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ABSTRACT

Water penetration into calcareous soils was measured

in soil columns after concentrated sulfuric acid was applied

on the soil surfaces at rates of 1 to 20 metric tons/ha.

Water penetration reached a maximum with increasing rates of

acid application before decreasing at the highest rates.

The increase in water penetration by the acid treatments was

pronounced, particularly in sodium-saturated soils where the

depth of water penetration at 5 hours was as much as 8 times

that with distilled water. Surface applied sulfuric acid

was more effective than chemically equivalent amounts of

surface applied gypsum in increasing water penetration into

sodium-saturated soils. When the acid was applied as a band

on the soil surfaces, the wetting fronts were semi-circular.

The time required for leaching and the changes in

exchangeable sodium and the total dissolved salts were

measured in a separate experiment. The addition of acid

increased soluble salts but reduced the exchangeable sodium

and the time required for leaching. The reduction in ex-

changeable sodium percentage was much less than that

estimated by the conventional methods.

Sulfuric acid, which may become abundant through

industrial by-product recovery l could be used as an aid for

viii



increasing water penetration on sodium-affected calcareous

range land,as well as on irrigated soils.
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GENERAL INTRODUCTION

A high content of exchangeable sodium has been given

as a reason for the unfavorable physical properties of some

soils. Certain non-productive soils of southern Arizona

which exhibit notably poor structure and permeability to

water have been found to contain excess amounts of adsorbed

or exchangeable sodium. In sodium-affected soils, water

movement (especially when low salt water is used for irriga-

tion) is very slow and makes leaching and irrigation water

management difficult.

Sulfuric acid and other sulfur bearing materials have

been used for reclaiming such soils. They react with

residual calcium carbonate in soils freeing the calcium and

thus enhancing the replacement of sodium from the exchange

sites. The use of sulfuric acid, however, has been limited

as compared to gypsum and elemental sulfur, primarily because

of its limited availability, handling difficulties, and

relatively high price. A recent investigation by McKee

(1969) points out projected surpluses of this acid in the

Southwest. The purpose of the present study is to evaluate

the performance of sulfuric acid in increasing water movement

in calcareous soils. The results of this study are reported

here in two major parts. The first part deals with the

effect of concentrated sulfuric acid applied to calcareous

1
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soil surfaces on penetration rates of water. The results

are encouraging as a means of increasing water penetration

into sodium-affected calcareous soils as needed for seedling

establishment of range grasses. The second part deals with

the effect of sulfuric acid applied to sodium-affected

calcareous soils on leaching time, sodium, and salt status.

This part evaluates sulfuric acid as an amendment for re-

claiming such soils under irrigated conditions.



LITERATURE REVIEW

Potential Production and Availability of
Sulfuric Acid

The McKee (1969) report indicates that the potential

production of sulfuric acid from primary nonferrous smelting

alone amounts to over 5 million tons every year in the South-

west with a projected market of 1.86 million tons for 1975.

In addition, a large amount of future recovery from coal-

burning power plants is expected. It is probable that pro-

duction of sulfuric acid will greatly exceed demands unless

good markets are developed.

Chemical Functions of Sulfuric Acid 
When Applied to Calcareous Soils 

In relation to the present topic, the most important

chemical function of 
H2

SO
4 

is the dissolution of earth

carbonates (mostly calcium carbonates) in calcareous soils.

This enhances the replacement of sodium from exchange sites.

It is commonly assumed that one mole of H2 504 replaces two

moles of exchangeable sodium (Overstreet, Martin, and King,

1951). Little information is available regarding the actual

changes in exchangeable sodium upon the application of this

acid.

In addition, the application of sulfuric acid in

amounts exceeding the acid titratable basicity of soils

3
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lowers soil pH and releases certain micronutrients such as

Fe, Zn, and Mn (Ryan, Miyamoto, and Stroehlein, 1974). It

has been also shown that the acid application increases the

availability of phosphorus. Although these chemical changes

resulting from the acid application often play the key role

in stimulating plant growth, their contribution in changing

water movement is minor.

Effect of Sulfuric Acid on Soil 
Physical Properties 

In general, the application of sulfuric acid to

soils improves physical conditions adversely influenced by

excessive levels of exchangeable sodium. Acid applications

would result in poor responses otherwise.

