareous, and sodic soils.

They .

observed the effects of the three acidifiers on Mn, P , Fe, and Al avail
ability under continuous and intermittent irrigation and found that
acidity (pH values of 4-5-6.5) produced by sulfuric acid and ferrous
sulfate was short, lived, whereas, that produced by aluminum sulfate
persisted for a year.

Sulfuric acid brought more P,. Fe., and Al into

solution than did the other treatments.

Aluminum sulfate was most

effective in solubilizing Mn and at increasing permeability of all three
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soils.

Continuous flooding of the neutral, and calcareous soils resulted

in P fixation, presumably by Fe activated by anaerobic conditions.

This

effect was not noticed with the sodic soil.
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Effect on Soil Microorganisms.

Leaching and the application of

sulfuric acid to a sodic soil accounted for an increase in N-fixing
microorganisms, microorganisms that mineralize organic compounds, and
cellulose-decomposers (Shil’nikova and Babaeva, 1977).

These scientists

found gypsum and manure accomplished the same changes.

Soil vs. Water Applied Sulfuric Acid
Miyamoto and Stroehlein (1975) found that on calcareous soils waterapplied acid is as effective as soil-applied acid when rates are less
than 5 metric tons/ha.

When acid rates are higher than this, excessive

amounts of carbon dioxide bubble through the wet soil and destroy aggre
gation.

Some of the carbon dioxide is trapped and restricts water

penetration.

When acid is applied directly to a dry soil surface

carbon dioxide escapes instantaneously without any detrimental effects.
Subsequent application of irrigation water is then beneficial to begin
the leaching process.

Miyamoto et al. (1975a) report that water-applied

acid theoretically lowers ESP more than soil-applied acid at shallow
depths, but is not as effective at lower depths.

Gumaa et al. (1976)

believe that acid application to water has its greatest advantage if
the water is Na-affected.

If. the soil is already affected with Na they

recommend application directly to the surface.
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Ryan et'al. (1977) conducted a greenhouse study, on calcareous soil,
to evaluate the effects of comparable rates of soil- and water-applied
sulfuric acid on dry matter yield, and P and Fe uptake by sorghum.

The

water to which the acid was applied was high in sodium bicarbonate.
Acid was applied in excess of the water's buffering capacity.

Signifi

cant increases in the three variables were produced only by soil treat
ments.

The results are presumably due to the fact that dilute sulfuric

acid, as added through irrigation water, is immediately neutralized by •
the soil whereas point application creates an acid zone sufficient to
release Fe and P from relatively insoluble forms.

In another greenhouse

study with bermudagrass (Cynodon dactylon) on calcareous soil, Ryan .et
al. (1975) applied 93% sulfuric acid at equivalent rates of I, 3, 5, and
10 metric tons/ha by various direct soil methods and as a 3% irrigation
treatment.

All treatments were leached after application.

Crop growth

increased through the first four of seven harvests in a I-year period.
The last three showed a decreasing trend.

Growth, chlorophyll content,

and Fe availability in the soil increased with rate, but there was no
difference between methods of application.

Long-lasting positive effects

were not produced by any of the treatments.
Drainage. Water Quality from Sulfuric Acid Reclamation
In a lab study using a calcareous sodic .soil, Miyamoto (1977) .
evaluated the salt load in drainage waters generated by the application
of sulfuric acid at a rate of 5 metric tons/ha.

He concluded that the
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salt load generated by acid is only a minor portion of the total salt
load created by the leaching process, and thus, the quality (SAR) of the
drainage water from these soils is little affected by acid treatment at
this rate.

Other Amendments
Sulfur has been used by many authors (Overstreet et al., 1951;
McGeorge et al., 1956; Bower, 1959; Branson and Fireman, 1960; Misra and
Sharma, 1967; Mahmoud et al., 1969; Tisdale, 1970).

A major problem

with sulfur as an amendment is the time it takes to oxidize to sulfuric
acid.

At temperatures below 15.5 C oxidation almost ceases.

Tisdale

(1970) reports that if the soil is warm, moist, and well aerated, and
if the sulfur is finely divided (80 mesh or finer), oxidation will be
virtually complete within 4 weeks.

But conditions less than ideal

will slow the process so that complete oxidation may take several years.
Overstreet et al. (1951) report that after 20 months sulfur plots
showed no improvement over check plots due to the extreme alkaline
condition which inhibited the action of oxidizing bacteria.
Aluminum sulfate, or "alum" (Tobia and Pollard, 1958; Bower, 1959;
Misra and Sharma, 1968; Tisdale, 1970), as well as ferric sulfate, or
"copperas" (Tobia and Pollard, 1958; Bower, 1959; Branson and Fireman,■
1960; Tisdale, 1970), and ferrous ammonium sulfate (Misra and Sharma,
1968) have been used successfully as reclaimants.

Several authors
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(Bhumbla, 1972; Chand et al., 1977) found that aluminum sulfate can
create a Zn deficiency and thereby reduce reclamation effectiveness.
The group of amendments called polysulfides are formed when aqueous
solutions of the hydroxides or sulfides of Ca, NH,, K, or Na are heated
with S (McGeorge et al., 1956).

In addition to the sulfide salts the

polysulfides contain sulfates, thiosulfates, and molecular S (McGeorge
et al., 1956).
and varied.

Their chemical composition is therefore extremely complex

They are all highly alkaline with a pH of 10.0 or greater.

Sodium and potassium polysulfides are. rarely used and in some states
their sale is banned.

Calcium and ammonium polysulfides, as well as

ammonium thiosulfate, have been shown to be effective reclaimants by
several authors (Mctieiorge et al., 1956; Bower, 1959; Tisdale, 1970).
Ammonium polysulfide, reportedly increases water penetration by affecting
the water-soil contact angle due to the presence of hydrophilic sulfide
groups (Lengyel, 1-963).
There are several methods of reclamation that aim at solubilizing
native calcium carbonate without the addition of a S compound.

Nitric

acid creates free Ca by reducing the pH of the soil solution.

It is .

a very effective amendment (McGeorge et al., 1956; Bhumbla, 1972).
Electroreclamation is still another approach.

Gibbs (1966) reports

that by creating a current in the soil solution certain chemical reac
tions, including the solubilization of calcium carbonate, can be made
to occur which effect successful reclamation.

MATERIALS AND METHODS

Field Study

Site Descriptions
Field research sites were located on three irrigated, calcareous,
saline-sodic. soils.
Montana.

Site I was located 1.5 km northeast of Custer,

The soil is a LphmiIIer-Hysham silty clay loam, an Ustic

Torrifluvent. Lohmiller, the dominant series in the complex, is class!
fled at the family level as fine, montmorillonitic, calcareous, mesic.
Site 2 was located 4.5 km east of Hysham, Montana.

The soil is

a Laurel loam, a fine-loamy, mixed, mesic Borollic Salorthid.
Site 3 was located 5 km south of Bridger, Montana.

The soil is

an Allentine clay loam; a fine, montormillonitic, mesic Haplustollic
Natrargid.
The water table at sites I and 2 varied from approximately 90 to
greater than 180 cm deep during the growing seasons.

A perforated

plastic drainline was installed 1.83 m deep at site I before the experi
ment began.

Drainage at both sites was sufficient for barley seed

germination and leaching.

The water table at site 3 varied during the

first growing season from approximately 1-30 cm deep.

Drainage was

not sufficient for barley seed germination or leaching, thus the
experiment at this site was terminated after the first year.
Selected characteristics of each soil are presented in Table I.
Textural class was determined by a hydrometer method of particle-size
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Table I.

Some physical and chemical properties of the soil at each
site. Depth is 30 cm unless otherwise specified.

Analysis
Textural class
Predominant clay type
Saturated paste pH
30- 60 cm
60- 90 cm
90-120 cm
Saturation extract EC, mmhos/cm
30- 60 cm
60- 90 cm
90-120 cm
Sodium adsorption ratio
30- 60 cm
60- 90 cm
90-120 cm
Saturation moisture, %
Organic matter, %, 0-15 cm
CaCO , %
NH^OAc extractable Na, me/100 g
Soluble Na, me/100 g
'
Exchangeable Na, me/100 g
Cation exchange capacity, me/100 g
Exchangeable sodium percentage
CaSO^ 2H2O requirement, mt/ha
93% H 2SO4 requirement, mt/ha
(NH^)2SX requirement, hectoliters/ha

Site I

Site 2

Site 3

clay loam
loam
loam
------ montmorillonite-- ---8.6
8.7
8.7
8.8
8.9
8.4
8.8
8.6
8.4

8.6
23
23
15
7
94
106
HO
74 •
37
2.3
7.7
26.1 .
13.0
13.1 36.4
36
32.82
18.71

8.2
27
25
19

68
76
54
32

1.6
8.6
20.5
12.3

7

2
2
1.5 .
63
19
17
17
36
1.7
9.8

12.2

3.5
8.7
25.7
28.1
32
31
11.72 . 29.75
6.68
16.96
47.45
120.38

8.2
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analysis'. (Day, 1965)..
technique of Whittig

Clay type was determined by the x-ray diffraction
(1965).

Organic matter was determined colorimet-

rically using the method of Sims and Haby (1971).

The method for NH OAc
4 .

extractable Na is from Volk and Truog (1934), and cation exchange capac
ity was determined using the method of Bower et al. (1952).

All cation

concentrations were measured by atomic absorption spectrophotometry.
Ninety-three percent sulfuric acid (H2SO4) requirement and ammonium
polysulfide [ (NH4)2S^] requirement are calculations.

'

They are per

centages of the gypsum (CaSO4 -ZH2O) requirement based on equivalent
S content. I/

All other methods are from the United States Salinity.

Laboratory Staff (1954).

Treatment Descriptions
The amendments used in the experiment are described in Table 2.
Sulfur in the two acid amendments was determined by mathematical calcu
lation.

Sulfur in the manure was determined indirectly by a method

which measures excess Ba. 2/

Sulfur was determined gravimetrically in

the gypsum and ammonium polysulfide by the method described in Horwitz
(1975).

Nitrogen in the manure was determined by a micro-Kj eldahl

I/
—

Sulfur content of ammonium polysulfide is variable and may be >45%
by weight. The ammonium polysulfide requirement shown in Table I is
based on 36.4% S (Table 2).

2/

Sulfur determination in plants.
University (unpub.).

Chemistry Station, Montana State

Table 2.

Amendment, analysis.

Amendment

S

93% scrubber I^SO^.

■,30.4 .

92-93% spent H^SO^

.30.3

Feedlot ■cattle, manure^

0.3

100 mesh. CaSO^ * 2H 2O

16.9

(Imli)2 Sk

36.4

N '

Total % by weight
Ca
Mg
Na
P

' Moisture

Zn

■
'

2.2

7.8
23.3

19.5

3.9

2.5

0.69

11.8

Total ppm
Fe
Mn

.1-9

15.0

0.0

31.0

64.0.1520

<0.01

0.7

< 0.01

18.6

647.
10.3

Cu
1.9

0.3
I •
116

0,2
13.0

34,0. 4.8

<2

<2
H

^Manure was applied to the field sites at the moisture percentage indicated.
analyses are on a dry weight basis.

All elemental
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analysis 3/, and in ammonium polysulfide using the Kjeldahl' method
described by Horwitz. (1975).

The manure was prepared for Ga, Mg, Na,

Zn, Fe, Mn, and Cu analysis using a dry ash procedure (Chapman and.
Pratt, 1961).

