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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 ECS5 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 scrubbiﬁg
process. O0il 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 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 pH; ECe, SAR, and
"ESP values. Subsurface ‘drainage varied substantially with site, .

' Treatments used in ihe 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.

"Undlsturbed" cores from one of the sites were used in a 131—day
saturated flow leaching -study. Hydraullc conduct1v1ty 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 completlng the 1each1ng study., : :

Field data 1nd1cate 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 hlghest rate of ac1d were more-than four times that of the check.A

Acid effectlveness increased with rate. Spent ac1dggenerally
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 -
y1e1d nearly 40% over acid ‘alone.

Laboratory data 1nd1cate that hydraulic conductivity values tend

. to increase, then decrease under continuous saturation. 'Low soil SAR
and EC5 values were generally associated with high hydraullc conduc-
tivity and low leaching EC values. Leachate pH niay declineif 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'aﬁd Clark's Fork 6f the Yellowstone Riyef Valleys.’

in southcentral-MontanaAare generally:very p;oductive; irrigated agri-
cultural areasas. Theugfowing seééon is 125—l30 days. .Principal crbﬁs
. are corn for silage, sugar beets, alfalfa; and bérleyu The soils are
‘calcareous, and_typiéaliy silt loam to cla& loam in texture. There
are signifiéant areas of soils where salts have éoncentrated to the
extent phét gfowtﬁ of most plants is sé?érely 1imi#ed; Sédiqm is
often present in quéntify,:and in gombihétion wifh montmorillonipe,'
the dominant clay in these valléys, the éoilé'are-iﬁpéfmééble'when
dry and "puddled"iwﬁen’wet.’

| The original sQurcé of the éalts is.f%om weathefiﬁg'of ﬁndérlying'
shale and 1§aching fr§m.the shale beds which“protrudé from higﬂefAiand;
adjaéént to the vélle&s; Hansén (1914) conduéted soils research on
the Huntley Irrigatién.Project in thé Yellowgpdne River Valley._'He
reported tha£ theré:wéré areaé.bf saltiexisting in thé surface soil ‘-
:even’before irrigation began in 1907.’_L9w l§ing‘soils were usﬁaily
the affected areésL In 1910, Hansen measured Fhe ground water leéél
at'yafious_Sitgs.duriﬁg‘thg'growing seaéon.f Thé water level was iéQ to
240 ém'bélowifhe sﬁrface and was found 6nly in undetlyingugravel.. The
lower layers of the soil, befween thé‘upper 30 ;o 60 ém aﬁa_tﬁé-under—
iying-gravel, conta;ned little mbis;dre. As irrigation-beéame more

. ) ) ) 8
"extensive,.the water table rose. During the growing season in 1913,
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ﬁansen found the water table to be within approximately 90 cm of the
surface at the same site; he had observed ip 1910.

Irrigation practices have intensified and‘ektended the salt prob-
lem that originally existed in southcentral Montana. Unliped ditches -
have been uséd almost exclusively. Seepage from the ditches; as well
aé'excessive‘application of irrigation water, have raised the Qater
table. Where the water table is Within‘120 to 150 cm fiém 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 iﬁ the root zone when the water evaporates at
the soil surface.

Sulfuric acid (HZSO4) has been known for.many years to be an
effective ameﬂdment on Na-affected calcareous soils in the Southwestern
United States (Overstreet et al., 1951). Traditioﬁally, i? has been
expensive, and combined with thé handling prob;ems assogiated with any "
acid, its use in reclamatidn has been limited.

Nonferrous smelting and coal fired industries produce sulfuric
acid in the "scrubbing' prdcess. The purpose of "scrubbing" is to pre-
vent sulfur oxides from entering the atmosphere. 'Thé acid thus pro-
duced is 91-95% concentrated. ' Commercial sulfuric acid is 93-98%
pure. Copper smelting activity in the Rocky Mountain states and
strict Federal air pollution standafds are producing a continuing

supply of acid.




3

In addition, oil refining and ﬁa;ural ga$ purification procesées
are providing a waste product sulfuric aci&. Commercial grade 98%
sulfuric acid is used by refineries in alkalation units until its con-
centration is reduced to 93%. The resultant acid is called "spent"
acid. It éppears black and has a strong, organic odor.

Scientists in the Southwest haﬁe done extensive work with scrubber
éroduced sulfuric acid (Stroehlein et al.,.l978). They have experi-
mented with calcaredus.and Na-affeéted calcargous soils, and have
researched application of acid in irrigation water as well as directly
to the soil. Tﬁe literature search indicates that research with Vspént"
acid has not been reported.

The purpdse-of this 2-year study was to determine the efféctive—
ness of scruﬁber produced and oil refinery '"spent" sulfuric acid for

initiating reclamation of several calcareous, saline-sodic soils in

southcentral Montana.




LITERATURE REVIEW

Definitigns and Properties of Salt-Affected Soils
The original source of the Earth's salts is the crust. Weathering
releases minerals (éalts) from rock, and water becomes the agent for
their transport. Soils with poor drainage and a high evaporatioﬁ to
precipitation ratio,.may concentrafevsalts within the soil profile.
Predominant cations and anions present in salt-affected soils are

typically Ca, Mg, Na, K, SO4, Cl, CO HC03, OH, and occasionally NO

3’
and Si (U. S. Salinity.Laboratory Staff,'l954). Relative cation and

3

anion concentrations, and their combinations into ion pairs, are signi-
ficant and will be discussed below.

Salt-affected soilé 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 (ECe)
greater than 4 mmhos/cm, and an exchangeéble sodium percentage (ESP)
1eés than 15. This,qbncentfation of neﬁtral soluble salts is sufficient
to interfere with the'growth of most plants, but creates no adverse sqil
physical conditions. The'pﬁ éf these soils is usually below 8.5. The
sélt ioné present in_grea;est quanti?ies are generally Cl and SO4 of
Cé, Mg, and Na. SQluble'salts in a saline soil cause reverse 0smoSis
in the plant cell. Less salt concentrated water within the plantAcells
moves toward the more salt concengrated soil solution. In addition to

water stress plants growing in saline soils often show nutrient defici-
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cencieé due to competition frém non—nutrieﬁt ions (U. S. Salinity
Laboratory Staff, 1954). |

Reclamation of a saline soil may be accomplished by creating
adequate drainage, then leaching the salts thréugh the soil profile
with low sodium.adsorption ratio (SAR) and salt content water.

‘Sodic soils have an ECe less than 4 mmhoé/cm and an ESP greater
than 15. The pH is usually greater £han 8.5.1 High ESP creates adverse
physical coﬁ&itions éuch as a hard imperﬁeable.crust when the soil is
dry, and "puddling" when wet. The crust decreases aeration, and makes
seedling emergence and root ané water penetration difficult. When
these soils are wet the deflocculated or "puddled" condition slows
wate; movement tﬁrough-the profile with the result that anaerobic
conditions may:be dbminant for exténded periods of time. Thus;.root
respiratipn'and aefébic microbiological’ac;iﬁity are decreased (Mahﬁoud
et al., 1969). A high_éoﬁcentration of Né also has adverse effects
on plant mefabolism and ﬁﬁtrition (Satyaﬁarayana'and‘Rao, 1963; Bhumbla,
1972; Chander and Abrol, 1972; Laura and Idﬂani, 1973; Poonia and
Bhumbla, 1973). Excessive pH is a result of the hydrolysis of sodium
bicarboﬁate and so&ium cérbonaéeVin the soil solu?ioﬁ, or of Na on the
exchange complex.- Hydfolysis occurs because of the low relative concen-
tration of neutral_éoluble saltél(ﬁrady; 1974). The pfocesses'are shown -

in equatiéﬁs 1, 2, and 3.




NaHCO3 + H20 <=Na +0H + HZCOS [11
o -
Na,CO5 + 2H,0 =2Na' + 20H + H,CO, '[2]
—~ + o\ oun |
NaX + H,0 SHX + Na' + OH [3]

(X denotes the négative 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, 1972; Chander and_Abrol, 1972). Another effect
of high OH conceﬁtratibn is that goil organic matter is dissolved.
(Mitra and Singh, 1959; Bﬁumbla, 1972); The oréanic matfgr may be left
on the soil surface as a black crust when e&apdration occurs.