Permeability and hydraulic conductivity are important

physical properties, especially in relation to water manage-

ment in irrigated land. It has been well demonstrated that

the movement of low-salt water decreases when soils and/or

irrigation water contain high levels of sodium relative to

calcium and magnesium (McNeal and Coleman, 1966). Micro-

scopic swelling of expandable clay minerals caused by excess

levels of exchangeable sodium under low dissolved salts is a

factor leading to a decrease in hydraulic conductivity

(McNeal, Norvell, and Coleman, 1966). Such would be the

case only when soils contain expandable clay minerals such

as montmorillonite and to a limited extent vermiculite

(Rhoads and Envalson, 1969). However, Kraph (1969) found
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that hydraulic conductivity decreases in soils without ex-

pandable clay if soils contain high levels of sodium, pre-

sumably due to the dispersion of soil particles. Reduction

in hydraulic conductivity also can occur when irrigation

water contains high levels of bicarbonates which precipitate

calcium in the soil and raise the exchangeable sodium per-

centages. Anhydrous ammonia in the water can also accentuate

the precipitation of calcium carbonate. High concentration

of salts in water usually increases hydraulic conductivity

by flocculating soil particles or by restricting swelling of

clays.

Application of sulfuric acid either to irrigation

water or to calcareous soils can increase water movement

due to an increase in total dissolved salts and an increase

in the relative concentration of calcium to sodium.

Mohammed (1972) found that hydraulic conductivity of mont-

morillonitic calcareous soils increased with increasing acid

rates from 0.026 to 4.0 g H2 SO4/1 in water low in salts. He

also found that calcium concentration in leachates increased

with increasing rate of application. Miyamoto, Ryan, and

Bohn (1973) found that a continuous application of acid to

water (giving a concentration of 500 ppm) low in salts but

with a high sodium adsorption ratio increased hydraulic con-

ductivity of montmorillonitic calcareous soils but not of

micaceous or kaolinitic ones. They also found that hydraulic

conductivity using water containing 1 or 2% H2 SO4 by weight
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drops drastically. They suggested the reducing mechanism is

CO2 evolution resulting in plugged pores. Information re-

garding the changes in water movement after the concentrated

acid has been applied directly to soils is limited, although

Overstreet et al. (1951) reported a marked increase in in-

filtration rate into sodium-saturated silt after concentrated

acid had been applied on the soil surfaces.

Soil structure, such as soil aggregation and surface

crust, is also an important feature in relation to cultiva-

tion practices. Numbers of semitechnical papers state that

the application of sulfuric acid and other sulfur components

may improve soil structure, yet little quantitative informa-

tion is presented. Recent work done by Miyamoto et al.

(1974) indicates that the application of dilute sulfuric

acid to calcareous soils, including sodium-saturated ones,

decreases water-stable soil aggregates larger than 50

microns. They implied that the dissolution of calcium

carbonate cementing agents appeared a reason for reduction

in such aggregates. Aldrich (1948) also found the reduction

in aggregates in field tests when acid was applied continu-

ously into irrigation waters. He, however, did not find

any measurable decrease in such smaller aggregates on

flocculated clay and colloid. Johnson and Low (1967) found

that application of concentrated sulfuric acid is effective

in reducing soil crusting in field tests. It appears that
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the effect of acid on soil structure depends in part on the

method of application.

Soil strength is also an important property that is,

in part, influenced by exchangeable sodium. Reeve et al.

(1954) found that the strength of dry soil surface crust

decreases almost linearly with decreasing exchangeable

sodium percentages. Johnson and Low (1967) found that

placing concentrated sulfuric acid immediately over a

planted row at rates of 250-600 lbs/acre prevented crust

formations.

The volume change upon wetting and drying is also

influenced by exchangeable sodium. It was found recently by

Bridge and Tunny (1972) that adding of gypsum limits the

amount of volume change of soils upon wetting- This effect

was attributed to the replacement of Na + by Ca 	the clay

exchange sites rather than the changes in the electrolyte

concentration within the aggregates.

Other Sulfur or Calcium Compounds 

Sulfur-containing chemical materials used for soil

reclamation or irrigation water treatment include gypsum,

elemental sulfur, sulfuric acid, sulfur dioxide, ammonium

and calcium polysulfides, ammonium thiosulfate, aluminum

sulfate, and iron sulfate (Tisdale, 1970).

Gypsum (CaSO4 -2H20) has been the most common material

used for sodic soil reclamation as well as for irrigation
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water treatment. Gypsum is a neutral salt and a direct

source of calcium. Axtel and Doneen (1949) reported that

adding of gypsum in irrigation water increases infiltration

with the amount of increase dependent on the soil type.