Analysis was done by atomic absorption spectrophotometry.

Calcium in the gypsum, and micronutriehts in the gypsum, ammonium poly
sulfide, and sulfuric acid were determined by the atomic absorption
spectrophotometry method in Horwitz (1975).

Phosphorus in the manure

was determined colorimetrically using the dry ash procedure of Jackson
(1958).

Gypsum and ammonium polysulfide were analyzed colorimetrically

for P by the method in Horwitz (1975).

Moisture in the manure was cal

culated after oven drying at 49 C.
Treatments were applied in 3.66 x 7.62 m plots at all sites.

The.

statistical design was a randomized complete block.
At site I, two, sets of plots were established.
plots will be referred to as site la and site lb.
treatments were compared in eight blocks.

The two sets of
At site la, five

The treatments were:

check,

one-half, full (the 93% HgSO^ requirement to reclaim the surface 30' cm
at a given site shall be referred to as. the "full rate" of acid at that
site; see Table I for the. corresponding metric-tons/ha), and 2X full
rate of 93% scrubber acid, and a full rate of the 92-93% .spent acid.

3/

Pennington, H. D. 1968. Total nitrogen.in plants by microKjeldahl analysis. Texas A&M University (unpub.).

.

At site lb, two treatments compared in four.blocks were a check and a
full rate of 93% scrubber acid.
Sites 2 and 3 each compared eight treatments in three blocks.
Spent sulf.uric acid was not included in the experiments at these sites. ■
Treatments were:

check, a' full rate of 93% acid (see Table.I for the
' ■
:
'
corresponding metric tons/ha at each site), a full acid rate plus 33.6

metric tons of feedlot cattle manure/ha, a full acid rate-split applica
tion, a full gypsum rate (that is, the C a S O ^ requirement to reclaim,
the surface 30 cm soil depth; see Table I for the corresponding metric
tons/ha at each site), and. ammonium polysulfide at rates of 1.87, 4 .68,
and 14.97 hectoliters/ha at each site.

Only the effects of the high

rate of ammonium polysulfide will be discussed in this work.
Treatments, were applied in April arid May 1977.

Manure and gypsum

were spread by hand and the liquid treatments were applied with plastic
sprinkling cans.

Treatments were incorporated by rototilling to a depth

of 7.5 cm several days after, application.

The .second half of the. full

acid-split application treatment was applied at site 2 in mid-September .
1977, after first year soil samples were collected;

This acid was not

incorporated.

Planting and Fertilization
'Piroline' barley (Hordeum distlchum) was seeded 4 cm deep at a
rate of 108 kg/ha at the end of May 1977.

'Hector' barley was seeded

■2.5 cm deep at the end of April 1978 on sites I and 2 only.

Nitrogen
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at the rate of 44.8 kg/ha.as ammonium nitrate was broadcast at sites I
and 2 in mid-June the second growing season only.

Irrigation and Precipitation
Table'3 describes the amount of precipitation and the quality of
irrigation water that each site received.
was not measured.

Quantity of irrigation water

Precipitation figures were recorded by local National

Oceanographic and Atmospheric Administration Data ,Service stations (NOAA
Environmental Data Service, 1977, 1978).

Electrical conductivity, pH,

and sodium adsorption ratio (SAR) values are seasonal averages. '
Extensive irrigation was practiced the first growing season to.
begin the reclamation process.

Half of the plots at site la, and all

of the plots at sites lb, 2 , and 3 received a light irrigation after
treatment incorporation: "All plots received a second irrigation after
planting.

Irrigation was carried on through mid-August at sites. I and

2 at 10- to 15-day intervals.
month later.

Site I received another irrigation one ..

Sites. I and 2 were irrigated eight and seven times,

respectively. ■ Irrigation water was ponied briefly during each applica
tion to ensure complete wetting and then allowed to flow off the plots.
Site .3 was irrigated five times by mid-August and a sixth time a month
later.

Water was never ponded at site 3.

...
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Table 3.

Site

Precipitation quantity and irrigation water quality.

May 1977-Sept. 15, 1977
;
; EC
Precip.
(cm)
pH
(mmhos/cm)
SAR

Sept. 15, 1977-Aug. 15, 1978
Precip.
EC
(cm)
pH (mmhos/cm) SAR

I

26+

.8.7

0.3

1.2

46+

7.4

0.2

0.7

2

30*

8.2

0.6

2.1

43*

7.4

1.3

,4.9.

3

8§

8,2

0.3

1.2

Figures are an average from data collected at the Ballantine and
Hysham, Montana NOAA Climatolpgical Stations.
^Data collected at the Hysham, Montana NOAA Climatological Station,
g
Data collected at the Bridget, Montana NOAA Climatological Station.
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Rainfall was more than adequate for barley growth at sites I and
2 during the second growing, season.

Only one irrigation was necessary

and it was applied just after heading stage of barley.

Weed Control
Weeding was done by hand both years.

Some plants were cast away

from the sites and some were left on the surface to decompose.

Kochia

(Kochia scoparia) and desert saltgrass (Distichlis stricta) were the
dominant weed species at sites I and 2.

Sedges (Carex spp.) and desert

saltgrass were dominant at site 3.

Soil Sampling
Soil samples were taken by 5 cm increments with a Hoffer soil probe
both years and placed into plastic lined paper bags.
were dried.at 49 C.
from each plot.

These samples

Each sample was a composite of 12 random' subsamples

Samples were collected to a depth of 15 cm in mid-

September the first year and to 20 cm in mid-August the second year;■

Underground Drainline Water Quality
Samples of the water flowing from the drainline at site I were taken
periodically, throughput the first growing, season.

During the second

growing season the point of discharge, was submerged by river water until
August, then several samples were collected.

Electrical conductivity

and pH of ttie samples were measured, and soluble cations Na,' Mg, and Ca
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were determined by atomic absorption spectrophotometry.

Sodium adsorpr

tion ratios were calculated (Appendix Table 10).

Barley Dry Matter Production
Barley dry matter from two 1.5 m

2

areas within each plot was hand

clipped 2.5 cm above the ground at the end of July the second growing
season.

Harvested material was dried for I week at 49 C then weighed.

Soil Analysis
The pH of all soil samples was analyzed in a saturated paste.
Saturated, pastes were prepared by the method outlined by the United
States Salinity Laboratory Staff (1954).
culated (Appendix Table 9).

Saturation moisture was cal

The pastes were allowed to equilibrate for

at. least 8 hours and then a water extract was obtained.
conductivity of the extract was measured.

Electrical

Concentrations of the soluble

cations Na, C, and Mg in the saturation extract were determined by atomic
absorption spectrophotometry.

Sodium adsorption ratios were calculated.

Available P was measured colorimetrically in soil samples prepared by
the sodium bicarbonate extractable P method from Olsen et ai. (1954).
Available Zn, Fe, Cu, and Mn were measured by atomic absorption spectro
photometry.

Samples were prepared by the DTPA extractable micronutrient

soil test of Lindsay and Noirvell (1969) .

.
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Lab Study
A 131-day saturated flow laboratory experiment was conducted on
"undisturbed" cores taken from the surface 30 cm at site 2.

Core Preparation
Cores were taken the third week in October 1977.

A Giddings

hydraulic soil sampler was used to remove, the cores, "undisturbed,"
from a local area, near the field experiment.

Care was taken throughout

the core preparation to ensure minimum soil.water evaporation and
structure alteration.

A model of the cores as used in the experiment

is shown in Figure I.

Treatment Descriptions
Amendments used in the laboratory experiment were the same as those
used in the field experiments.

Treatment rates were applied based on a

2
13.85 cm

core surface area and a 30 cm depth.

Treatments were:

.
check,

one-half, full, and 2X full rate's of 93% scrubber acid, a full rate of
92-93% spent acid, a full gypsum rate, and a rate of ammonium poly
sulfide equivalent to 14.97 hectoliters/ha.

Treatments were replicated

three times.
Treatments were applied directly to the soil surface without incor
poration.

Immediately thereafter a 9 cm head of water (.005N calcium

chloride; 100 ppm mercuric chloride to inhibit microbial growth) was
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SARAIM W R A P
H 2O IN THE CUP IS KEPT A T A
N E A R C O N S T A N T LEVEL
SILICONE SEALER
SOIL C O R E IS ENCASED IN H E A T
SHRINK PLASTIC TUBING
SARAN WRAP
SARAN WRAP
CATCH BEAKER

THE B O T T O M O F THE C O R E IS C O V E R E D O V E R
WITH G A U Z E O R FILTER PAPER.

Figure I.

A model of the "undisturbed" cores used in the saturated
flow laboratory study.
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applied and kept relatively constant throughout the duration of the
experiment.

Soil and Water Sampling
Leachate that accumulated in the catch beakers was removed at
intervals and stored in a freezer.

On termination of the experiment,

cores were cut into four sections at 7.5, 15, and 22.5 cm depths.

The

soil was dried at 60 C .

Water Analysis
The volume of leachate was measured at each collection, and hydrau
lic conductivity was calculated for the interval between collections.
The pH and EC were measured on each sample.

Soil Analysis
Onerfive soil-water ratios were prepared according to a procedure
modified from the one described by the United States Salinity Laboratory
Staff (1954).

Extract filtered cloudy through No. 40 Whatman filter

paper so the following modification of the technique was used.

Five

grams of oven-dried soil were mixed with 20 ml distilled dionized water
plus 5 ml 95% ethyl alcohol.

The 95% ethyl alcohol changed the

dialectric constant to the extent that sufficient flocculation occurred
and a clean filtrate could be obtained.

Soluble Na, Ca, and Mg by
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atomic absorption spectrophotometry and EC were measured in these 19%
ethyl alcohol extracts.

Sodium adsorption ratios were calculated.

Statistical Analysis
The data for all soil variables were evaluated, at each depth and
across all depths sampled, using analysis of variance procedures.
Actual probability, levels of treatment significance were determined.
Pairwise comparisons among treatments were made using a Studerttized
Newmah-Keuls Test (Snedecor and.Cochran, 1967).

Barley yield data

were evaluated similarly. .Hydraulic conductivity and leachate data
obtained from the laboratory study were not statistically evaluated.

RESULTS AND DISCUSSION

Field Study

Surface Appearance
Visual observations were made regarding the effect of sulfuric
acid 4/ on soil surface color and consistence.

Figure 2 shows the

experimental design at site lb where a full rate of scrubber acid
(smoother appearing plots) was compared with a check, and replicated
four times.

The soil in the figure is dry, but it had been irrigated

subsequent to treatment application.

The difference in color is

probably due to oxidation of organic matter by the acid.

Check plot

surfaces became hard and crusted with continued irrigation whereas
sulfuric acid treated plots at all sites remained soft and friable.

Saturated Paste pH
All pH data are summarized in Appendix Table I.

Effect of the full

acid rate on saturated paste pH by depth.at site lb is shown in Figure
3.

Treatment effects in the upper two depths sampled were significantly

different 5/ from the check both years.

The absolute differences

4/

Scrubber acid will be referred to as such, or simply as acid. Spent
acid will be referred to as such, or simply as spent. Sulfuric acid
will refer to the two sources collectively.

5/

At the 10% level according to a Studentized Newman-Keuls test. This
criterion for statistical significance among treatment means is
implied throughout the text.

Figure 2.

Full acid rate (smoother appearing plots) and check replicated four times
at site lb.
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Full acid

Full
acid

Check I

Check

- - 1st year
2nd year

Figure 3.