Saliﬁe—sodic soils hgve an.ECe greater than 4'mﬁhos/ém.and aﬁ ESP .
greater than 15 with a pH value.usually less than 8.5. Thg high ﬁeutral
salt conceqfration lowers'pH and ﬁay facilitate flocculation. The
degreé to which flocculation is affegte& depends on the relative amount
of exchangeable Na to neutral soluble salts. Thergfore, saline-sodic
soils may or may not exhibit advérse physical propgrties, but high
osmotic potential and thé effects of high Na concentratién are prob-

lems.




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 thé 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 ameﬁdmgnt
‘that solubilizes precipitated soil Ca or Mg. In either case, catiéns
must excﬁanée 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 effgct 1 or 2, but not both, are of liptle 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 incorporatién of organic material; or by the applicétion
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 saits);

Reclamation Techniques for Saline-Sodic and Sodic Soils

‘Deep Tillage

Deep tillage has been used in conjunction with other reclamaf
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 ém 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 vertiﬁal channels
upon irrigation. O'Connér (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. 1In contrast to 0’Conﬁ6r,
Loveday (1976) found that deep tillége alone, to 45 cm, in a sodic
clay soil enhanced leach;ng 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).




Organic Matter Utilization

Organic material has been used for reclamation in primarily three
wéys: 1) 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 importénce is the wuptake of salts. Haq and Khan

(l971)lreported that kallar grass (Diplachna fusca) was effective in

absorbiﬁg salts and exchangeable Né from tﬁe so0il 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 thefeﬁis
generally an increase in salt uptake into the harvestable portion of
the plant (Satyanarayana and Rao, 1963; Poonia and Bhumbla, 1973).

Of tertié;& importgnce is the carbon dioxide produced by plant
roots during respiration. Carbonic acid formed helps to dissolve
calcium carbonate in tﬁe-soil (O&erstreet et al., 1951). Calcium
is free to exchange with Na on the éxchénge complex. The sodium

bicarbonate produced is soluble and may be leached. Equations 4
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and 5 illustrate these chemical reactions:

CO. + H,.0 ==H.CO : : [41]

2 7 20 =3
2NaX + H,C0, + CaCO,=CaX + 2NaHCO, [51]

Carbonic acid will also lower soil pH (Boumans and Hulsbos,'l960; De

et al., 1974). Root respiration is not of sighificantrinfluence 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 accompaﬁy its addition fo any other soil. It improves.
ﬁermeability and aeration, supplies plant nutrients, increases microbial
activity, and increases cation exchange capacity (Brady, 1974). Decom-
position of organic matter by microorganismé produces carbon dioxide
with resulting influences.as jﬁst mentioned for carboﬁ dioxide produced
in root respiration.

A.green manure plant commohly used with sﬁccess 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). 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. Argemone mexicana, a

noxious weed, is ground to a powder and incorporated into the soil

(Ramamoorthy and Agrawal, 1966; Krishnamurthy and Séundararajan, 1967;
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Saraswat et al., 1972). Manure (Branson and Fireman, 1960;
Krishnamurthy and S?undararajan, 1967; Saraswat et al., 1972;
Puttaéwamygowda 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; éaraswat 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 aggregatio;. Padhi et al.
(1965) reported, thoﬁgh, that starch by itself was ineffective.
Charcoal dust and sawdust (Laura and fdnani, 1973), straw
(Puttaswamygowda et al., 1973; Singh, 1974), and rice husks (Mitra‘
-and Shanker, 1957) have shown varying dggrees of success as amendments.

.Organic matefialsjare frequently used Qith gypsum and leaching
for.reclamation. Gypsum with livestock manuré (Zaidi et al., 1968;
Bhumbla, 1972; Puntamkar et al., 1972; Poonia and Bhumbla, 1974), with
green manure (Mitra and Shapker, 1957; Taha et al., 1966; Krishnamurthy
and Soundararajan, 1967), with crop residues (Mitra and Singh, 1959),
and with compost (Taha et al., 1966; Bajpai et al., 1976) has beén_used
with success in many instances. Sulfur combined with weed g;owth
was less effective in reélamation than gypsum and weeds (Mitra and
Shanker, 1957).

Pressmud, a product of the carbonatién proceéss .in sugar refineries

(60-707% calcium carbonate, 10Z organic matter, and small amounts of N,
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P, and K),.is‘an organic-inorganic amendment used wi;h éémé sucéess
(Kanwar and Chawla, 1963; Bhumbla, 1972§_Saraswa£ et al., 1972). ?
" Another form of pressmud which has been used with success results
from a sulfitation process (Yadav, 19?5; Chand et al.,.l977). Bﬁumbla
(1972) reports that pressmud from‘the sulfitafion 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 éalt Water Dilution Method for Reclaiming Sodic Soils

The high salt water dilution. method for reclaiming sédig soils
involves the applicatipn:of water with.a'high divalent cation coﬁcentra-'
tion. The method gives best fesults‘bn highly inpermeable, sodic soiis.
The flocculating effect of the high-salt concentration facilitates |
infiltration, allowing reclamation to begin. As water.with'a high
divalent cation éoncentration percolates thrgugh a sodic profiie,.Na
ié 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 solu£ion cations of
higher valence. Successive dilutions of the water can then be used as
reclamation proceeds. ﬁadiger e£ al. (1969) report that féciaimiﬁg
" .sodic sbils through the ﬁée of high—sal; water without améndmenés ieads.
to a reduction in the cost.

Doering and Reeve (1965) found that the quantity of high-salt water
needed for reclaﬁati&n increased rapidly as the water's Ca + Mg content
decreased. According to these sclentists 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 Déering (1966)
used sea water with much success. Reeve and Bower drastically reduced
ESP and increased hydraulic conductivity in 12 days using a totallof i95
cm of water (thtee succeésive dilutions of sea water folléwed by
Colofado River watef). Equ;valent:rec1amation with river water alone
took'lZO days. |

High-salt water can 5e artificially'prepafed with solublg Ca
amendments suéh as célciuﬁ chloride'(Reéve and Boﬁer, 1960;'Badiger‘
et al., 1969; Doering and'Willis, 1975) or calciﬁm nitrate (Doering
and Willis, 1975). The solution is prepéréd and then applied fofthe
land. Gypéum has‘generally been ineffective for this procedure due
to its low solubility (Doering and Reeve, i965; Mﬁhammed 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 pafticu1a¥ gddic soil if ifs;éAR is 1ess than that gf
the equilibrium soil solutibn at the existing ES?. ﬁy'successively
loweriﬁg the SAR of the salt water éolutioﬁladde& to the soil, rapid
reclamation occurs. Vander Pluym et al. (1973) concluded that leaching
water witﬁ a given total'salt,concentration produced hydraulic Cquuc—
tivity values inversely rélated-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 Boweﬁ”(1960) and Reeve and Doering (1966) leached by
successive dilution until ghe soil ﬁas fully équilibrated. However;
Muhammed et al. (1969) found that the efficiency of feciamaéion is
highest at the'beginh;ﬁg of aﬁ& equilibration step. 'Thé soil and water
were assumed .to be in equilibrium.whgn the SAR of the leachate was

essentially equal to that of the applied water. At each dilution step

'appiication of only two-thirds the amount of gypsum-saturated sea water

required for full equilibration was as effective at reduciﬁé 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 (Antipoy—Karatégv, 1960; Boumans. and
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Hu;sbos,-1960; Flannery,'l960; Reuss and Campbell, 1963). Effectiveﬁess
has been attributed to solubilizing Ca (or.ﬁg) salts already pfesent
in the soil profile. For example, dissolved gjpsum reacts with adsorbed
Na by the process in equation 6. .Sodium sulfate that is produced can

be leached from the soil profile.

2NaX + CaSO,<=CaX + 2Na,50, : (6]

Cglcium ions are also solubilized through hydrolyéis of calcium carbon;f
ate as desdribed by Goertzen and Bower (1958) in equation 7. ".The
résultant soluble Na can be leached from the soil profile. " These
scientists were not able to effect compiete reé}amatioﬁ by this process

due to the low solubility of calcium carbonate.

2NaX + CaCOy + H,0=CaX + NaHCO, + NaOH [71

Water Management

Leaching of soluble salts from saline—sodic'anq sodic soils,requires
application of water in ekcessvdf what is required for crop.growth.
The majbrity of the leaching should be accomplished after application
of the amendment, and before planting. This.allows the seed the most
.favorable environment for germination apd growth.

Successful reclamatioﬁ depends on merment‘of water into and

through the soil profile. Land to be reclaimed should be perfectly
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level (Amemiya and Robinson, 1958; Bhumbla, 1972) and dikes can be
built in and around a field to insure uniform and théroﬁgh wetting.