Davidson and Quirk (1961) also reported that the beneficial

effect of gypsum was found to be best when applied to

irrigation water rather than applying onto the soil surface.

This is because when gypsum was applied to soils in amounts

exceeding its solubility a part of gypsum was reportedly

lost by leaching. These results are identical to those of

Christianson (1970). Dutt Terkeltoub, and Rauschkolb

(1971) utilized a computer program for predicting the

"gypsum requirement" and the quantity of water required to

"reclaim" sodium-affected soils.

Elemental sulfur (S) has also been used for sodic

soil reclamation. Soil applied sulfur oxidizes to sulfuric

acid microbially in soils when conditions are suitable.

Application of sulfur to highly sodic soils or to soils with

poor oxygen status is usually of little value. The use of

elemental sulfur is of course limited to the calcareous

soils as was sulfuric acid.

Calcium polysulfide (CaS x ) is used mostly for in-

creasing water penetration and is usually applied to irriga-

tion waters. Ammonium-sulfur compounds and ferrous-sulfur

compounds are used mostly as a fertilizer source rather than

for reclamation purposes. Sulfur dioxide (SO 2 ) is used in a
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limited scale for irrigation water treatment, but not yet

for sodic soil reclamation. Calcium chloride (CaC1 2 ) is

also used as a chemical amendment for increasing water

penetration into soils having problems of slow water move-

ment either due to its high sodium content or low electro-

lyte concentration of irrigation water. The effect of the

electrolyte concentration of the irrigation water on water

transmission into soil has been investigated by Bodman and

Fireman (1950). They observed an immediate increase in the

permeability of the soil when irrigated with saline water.



EFFECT OF SURFACE APPLIED SULFURIC ACID
ON WATER PENETRATION IN

CALCAREOUS SOILS

This part evaluates effects of concentrated sulfuric

acid applied to calcareous soil surfaces on water penetra-

tion. As discussed in the literature review, sulfuric acid

is potentially a good material to use for increasing water

penetration. However, information on its effectiveness has

been limited, especially when the acid is applied directly

to soils. Effects of surface applied acid on water penetra-

tion are thus evaluated here for different types of soils

and for different rates of application. Also a comparison

is made between sulfuric acid and another common amendment,

gypsum, in increasing water penetration.

Based on these experimental results, a proposal was

made regarding possible use of sulfuric acid for increasing

water penetration into sodium-affected, calcareous range

soils.

Materials and Methods 

The surface horizons of nine calcareous soils were

collected, air-dried, and sieved through a 6.23 mm (4 inch)

screen. Their properties are shown in Table 1. The ex-

changeable sodium percentage (ESP) was estimated from

saturation extract analysis (U.S. Salinity Laboratory Staff,

10
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1954) and the acid-titratable basicity (ATB) was by the

acid-neutralization method (Miyamoto, Bohn, and Renthal,

1972). Both methods are discussed in detail in Appendix A.

These soils, common in southern Arizona and in parts of

California and New Mexico, consist of a mixed assemblage of

clay minerals, mostly mica and montmorillonite with some

kaolinite.

Soil samples were packed with a vibrator (loose

packing with a bulk density about 1.2 g/cm
3
 intonto a plastic

pipe (I.D. 5 cm) to a depth of 50 cm. Soil packing condi-

tions are described in Appendix B. Various amounts of con-

centrated sulfuric acid (analytical reagent) were applied on

the soil surfaces with a micro pipette; the rates were as

shown at the top of Table 2. Detailed properties of the

acid and handling are shown in Appendix C. For the higher

rates of application, one to two drops of distilled water

were applied to soil surfaces to enhance the reaction and to

decrease the bubbling effect. The samples were left over-

night and distilled water was applied on the soil surfaces.

The depth of water penetration (wetted depth) was measured

with time for approximately 5 hours with a constant ponding

of 1 cm depth. Identical experiments were also conducted

for surface applied gypsum (CaSO 4 -2H20) with equivalent

amounts of sulfur or 1.75 times the weight of the acid. As

a check, part of the experiments were duplicated. The
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Table 2. Empirical constants a and	 P of Eq.	 (1).