Effect of the full acid rate with depth on saturated
paste pH at site lb.

Second Year Data

8.5 i—
8.4 _

FULL SPENT

I
a

8.2

-

8.1

-

8.0

“

FULL SPENT

\

\

7.9 -

\
— » TM T means to 20cm depth
TM T means to S cm depth

—

__ I_____________I____________ I____________ I

0

1
/2

FULL

2 X FULL

H 2SO4 RA T E
Figure 4.

Effect of acid rate and source on saturated
paste pH at site la (p = .00).
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between treatments at these two depths were similar each year as.well.
Treatments were also significantly different when compared over the
entire depth sampled each year.
At site la there were significant differences in pH between all
sulfuric acid treatments and the check at each depth sampled, and over
the entire depth sampled both years.

Figure 4 shows the change in pH

with acid rate and source in the surface 5 cm and 20 cm the second year.
The half and full acid treatments were not different from each other.
The full rate of spent acid was significantly different from the half
and full acid treatments only in the surface 5 cm, and the 2X full acid
rate was different from all of the other treatments in the surface 5 cm
and top 20 cm.

First-year data show full acid to be different from the

half acid rate, but not different from the full spent treatment, in
the surface 5 cm and to 15 cm.

First-year data also show 2X full acid

to be the best treatment at all depths for reducing pH.
Figure 5 illustrates the effect of treatment on pH at each depth
at site 3 after the first year.

In the top depth, all treatments are

the same but significantly different from the check.

There is no treat

ment significance in the next two depths, but a similar trend indicating
improvement over the check appears to exist.

Data over the entire 15

cm depth sampled show all treatments to be better than the check.

Full

acid and full acid plus manure, were the same, but statistically better
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9.2

First Year Data

TMT means to 5 cm depth

9.0

8.8
8.6
x

a
8.4

8.2
8.0
7.8
7.6

a.

(p = .00)

TMT means of the 5-10 cm depth

o-

8.4

1MT means of the
0-15 cm depth

Check
c,

(p = .68)

Full Acid

Full Acid+
Manure

Full Acid
Full Gypsum
Split Appl.

Treatment

Figure 5.

Effect of treatment on saturated paste pH at site 3
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than the full acid-split application. 6^/., full gypsum, and ammonium
polysulfide (APS) treatments.

There was no difference between the

latter three mentioned treatments.
There was no decrease in pH due to treatment after the first year
Second-year data at site 2 (Figure 6) indicate that full

at site 2.

acid plus manure and full gypsum treatments were equally effective for
reducing pH in the surface 5 cm.

They were the only treatments differ

ent from the check at that depth.

Second-year data over the entire

20 cm depth sampled show all treatments to be better than the check.
Full acid plus manure, full gypsum, and APS were equally effective, and
superior to the other treatments for reducing pH.
.

Saturation Extract EC
All EC

e

data are summarized in Appendix Table 2.

effect of the full acid rate on ECg at site lb.

Figure 7 indicates

There are treatment

differences both years over the entire depth sampled, but not at any one
depth.

The effect of acid the first year was. to increase ECg above the

check.

By the second year, EC

of the acid plots was less than the check
e
Figure 8 shows the effect of acid rate and source relative to the

check in the surface 5 cm at site la.

jV

After the first year, the 2X .

Note that the full acid-split application treatment used at sites 2
and 3 is simply a half acid treatment during the first year.
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Second Year Data
T M T means to 2 0 cm depth
TM T means to 5 cm depth

I
a

TREATMENT

Figure 6

Effect of treatment on saturated paste pH at site 2
(p = .03 and .00 for 5 cm and 20 cm depths, respectively)
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Full acid

Check
Check
Full
acid

- - 1st year
2nd year

ECe (mmhos/cm)
Figure 7.

Effect of the full acid rate with depth on electrical
conductivity of the saturation extract at site lb.

TMT means to 5 cm depth
- - 1st year
--- 2nd year

Full spent

Full spent
2 x Full
H2SO4 Rate

Figure 8 .

Effect of acid rate and source on electrical conductivity
of the saturation extract at site la (p = .00 and .04,
by year, respectively). Actual check means are 21 and 15
mmhos/cm by year, respectively.
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full acid, treatment had significantly increased ECg over the check.
The second-year data show that there was a significant lowering of ECg
by the half acid and full spent treatments below the check value.

Data

to 15 cm.the first year indicate that full acid and 2X full acid treat
ments effected an increase in EC .
e
a lowering of EC

e

Data to 20 cm the second year show

below the check by all treatments but full acid,

There was no treatment effect on EC^ at site 3.

This was probably '

due to interference by continued upward salt movement from the near
surface water table, irrespective-of treatment.
Figure 9 indicates the changes in EC^ at site 2, by year as a per
centage of the check.

The full acid and APS treatments increased EC ,
e

similarly, above the check in the first year.

These two treatments were

the only ones that showed significant differences' after the first year.
The second year, APS had lowered ECg to a value similar to the check.
All other treatments, except full acid-split application, were signifi
cantly below the check.

The effect of the. second half rate of acid in

the full acid-split application treatment was to significantly increase
EC

e

over the.check value,

Sodium Adsorption Ratio of the Saturation Extract
All SAR data are summarized in Appendix Table 3.

The full acid

rate at site lb reduced SAR below the check in the surface 5 cm and over
the entire depth sampled both years (Figure 10).

The reduction in SAR

of the surface 5 cm was 33% and 44% below the check by year, respectively.

130

1st yr. - TMT means to 15 cm
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120

e

2nd yr. - TMT means to 20 cm
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£

Check

I

Full Acid

Full Acid+
Manure

Full Gypsum
Full Acid
Split Appl.

APS

Treatment
Figure 9.

Effect of treatment on electrical conductivity of the saturation extract
at site 2 (p = .00). Actual check means are 19 and 10 mmhos/cm by year,
respectively.
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Full
acid /

heck

Check/

Full
acid

- - 1st year
2nd year

Figure 10.

Effect of the full acid rate with depth on sodium adsorption
ratio of the saturation extract at site lb.
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Figures 11 and 12 indicate the change in SAR with acid rate and
source at site la.

First-year data to 5 cm show all treatments to be

significantly different from the check, but only the 2X full acid rate
to be different from the others..

Significant treatment effect on SAR

persists after the second year, but the 2X full rate of acid is no
longer different from the other treatments.

Data to 15 cm the first

year show every treatment to be different from each other, and differ
ent from the check.

Second-year data to 20 cm indicate comparable

results except that half acid is. now similar to the full spent treatment
The 2X full acid rate was less effective relative to the check the
second year.

There were significant treatment reductions of SAR below

check values at the second and third depths sampled, both years, at
site la (Figure 12).

The high acid rate was the best treatment overall.

The full rate of scrubber acid was generally the least effective treat
ment.

Second-year data from the 15 to 20 cm depth show.only the higher

acid rate to be different from the check.
All treatments at site 3 were similar for reducing SAR in the
surface 5 cm after the first year (Figure 13).
reduced SAR from 353 to 43.

Full acid plus manure

There was no treatment significance at

the next two depths sampled but a similar trend toward improvement over
the check appears to exist.

Data oyer the entire 15 cm sampled

indicate treatment differences similar to those in the 5 cm depth.
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First Year Data
- - TMT means to 15 cm depth
--- TMT means to 5 cm depth

Full spent
uieL - I

Second Year Data
- - TMT means to 20 cm depth
--- TMT means to 5 cm depth

ull spent

Full spent

Full

2 x Full

H2SO4 Rate

Figure 11.

Effect of acid rate and source on sodium adsorption ratio
of the saturation extract at site la.
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TMT means of tlie IO-Ir) cm depth
- - 1st year
--- 2nd year

Full spent r j
(both yrs)

2 x Full
c.

(p = .00 and .02, by
year, respectively)

Figure 12.

HgSO^ Rate

Effect of acid rate and source on sodium adsorption ratio
of the saturation extract at site la.
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First Year Data
TMT means to 5 cm depth

means of the 5-10 cm depth

b.

(p

TMT means of the 10-15 cm
depth

Check
c.

(p - .43)

Full Acid

Full Acid+
Manure

Full Acid Full Gypsum
Split Appl.

Treatment

Figure 13.

Effect of treatment on sodium adsorption ratio of the
saturation extract at site 3.
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There was no reduction in SAR due to treatment at site 2 after the
first year.
Figure 14.

Results of treatment after the second year are shown in
All treatments except the full acid-split application caused

a significant and similar reduction in SAR to 20 cm.

Sodium Bicarbonate Extractable Phosphorus
All P data are summarized in Appendix Table 4.

Soil samples from

sites I and 3 were analyzed for P after the first year only.

Full acid

significantly increased available P levels in the top depth, and to 15
cm (Figure 15).
Available P increased
amounts with
(Figure 16).

at site

la by statisticallysignificant

each increase in acid rate in the surface 5 cm and to 15 cm
The full rate of spent acid was similar to the full rate

of scrubber acid.

Data indicate that treatment differences in the

second depth were confined to the high acid treatment.

There were no

treatment differences at the 10 to 15 cm depth»
Figure 17 illustrates the effect of treatment on P levels in the
surface 5 cm

at site 3 and site 2, respectively, after I year.

site 3 , only

the full acid plus manure treatment was significantly

different from the check.

At

At site 2, full acid plus manure was the

superior treatment again, but the full acid-split application treatment
also raised P levels significantly above the check.

Data indicate that

there were no increases in P levels due to treatment in the 5 to 10 cm

68

TMT means to 15
2nd yr - TMT means to
20 cm

"
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Check

Full Acid

Full Acid+
Manure

Full Acid Full Gypsum
Split Appl.

Second Year Data
[ I T M T m a a m to 2 0 cm depth

b.

(p - .00)

TREATMENT

Figure 14.

Effect of treatment on sodium adsorption ratio of the
saturation extract at site 2. Actual first year check
mean is 46.
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First Year Data
Check
Full acid

Figure 15.

Effect of the full acid rate with depth on NaHCO
able phosphorus in the soil at site lb.

extract

First Year Data

FULL SPENT

TM T means to 15cm depth
T M T means to 5cm depth

FULL

Figure 16.

2 X FULL

Effect of acid rate and source on NaHCO extractable phos
phorus in the soil at site la (p = .00).
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First Year Data

Site 3
means to 5 cm depth

First Year Data
Site 2
M T means to 5 cm depth

Check
b.

(p - .00)

Full Acid

Full Acid+
Manure

Full Acid
Full Gypsum
Split Appl.

Treatment

Figure 17.

Effect of treatment on NaHCO3 extractable phosphorus in
the soil at site 3 and site 2, respectively.
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or 10 to 15 cm depths at either site.

Treatment differences to 15 cm

were similar to those of the '5 cm depth at both sites.

Figure 18

illustrates that treatment differences persist through the second year
at site 2.

Full acid plus manure is again the best treatment for

increasing available P levels in the surface 5 cm and top 20 cm of
soil.

The full acid treatment is also different from the check in'.the

surface 5 cm.

Iir the top 20 cm the full acid and the full acid-split

application treatments increased available P similarly above, the check.
The effect of the full acid plus manure treatment increased the second
year as the data also show significance at the 5 to 10 cm depth.
■■■

■

DTPA Extractable Micronutrients Zn, Fe, Cu, Mn
Micronutrient data were collected only after the first year at
site I.