The quantity of leaching water required to achieve a desirgd séii
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 throuéh the detgrmined depth to:be reclaimed in or&er
to maintain a steady state (U. S. Salinity Léborator§-8taff,'l954).

- Equation 8 illustrates the concept

_ ECiw _ Ddw .
LF " ECdw ’ L8]

electrical conductivity,

]

where: EC

D = depth,
iw = irrigation water, and
dw = drainage water.

Rhoades (1968) describés LR for controlling SAR"qf the soil solution as
well. Rhoades et al. (1974) suggest that the lowest possible volume of
leaching water be used, commensurate with satiéfactory érop 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
décrease soil ESP are usea (Miyamoto et al., 1975a). Therefore; the
amount of water that must. pass through the zone to be reclaimed
.increaées. The édaitional 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 (Miyamoté et ai., 1975a). This extra ..
water is required in addition to that determined by the'LR. Stromberg
(1972) reports tha; a depth of water équal to the depth of soil to.be
reclaimed will remove about 80% of the salts, but to remove ,90% of the
salts twlce as much water is required. Stromberg believes that soil
texture has little to do Qith 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 leaéhing is siower.

. Leaching removes soluble plant nutrients such as NO Fertilizer

3¢

recommendations must take this into account. 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 HCO3 is especially poor. Upon application to the

3

land these jons cause precipitation of soil solution Ca creating

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

2%03
1957; Fine et al., 1959; Tisdale, 1970; Gumaa et al;,'1976).' "Residual
NaZCOBH means that sodium carbonate and sodium bigarbonate dominate the
soll solution. Hence, SAR is effectively increased along with a corre-
spoﬁdihg 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 soill dispersion, and reduced hydraulic conductivity.
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Leaching can be performed by Eontinuous or intermittent ponding.’
According to Bower (1959) intermittent ponding, dﬁe to the alternate
wetting and drying, has generally been the most successful method for
improving soil structure and thereby increasing hydraulic condﬁctivity
vaiues. Reuss and Campbell (1963) found that alternate flooding aﬁd
drying at 2-week intervals was most effecfive at reducing EC in a
saline—sédic soil. Abed (1975) reported that leaching efficiency is .
increased with intermittent ponding, but.continuéus pon&ing effécted
lower ESP values with or withogt gypsum amendments. Sahota and Bhumbla
- (1970) fqund intermittent ponding to be more effective at increaéing
leaching efficiency in the O to'30 cm depth, but that confiﬁﬁous ponding
was more effective below 30 cm. Abrol and Bhumbla (1973) found th;t
contihuous and intermittent ponding wére similar and not very effecti&é
for assisting reclamation of a highly imﬁérmeable‘éodic soil.
Proper drainage is paramouﬁt.if leaching is to Ee'effecpive (Tobia'_
and Pollard, 1958; Branson and Fireman, 1960; Lewis, 19663
Puttaswamygowda et al., 1973;_Sharm§ et al}; 1974; Pandey et al., 1975).
There will simply.be a dilution of the salts. in the soil solution énd a
rise in the water table pnless soluble salts and leaching water are
‘drained from the affected area. Since most_salt—affected'soils have
a drainage pro#lem, installea drainage is usually requirea, The water
table should remain at leést 130 cm deep, in a loam éoil in the ﬁortﬁern

Great Plains, to keep the upward flow rate near zero (Doering and Willis,
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1575). 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 wafer across the surface of the soil. The autho;s faund that
flushing was effective in ;emoving surface salts from poorly drained
soils not treated with gypsum, if a proper gradient‘e#isted.

Irrigation of salt-affected soils requires spedial management .

. Plant root growth is slow énd shallow in soils with poor structure
(Padhi et al., 1965; Chhonkar et al., 1971; Abrol. et ;1., 1975; Doering
and Willis, 1975). In addition, available water is limited to the depth
that has been reclaimed. These conditions necessitate frequent, yet
1ightér irrigations (Overstreet et ai,, 1§Sl;vBhumbla, 1972; Abrol et
al., 19?5; Doering and Wiilis, 1975; Fletcher and Schurtz, 1.975). .
Flood irrigation is more desirablé than furrow irrigation. The latter
causes a concentrationiof:salts in the ridges as water rises by

capillary action to wet them (Stromberg, 1972).
Amendments Supplying Calcium

General

There are many soll amendments supplying Ca. Most of them are in
theuform of a soluble Ca salt. The primary purpoéé 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, agéompénied by suffiﬁient water
to solubiliéé it, increaseg'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 leayes'the exéhangé
complex to re-establish eqﬁilibrium;.ca ions are ayailabie to take

its place. The process is indicated in équation 9.

4=— 250 [9]

2NaX + CaS0, == CaX + Na 4

Leaching must be accomplished to remove the Na- salts produced. Calcium 3

amendments may be applied whether or not insoluble Ca (or Mg) is native
in the soil. These.aﬁendments do not ha?e'to be repeated eéch'year
unless leaching and irriga;ionﬂwater have‘a'high SAR, or drainage ié
poor and Na salts are not removed. Besiaes reducing ESP, Qa'amendments
also react with sodium carbonate and bicarbonate thaf exist in soil
solution. Equations 10 and il indicate feactipns fhat occﬁr when

gypsum is applied as an amendment.

Na,C0, + CaS0, T=CaC0,; + Na;,S0, [ 10]
2NaHCO, + CaS0, ==Na,S0, + Ca (HCO,4), [11]

The resulting sodium sulfate is a neutral salt.andiis more desirable
than sodium carbonate or sodium bicarbonate which are caustic to

plants (Bower, 1959; Abrahdm, 1970).
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Authors describe other mechanisms by which Ca amendments aid
reclamation besi&es.direc; reaction with Na, Abrahém and Szaboldé
(1964) determined that Ca amendments added to nhe soll exert a bene-
ficial influence on processes in plant physiology. Loveday (19765
found that hydraulic nonductivity éf a sodic, clay soil improved
initially with the addition of gypsum due to an electrolytic effect. -
(the increased conqentratipn of divalent cations in the soil Solution
facilitated flocculation)-rather than from'cation egchange with Na.
. Many authors have empioyed nhe electfblytic effect in reclanation.of
.sodic soils with high-salt water (Reeve and‘ﬁower, 1960; Doering and
Reeve, 1965; Rhoades, 1968; ﬁadiger et'al.,‘l969; Muhammed et al.,
1969; Rawat and Singh, 1974; Doering and Willis; 1975; Massoumi, 1975).
Boumans én@ Hulsbos (1960) indicnted that Ca améndments cause a |

decrease in'pH by exchanging with H ions on the exchange complex.

Gypsum

Gypsum hés been by far the most utilized Ca-améndment dne to its
acéessibility, low cost, easy handling, and effectiveness; The litera=
ture abounds with reséarch that has showed gypsumlto be an effective
reclaimant on Na-affected soils.” Gypsum hns been used successfully in
combination with various fnrms of organié amendments and 1eaching
(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; Péntamkar et al., 1972; Poonia and ﬁhumbla, 1974, Bajpai et al.,
1976). Gypsum as a single amendment, in coﬁjunction with leachiné, has
reclaimed sodic soils (Overstreet et al., 1951; McGeorge et al., 1956;
Bower, 1959; Yadav and Agarwal, 1959; Balba, 1960; Branson and Firéman,
1960; Gibaly, 1960; Srivastava et al., 1962; Kanwar aﬁ& Chawla, 1963;
Abrahém and Szabolcs, 1964; Padhi et al., 1965; Verhoévén, 1965; )
Chaudhry and Warkentin, 1968; Kobbia et al., 1969; ﬁahmoud-et al.,
1969; Abrahdm, 1970; Sahota and Bhumbla, 1970; Tisdale, 1970; Mehrotra,
1971; Sharma, 1971; Bhumbl;,'l972; Khosla.and Abrol, 1972; Abrol and.
Bhumbla, 1973; Maskina et al., 1974; 0'Connor, 1974; Sharma et al.,

1974; Abed, 1975).

Chhonkar et al. (1971) found that pelleting Phéseolus aureus seed
with gypsum and calcium cérbonate significantl} increased growth, nodu-
lation, and N-fixation in a sodic sgil. Complete soil feclamation:
could not be effected;_bup'the environment around the germinéting seed
was improved.