Soil

Tons H SO4/hectare

0 1 5 10 15 20

Playa a 1.6 4.1 9.7 9.6 9.9 1.7
(5.6) a

.12 .10 .10 .17 .17 .48
(.28)

Stewart a 4.0 5.5 13.6 17.2 1.2 .16
(4.3)

P .16 .18 .16 .17 .86 .95
(.52)

Pima-1 a 3.2 2.4 5.3 2.0 1.6
R .10 .29 .36 .35 .40

Gothard-1 a 3.2 2.8 1.7 1.9 1.7
P .10 .27 .37 .36 .37

Pima-2 Œ 3.3 2.7 3.2 2.5 2.0
(1.6)

f3 .25 .31 .32 .38 .38
(.42)

Gothard-2 a 2.8 3.9 3.3 2.6 3.0
(1.3)

.37 .36 .42 .45 .42
(.59)

Gila a 2.2 1.9 1.7 0.96
(1.7)

P .31 .36 .44 .45
(.42)

Elfrida a 2.1 2.6 1.9 1.8
(2.5)

.48 .48 .52 .48
(.51)

Cave a 2.9 2.9 3.0 1.4
(3.1)

P .46 .47 .47 .56
(.47)

aValues in parentheses are for surface disturbed
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resulting difference in penetration depth at any given time

was within 1 cm.

As a separate experiment, the Playa and Stewart

soils were packed into large wooden boxes (50 x 50 x 12 cm)

with Plexiglass fronts. Concentrated acid was applied on

the soil surface as a 10 cm band at a rate of 10 tons/ha on

the basis of the band area. (The application rate per total

area is one-fifth or 2 tons/ha.) The pattern of water pene-

tration was traced with time while the ponded water was

maintained approximately 1 cm deep.

Results 

The depth of water penetration measured with time is

presented for the Gothard soil in Figure 1. For all soils

tested, the water penetration increased with increasing

levels of acid application up to certain rates, then de-

creased with further application. (See, for instance, the

results of 15 tons/ha in Figure 1.) The differences in pene-

tration depths between different rates of acid were, of

course, small initially and enlarged with time or the depth

of penetration.

The decrease in water penetration for higher rates

of acid application was not expected. At such rates, a

distinct surface crust was formed after thereaction of the

acid with soils. This surface crust was, however, unstable

and gradually slaked with the addition of water. Additional
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penetration ' experiments were made after disturbing this sur-

face layer manually. The water penetration was as much as

the highest one obtained, e.g., the dashed line in Figure 1,

indicating that this surface layer restricted water

penetration.

The relationship between the penetration depth d and

the time t was approximated by a Kostiakov-type relationship

(Bayer, Gardner, and Gardner, 1972, p. 366):

d . at 13 	(1)

where a and	 are empirical constants, determined graphically

by plotting d and t on log-log paper (Figure 2). This

approximation fits soils with a low ESP such as Cave soil

best with a poorer fit for sodium-saturated soils. The

results are listed in Table 2 for d and t expressed as cm

and min, respectively. For horizontal water penetration

into rigid porous media, the value of 3 is expected to be

close to 0.5 (e.g., Baver et al., 1972, p. 368). In the

present case, the values of 3 were also close to 0.5 when

the penetration depth was less than about 10 cm, but varied

as listed in Table 2 for deeper penetrations.

For the convenience of discussion, the depths of

penetration after continuous shallow ponding for 1 and 5

hour periods were calculated by Eq. (1) with constants

listed in Table 2, and presented in Table 3. The results

presented in Table 3 indicate that the surface application

of sulfuric acid increases water penetration, especially in
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Table 3. The depth of penetration after 1 and 5 hours under
1 cm ponding.

Soil

Tons H
2
SO

4
/hectare

0 1 5 10 15 20

(cm)- --

Playa 1 hr 2 6 14 19 20b 13 (18) a
5 hr 3 7 16 25 26 26 (26)

Stewart 1 hr 8 12 26 32 36 8 (35)
5 hr 10 16 33 57 80 62 (82)

Pima-1 1 hr 5 8 8 9 8
5 hr 6 12 14 15 15

Gothard-1 1 hr 5 7 8 9 8
5 hr 6 13 14 1-5- 15

Pima-2 1 hr 9 10 12 12 10 (12)
5 hr 13 16 19 21 17 (23)

Gothard-2 1 hr 13 17 19 19 11 (15)
5 hr 23 31 37 40 22 (38)

Gila 1 hr 7 8 10 6(9)
5 hr 12 15 21 12(19)

Elfrida 1 hr 15 18 18 13	 (20)
5 hr 33 41 42 28	 (45)

Cave 1 hr 19 20 21 14	 (21)
5 hr 39 42 Ti 35	 (44)

aValues for surface disturbed soil.

bUnderscored values indicate the deepest penetration
at respective times.
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the soils with the higher exchangeable sodium percentages.