The data are summarized in Appendix Table 5.

The full acid

rate at site lb did not significantly increase available Cu or Mn at
any depth measured.

Acid significantly increased Fe levels (Figure

19b) in the first two depths, with the greatest change occurring in
the surface depth.

Zinc (Figure 19a) as well as Fe levels were

increased by statistically significant amounts over the 15 cm depth.
Figure 20 shows the effect of acid rate and source on available
micronutrients in the soil at site la.

Iron increased significantly

with each acid application in the surface 5 cm and top 15 cm of soil.
There is a Mn response only at the high rate of acid in both depths

72

Second Year Data

T

T M T means to Scm depth
TM T means to 20cm depth

a 20
a

I

A
%
ch»
TREATMENT

Figure 18.

Effect of treatment on NaHCO^ extractable phosphorus in
the soil at site 2 (p = .00).

Soil depth (cm)
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First Year Data
/Check
Full acid

Soil depth (cm)

?

Zn (ppm)

First Year Data
/Check
ull acid

Fe (ppm)
b.
Figure 19.

Effect of the full acid rate with depth on DTPA extractable
Zn and Fe in the soil at site lb.
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Figure 20

(p - .00, .00, .02,
pectively).
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*#*#***»*»* • • • • • •f

for Fe, Mn, Cu, Zn, res-

2 X FULL

H2SO4 RATE

Effect of acid rate and source on DTPA extractable micronutrients in the soil
at site la.
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indicated on the figure.

,Copper shows no significant increase at any

rate' of acid in the surface 5 cm of soil.

A significant increase of

0.1 ppm over the check in the 15 cm depth (not indicated on Figure 20)
is effected by the 2X full acid rate, but this increase is so small
that essentially there was no change.

Zinc shows significant increases

to 5 cm and to 15 cm at the full acid rate and then again at the 2 X ■
full acid rate.
cases.

Spent acid reacted similar to scrubber acid in all

Data indicate that differences for the high acid treatment per^

sist through the second depth at increasing Zn and Mn.

Data for iron

show that significant increases in the second depth occur with the ‘
full rates of spent and scrubber acid, and then again for the 2X full
acid rate.
There was no treatment effect on micronutrient levels after the
first year at site 3 (Appendix Table 6).

Pre-treatment levels of Cu,

Mn, and Fe were higher at this site than at sites' I and 2.

Pre

treatment levels and lack of response to treatment are probably related
to the anaerobic condition that existed.

These elements are not fixed

to the extent they are in an aerobic environment (Brady, 19.74) and so
a small decline in pH, as effected by treatments, is not likely to pro
duce a change in Cu, Mn, and Fe levels.

Pre-treatment Zn levels at this

site were similar to those at sites I and 2.

The lack of Zn response to

treatment may also be related to the anaerobic conditions that were
present.
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Figure 21 indicates the effect of treatment on available Fe, Mn,
and Zn in the surface 5 cm of soil at site 2.

(Micronutrient data

from site 2 are summarized in Appendix Table 7.)

Zinc levels were

increased by the full acid plus manure and full gypsum treatments the
first year, and only by the full acid plus manure treatment the second
year.

The full acid plus manure treatment declined in effectiveness,

though, relative to the check the second year.

Full acid plus manure

was the only treatment which increased Mn levels above the check, but
its effectiveness was confined to the first year.
treatments increased Fe levels both years.

All. three acid

The relative effectiveness

of the full acid and full acid plus manure treatments diminished in the
second year.

The second half of the full acid-split application boosted

that treatment’s effectiveness in the second year.

There was no signi

ficant increase in.Cu either year in the surface 5 cm (not shown on
Figure 21).

The data show almost no treatment differences in the second

and third depths either year.

The exceptions are that there was a

slight Zn response to APS at the 5 to 10 cm depth after the second year,
and a first-year Cu response to gypsum at the 5 to 10 cm and 10 to 15
cm depths as well as to APS at 10 to 15 cm.

The data do show substan

tial treatment differences, over the entire 15 cm depth sampled each
year.

There were Zn and Mn responses to all treatments, except full

acid-split application, after the first year but full acid plus manure
and full gypsum were significantly better than full acid alone or APS.
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First Year Data
TMT means to 5 cm depth

(p = .01, .00, .00 for Zn, Mn, and Fe, respectively)

Second Year Data
TMT means to 5 cm depth

Check
b.

Full Acid

(p = .00, .06, .00 for Zn, Mn,
and Fe, respectively)

Figure 21.

Full Acid+
Manure

Full Acid
Full Gypsum
Split Appl.

Treatment

Effect of treatment on DTPA extractable Zn, Mn, and Fe in
the soil at site 2.
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Full acid plus manure was better than gypsum for increasing Mn and
was equally effective for increasing Zn in the 0 to 15 cm depth.

After

the second year results from full acid were no longer different from
those of the check for either variable.

Differences from full acid plus

manure, full gypsum, and APS remained significant.. Response differences
among these three treatments were similar and their effectiveness rela
tive to the check for each variable had diminished.

All treatments were

significantly different from the check for increasing Fe to 15 cm in
the first year.

The full.acid treatment was significantly better than

all of the others.

After the second year the effectiveness of all

treatments except full acid-split application had diminished, and full
gypsum and APS were no longer significant.

The data show that all

treatments increased Cu levels in the 15 cm depth the first year, but
there was no treatment significance that persisted through the second
year.

Full gypsum and APS were similar to each other.and better than

the other treatments, although by very small actual amounts (0.1-0.3
ppm).

Barley Dry Matter Production
Barley yield data are summarized in Appendix Table 8.

Figure 22

shows the effect of acid rate and source on barley dry matter produc
tion the second year at site la.

Barley yields from scrubber acid

treatments were statistically similar and greater than yields from the
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Second Year Data

550 —
450 FULL SPENT

FULL

Figure 22.

2 X FULL

Effect of acid rate on barley dry matter production at
site la (p = .01).
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check.

There is a 2.9-fold yield increase over the check at the half

acid rate and a small additional increase at the full acid rate.
high acid rate shows a 4.1-fpld increase over the check.

The

Although yield

from the full spent treatment did hot differ from the check, it was
also.statistically similar to yields from the half and full scrubber
acid treatments for producing barley.

The reason why barley responded

less to spent acid than scrubber acid can only be speculated.

Spent

acid differs from scrubber acid in that it is more viscous, and that
it contains 4 ppm Al, 0.8 ppm Cr, 0.03 ppm Ti, and 6 to 7% acid esters
and polymers. TJ
The full acid rate at site lb increased barley yields by statis
tically significant amounts comparable to the response at site la.

The

difference between full acid and check yields at site I is represented
in the field by Figure 23.
Full acid plus manure was the superior treatment at increasing
barley dry matter production the second year at site 2.
only treatment significantly different from the check.
illustrated in Figure 24.

It was the
Results are

Yields were increased 3.2-fold over the check

plot mean by the acid plus manure treatment.

Although.the full acid,

full gypsum, and APS treatments are not different from the check, ,they .

Tj

These figures are accepted as representative for oil refinery
"spent" sulfuric acid.
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Treatment

Figure 24.

Effect of treatment on barley dry matter production at
site 2 (p = .02).
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are also statistically similar to the full acid plus manure treatment,
and similar to each other.

Discussion
Data from this research indicate that soil pH decreased gradually
with increasing sulfuric acid rate.

These results are consistent with

the findings of Ryan et al. (1974).

Tobia and Pollard (1958) determined

that very low pH values (near 4.5) can be effected by sulfuric acid in
calcareous, sodic soils but the effect is short-lived.
Sulfuric acid application increased first-year EC^ above check
values in several instances.

Miyamoto et al. (1975a) and Stroehlein

et al. (1978) determined that total dissolved salts increase with acid
rate until a saturation point is attained where Ca re^precipitates as
gypsum.

Data from the O to 5 cm depth at site. I indicate that the

saturation point was not attained with the acid rates used in this
research.
Miyamoto et al. (1975a) and Stroehlein et al. (1978) found that
/

soil ESP decreased with increasing sulfuric acid rate.

Changes in ESP

can be directly correlated with changes in SAR (U. S. Salinity Labora
tory Staff, 1954).

The results of this research show that SAR

generally decreased with increasing acid rate, consistent with the
findings of.the mentioned authors.

Gypsum was similar to sulfuric acid

for reducing SAR at sites 2 and 3 used in this research.

Prather et
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al. (1978) found that the relative effectiveness of gypsum for lowering
ESP decreased as initial ESP of the soil to be reclaimed increased.
The authors found sulfuric acid to be substantially.more effective than
gypsum for lowering ESP in soils with initial ESP values of greater
than 70.

The soils in this research had much lower initial ESP values

(close to 30).

Ammonium polysulfide was similar to sulfuric acid for

decreasing SAR at site 2, but not at site 3.

Ineffectiveness at site

3 is presumed to be due to incomplete oxidation of the product to
sulfuric acid as a result of the anaerobic conditions that were pre
dominant.

Oxidation of APS to sulfuric acid is essential before the

amendment is effective as a reclaimant (Tisdale, 1970).
Data from this research indicate that available P increased with.
acid rate.

Other authors are in agreement with these findings

(Miyamoto et al., 1975b; Ryan and Stroehlein, 1979).

Gypsum and APS

were not effective in this research for increasing available P although
they were similar to sulfuric acid for lowering pH.
dominately associated with Ca in calcareous soils.

Phosphorus is pre
Stroehlein et al.

(1978) found that sulfuric acid reacted with Ca-P in the soil thus
making P more available.

Consistent with these findings, Ryan and

Stroehlein (1979) observed that Ca-P decreased and soluble P and Al-P
increased in the soil with acid application.

Stroehlein et al. (1978)

found that gypsum did not react with Ca-P compounds and for this reason
was ineffective at increasing available P.

Ammonium polysulfide (pH

85

near 10) does not react with Ca-P, and oxidation probably had not
proceeded to the extent that a sufficient quantity of sulfuric acid was
present to influence available P level in the soil.
Authors have found that available Fe and Mn in the soil increase
with acid rate (Ryan et al., 1974; Ryan and Stroehlein, 1979) and these
findings are consistent with the results obtained in this research.
Stroehlein et al. (1978) report that sulfuric acid reacts with pre
cipitated Fe compounds in the soil making Fe more available, whereas
gypsum does not react with Fe compounds.

Their work assists in

explaining why gypsum and probably APS were less effective than
sulfuric acid in this research at increasing Fe levels in the soil.
Ryan et al. (1979) and Miyamoto et al. (1975b) reported that available
Zn did not respond to sulfuric acid applied to calcareous, non-sodic
soils until rates exceeded the soils' buffering capacity.

Available Zn

responded to increasing acid rate in this research though, presumably
because initial. pH values were higher than in the soils used b y the
mentioned researchers.

The literature search indicated that no work

with sulfuric acid for improving available Cu in the soil has been
reported.
Chand et al. (1977) report that sulfuric acid was similar to
gypsum for increasing barley yield through the first three harvests on
a sodic soil.
research.

Their results are consistent with data collected in this

Overstreet et al. (1951) found sulfuric acid to be superior
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to gypsum for increasing yields of a pasture mix on a sodic soil.
Overstreet et al. also report that yields increased with acid rate as
was observed in this research as well.
The literature search found no work reported where sulfuric acid
was used in combination with manure, but Chand et al. (1977) reported
that sulfuric acid alone was substantially better than manure alone for
increasing barley production.