The gypsum reéuirement (GR) for reclamation‘of a Na—affected'soil
is determined by a.labqrapory test described by the United States
.Saliniﬁy Laboratory Staff (1954). The GR measures the aﬁount of gypsum
negded’to replace‘almost all of the Na from the exchange complex, to a
determined dépth. Complete replacement is usually not possible dﬁe

to the high bonding energy for part of the exchangeable Na (Chaudhry
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and Warkentin, 1968), or becauée leacﬁing water may contain Na.(Bqumans
;nd Hulsbos, 1960). The éuaﬁti£y of CO3 and HCO3 ions iﬁ the soi1.so1u-
tion will affect the éﬁ. Khosla and Abrol (1972> pointed out that the
minimum amount of amendment necessary to ini;iate_reclamation has to be
more than the amount needed to combine with the free CO3 and a major
fraction of the soluble HC03.

Several factors aeterﬁine 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 afe not very effective reclaimants (USDA, Agricultural Reseaféﬁ
Service, 1963; Doering and Reeve, 1965; Muﬁammed and Amin, 1965;
Badiger et al., 1969; Doering and Wil}is,'lQ?S). Another factor
that affects efficiency is texture of thg:amendment material. Finer
. grained particles solubilize more fapidly. 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 almosg always applied dry, and directly to the soil.
Bhumbla (1972) reports that gypsum’is most effective for reclamation
when incorporated to shaliow depths (10720~cm). Reclamation below the
depth of incorporation can occur slowly as the gypsﬁﬁ moves downward
in solution. In solonetz soils, whe;e Na is érimérily 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 (Abrahém and Szabolcs, 1964; De et al., 1974; Doeriﬁg
and Willis, 1975) and calcium chloride (Bower et al., 1959; Branson
and Fireman, 1960; Reeve and Bower, 1960; USDA, Agricﬁltural'Reééarch
Service, 1963; Puttaswamygowda et al., 1973; Doering and Willis,'l§75;
Prather et al., 1928) are soluble and effective on soils with low
hydraulic conductivity. Calcium carbonate has been uéed effectively
in the seed pelleting experiment mentioned previously (Chhonkar et al.,
1971), and in sélonetz soils due to ;heif slightly acidic A horizon
which greatly increases calcium carbonate éolubilit& (&brahéﬁ and
Szaboles, 1964; Cairns and Beaton, 1976). . Abrahém (1970) reporté that
""digo ear;h," whiéh is é mixture of gypsum, caléium carbonate, and ° .
subsoil, is also effective on soldneté soils. Pressmud; a waste '
product of sugar refinerie;, produéed by a carbongtion process, con-
tains 60-70% cal;ium'carbonate (and about 107 organic matter With
small amounts of.N, P,.énd K). Several scientists have reported using
it sucéessfully (Kanwar and Chawla, 1963; Bhumbla, l972£ Saraswat et'ai.,
1972) except at soil pH vélués over 9.5 (Bhumbla, 1972). #ime—sulfur
(calcium polysulfide) owes its success partly to the Ca it éupplies to
the soil (Bower, 1959; Tisdglé, 1970; Stromberg, 1972). Dhar and

Srivastava (1968) rgborted that calcium phosphates in conjunction with
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organic matter and blug éreen algae were successful in reclaiming a
salipe—sodic soil. Sims and Dregﬁe (1962) reported that calcium nitr;te
plus single'superphosphate (50% gyfsuﬁ) préduced positive growth
reéponses Hue, in paft, to the Ca they supplied,' Bransén and Fireman
(1960) report the use of a soillconditioner, Krilium. They describe the
product to be a "calcium-cafboxylate pol&her of.é hydrolyzed polyacry-
lonitrile." Calcium supplied by the product was in a slightly soluble
form. The authors conclude& that Krilium's modefate success in reélama— )
tion wés probably not due to Ca. Mahélingam (1973) contributés‘the |
effectiveness of lignite‘fly ash to its high percentage of Ca, as well
as Mg and SO4.

De et al. (1974) reported the ﬁse of a variety of Ca salts. They
observed the order of‘amendment.effectiveness for decreasihg soil pH
and incréasing P availability to be: Calcium nitrate > ;alcium sulfite >
calcium citrate > calcium acetate > calcium sulfate Q-calciﬁﬁ sﬁlfide >

- calcium oxide > calcium carbonate.

Amendments Supplying Ammonium
Van Schaik and Cairns .(1974) found that the addition of high con~
centrations of NH4-sa1ts 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 NH4 adsorbed on the clay

particles. It was concluded that the beneficial efféct of NH, is less
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than that of added Ca, but nevertheless significant. Cairns and Beaton

(1976) found NH4 to be more effective when added as ammonium nitrate

than as urea or ammonium sulfate. In a field study on a solodized
solonetz soil, Cartef 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 na;ive 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 ét al., 1951).

S0, + CO.¢+ +H

,50, 9 20. [12]

==CaX.+
H,S0, + CaC0, + 2NaX 2=CaX .+ Na

H,SO, + 2CaCO, + 4NaX ==2CaX + Na [13]

250, 3 SO4 + 2NagCO

2 3
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‘Solubilized Ca replaées Na on‘the'exchange complex. The exchanged
Na forms soluble sodium sulfate and sodium bicarboﬁate. Leaching.must
accompany thé applicafion‘of,thése émendmentS'because_theit 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 sqil-
solution contact, the eéfficient 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. The reactions are shown
in equations 14 and 15. Once again the neutral ‘salt sodium sulfate is

prbduced and it is readiiy leachable.

Na,CO4 + H,80, 2= CO4* + H,0 + Na,SO, | . [14]
2Ncho3 + sto4;;;2c02+ +‘2H20‘+ Nazso4 . [15]

Occasionally an acidifying amendment is used when there is no -
ﬁative'Ca (or Mg) salt in the soil. The exchénge reaction that occurs

is. diagrammed in equation 16. ' .

| 2NaX + H,S0, == 2HX + Na,SO, : - [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




28
occurs predictably. Acidifying amendments are applied to the soil as.

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

Sulfuric Acid

Descriptions and Cautions.

Sulfﬁric acid is a viscbus, corrosive liquid. Precautions for
handling sulfuric acid are described by Fasullo (1965) and Stroehlein
and Openshaw (1975). Tissue burn caﬁ result from application too neaf
establishe& ﬁlants. When acid is water applied, concrete-~lined ditches
and other conventional irrigation equipment will corrode when the rate
exceeds buffering cépaci;y; i.e., the HCO3 + CO3 + NH3 content of tﬁe
water.  Traﬁsport should be in iron tanks. Only certain plastics are
satisfactory. Diluting acid increases corrosi&enéss, and releases
large amounts of heat. Dilution should only bé 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

1. Effect on Soil Properties and Crop Yields. The theory of
sulfuric acid reaction in soiis has been presented in the earlier dis-
'cussion on acidifying amendmenfs. Sulfurig aéid requires no S oxidation
period; thus, reclamation can begin immediately (Bower, 1559; Tisdale,

1970).
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All of the experimenés reported herein involved soils eontaining
native calcium carbonate.- An early seriee 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 937 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 requireﬁep; were applied and the plots |
were deep chiseled. Leaching and irrigation followed treatment incorpo-
ration. For a period of'Zb months the yields of pasture mi# on sulfuric
acld treated plots were markedly higher than those of the ploes treafed'
with gypsum or sulfur. Yields on sulfur treated plots were‘searcely'.
above the checks. After 20 months there was no significant diffefence
among &ields on gypsum, sulfur, and check plots. In further experimenta-
tion on the same soil, Overstreet et al. used acid fates as‘low as .06
of the rate.used in the first experimeet. Paspure yields and soil
permeability inpreesed-oyer the eheck ep'all acid rates.AAAmong different
applications of eulfuric acid the final permeability rate varied directly
with the amount of acid applied.

Prather et al. (1978) found that sulfurie acid was more effective
than calcium chloride at lowering ESP of a highly sodic soil. However
the latter treatment, due to 1ts 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 measu;ed. Coﬁbiping either calcium chloride
_of sulfuric acid with gypsum in proportions of oné-fourth to three-~
fourths, respectively, apbreciably reduéed the time and leacﬁing peeded
to achieve reclamation as compared to gypsum alone. As reclamation
’ bégan, and ESP lessened, gfpéum compared more favorably to the other
;mendments because permeability was no longér preventative.