By comparing the penetration depth at 1 and 5 hours, we

notice that the penetration at 5 hours is about twice that

at 1 hour for most soils, even though the duration of

ponding is five times greater. The rate of water penetra-

tion decreases rapidly with time, especially in soils with

higher exchangeable sodium percentages. The level of acid

that gives maximum penetration varies depending on the soil.

The level is higher for soils with higher exchangeable

sodium and lower for soils with lower exchangeable sodium;

it is approximately 5 tons/ha for soils with ESP less than

10, 10 tons/ha for soils with ESP between 10 to 25, and 15

tons/ha for sodium-saturated soils.

The water penetration data obtained from surface

applied gypsum are shown in Table 4, together with data

obtained from surface applied acid. It is evident that

surface applied acid is more effective than surface applied

gypsum in increasing water penetration into sodium-

saturated soils. At high rates of gypsum application the

penetration was somewhat slower than the maximum, probably

due to the plugging of the soil pores by undissolved gypsum.

The pattern of water penetration after the applica-

tion of acid as a 10 cm band is shown in Figure 3. The

ponded water penetrates in an elongated semicircle and the

rate of penetration front advancement decreases rapidly

after several hours of penetration. The penetration fronts
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near the side edges of the box should correspond to one-

dimensional water penetration without acid. The shape of

penetration front would elongate more toward the downward

direction for narrower bands and for initially moist soils.

The soil samples used for this box experiment were

not necessarily identical to those used for one-dimensional

soil column experiments. An additional soil column experi-

ment was therefore made for the acid application rate of 10

tons/ha. The penetration depth in the soil columns was 15.8

cm at 1 hr, 27.5 cm at 5 hrs for the Playa soil; and 19 cm

at 1 hour and 39 cm at 5 hrs for the Stewart soil. A com-

parison between these values and the water penetration

observed in the box experiments indicates that the water

penetration immediately below the acid band is less than in

the soil columns by 10 to 20 per cent at 1 hr. Thereafter,

the rate of water penetration directly below the acid band

decreases more than for the one-dimensional conditions,

since the applied acid dissipates into non-treated areas.

Discussion 

The absolute value of water penetration data obtained

here would not be reproducible in most field conditions,

since the rate of water penetration is influenced greatly by

the disturbance of soil structure, the condition of soil

layer formation, initial moisture content, as well as by the

quality of water. However, the relative magnitude can be

used as an indicator of treatment effects, particularly
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when rain water penetration into dry loose field soils under

shallow pondings is in question.

The data obtained from soil columns indicate that

acid application increases water penetration especially in

soils with higher ESP. In order to show the effect of

initial exchangeable sodium percentage on water penetration,

the ratio of maximum penetration depth at 5 hours obtained

from the acid application to that obtained from distilled

water is plotted against the ESP in Figure 4. This ratio

increases logarithmically with increasing the initial ESP

for the soils tested here. It is known that high ESP causes

the dispersion of soil particles and the swelling of

expandable clay minerals when wet by water low in salts, and

restricts the movement of such water (McNeal and Coleman,

1966). Sulfuric acid applied to sodium-affected calcareous

soils dissolves calcium carbonate and lowers ESP, which in

turn should enhance the water penetration. Increase in

soluble salts caused by the acid application should also

contribute in increasing water penetration. The decrease

in water penetration is evidently related to the forma-

tion of surface crust formed by sulfuric acid, and probably

to some extent to the entrapment of CO 2 evolved by the acid.

The later mechanism has been discussed by Miyamoto et al.

(1973) for dilute acid. The entrapment due to CO2 evolution

in our case (concentrated acid) is less because of the acid's
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Figure 4. The relationship between the ratio of maximum
penetration depth at 5 hours obtained from the
acid application to that obtained from distilled
water (d max/d wa ter ) and the initial exchangeable
sodium percentage (ESP).
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reaction with the drops of water added before conducting

the experiment.

Gypsum has been a popular material used for

improving soil physical properties of sodium-affected soils

in irrigated land. Judging from the data, the effectiveness

of surface applied gypsum is less than that of sulfuric acid

in increasing water penetration into sodium-saturated soils.