The sulfuric acid plus manure treatment

used in this research was superior to sulfuric acid used alone for
increasing barley dry matter production.

This result is believed to

be primarily a result of the substantial increase in available P levels
effected by this treatment above sulfuric acid used alone.

Lab Study

Hydraulic Conductivity
Hydraulic conductivity was measured using equation I.

K =

SL.

TU

TAH

where K is the HC in cm/day, Q is the volume (cm^) of water passing
through the soil core in time T (days), L is the length (cm) of the
core, H is the length (cm) of the hydraulic head, and A. is the surface

2

area (cm ) of the core.
11.

All HC data are summarized in Appendix Table

Figure 25 shows changes in HG over time.

All treatments effected

a maximum HG between 29 and 66 days after the experiment began.
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Full acid

Full spent acid

/2 acid

2 x Full acid
Full gypsum
:heck

120

130

Time (days)

Figure 25.

Effect of treatment with time on hydraulic conductivity of
laboratory cores.
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Hydraulic conductivity in the full acid treated cores was increasing
at termination of the leaching experiment, whereas it was declining or
not changing with the other treatments.

Treatments which effected

highest maximum flow rate maintained relative effectiveness over time,
and thereby passed the greatest total volume of leachate as well.

The

trends indicate that saturated condition's of longer than 29 to 66 days
without a dry cycle may be inefficient in reclamation.
The HG values obtained, in the lab experiment are extremely low,
probably due to compaction during sampling as a consequence of the high
moisture content in a Na-dominated soil.
very slow infiltration rate.

The low values indicate a

Only the vertical flow component is being

measured, though, whereas in field conditions water also flows laterally.
Hydraulic conductivity values obtained in laboratory cores are not
representative of field values (Amemiya and Robinson, 1958).

1:5 Extract EC
All EC^ data are summarized in Appendix Table 12.

Figure 26 shows

treatment effect, measured after termination of the leaching experiment,
on EC^ of the core soils.

Data shown in the figure indicate that down

ward salt movement had occurred.

The half, full, and 2X full scrubber

acid treatments reduced EC^ over the entire core length by statistically
significant amounts below the check.

The half and full acid treatments

are also significantly different from the 2X full acid treatment.

EC1- (% of check)

TMT means over entire 30 cm
core length

Check

1/2 Acid
Rate

Full Acid

2 x Full
Acid

Full Spent Full Gypsum
Acid

APS

Treatment
Figure 26.

Effect of treatment on electrical conductivity of the 1:5 extract of laboratory
cores (p = .00). Actual check mean is 0.54 mmhos/cm.
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Leachate EC

,

Leachate EC data are summarized in Appendix Table 11„

Figure 27

•shows that leachate EC decreased with time and, except for the check aind
APS treatments, values had ..begun to level off by the conclusion of the
experiment.

There is. no change in the curves that reflect the peaks in

HG observable in Figure 25.

Treatments which effected significant ECc.

reductions below the check and which appeared to effect the highest HG,
also show the lowest leachate EC values.

This general relationship can

be explained in terms of total volume of leachate and total salt that
passed through the cores.

That is, treatments that showed low leachate

EC also passed a high total leachate volume, and therefore, even though
more total salt was removed from those cores (lower ECc values) leachate
J
salt content (EC) remained dilute.

',

1:5 Extract SAR
Sodium adsorption ratios of leachate collected from cores were not
measured.

Sodium adsorption ratios of the 1:5. extract of cores were

determined at. termination o f .the leaching experiment.
data are summarized in Appendix Table 12.

All 1:5 SAR

Sodium adsorption.ratio-

values from all treatments were significantly lower, than the check over,
the eiitire 30 cm' core length (Figure 28).

The SAR values from the.

sulfuric acid treatments were similar and significantly lower than,
either gypsum or APS. ' There were no significant SAR differences, between
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Check

Full Gypsum

Full spent acid
2 x full acid

Full acid

120

130

Time (days)

Figure 27■

Effect of treatment with time on electrical conductivity of
leachate collected from laboratory cores.

92

TMT means over entire
30 cm core length
%
0
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1
O
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TREATMENT

Figure 28.

Effect of treatment on sodium adsorption ratio of the 1:5
extract of laboratory cores (p = .00). Actual check mean
is 16.0.
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treatments at any single depth measured but trends shown in Figure 29
indicate that while most of the change occurred in the surface two
depths, differences appear to have developed through the third and

'

fourth depths as well.

Leachate pH
Soil pH was not measured in the lab cores.
are summarized within Appendix Table 11.

All leachate pH data

The only treatments that show

a declining trend in leachate pH were those that effected the highest
HG, lowest leachate and soil EC values* and lowest soil SAR values,
specifically the half and full scrubber acid treatments (Figure 30).
Gypsum, APS, and the full spent treatments are not shown on the graph.
No consistent trends in pH of the leachate collected from cores so
treated could be observed.

Discussion
Sulfuric acid was more effective than gypsum or APS in the
laboratory leaching study for increasing HG values.

Prather et al.

(1978) and Yahia et al. (1975) found sulfuric acid to be more effective
than gypsum at increasing soil permeability, and water penetration
respectively, in sodic soils.

The results reported by these authors

substantiate the findings in this research.

Yahia et al. explained

that gypsum's relative ineffectiveness was due to its low solubility
and consequent plugging of the soil pores.
\

'

The researcher conducting
'
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Figure 30.

Effect of acid rate with time on pH of leachate collected from laboratory cores.
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this work believes.that, the general ineffectiveness of gypsum in the
laboratory study vs. the field.study may be related to. the fact that
treatments were not incorporated as they were in.the field.

The

general ineffectiveness of APS in the laboratory study vs. the field,
study, is probably due to the continuous saturated conditions that pre
vented any oxidation to sulfuric acid.
Laboratory data from this research indicate that HC tends to
increase, then may decrease With time.

This observation is supported

by research of. Bower (1959).
Whereas Yahia.et al. (1975) found that water penetration increased
with acid.rate, HG data.from the laboratory study in this research do
not seem to indicate, a similar trend,

. ■ '

1

SUMMARY AND, CONCLUSIONS
Results from the field and laboratory experiments.indicate that
reclamation occurred to varying depths below the surface.

Field data

show that most reclamation occurred in the surface 5 cm, but there is
evidence of reclamation to 20 cm after the second year. .
Visual observations of field experiments indicated that acid
treated plots were different, in color.

The change is probably due to

oxidation of organic matter by sulfuric acid.
as organic matter is oxidized by the acid.

A charred color appears

The.surface of the check

plots crusted on drying after each watering throughout the experiment.
Sulfuric acid treated plots remained soft and friable.

These changes

indicated that surface reclamation was occurring.
Saturated paste pH decreased by significant amounts with increas
ing acid rate at site I. .The half acid treatment was sufficient to
reduce pH below 8.5 after the first year.
scrubber acid reduced pH similarly.
the check, persisted the second year.

The, full rates of spent and

Treatment effectsi relative to
Full acid plus manure; gypsum,

and APS were the superior treatments for lowering pH at site 2 after
the second year and there.was no significant difference among"the three.
Manure enhanced the effectiveness of acid for reducing pH at site 2.
Full acid and full acid plus manure were superior for lowering pH at
site 3, and were equally effective.

’

Electrical conductivity of the saturation extracts increased due
to treatments at sites I and 2 in the first year, but already there was _

evidence of downward salt movement.

At site I, first-year salt

' '

increases were caused by the full and 2X full, acid rates, whereas the
half and full spent acid treatments showed no change compared to the
check.

At site 2, full acid and APS increased EC

similarly over the

check.

After the second year, treated plots at sites I and 2 generally,

had lower EC^ values than check plots probably due to increased leach
ing efficiency as a result of the reclamation that was occurring.

At

site I, the half acid, 2X full acid, and full spent treatments showed
the lowest ECg values.

At site 2, all treatments except full acid-split

application and APS showed decreased EC^ values below the check.
full gypsum treatment showed the greatest reduction.

The

The full acid-

split application effected a significant increase in EC^ over the check
probably due to the new soluble salt load created by the acid applied
the second year.
'

'

Manure did.not assist acid at lowering EC .
.

•

-

V

. e

There
■■

.

was no treatment effect on.EC^ at site 3. . This result is probably
related to interference by continual upward salt movement from the . .
near-surface water table, irrespective of treatment.
; All second-year EC^ values declined at sites I and 2.

The differ

ence was established to be in part due to the analytical equipment,
although some of the observed.change is probably due to .annual fluctua
tions in the soil independent of the experiment.

.

Sodium adsorption ratios at site I were reduced by all treatments
both years.

The high acid rate was the superior treatment for lowering
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SAR both years, but its effectiveness relative to the check decreased in
the second year.

The full rate of scrubber acid was the poorest treat

ment for lowering SAR both years at site la, but its effectiveness at
site lb relative to the check was better, than the full spent treatment
at site la.

Full spent was more effective for lowering SAR than the

half acid rate the first year and similar in the second year.

At site

2, treatments lowered SAR significantly below the check only in the
second year.

All treatments reacted similarly, with the exception of the

full acid-split application treatment which was not as effective for
lowering SAR.

After the first year at site 3, all treatments had lowered

SAR significantly below the check.

Ammonium polysulfide was not as

effective for lowering SAR as the other treatments which were all similar
to each other.

Trends in the data indicate that manure may assist acid

for reducing SAR, but there was no difference statistically.
year SAR values declined at sites I and 2.

All second-

The change may be due to

annual fluctuations independent of the experiment.'

The decline was small

and not enough to affect the soil’s poor quality.
Sodium bicarbonate extractable phosphorus levels in the soil
increased with acid rate at site I, and appeared related to pH decline.
Spent acid increased P similar to scrubber acid.

The 2X full acid rate

raised P levels in the top 15 cm of soil to the medium range for plant
growth.

Phosphorus was measured only after the first year at site I.

At sites 2 and 3, full acid plus manure increased P above any other
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treatment.

It appears that acid solubilizes P supplied by the manure.

Full acid and full acid-split application treatments increased P
similarly at site 2 and by significant amounts over the check.
two treatments were not effective at site 3.

The

The effectiveness of the

full acid plus manure'and■full acid treatments at site 2 increased rela
tive to the check in the second year.
P levels at either site 2 or 3.

Gypsum and APS did not increase

Results suggest that available P levels

are not simply pH dependent because gypsum and APS were generally as
effective as acid at lowering saturated paste pH.
Micronutrients (DTPA extractable Cu, Zn, Fe, Mn) were measured the
first year at sites I and 3 and both years at site 2.

Copper level

increased by a statistically'significant.amount over the check in
response to the high acid rate at site I.

The increase was only 0.1

ppm (from 2.3-2.4 ppm). All treatments at site 2 increased Cu levels
by significant amounts;in the first year.

Gypsum and APS raised avail

able soil Cu by 0.4.ppm, and the three acid treatments raised Cu by
0.1 to .0.3 ppm oyer the check.
Cu.

Manure did not assist acid for increasing

There was no Cu response to treatment the second year at site 2.
There was ho micronutrient response to treatment at site 3,

probably related to the anaerobic soil, condition that existed.
t
Zinc levels at site I were increased by significant and similar .
amounts above the check by the full rates of scrubber and spent acid,
and by another significant amount in response to the high acid rate.

■
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.