In a field experiment on a ﬁighly sodic soil Chand.et al, (1977)
.found sulfuric acid compared favorably to gypsum and aluminum sulfate
at improving soil propérties and first crop barley yield. Manure, aﬁd
pressmud from carbonation factories effected little improgement. Higﬁ
rates of prgésmud from a sulfitation proéess effected improvement in
soil. properties and yields, but was inferior to sulfuric acid and gypsum,
The effectiveness of aluminum sulfate had geverely decreased at second
cropping. By fourth cropping the effects of sulfuric acid and gypsum
were no longer significant.

Yahia et al.,fl975) in a lab éxperiment studied the effects of
gypsum and 93% sulfuric acid on water penetration in.calcarebus and
sodic, range soils. Sulfuric acid was more effective at increasing
penetration than gypsum at all equiﬁalent rates. The result was
explained by the limited éolubility and plugging of soil pores by
gypsum. For all soils tested (ESP ragged from 4 to 100), water penefra- -

tion increased with increasing levels of acid application up to certain

rates, then decreased with further abplicatioﬁ. At high rates, a
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’distinct surface crust formed. The crust was unstable and slaked upon
addition of water, thereby clogging séii po%e spécg. 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 iﬁéreasg water penetration into Na-
affected soils: |

| Miyamoto et al. (1975a) conducted é lab test in which they found
ESP gn@ total dissolvea sélts (TDS) to be continuous functions of the'
acid apélication rate. That is, with'increasing acid there is a
decrease in ESP and an increase in‘TDS until a cohdition is reached at
which no change tgkes place as a result of Ca reprecipitation. Calcium

from the soil sblution, along with SO, from the acid, precipitate as

4

gypsum, Increasing the application of water restricts rebrecipitation.

2. Effect on Soil Nutrients. Ryan et al. (1974) tested sulfuric
acid for i;s effect on the sqlubilit§ of tface.elements Mn, Zn, and,Fe
in a calcaréous, non-sodic éo;l. They applied'sulfuric acid at varying -
-degrees of saturation-of the aciq titratable basicit& (ATB). Miyamoto
et él. (1973) define ATB to be a meégureldf all the base constituents
Qith which acid mayAreadily react, or a measure of tﬂe buffefing
cabacity of the éoil. Hence, acid rates iess than 100% saturation of
the ATB will effect continual but slight pH decreases, whereas rates
greater fhan 100% saturation credte 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 extfactable‘Fé and Mn.compared with the uptreated soil
(Ryan et al., 1974).. A significant increase in water sgluble forms of
Fe and Zn oc;urred oniy when acid application was greater than 1007 ATB.
These increases occurred with acid rate and time of soil-acid contact.
Ryan et al. (1974) recqmmend acid ratgs less than 100% ATB because
plant growth can bé seyerely affected if the pH was extremely lowered.
Nevertheless, raﬁes near 100% ATﬁ are‘most ad?antageous.‘ Théy COnclﬁde.
it would be'impractiéal to neutralize the enfiré.surface rooting zone
because of the great amounts of acid that would be required an& because
of probable damage to plants due to increased concentration of soluble
salts. Band apblicatibn along the planted furrow is most reasonable.
Ryan et al. (1975) determined tha; sulfuric acid was more éffective for
increasing available Fe in a calcareéus soil thaﬁ'either iron sulfate ér_
Fe-EDDHA.

Ryan and Stroehlein'(l979) ran a lab expériment on caicareoﬁs soils
deficient in available P; The objéqtiVe was to determine whether 937
sulfuric acid, ﬁixed thoroughly with Ehe soil, could incfease 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 applipation effected a pH decline which made P more
available. Plant uptéke of P matched the dry matter yield response..

Increasing acid rate affected the form in which P was found in the soil:
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Ca-P decreaaed, soluble—P,and‘AIAP,forns increased{AFe—P and reductantl
soluble § forms remained unchanged. 'Suifuric'acid'injected in bands at
~a rate equivalent'rohl,344_kg/ha‘Was‘found,to be as effective-aa 336 kg
actual_P/ha,aa super—pnospnate. 'Extractable Fe and Al increased with
. increasing acid ratea. Miyamoto et ai.‘(l975b)_a1so suggest sulfuric
acid for increasdng P availability.' | |
| Ryan and Stroehleln (1976) experlmented w1th Jaroelte" (an iron
bearlng by- product of the copper smeltlng process)—sulfurlc acid le—

tures to increase Fe avallablllty on calcareous 3011 whlle grow1ng

sorghum (Sorghum b1color) in a greenhouse Mixtures 1ncreased ylelds'
and chlorophyll significantly over either of-these'materiais used alone
and.the reaultslwere compardble to thoée'obta;nable with conventional
inorganic and chelated.aources of Fe.- Iron‘availabiliﬁy changed oniy
slightlp as mixtures were.varied. | |

Tobia anduPollard (1958)_used.aluminun[suiface; ferrous sulfate,
and sulfuric acid on neurral; calcareous; and sodic soils. Iney
observed the effects.of tﬁé ;hree.acidifiers onan, f;'Fe, and Al avail—‘-
ability under tbntinuous and intermittenrlirrigation and found that
acidity (pH values of 4 5-6.5) produced by sulfurlc acid and ferrousvn
sulfate was short llVEd whereas, that produced by a1um1num sulfate
persisted for a year. Sulfuric.acid brought more P,.Fe,_and Ai into
solution than did.the otherﬁtreatmenta;. 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 caicareous s0ils resulted
in P fixation, presumably by Fe activated by anaerobic conditions. This

effect was not noticed with the sodic s0il.

3. Effect on Soil Microorganisms. Leaching'and the applicatioﬁ of
sulfuric acid to a sodic soil accounted for an increase in N—fixing
micfoorgaqisms; microorgéﬁisms that mineralizelérganic 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 Stroehleiq (1975) found that on calcareous soils water
applied 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 aci@ is applied directly to a dry soil sﬁrface
carbon dioxide escapes instaﬁtaneously without any detrimental effecté.
~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 éoil—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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Ryaﬁ et 'al. (1977) condﬁqted é greenhOuée study, on calcafeous_soil;
" to evaluate the effects of‘comparable rates qf-éoil—'and Wéter—apélied
éulfurié acid on dyf_mafter yieid,tanH.P and Fe-uptaké by sorghum. The: .
watér to which tﬁé acid Waé'applied Qﬁg'ﬁigh in sodiﬁm bicarbonate.
Acid was applied in excess of the water's buffering capacity. Signifi—
cant increasés in the thrée‘vériables Wére produced only by soil treat-
‘ments. Thé resuits érétéresumably due to the fac; that dilute -sulfuric
acid, as-added through irrigation water, is immediatély ﬁeutralized'by; o
the soil whereas point afplicatibn creates’an aciﬂ zoﬁe,suffiéient.to

release Fe and P from relétively insoluble forms. In another greenhouse

study with Bermudag?ass (Cynodon dactylon) on calcarequs soil, Ryan .et
Ial; (1975) applied 93% éqifuric acié-at equivaléné rates of 1, 3, 5, and '
lO’metrié tons/ha gy various direct égil methods aﬁd_as a 3% irfigéfion
treatméﬁt."All treatﬁenéé‘wére ié%ched after application. Crop:growtﬂ'
incréased through the'fi;§p fouf of séven harQests in a 1—§eaflperiod.
The last three sﬁowed a dec;éaginé t%énd; GrowEH; chlqroph&ll confent,
and Fe availability.iﬂltﬁe.soil increased with raﬁe,_but there was no
diffgrencg between mephoas_offapplicafiogl Long-lasting positive effects.
wéré not broduced by any.bf the treatments.
quinage_WatersQuality'frﬁm.Suifdfic Acid Reclaﬁétiqn

Iﬁ-a lab séudy'using.a.calcarephs-sbdic soil,.MiyémQto,(1977)~
e&aluated.;ﬁe saltiload in'dréihage watérs'genefated.by the.applicatiqn

of sulfuric acid at a rate of 5 metric tons/hé;>~He:concluded that the
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salt load generated by acid is only a minor portién of the total salt
load created by.the leaéhing process, and thus, the quality (SAR) of the
drainage Waéer from these soils is little affeéted by acid treatment at

this rate. .