This can be accounted for by its limited solubility and the

plugging of soil pores. Gypsum mixed with soil would achieve

better water penetration.

Present experiments indicate a good possibility of

using the expected surplus of sulfuric acid for increasing

water penetration into sodium-affected soils such as the

Playa and the Stewart soils. These soils are widely

distributed in lower drainage areas of southwestern valleys

and contain excessive amounts of sodium. Water penetration

as well as germination of productive grass species are

severely restricted in such soils. An increase in water

penetration would provide more water available for germina-

tion and growth of productive range grass and forage crops.

An increase in water penetration would also enhance the

leaching of excess salts present in such soils.

Under limited rainfall, however, the use of sulfuric

acid may cause adverse effects on germination and growth by

increasing soluble salts. In such a case, band treatment

may be helpful. The portion of ground surface that does not
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receive the acid would act as a water catchment area. This

application method may also reduce evaporation as compared

to surface broadcasts. When the land slope is steep, the

soil surfaces treated by the acid could be easily eroded by

heavy rains. Band treatments in conjunction with counter

furrows may achieve better water penetration and reduce

erosion.



EFFECT OF SULFURIC ACID ON LEACHING
TIME AND SODIUM AND

SALTS STATUS

Saline and/or sodic soils developed in arid lands

are the result of insufficient leaching of salts from

chemical weathering. Soils may also become saline or

alkaline when brought under cultivation if they are poorly

drained and irrigated with low quality water.

Sodic soils or soils with high levels of sodium are

difficult to reclaim primarily because of limited water

movement in such soils. Sulfur amendments have been used as

an aid for reclaiming such soils by enhancing the supply of

calcium and/or making calcium carbonates soluble, thereby

replacing the excess exchangeable sodium.

Although the use of sulfuric acid has been limited

compared to gypsum and elemental sulfur as a reclamation aid,

the effectiveness of sulfuric acid has been demonstrated in

several cases, including those discussed in the last

section. The purpose of this part of the study is to

evaluate the effectiveness of sulfuric acid on shortening

leaching times and decreasing exchangeable sodium.

Materials and Methods 

Soil samples used for this part of the experiment

are similar to those used for the previously discussed

27
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experiments, but not necessarily identical, so their

properties are shown in Table 5.	 The methods of determining

exchangeable sodium percentage (ESP), the cation exchange

capacity	 (CEC), and	 the acid titratable basicity (ATB) are

also described in Appendix A.

Table 5.	 Properties of experimental soils collected in
southern Arizona.

Exchange-
able Cation So lubie Acid-

sodium exchange salts titratable
Soil type percentage capacity EC

c basicity

(meq/ (mmhos/ (meq/
(%) 100 g) cm) 100 g)

Pima clay
loam,
Safford 25 33 9.0 108

Gothard clay
loam,
Willcox 18 28 2.7 125

McAllister
silt loam,
Willcox 10 16 1.7 195

Grabe clay
loam, Green
Valley 2 40 1.0 71
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Air dry soil samples were packed into plastic

columns (3.15 cm I.D.) to a depth of 30 cm. Details of soil

packing conditions are shown in Appendix B. Concentrated

sulfuric acid (analytical reagent) was applied on the soil

surfaces at six levels from 0 to 10 tons/ha as given at

the top of Table 6 (dilute acid can also be used as an

alternative way of application). Concentrated acid was used

here, because it has been found to be more effective in in-

creasing availability of certain plant nutrients (Ryan et al. ,

1974). For higher rates of application, a few drops of

water were added to the soil surfaces prior to the acid

application to enhance the reaction and lessen the later

bubbling effect due to carbon dioxide evolution. Approxi-

mately 12-16 hours after the acid was added, a low salt

water (EC . 0.46 mmho/cm, SAR . 4.5) was applied. The total

volume of water applied was three to four times the soil

pore volume with application increments of one pore volume

by surface ponding. The time required for each pore

volume of water to penetrate through the soil surface was

recorded and the leachates collected and analyzed for total

dissolved salts by a conductivity cell. Upon completion of

leaching, soil samples were removed and analyzed for ex-

changeable sodium.
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Table 6. The time required for each pore volume of water
to penetrate into a 30 cm depth of soils under
falling head.