Irqn reacted the same as Zn to increasing acid rate and source with the
addition of a significant response to the half acid rate.
Full acid plus manure and.full gypsum were the most effective treat
ments at increasing Zn at site 2 the first year.
were similar to each other.

The two treatments .

Full acid and APS also increased Zn over

the check the first year and were similar to each other.
not effective for increasing Zn the second year.

Full acid was

Full acid plus manure,

full gypsum,, and APS increased Zn by significant amounts arid there was
no difference among these three treatments.
assisted acid at increasing, Zn levels.

Data show that manure .

Zinc increases at site 2 the

second year due to•treatment, were less than after the first year.
All treatments at site 2 increased Fe in the first year.
acid, treatment was most effective.

The full

Only the three acid treatments pro

duced significant Fe increases over the check.after the second year and
the increases had diminished since the first year.

Manure provided no',

additional benefit to acid for increasing' Fe levels. .
..Manganese.was increased significantly above.the check at site I
only by the high acid treatment..

All- treatments at .site 2, except

full,acid-split application,increased Mn oveir the check by significant
amounts in the first year.

Full acid plus manure was the best treat

ment followed by, full, gypsum, then full acid and APS.

After the second

year relative increase in Mn due to treatment had decreased and only full
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acid plus manure, full gypsum, and APS were significantly different
from the check.

There were no differences among the three treatments.

Data show that manure assisted acid at increasing Mn levels in the soil
Barley dry matter production after the second year at site I was
increased by statistically significant amounts over the check by all
scrubber acid treatments.

Although there was no significant yield

differences between rates of scrubber acid, the half and full rates
increased yield nearly threefold over the check and the high rate
increased yield 4.1-fold over the check.

Data indicate that spent acid

may not be as effective as scrubber acid for barley production.

Rela

tive ineffectiveness could be related to aeration problems (spent acid
is more viscous than scrubber acid) or toxicity.

At site 2, full acid

plus manure increased yield by statistically significant amounts (3.2fold) over the check.

None of the other treatments were significantly

different from the check, but full acid, full gypsum, and APS were
statistically similar to each other and to the full acid plus manure
treatment as well.

The addition of manure provided a substantial yield

increase over that attained with the full rate of scrubber acid alone.
Manure assisted sulfuric acid at I) lowering soil pH; 2) lowering SAR,
and 3) improving the available soil P, Zn, and Mn status.

Manure may

have improved soil physical properties as well, although measurements .
were not made.

Effectiveness of manure plus acid for producing barley
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is probably best explained in terms of the substantial increase in
available soil P effected by this treatment.
Results of the 131-day laboratory saturated flow leaching study
follow.

Hydraulic conductivity was measured with time through treated

soil cores.

Treatments effected a maximum flow rate between 29 and 66

days after the experiment began.

The trends indicate that saturated

conditions of longer than 29 to 66 days without a dry cycle may be
inefficient in reclamation.
Electrical conductivity of the leachate collected from cores
decreased with time, but there was no reflection of the HG peaks for
the date on which flow was maximum.

In general, treatments with the

highest HG curves, showed the lowest EC curves.

Analysis of the soil

cores at termination of the leaching study showed that in general EC^
and SAR were also lowest in cores where HG had been highest.

The results

indicate that leachate EC values are lowest from cores that have hadthe greatest total amount of salt removed.

The inverse relationship

can exist because the total volume of leachate passed through those
cores is high.

The total salt removed by the leachate is high, but the

concentration (EC) at- any one time is low.
Data show downward salt movement had occurred.

The half, full, and

2X full acid treatments reduced EC^ significantly below the check. .
Half and full acid EC^ values were significantly lower than those of
the 2X full acid treatment.
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Sodium adsorption ratios of 1:5 extracts from soil cores were
evaluated at termination of the leaching study.

All of the sulfuric

acid treatments reacted similarly at lowering SA.R over the entire 30 cm
core length, and better than either full gyp sum or APS.

Improvement

of SAR is related to increased HG, decreased leachate EC, and decreased
soil ECc values.
5
Leachate pH was measured.

The only trend that may exist is that

pH decreases with time in leachate from cores that have passed a high
total volume.

The half and full scrubber acid treatments effected high

HG values and also show a trend of declining leachate pH.

The relation

ship seems reasonable in that once most of the Na from a given column
of soil is removed, neutral salts will dominate.
The general ineffectiveness of gypsum in the laboratory study vs.
the field study may be related to the fact that treatments were not
incorporated as they were in the field.

The general ineffectiveness of

APS in the laboratory study vs. the field study is probably due to the
continuous saturated conditions that prevented its oxidation to
sulfuric acid.

Effectiveness of sulfuric acid in the laboratory study

did not appear to be closely related to acid rate or source.
in the part of the United States where, this research was carried
out sulfuric acid can be obtained, custom applied, on a cost competi
tive basis with gypsum.

The present cost of APS would make the rate

used at site 2 competitive with the full rate of scrubber acid used
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at that site.

Spent acid can be obtained at a lower cost than scrubber

acid.
The research has showed that on a present cost equivalent basis '
■sulfuric acid was similar to gypsum and APS for improving several,
calcareous, saline-sodic soils.

The data obtained 'are sufficient, in

the researcher's opinion, to warrant the increased use of sulfuric
acid for reclamation of these types of soils.
Recommendations for efficient use of sulfuric acid, to reclaim
calcareous, saline-sodic soils follow.
fall.

Acid should be applied in the

Winter and spring moisture, combined with time, will assist in

initiating reclamation before first seeding.

Acid should be applied

with the proper■equipment, and by knowledgeable personnel.

Disk the

acid several cm deep into the soil for maximum soil-acid contact.

If

the decision is made not to plant the first year, frequent and heavy
irrigation with good quality water would be advantageous to effect
leaching of the Na salts and thus speed the reclamation process.

Con

tinuous ponding of the treated area does not appear to be of additional
benefit.

Plant a salt-tolerant crop such as barley,

A row crop is

less advantageous because salt,will tend to concentrate in the ridges
where the seeds are planted, rather than be leached.

Use a. higher.than

normal planting rate (for example 2X normal) because tillering will be
minimal.

Plant the seeds close to .the soil surface (about 2.5 cm deep)

Reclamation, proceeds from the surface downward so a shallow planting
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will give the seed the best environment for germination.

There is

generally a poor response to fertilizer on these soils except when it
is applied at much higher than normal rates.

Fertilization in the early

stages of reclamation is probably not economical.

If the growing season

is dry, irrigate at frequent intervals (for example, 15 days for
barley).

Irrigation should be light, just enough water should be

applied to get the soil wet.

It is necessary to irrigate often to -keep

the salt concentration in the soil-water dilute, but at the same time
the irrigation cannot be heavy or the soil will remain too wet.
It is felt that a half rate of acid plus as much manure as can be
applied would be the most economical plan to begin the reclamation
process.
The first year after sulfuric acid,is applied, an improved soil
nutrient status can be expected,

This effect is short-lived, but can

be prolonged if acid is applied with manure.

Salt content of the soil

will increase and soil pH and SAR will decrease. .If drainage is
adequate, the salt load generated by acid application will begin to
move down from the soil surface with irrigation water, SAR may con
tinue to decrease with depth, and pH should stay steady.
The most important point that can be made is that the lasting
effectiveness of sulfuric acid depends on proper drainage of the site.
The water table should be close to 150 cm deep during the growing
season.

If the water table is near the soil surface, Na salts will
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continue to move up into the major rooting.zone and.reclamation from
a single application of acid will cease.

Reclamation of a poorly ■

drained site should not be attempted until subsurface drainage is
improved.
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Appendix Table I

Site

Year

la

First

lb

2

3

Field study treatment means for saturated paste pH.

Treatment

5-10

0-20

0-15

8.4a+ (.00)* 8.4a (.00)
8.2b
8.3b
8.2b
8.1c
7.9c
7.7d
8.2b
8.0c

8.5a (.05)
8.3c
8.4b
8.3c
8.4b

Second I
2
3
4
5

8.Sa (.00)
8.2b
8.2b
7.8d
8.0c

8.5a (.00)
8.3b
8.2b
8.1c
8.2b

8.5a (.04)
8.3c
8.4b
8.4b
8.4b

First

8.4a (.00)
7.8b

8.4a (.03)
8.0b

8.3a (.31)
8.2a

Second I
2

8.5a (.00)
8.0b

8.5a (.02)
8.2b

8.4a (.42)
8.3.1

First

8.2a (.29)
8.3a

8.2a (.69)
8.4a

8.3a (.83)
8.4a

8.2c (.00)
8.4a

8.1a

8.2a

8.3a

8.2c

8.3a

8.4a

8.4a

8.3b

8.4a
8.3a

8.2a
8.3a

8.2a
8.3a

8.3b
8.3b

Second I
2
3
4
5
6

8.5a (.03)
8. 2ab
8.1b
8. 3ab
8. Ib
8. 2ab

8.5a (.00)
8.3ab
8.2b
8.4ab
8.1b
8.2b

8.6a (.00)
8.4ab
8.3b
8.5a
8.2b
8.2b

First

9.2a (.00)
8.0b

8.7a (.67)
8.1a

8.6a (.68)
8.2a

8.8a (.00)
8.1c

7.6b

8.3a

8.4a

8.1c

8.2b

8.5a

8.5a

8.4b

8.0b
8.1b

8.5a
8.5a

8.4a
8.3a

8.3b
8.3b

i
2
3
4
5

(check)
(*i acid)
(full acid)
(2 x full acid)
(full spent)

0-5

Treatment means
Depth
10-15
15-20

I (check)
2 (full acid)

I (check)
2 (full acid)
(full acid +
3 manure)
(full acid
4
split appl.)
5 (full gypsum)
6 (APS)

I (check)
2 (full acid)
(full acid +
3 manure)
(full acid
4
split appl.)
5 (full gypsum)
6 (APS)

8.4a (.00)
8.3b
8.2c
8.Od
8.2c
8.6a (.00)
8.4b
8.5b
8.4b
8.5b

8.5a (.00)
8.3b
8.3b
8.2c
8.3b
8.3a (.00)
8.0b

8.3a (.39
8.3a

8.4a (.00)
8.2b

8.6a (.03)
8.4ab
8.4ab
8.5ab
8.3ab
8.2b

8.5a (.00)
8.3c
8.2d
8.4b
8.2d
8.2d

tMeane compared at a given site, year, and depth followed by the same letter are not significantly
different at the 10% level according to a Studentized Newman-Keula teat.
^The actual probability level of treatment significance at a given site, year, and depth
represented in parentheses adjacent to the first mean in the group.

la

I
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Appendix Table 2.

Field study treatment means for electrical con
ductivity of the saturation extract.