Other Amendments

Sulfur has been used by many authors (Overstreet et al.,.l951;

McGeorge et al., 1956; Bower, 1959; Branson anﬂ 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 Ep'o£idige to sulfuric
acid. At tempefatures bélow 15.5 C oxidation almost cgases..'Tisdale
(1970) reports that if ghe soil is warm; moist, and well aerated, and

if the sulfuf is finely divided (80 mesh or finer), oxidation ﬁill be
virtually compléte Qithin 4 ﬁeeks. But cpﬁditions less than ideal

will slow-éhe procéss soifhat complete ogidation may take several &ears.‘
Overstreet et al. (19Si)lréborf.thét affer 20 moﬁths-sulfur plété

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 aslferric 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 reclaimanté. Several authors
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(Bhumbla, 1972; Chand et al., 1977)'fonnd that alominum.sulfate can
create a Zn deficiency_and thereby reduce reclamation effectiveness.

The group of amendments called polysnlfides are formed when aqueous.
._solutions of "the hydroxides or sulfides.of Ca, NHQ, K, or Na-are heated
with S (McGeorée et el., 1956). In addition to the sulfide salts the
polysulfides contain sulfates, thiosulfates, and molecular S (McGeorge '
et al., 1956). Their chemical composition is therefore extremely complex
and varied. Ihey‘ere all h;ghly'alkaiine mith a pH of 10.0 or greater.
Sodium and‘potassium polysulfides ere.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 (McGeorge et al., 1956 Bower 1959; Tisdale, 1970).
Ammonium polysulfide reportedly increases water penetration by affecting
the wateresoil contact angle dué to the’ presence_of hydrophilic sulflde
groups (Lengyel, L96$).

There are seéveral methode‘of reclemation'that aim at solubilizing
native calcium cerbonate.Without the aodftion of a'S compound. Nitfic
ac1d credtes free Ca by reducing the pH of the soil solution. It is.

a very effective amendment (McGeorge et al 1956,_Bhumbla, 1972). |
Electrorec;amation is still another approach. Gibbs (1966) -reports
that by creating a-current in the soil solution certain cnemiCal reac-
‘tions,'including the solubilization of calciumAcaroonete; can be maoe

to occur which effect successful'reclamation.




" MATERIALS AND METHODS
Field Study

Site Descriptions

Field‘researchfsitgé wére 1oc5ted 6n three irrigated, calcaréous,
saline-sodic soils. Site 1'Qas 1bcateé 1.5 km.noftheast of Custer,
Montana. The soii ié a Lghmilier—Hyéham éilty clay loam, an Ustic
Torrifluveﬁt. Lohmiller,'the.dominant series in the complex, is ciassi—
fied at the family leﬁel’as fine, montﬁorillonitic, calcareous, mesic.

‘Site 2 was located 4.5 km east of Hysham, Montané, .The soil is-

a Laurel loam, a fine~loamy, mixed, ﬁesic Bérollic Salorthid.

Sité 3 was 16cated 5 km south of Bridger, Montana. - The soil is
an Allentine clay loam,; a fine, hontormillonitic, mesic Haplustollic
Natrargid. |

The Qa;er tablé at sites lfanq 2 varied from approximgteiy 90 to
greaterﬁth;n.180 cm déep.durihg the growing'seaSons. A perforated
plastic drainliné was.instélled 1.83 m deép at site 1 before the experi-
ment began. Dfainage at ‘both sites was sufficignt for barley seed
éermination and 1eaching.. The water table at site 3 varied during thé
first growing season from approximately 1-30 cm deep. braiﬁége wés
not suffiéient for”barley”seed gerﬁination or 1ea£hing, thﬁs tﬁe
experiment at this site was terminated-afte; the first year.

 Selected characteristics'of each soil a?e presented in Table ‘1.

Textufal class was determined by a hydrometer'méthod of particle-size
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Table 1. Some physical and chemic¢al properties of .the soil at each

site. Depth is 30 cm unless otherwise specified.

Site 1

Analysis Site 2 Site 3
Textural class clay loam loam loam
Predominant clay type | ————— montmorillonite~—<-——
Saturated paste pH 8.6 8.7 8.7
30- 60 cm 8.9 8.8 8.4
60- 90 cm 8.8 8.6 8.4
90-120 cm : 8.6 8.2
Saturation extract EC, _mmhos /cm 23 27 7
30- 60 cm - 23 25 2
60- 90 cm 15 - 19 2
90-120- cm 7 1.5.
Sodium adsorption ratio,K - 94 68 63 -
30- 60 cm 106 76° 19
60- 90 cm 110 54 17
90-120 cm 74 . : 17
Saturation moisture, 7% 37 32 36
Organic matter, %, 0-15 cm 2.3 1.6 1.7
CaC0,, % 7.7 " 8.6 9.8
NH40£C extractable Na, me/lOO g 26.1. . 20.5 12,2
Soluble Na, me/100 g 13.0 12.3 3.5
Exchangeable Na, me/100 g 13.1 8.2 8.7
Cation exchange capacity, me/100 g 36.4° 25.7 28.1
Exchangeable sodium percentage 36 32 - 31
CaS0y 2H9O requirement, mt/ha 32.82: 11.72 29.75
93% HpS0, requirement, mt/ha ~18.71 " 6.68 16.96
120.38

(NH4)ZS requ1rement hectollters/ha

47.45
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analyéisi(Day, 1965). Clay type was determined by the x-ray diffractlon
technique of Whlttlg (1965) Organlc matter was determined colorimet-
fically using the method of Sims and Haby (1971). The method for NH, OAc
extractable Na is from Volk and Trueg (1934), and catieﬁ exchange capae-
ity wes determined using the method of'Bower et al. (1952). All cation
concentrations were measured by atomic absorption specerophbebmetry. |
.Ninety—three percent sulfuric acid (HZSO4) requirement .and ammonium
polysulfide [(NH4)ZSX] requirement are celculatiops. They are.per-
centages'of the gypsum (CaSO4-2H20) requirement based on equivalent

S content. 1/ All other mefhods are from the United States Salinity,

Laboratory Staff (1954).

Treatment Descriptions

Thefamendmenfs used in the experiment are descrdbed in Table 2.
Sulfﬁr in the fwo acid amendments was deterﬁined by mathematical .calcu~-
lation. Sulfur in ehe maﬁure Qae determined indirectly by a method
which measures exeess Ba. 2/ Sulfur was determined gravimetriealiy,dn
the gypsum and ammonium polysulfide by the method described in Hofwite

(1975). Nitrogen in the menure‘was determined by a micro-Kjeldahl

1/ Sulfur content of ammonium polysulfide is variable and may be >45/
by weight. The ammonium polysulfide requlrement shown in Table 1 is

_based on 36.47% S (Table 2).

2/ Sulfur determination in planté. Chemistry Station, Montana State
University (unpub.).




‘Table 2.

) Ameﬁdment“analyeis;
) . S ) .. Total % By weight - ) B Total ppm
Amendment . S N  Ca Mg Na P Moisture Zn Fe Mn Cu
-‘93%veerubber H2804e -.30.4. 1.9 15.0 1.9
92-93% spent H,S0, 130.3 0.0 "31.0 0.3 0.2
o S - » . ' : - -
Feedlot-cattle‘maﬁuréfi 0.3 2.2 7 8- 3.9 2 5 O 69 11.8 64.051520' 116  13.0
100 mesh.Cas0; - 2H,0  16.9 233 <0.01 0.7 "647.  34.0. 4.8
36.4° 19.5 ©<0:01 18.6 = 10.3 - <2

‘NH4)ZSX

<2

+Manure was applled to the f1e1d 31tes at the m01sture percentage 1nd1cated
analyses are on a dry Welght basis. :

A1l elementalf

‘IV
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analysis 3/, and in ammonium polysulfide using ‘the KJeldahl method
descrlbed by Horwitz (1975) . The manufe was prepared for Ca Mg, Na,_
'Zn, Fe, Mn, and Cu analysis using a dry ash procedure (Chapman and E
Pratt 1961). -Analysis was done by atomic absorption spectrophotometry;
Calcium in the gypsum, and micronutrients in the gypsum, ammonlum poly—
sulfide, and sulfuric acid were determined by the atomic absorption |
spectrophotometry method in Horwitz (l975). _Phosphorus in the manure
mas determined colorimetrically using the.dry ash“procedure of Jackson;:
‘(l958). ‘Gypsum and.ammonium'polysulfide were analyzed colorimetrically:f
for P by the‘method'in Horwitz‘(1975).: Moisture in‘the manure'was_calf.::
culated after ‘oven drying at 49 C, | -
| Treatments were applied in 3. 66 X 7 62. m plots at all sites. lhe:
-statistlcal de81gn was a randomized complete block. o |
‘ At site 1 two sets of plots were established The two”sets‘of'
plots w1ll be referred to_as site la and‘site 1b. At site la, five
treatments were compared-in eight-blocks,. The:treatments were:v chech,f
:one—half full (the 93/ H,S 4 reduirement'to reclaim;the surface'dofcm:
'at a given site shallrbenreferred to as. the "full rate" of:acid atuthat.
site, see Table 1 for the corresponding metric tons/ha), and. 2X full

rate of 93/ scrubber acid ‘and a full rate of the 92—~ 93% spent ac1d

é/ Pennington,”H.iD. 1968 Total n1trogen in Dlants by micro—‘-"
Kjeldahl analysis. Texas A&M University (unpub )
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At site 1b, two treatments compared in four blocks were a check and a

- full rate of 93/ scrubber ac1d

Sltes 2 and 3 each compared eight treatments in three blocks.
Spent sulfurlc acid was not 1ncluded in the experlments at these sites.