Treatment

0-5

5-10

Treatment means
Depth (cm)
10-15
15-20

0-15

Site

Year

la

First

I
2
3
4
5

Second

I
2
3
4
5

15a (.04)
lib
14ab
13ab
lib

13a (.84) 14a (.34) 15a (.56)
12a
13a
15a
14a
13a
17a
12a
13a
14a
16a
12a
12a

First

I (check)
2 (full acid)

17a (.88)
17a

12a (.18) 15a (.32)
15a
16a

Second

I
2

Ila (.19)
8a

8a (.45) lla (.63) 14a (.39)
Ila
lla
10a

First

I (check)
2 (full acid)
(full acid +
3
manure)
(full acid
4
split appl.)
5 (full gypsum)
6 (APS)

20a (.76)
27a

18a (.78) 19a (.72)
23a
22a

19b (.00)
24a

22a

18a

19a

20b

21a

17a

18a

19b

21a
27a

18a
23a

21a
23a

20b
24a

Second

I
2
3
4
5
6

Ila (.32)
8a
8a
12a
6a
9a

First

I (check)
2 (full acid)
(full acid +
3
manure)
(full acid
4
split appl.)
5 (full gypsum)
6 (APS)

23a (.18)
20a

lb

2

3

(check)
ih acid)
(full acid)
(2 x full acid)
(full spent)

mmhos/cm2Ibt (.00)* 17a (.29) 19b (.00)
20b
17a
18b
18a
25a
24ab
27a
18a
18b
20b
16a
17b

19c (.00)
18c
22a
21b
18c
14a (.00)
13b
15a
13b
13b
15b (.05)
16a
lla (.06)
10b

10b (.00)
9c
9c
lla
8d
10b

9a (.94) 10a (.96) lla (.88)
9a
9a
8a
10a
9a
10a
9a
lla
lla
8a
8a
7a
10a
9a
10a
Ila (.26)
12a

8a (.93)
9a

14a (.71)
13a

lla

12a

13a

7a

14a

7a
9a

lla
8a

13a
lla

18a

8a

22a
19a
16a

0-20

tMeans compared at a given site, year, and depth followed by the same letter are not signi
ficantly different at the 10* level according to a Studentized Newman-Keuls test.
^The actual probability level of treatment significance at a given site, year, and depth
is represented in parentheses adjacent to the first mean in the group.
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Appendix Table 3

Site

Year

la

First

I
2
3
4
5

Second

lb

2

3

Field study treatment means for sodium adsorption
ratio of the saturation extract.

Treatment
(check)
(4S acid)
(full acid)
(2 x full acid)
(full spent)

0-5

5-10

Treatment means
Depth (cm)
IC1-15
15-20

0-15

SOa+ (.00) t
57b
60b
40c
52b

83a (.00)
59bc
63b
47d
5led

86a (.00)
73b
93a
57c
67bc

I
2
3
4
5

68a (.00)
41b
53b
40b
41b

57a (.00)
48bc
Slab
41c
45bc

66a (.02)
55b
60ab
49b
53b

First

I (check)
2 (full acid)

66a (.09)
44b

64a (.13) 61a (.60)
41a
54a

Second

I
2

48a (.07)
27b

43a (.16) 47a (.30) 53a (.29)
34a
42a
41a

First

I (check)
2 (full acid)
(full acid +
3
manure)
(full acid
4
split appl.)
5 (full gypsum)
6 (APS)

47a (.69)
55a

46a (.36) 47a (.41)
52a
53a

46b (.00)
53a

46a

40a

43a

43b

45a

44a

45a

45b

55a
53a

48a
52a

54a
51a

52a
52a

Second

I
2
3
4
5
6

36a (.43)
27a
26a
36a
20a
28a

34a (.44) 41a (.80) 42a (.05)*
27a
36a
37a
29a
33a
35a
31a
40a
39a
25a
34a
35a
30a
35a
34a

First

I (check)
2 (full acid)
(full acid +
3
manure)
(full acid
4
split appl.)
5 (full gypsum)
6 (APS)

353a (.00)
51b

130a (.41) 94a (.43)
58a
56a

0-20

83a (.00)
63c
72b
48e
57d
74a (.01)
62ab
76a
53b
70a

66a (.00)
51c
60b
46d
52c
63a (.00)
46b
48a (.00)
36b

38a (.00)
32b
30b
36a
29b
32b

193a (.00)
55 c

43b

65a

85a

64bc

72b

118a

53a

Blbc

69b
143b

70a
88a

97a
73a

79bc
101b

1Means compared at a given site, year, and depth followed by the same letter are not sign!ficantly different at the 10% level according to a Studentized Newman-Keuls test.
^The actual probability level of treatment significance at a given site, year, and depth
is represented in parentheses adjacent to the first mean in the group.
^Treatment significance due entirely to an APS treatment included in the experimental design
but not discussed in this work.
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Appendix Table 4.

Field study treatment means for NaHCOj extractable
phosphorus

Year

Treatment

la

First

i
2
3
4
5

lb

First

I (check)
2 (full acid)

2

First

I (check)
2 (full acid)
(full acid +
3 manure)
(full acid
4
split appl.)
5 (full gypsum)
6 (APS)

(check)
(>j acid)
(full acid)
(2 x full acid)
(full spent)

Second I
2
3
4
5
6
3

First

I (check)
2 (full acid)
(full acid +
3
manure)
(full acid
4
split appl.)
5 (full gypsum)
6 (APS)

the

5-10

0-5

j!

Site

in

S-Sdt
10.0c
13.2b
19.1a
13.9b

soil.

Treatment means
Depth (cm)
10-15
15-20

0-15

3.9b (.00)
4.7b
5.1b
10.4a
5.1b

4.8a (.64)
4.1a
3.6a
3.4a
3.2a

4.8d (.00)
6.3c
7.3b
11.0a
7.4b

S. Sb (.09)
14.8a

5.8a (.33)
8.9a

5.8a (.19)
13.2a

6.8b (.00)
12.3a

10.5c (.00)
is.abc

3.3a (.25)
3.0a

2.0a (.47)
2.3a

5.3c (.00)
8.Obc

60.9a

7.1a

3.5a

23.8a
10.1b

24.1b

3.1a

3.0a

12.4c
13.1c

2.9a
3.0a

3.3a
3.0a

10.8c (.00)
22.5b
73.1a
20.8bc
12.9c
13.4c
18.6b (.00)
26.1b
51.3a

4.8b (.00)
8.5b
14.8a
6.3b
5.3b
4.7b
9.6ab (.02)
8.6ab
10.5a

2.9a (.17)
3.8a
5.9a
3.9a
5.0a
3.7a

6.2bc
6.4bc
3.3a (. 14)
3.1a
5.2a
4.5a
6.0a
4.6a

5.5c
9.5b
24.7a
8.9b
7.3c
6.6c

6.3ab (.03)
7.8a

11.5bc (.00)
14.2b

6 .4ab

22.7a
13.6b

26.4b

9.3ab

4.9b

14.9b
14.8b

6.1b
6.3b

5.4ab
6. Oab

0-20

8.8c
9.0c

tMeana compared at a given eite, year, and depth followed by the same letter are not significantly
different at the IOZ level according to a Studentized Newman-Keula test.
^The actual probability level of treatment significance at a given site, year, and depth is repre
sented in parentheses adjacent to the first mean in the group.
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Appendix Table 5.

Field study treatment means at site la and lb for
DTPA extractable micronutrients in the soil after
the first year.

Treatment

Treatment means
Depth (cm)
5-10
10-15

0-5

0-15

Site

Viiiiab Ie

la

Zn

I
2
3
4
5

Fe

I
2
3
4
5

13.3d (.00)
20.2c
28.1h
37.2a
28.1b

11.1c (.00)
12.3bc
16.1b
26.8a
15.8b

Cu

I
2
3
4
5

2.4a (.02)
2.2b
2.4a
2.5a
2.3b

2.3a (.73)
2.2a
2.2a
2.3a
2.2a

2.3a (.53)
2.2a
2.2a
2.3a
2.3a

Mn

I
2
3
4
5

9.6b (.00)
9.0b
10.0b
20.5a
12.3b

7.5b (.02)
7.5b
7.6b
9.4a
7.4b

8.Oab (1.0) 8.4b (.00)
8.9a
8.5b
6.9b
8.2b
8.4ab
12.8a
7.Sab
9.1b

Zn

I (check)
2 (full acid)

0.8a (.29)
1.2a

0.6a (.18)
0.8a

0.6a (.29)
0.8a

Fe

I
2

14.1b (.00)
39.8a

Cu

I
2

2.4a (.25)
2.3a

Mn

I
2

15.9a (.04)
13. 7b

+

lb

(check)
(lj acid)
(full acid)
(2 x full acid)
(full spent)

0.7c
0.8c
1.1b
1.8a
1.1b

+
(.00)r

-ppm0.5b (.00)
0.6b
0.7b
1.3a
0.6b

0.5a (.96)
0.6a
0.5a
0.5a
0.6a

0.6c (.00)
0.6c
0.8b
1.2a
0.7b

11.2a (.61) 11.9d (.00)
11.5a
14.7c
11.7a
18.6b
12.7a
25.6.1
11.6a
18.5b
2.3b (.00)
2.2c
2.3b
2.4a
2.2c

0.7b (.06)
0.9a

13.7b (.03) 14.4a (.77) 14.1b (.00)
14.6a
18.7a
24.4a
2.3a (.10)
2.2a

2.3a(1.00)
2.3a

2.3a (.00)
2.2b

14.6a (.07) 15.7a (.45) 15.4a (.00)
12.6b
14.6a
13.6b

Means compared at a given site, variable, and depth followed by the same letter are
not significantly different at the 10% level according to a Studentized Newman-Keuls
test.
H h u actual probability level of treatment significance at a given site, variable,
and depth is represented in parentheses adjacent to the first mean in the group.
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Appendix Table 6.

Variable

Field study treatment means at site 3 for DTPA
extractable micronutrients in the soil after the
first year.

Treatment

I (check)
2 (full acid)
(full acid +
3
manure)
(full acid
4
split appl.)
5 (full gypsum)
6 (APS)

Treatment means
Depth (cm)
5-10

0-5

0.7a
0.8a

f
(■81)”

---- £jjra
--0.6a (.20)
0.6a

0-10

0.6a (.93)
0. 7a

1.0a

0.6a

0.8a

0.7a

0.5a

0.6a

0.6a
I. la

0.7a
0.5a

0.6a
0.8a

I
2
3
4
5
6

48.4a (.27)
48.2a
44.6a
39.8a
27.8a
38.8a

47.6a (.22)
56.4a
52.4a
33.0a
41.8a
29.6a

I
2
3
4
5
6

3.8a (.69)
3.2a
3.7a
3.2a
3.2a
3.3a

4.7a (.26)
4.3a
4.4a
3.6a
3.9a
3.4a

4.3a (.00)
3.8bc
4. lab
3.4c
3.6c
3.4c

I
2
3
4
5
6

29.8a (.74)
27.6a
30.8a
20.8a
23.2a
27.8a

38.6a (.57)
36.0a
40.8a
22.4a
33.0a
21.8a

34.2a (.02)
31.8ab
35.8a
21.6b
28.lab
24.8ab

48.0a (.OS)1
52.3a
48.5a
36.4a
34.8a
34.2a

tMeans compared for a given variable and depth followed by the same
letter are not significantly different at the 10% level according to
a Studentized Newman-Keuls test.
^The actual probability level of treatment significance for a given
variable and depth is represented in parentheses adjacent to the
first mean in the group.
^Treatment significance due entirely to an APS treatment Included in the
experimental design but not discussed in this work.
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Appendix Table 7.

Variable

Field study treatment means at site 2 for DTPA
extractable micronutrients in the soil.