Treatments were: check, ‘a full rate of 93/ acid- (see Table l for the

correspondlng metric tons/ha at each 51te), a full ac1d 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 CaSO4-2HéO requirement to.reciaimg

the surface 36 cm soil’depth; see Tabie-i for.the cbrresponding metric
tons/ha at each 51te), and ammonium polysulflde at rates of l 87, 4 68
'Aand 14.97 hectolrters/ha at each site. Only the effects of the hlgh
rate of ammonium polysulfide wiil'be_dlscussed in thlS work.
:Treatments,were appiiedcin April'andeay-l977; Manure and:gypsum

were spread by hand and thelliquid‘treatments were applied with plastic

sprinkling cans. Tréatments'were.incorporated by rototilling to a:depth .

of 7.5 cm several days after:application The.second half of'the full

'ac1d—sp11t appllcatlon treatment was applled at site 2 1n mid- September .

i 1977 after first year 5011 samples were collected This acid was_not.

incorporated.

'Planting and Fertilization

'Piroline' barley (Hordeum distichum) was seeded 4 cm deep at a
rate_of 108 kg/haUat 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 'l

and 2 in mid-Junemthe second growing season only.

Irrigation and PrEC;pitation

Table' 3 describes the amonnt of preclpitation and the quality of
llrrigation water that each 51te received Quantlty.of irrigatlon water
was not measured. Precipitation figures were recorded-by local National:
-:0ceanograph1c and Atmospheric Administration Data Service stations (NOAA
Environmental Data Service, 1977 1978) Electrical conductivity,'pH,

. and sodlum adsorptlon ratio. (SAR) values are seasonal averages. -

Exten51ve 1rr1gation was practlced the f1rst grow1ng season to,
.begin the reclamation process. Half of the plots at site la, and- all
. of the plots at s1tes ib, 2, and 3 recelved a light 1rr1gat10n after :
treatment incorporatlon All plots received a second 1rr1gat10n after )
planting. Irrlgation was: carrled on throngh m1d—August at sites. 1 and
2 at 10— to 15- day 1nterVals Site l recelved another 1rr1gat1on one-;
month later. Sites 1 and 2 were . 1rrigated e1ght‘and seven t1mes,:
Irespectlvely - Irrlgatlon water.mas ponded brlefly durlng each applica—f
tion to enoure'complete wettlng and then allowed to flow off the plots.
Site 3 was irrigated five-times by mid;August.and alslxth.time,a month.

“later. Water was never ponded at site,3;
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Table 3. Precipitation quantity and irrigation water quality.

May 1977-Sept. 15, 1977 ~ Sept. 15, 1977-Aug. 15, 1978

‘Precip. ' .EC Precip. . EC .

Site (cm) pH (mmhos/cm) SAR (cm) pH (mmhos/cm) SAR
1 26t 8.7 0.3 1.2 46t 7.4 0.2 0.7
2 30t 82 e - 21 wf 7.4 13 4
3 g8 8.2 ° 0.3 1.2

1‘Figures are an average from data collected at the Ballantine and
Hysham, Montana NOAA Climatological Stations.

*Data collected at the Hysham, Montana NOAA Climatologicél Station.

§Data collected at the Bridger, Montana NOAA'Climétological Station.
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Rainfall was more than adequate for barley'growth at sites'1 and -
2 during the second growing season. Only one 1rrigation 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 1 and 2. Sedges (Carex spp.) and desert

saltgrass were dominant at site 3.

Soil Sampling

Soil samples were‘taken by 5 cm indrements-with'a.Hofferisoil_probe :
both years and placed into plaetic lined paper bags. These samples
" were dried. at 49 C. IEach:sanple was a composite.of izlrandonisubsamples:
- from each plot."éanplee were coiiected to a depth .of 15.cm'in mid-

September the first year and to 20 cm in mid-Angust the second year. .

Underground Drainline Water Quaiity.

Samplee of the.water flowing from the drainline at site'i'were taken
periodically throughout 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 conductiyity

. and pH of the samples were measured,'and soluble cations Na, Mg, and Ca
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were deternined by atoﬁic absorption'spectrophqtbmetfy. Sgdium adsorp-

tion ratios were calculated (Appendix Table 10).

Barley Dry Matter Production

Barley dry matter from two 1.5 mz,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 1 week at 49 C then weighed.

. Soil Analysis

The pH of all éoil samples was apélyzed in a saturated paste.
Saturated;pasteé were pgepared by the method outlined by'the,United
Sgates Séiinity Labofatofy Sﬁaff (1954). _Saturation moisture was cal;
culated (Appen&ik Table 9). The pastes wefe allowed to equilibrate’for
-at,leaét 8 héuré and'then a.water extract was obtained. FElectrical
.conductivity of the extra;tiwas measured., - Conéentrgtions of the solﬁble
cations Na, G, and Mg in the saturation.extracf were deterﬁined by at§mic
absorption spectrophotoﬁétry} Sodiﬁm adsofption ratios were calcﬁlaféd.'
'Available P waslméasured.Eolofimetricélly in soil samplés:prepared by
;he sodidm bicarbona£e“extraétéble.P method from:Olséﬁ et al. (1954):
Available Zﬁ, Fe, Gu; and M£‘Were meaéured by atomic ébsorp;ion_spectré;
photometry. Samples-we?e.prepared.by'the DTPA extréctable ﬁiqrdnuﬁrient

soil test of Lindsa& and Norvell (1969) .
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LaB Stuﬁi
A 131-day saturated flow 1aborat6ry experiment was conducted on

"undisturbed" cores taken from the surface 30 ¢m at site 2.

Core Prépafatioﬁ

Coré; Wére eaﬁen the Ehird week in October 1977. A CiddingS'l
hydraulic soil éampléf.was used to femove_;he c&res, "undisturbed,"
from a 16cai area_nearlghé field‘ekpefiment. IQare was taken thfoughou;
the core preparation to ensufe minimum soil:watér evéporatioﬁ and |
structure 5ltera£ibn. A ﬁodelﬂpf,the coreé-aslused.in the experiment

is shown in Figure 1.

Treatment Descriptiéné

Amendments used inﬁthe.lébofatory éﬁperiment Wéré the same aStthdsé
used-in.thé_fiel&'experiﬁénfé. Treatment rates were apﬁlied based on a B
13.85 qm2 cofe sﬁrface‘aréa and a 30 cﬁ depth. _Tréatméﬁts'ﬁere: chec¢k, -
one-half, full, and 2X full rates of 93% scrubber acid, a full rate of
52-93%:spent ;cid,‘é full gypéum rate, and a rate of ammonium poly-
sulfide equivalent Fo'l4,97.hectoliters[ha; Treatmenfé were replicatéd
three times. -

Ireatméntsywere.applied'&irectly foithe spil éurféée wifhout incor-
poration.‘ ;mmediatgly thereafter a 9 cm head.pf.watér (.005N calcium

- chloride; 100 bpm mercuric'chquide_to inhibit miérobial growth) was
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SARAN WRAP

H20 IN THE CUP IS KEPT AT A
NEAR CONSTANT LEVEL

SILICONE SEALER

<«———_ SOIL CORE IS ENCASED IN HEAT
SHRINK PLASTIC TUBING

SARAN WRAP
SARAN WRAP
CATCH BEAKER

Vi

30cm

.

THE BOTTOM OF THE CORE IS COVERED OVER
WITH GAUZE OR FILTER PAPER.

Figure 1. A model of the "undisturbed" cores used in the saturated
flow laboratory study.




50
-applied and'kept ;eiativeiy_cohstant 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 Analysils

The volume of leachate was measured at each collection, and hydrau-
lic conductiﬁity was calculated for the interval between collections.

The pH and EC were measured on each sample.

éoil Anaiyéis '

" One:five soilfwéter fatioé were prepared accérdiﬁg to a procedurg
.mOAifiedifrom £he one deécribed by the United States.Salinity Lgboratory
Staff (i954). Extracf filtered élbud& through No. 40 Whatman fiiter
paper so the fol;owing médifiqétidn of the technidﬁe was used. Five
grams of ovéﬁ—dried soil were ﬁi#ed with 20 ml distilled dioﬁized wa;er'
. piué'S ml 95% efﬁ&l alcohol.. The 95% ethyl alcohol éhaﬁged the |
dialectric constant to tﬁe extent that éufficient flocculatipn pccufred

and a clean filtrate'cbuld be obtained. Soluble Na,'Cé, and Mg by -
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atomic aBsorptiOn-spectrophbtqmetry and EC were méasured~ip these i9Z

ethyl alcohol extracts. Sodium'adsorption~fati¢s were calculated.

Statistical Anéljéis.

‘ The‘data‘for‘ali soil variaﬁles Wérg evaluatéd; at each deﬁth‘and
.across'all'dgpthsfsampléd; uéing analysis bf,vafiance.prdcedﬁres.
Actual érdbability,levels of trggtmént‘éignificaﬁce were determinéd:
PairWise comparisons among tréatmenfs.were made usiﬁg a-Studéhtized' .
NéwmahaKeﬁis Test ﬁénedecof.and,Cochrah,“l9675.' Barléy yield daéa
n‘Wefe;évéluated'similarly; .Hydréulié conduc;ivity'ana iéaqﬁaté data

" obtained from the laboratory study were not statistically evaluated.




RESULTS AND DISCUSSION

Field Study

Surface Appearance

Visuallobservations were made regarding the effect of sulfuric
acid ﬁ/ on soil surface color and consistence. Figuré 2 shows:the
experimental design at sitg 1b where a full rate of scrubBer acid
(smoother appearing plots) was compéfed Qith a check, énd replicated
four times. The.sbil in the figure 1s'dry, bu£ it had been ifrigéted
subsequent to treatment appiication;’ The difference in color is
probably due to oxidétiop.of organic métter by the acid. Check plot
suffaces became hard and crusted with continued irrigatiqn_whereas

sulfuric acid treated plots at all sites remained soft and friable.

.Saturated Paste pH
All pH data are summarized in Appendix Table 1. Effect of the full

acid rate on saturated paste pH by depﬁh.at site 1b is shown in Figure

3. Treatment'effects in-tﬁe upper two depths sampled were signifiééntly

.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 réferred 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
at site 1b.

times

€S
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Figure 3. Effect of the full acid rate with depth on saturated
paste pH at site 1b.
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Figure 4. Effect of acid rate and source on saturated
paste pH at site la (p = .00).
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befween tfeatments at theee two depﬁhs were similar each year as.well.
Treatments were also significantl& aifferent wheﬁ compared ovef the
entire depth sampled each year.

At site la there were sigﬁificeqt differences in pH between all
sulfuric eeid treatments and the check at each depth sempled, and‘bver
the entire depth sampled -both years. Figure 4.shoﬁs the change in pH
with acid rate and source in the surface 5 cm and 20 cm the second yeer.
The half and full acid treafments were eot different from each other.
The full rate of spent acid was signifieantly different from the half
and full acid treatments only in the surface 5 cm, and the 2X full acid
rete was different from all of tﬁe other treatments ie the surface 5 c¢m
and top 20 ecm. First-year data show full acid to be different from.;he
'half acid rate, but not-different.from fhe full spent treatment, in
the surface 5 cm'and:to 15 cm;,_First4§ear data also show 2X full acid
to be the best treatmenf at ali depths for reducing pH.

Figure 5 illustrates the effect of treatmenf on pH at each aepth
at site 3 afeer the First year. In the toﬁ 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
imbrovement over the eheck appears to exist. Data over the entire 15
cm depth'sampied 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

- l |TMT means to 5 cm depth
9.0

8.8~

8.6 |-

pH

8.4

a. (p = .00)

% j [—WTMT means of the 5-10 cm depth
8.6 [~
T 8.4 ;
5.2 |
8.0 L

8.6 T means of the
0-15 cm depth

= 8.4
Q.

8.2

| e
Check Full Acid Full Acid+ Full Acid Full Gypsum APS

c. (p= .68) Manure 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_thevfirst year
at site 2. Second-year data at site 2 (Figure 6) indicate that full
acid plus manure and full gypsum,treatments were equaiiy effective for -
Ireducing pH.in the surface 5 ¢m. 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 he better than ‘the check.
Full acid piuslmanure, full gypsum, and APS were edually effective. and

superior to the other treatments for reducing pH.

Saturation Extract EC

All EC data are summarized in Appendix Table 2 Figure 7 indicates
‘ effect of the fuil acid rate on ECe at site 1b. There are treatmenth
differences both.years'over the entire depth sampled,.but not at an?lone
depth. The effect of:acid'the first year mas to increase EC above the’
check', Bf the second'year,UEC ‘of the acid plots was less than the check
Figure 8 shows the effect of acid rate and source relative to the-

check in the surface 5 cm at site 1a - After the first year, the 2X.

6/ '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

rﬂ TMT means to 20 cm depth

e, 1| TMT means to 5 cm depth

u
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pH
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8.1
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A A
‘4. &4

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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Figure 7. Effect of the full acid rate with depth on electrical
conductivity of the saturation extract at site 1b.
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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 significantl& increased ECe ovef the“ﬁheckf
The second-year data show.that there was a significant lowering of ECe
by the half acid and full spent treatments below the check value. Data
tb 15 cm. the first yeér indicate that full acid and 2X full acid treat-
ments effectgd an increése in ECe. Data to'20 cm thé’second year show
a lowering of EC_ below the'check by all treatments but full acid.

There was no treatment effect on ECé at site 3. This was probably "
due to interference by continued upward éalt movement from the near

surface water tableé, irrespective.of treatment.

Figure 9 indicates the changes in ECe at site 2, by year as a per- -

centage'of the check. The full écid and APS treatments increased ECe’
similarly, above the cheék in the first year. These two treatmentshwere
the only ones that showed significant differences after the first year.

The second year, APS had lowered ECe to a value similar to the check.

All other_treatmeﬂts; éxcept full acid-split épplicafion, 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, over the .check value.

Sodium Adsorption Ratio of the Saturation Extract

A1l SAR data are summarized in Appeﬁdix Table 3. The full acid

rate at site 1b reduced SAR below the check in the surface 5 cm aﬁd ovér

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;-
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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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Figure 10. Effect of the full acid rate with depth on sodium adsorption
ratio of the saturation extract at site 1b.
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Figures 11 and 12 indicate the change.in SAR with acid rate and
source at site'la. Firét—year data to 5 cm show allﬂtreatments to be
significantly different from the check, but only the 2X full'a;id rate
to.be different from the others. Significant treatment effect on SAR
persists after the second year, but ;he 2X full rate of acid is no
longer differeqt from the:dther treatments. Data.to 15 cm the first
yeaf show every trea;ment‘to be different frdm 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 fﬁll spent treatment .
The 2X full acid raté'was'less effective relative to the check the
second year;. There were significant treatﬁen; reductions of SAk-beloW
.check values at the second and third depths sampled, both years, at
site la (Figuré'lz):' The high acid rate was the best treatment 6verall.
The full rate of scrubber acid was generally the 1éast effeptivextreét—
ment. -Secbnd—year daté fr&m thg 15 to 20 cm dépth show. only thg“higher
acid rage to be different fr;m the check.

All treatments éf site 3 were similér for reducing SAR in the
surfacg 5 cm after the first year (Figure 13). -Fuli acid plus manure
reduced SAR from 353 to 43. There was no treatm;nt significance at
the next two deﬁths samﬁled but a similér'frend toward improvement over
the check appears to éxist. Data over the eﬁtire_ls-cm'sampled

indicate treatment differences similar to those in the 5 cm depth.
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Figure 11. Effect of acid rate and source on sodium adsorption ratio
of the saturation extract at site 1la.
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