Year

First

Treatment

0-5

I (check!
2 (full acid)
_ (full acid +
manure)
, (full acid
split appl.)
5 (full gypsum)
6 (APS)

O-Act (-01)*
0.6bc

Treatment means
Depth (cm)
5-10
10-15

0-15

0.3a (.253""
0.6a

0.3a (.50)
0.5a

0.3c (.00)
0.6b

1.4a

0.5a

0.5a

0.8a

0.5bc

0.3a

0.4a

0 .*bc

1.2ab
0. 7bc

0.7a
0.6a

0.5a
0.6a

0.8a
0.6b

I
2
3
4
5
6

0.5b (.00)
0.5b
1.2a
0.7b
0.8b
0.8b

0.4b (.10)
0.5ab
0.6ab
0.4b
0. 7ab
0.8a

0.4a (.11)
0.4a
0.5a
0.4a
0.8a
0.9a

0 .5b (.00)

First

I
2
3
4
5
6

13.3c (.00)
27.0a
24.0a
20.7b
16.0c
16.0c

12.0a (.28)
15.3a
14.0a
13.7a
15.0a
15.3a

12.0a (.16)
15.7a
13.0a
14.3a
14.7a
15.7a

12.48 (.00)
19.3a
17.0b
16.2bc
15.2c
15.7bc

Second

I
2
3
4
5
6

12.7c (.00)
19.Obb
17.0b
22.7a
10.3c
12.0c

12.0a (.18)
15.3a
12.3a
12.7a
11.0a
13.0a

12.0a (.68)
13.3a
12.0a
13.0a
11.3a
13.0a

12.2c (.00)
15.9a
13.8b
16.1a
10.9d
12.7bc

First

I
2
3
4
5
6

1.7a (.21)
1.9a
1.8a
1.7a
2.0a
2.1a

1.6b (.04)
1 .8ab
1.8ab
1.6b
2.1a
2. Oab

1.6b (.06)
1.9ab
l.Sab
1.8ab
2.0a
2.0a

1.6d (.00)
1.9b
1.8b
1.7c
2.0a
2.0a

Second

I
2
3
4
5
6

1.6a (.99)
1.7a
1.6a
1.6a
1.6a
1.6a

1.6a (.97)
1.7a
1.7a
1.5a
1.6a
1.6a

1.5a (.59)
1.8a
1.8a
1.6a
1.7a
1.7a

1.6a (.00)'
1.7a
1.7a
1.6a
1.6a
1.7a

First

I
2
3
4
5
6

5.2b (.00)
5.5b
12.8a
4.5b
6.5b
7.8b

3.7a (.00)'
4.1a
5.9a
3.3a
5.8a
4.0a

3.0b (.01)
5.4ab
8.1a
3.5b
5.6a
3.8b

3.9d (.00)
5.0c
9.0a
3.8d
6.0b
5.2c

Second

I
2
3
4
5
6

3.2a (.19)
3.4a
3.9a
2.6a
3.9a
3.8a

2.9a (.19)
3.2a
3.0a
2.6a
4.6a
3.7a

3.4bc (.00)
3.6b
4.5a
3.0c
4.6a
4.4a

Second

4.lab (.06)
4.2ab
6.6a
3.7b
5.2ab
5.8ab

0.5b
0.8a
0.5b
0.8«
0.8«

compared for a given variable. year, and depth followed by the same letter are not
significantly different at the 10% level according to a Studentired Newman-Keula teat.
*The actual probability level of treatment signtfleant for a given variable, year, and
depth is represented In parentheses adjacent to the first mean In the group.1
1Treatment significance due entirely to an APS treatment included in the experimental
design but not discussed in this work.
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Appendix Table 8.

Field study treatment means for barley dry matter.
production after the second year.

Treatment

Site

I (check)
2 (1$ acid) .
3 (full acid)
.4 (2x full acid)
5. (full spent)

la
■,

Treatment means
kg/ha ,
167c+ (.01)1
47 9ab.■
505ab
689a
349bc

lb

I (check)
2. (full acid)

557b (.04)
1559a

2

I (check)
2 (full acid)
3 (full acid + manure)
4 (full acid split appl.)
5 (full gypsum)
6 (APS)

310b (.02)
704ab
980a
379b
. 703ab
7l4ab.

.

+ ■
■1
_
'
Means compared at each site followed by the same letter are not signi
ficantly different at the 10% level according to a Studentized NewmanKeuls test.
,

^The actual probability level of treatment significance at each site
is represented in parentheses.adjacent to the first mean in the group.
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Appendix Table 9.

Site

Year

la

First

lb

Field study treatment means for saturation moisture.

Treatment

i
2
3
4
5

(check)
(>5 acid)
(full acid)
(2 x full acid)
(full spent)

I L UL
37a+ (.64)* 38a (.29) 39b (.01)
42a
38a
43a
38a
42a
45a
40a
43a
37a
42a
45a
38a

0-15

37a (.00)
36b
36b
36b
36b

First

44a (.01)
38b

45a (.05) 45a (.39)
44a
42b

38a (.06)
35b

41a (.01)
40a
38b

32a (.67)
32a

31a (.68) 32a (.77)
34a
34a

31c (.00)
33a

33a

31a

32a

32b

I (check)
2 (full acid)
(full acid +
3 manure)
(full acid
4
split appl.)
5 (full gypsum)
6 (APS)

First

I (check)
2 (full acid)
(full acid +
3 manure)
(full acid
4
split appl.)
5 (full gypsum)
6 (APS)

45a (.00)
41b

I

First

I

38a (.58) 38a (.24) 37a (.84)
36a
37a
37a
37a
38a
36a
36a
37a
36a
37a
37a
39a

I (check)
2 (full acid)

0-20

38c (.00)
41a
42a
40b
42a

37a (.00)
34b
35b
33b
33b

Second I
2
3
4
5
6
3

5-10

Second i
2
3
4
5

Second I
2
2

0-5

Treatment means
Depth (cm)
IC1-15
15-20

40a (.01)
38b

39a

30a

30a

32a

31c

33a
32a

32a
32a

33a
32a

33a
32b

30a (.61)
30a
32a
30a
31a
31a

30a (.36) 31a (.45) 33a (.94)
32a
34a
30a
33a
32a
34a
33a
30a
31a
34a
32a
34a
32a
33a
32a

36a (.55)
35a

38a (.40) 35a (.56)
37a
34a

36ab (.06)
35b

36a

40a

39a

38a

34a

38a

37a

36ab

34a
35a

37a
40a

37a
39a

36ab
38a

31c (.00)
31c
33a
31c
33a
32b

Means compared at a given site, year, and depth followed by the same letter are not significantly different at the 10% level according to a Studentized Newman-Keuls test.
^The actual probability level of treatment signflicence at a given site, year, and
depth is represented in parentheses adjacent to the first mean in the group.

Appendix Table 10 .

Date

Underground drainline discharge quality at site I.

EC

PH

mmhos/cm

1st year.
5/28
7/28
8/09
8/18
9/14 .

Na

,

Ca

Mg

.

SAR .

L— me/liter—
..

8.8
8.6

2.0

8.3

2.8

8.8

2.7
3.0

2.9

9.0

.

23.4
32.8
28.1
.
29.3
35.1,

0.60
0.45
0.89
0.45
0.30

0.99
1.48
1.73
1.24
1.48

•

26.2
33.4
24.6
31.9
37,2

41.0
42.1

1.19
1.19

2.47 , .
2.47

30.3
31.1

2nd year
8/08
8/09

7.8
7.8

.

3.5
3.5
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Appendix Table 11.

Laboratory study treatment means for variables
measured on the leachate collected.

Treatment

Variable
Hydraulic conductlvity
I
(cm/day)
2
3
4
5
6
7

(check)

(
>
Sa
c
i
d
)
(full acid)
(2 x full acid)
(full s
p
e
n
t
)
(full gypsum)
(APS)

13.1

.013
.189
.739
.072
.238
.118
.001

Treatment means at each collection^
Elapsed time (days)
41.3
56.1 66.2 82.2 96.2 111.2 127.9
29.3

.006
.356
1.063
.302
.600
.175
.054

.071
.498
1.305
.231
.779
.186
.056

.110 .102 .103 .090 .077 .066
.480 .434 .398 .356 .339 .319
1.008 1.484 1.382 1.409 :
1.454 1.462
.197 .155 .107 .154 .139 .134
.762 .715 .699 .571 .501 .470
.138 .124 .129 .120 .104 .089
.050 .065 .069 .073 .062 .056

EC (nmhoa/cm)

I
2
3
4
5
6
7

45.Si
41.0
24.5
41.11
37.51
44.71
33.81

57.4
28.1
18.0
43.1
19.9
31.71
42.81

53.8
19.7
12.7
29.3
16.11
31.21
46.71

43.2
13.8
7.9
23.7
17.4
25.71
45.91

34.3
9.3
5.5
14.8
14.4
16.21
36.01

pH

I
2
3
4
5
6
7

9.2l
9.0
8.7
9.01
8.81
8.71
8.71

8.7
8.7
8.8
8.7
8. 7
8.5
9.01

8.8
8.6
8.7
8.7
8.61
8.51
8.81

8.71
8.8
8.5
8.91
8.6
8.71
9.01

8.8
8.6
8.4
8.8
8.7
9.01
8.81

26.9 23.9 21.8 17.2
7.2
5.7
4.3
3.3
2.5
2.1
2.0
3.1
10.9
9.5
8.1
7.3
12.5 12.3 12.0 10.4
9.91 5.81 4.91 3.91
27.91 23.31 19.81 12.91
9.0
8.81
8.6
8.9
8.7
8.81
8.81

8.9
8.6
8.4
8.8
8.4
8.51
8.81

8.9
8.6
8.5
8.8
8.7
8.71
8.71

l^These data were not statistically evaluated.
!Adequate sample for analysis collected from two of three replications only
based on two replications.

Mean is

|Adequate sample for analysis collected from one of three replications only
based on one replication.

Mean is

9.0
8.5
8.4
8.7
8.7
8.81
8.61

Laboratory study treatment means for variables measured on 1:5 extracts
obtained from the core soils" at termination of leaching.

Appendix Table 12.

Variable
EC .

; ...

(mmhds./cm)

I (check)

0.23a+(.43)*
*

2 (h acid) .
0 .10a
3 (full acid)
. 0 .11a
4 (2 x full.acid)
0.34a .
5 (full spent)
0.30a
6 .(full, gypsum)
0.49a.
7 (APS)

.

0.53a

0 .8a
OV 8a

.3. '
4 '
5
:

■

7

4.

.. ‘

.

••

.0-30

0.30a (.47) 0.69a (.45) 0.95a (.33) 0.54c (.00)
0.10a
0.15a
0 .21a .
0.14e
0.10a
0.15a
0.17a
0.13e
:0.33a
0.24a
0.41a
0.33d
0.59a
0.47a
0.74a
0.52c
0.69a
0 .86a
1.05a
0.77b
0.83a
1 .02a
.1.39a
0.94a

7.7a (.06) . 19.5a (. 28).
2 .2a
2.3a
1 .6a
0.5a
3.9 a
1 .6a
7.6a
4.4a
9.3a
5.9a

I

.2

6

7.5-15

.

17.7a (.23)
4.2a:
3.8a
7.3a
■6 .8a
10.9a
13.7a

'

•

19.2a (.17) 16.0a
5.0a
3 .lc
2 .8c
4.1a
5.3c
11.7a
7.5a
4.9C
10.6a
8.4b
13.5a
10.6b

(.00)
.
.

.

.

Means compared for a given variable and depth followed by the same letter are not signifi
cantly different at the 10% level according to. a Studentized Newman-Keuls test.

*The actual

probability level of treatment significance for a given variable and depth is
represented in parentheses adjacent to the first mean in the group.
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