Soil
Pore

volume

H
2
SO

4
tons/ha

0 1 3	 5 7 10

(days)

Pima 1 6.29 3.15 0.96 0.75 0.67 1.46
2 33.00 31.00 7.08 1.79 2.50 6.08
3 -- 20.83 4.88 6.00 8.54

Gothard 1 1.50 0.29 0.25 0.19 0.21
2 6.29 0.75 0.71 0.44 0.42
3 1.91 1.20 0.65 0.58

McAllister 1 0.56 0.44 0.38 0.44
2 2.70 1.33 0.85 0.79
3 3.40 2.25 1.20 0.96

Grabe 1 0.67 0.67 0.63
2 1.83 1.29 1.22
3 2.25 1.83 1.75
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Results 

The time required for each pore volume of water to

penetrate into the 30 cm column is listed in Table 6.

Increasing the amount of acid applied reduced the penetra-

tion time for the lower rates. The reduction of time was

particularly pronounced for the second and the third pore

volume of water. The reduction in the time by the acid

application is most notable in soils with high ESP. The

increase in time for some of the high rates is attributed to

blockage by carbon dioxide. The hydraulic conductivity (K)

in cm/hr for the third pore volume of water was calculated

under the falling head method using the following equation

(Black, 1965, p. 216):

K	 (/t) Ln (H1/H2 )

where

k . depth of soil (cm)

t	 time required for penetration (hrs)

H
2 
. depth of soil (cm)

H1	H2+h, depth of soil + water head (cm).

Hydraulic conductivity increased with increase of application

rate of acid (see Table 7). The increase was higher and more

significant for soils that have high ESP value; it is about

8 times higher for Pima (ESP . 25) and about 1 to 3 times

for Grabe (ESP . 2).

The total dissolved salts determined for each pore

volume of leachate is listed in Table 8. Application of
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Table 7.	 Hydraulic conductivity for the third pore volume.

H
2
SO
4 

tons/ha

0 1 3 5 7 10

Pima

Gothard

McAllister

Grabe

0.01

0.03

0.15

0.23

0.01

0.26

0.22

0.29

0.02

0.41

0.41

0.30

cm/hr

0.03

0.78

0.52

0.08

0.88

0.05

Table 8.	 Total salt concentration as influenced by sulfuric
acid application and leaching.

Soil
Pore

volume

Concentrated H
2
SO
4 

(tons/ha)

0 1 3	 5 7 10

EC (mmhos/cm)

Pima 1 26. 23. 33.	 32. 31. 30.
2 1.6	 3.1 4.5 6.8

Gothard 1 2.5 3.8 6.2	 7.4 8.9
2 1.1 1.3	 1.3 2.0

3 0.7 0.9	 0.9 0.8

McAllister 1 1.1 3.1 4.8	 5.5
2 1.1 1.8 2.4	 2.4
3 0.3 0.4 0.6	 0.7

Grabe 1 0.6 1.1 1.8
2 0.4 0.4 0.8
3 0.4 0.4 0.4
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acid increases the total dissolved salts as indicated by the

data obtained for the first leachate. The comparison in

soluble salts between the first and second leachates

indicates that approximately 70 to 80% of salts are removed

by applying 2 pore volumes of water.

The measured ESP values for different applications

of acid are shown together with the calculated values in

Table 9. The calculated ESP values are by the method

described in Appendix C.

Table 9.	 Effect of acid
sodium.

and leaching on exchangeable

Soil

H
2
SO
4 

tons/ha

0 1 3 5 7 10

Pima
(measured) 24 23.0 21.5 19.7 18.5 18.5

(calculated) 25 23.2 19.6 16.1 12.6 7.3

Gothard
(measured) 21 20 17.9 14.8 14.8

(calculated) 22 20.5 17.6 14.7 11.7

McAllister
(measured) 9.2 8.4 3.9 3.3

(calculated) 10 7.5 2.5 0

Grabe
(measured) 1.8 1.6 1.4
(calculated) 2.0 0.9 0
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Discussion 

The changes in total dissolved salts with the volume

of water shown in Table 8 indicates that addition of 2 pore

volumes of water removes 70 to 80% of soluble salts. The

time required for the 2 pore volumes of water to pene-

trate a 30 cm layer of soil could be defined as the

"leaching time" with the 2 pore volumes as the "leaching

requirement." The data presented in Table 6 indicate that

the application of concentrated sulfuric acid to the surface

is effective in reducing the time required for leaching

using low salt water, especially for deeper leaching. The

effectiveness of sulfuric acid was more pronounced for soils

with higher exchangeable sodium percentages; see for example

Pima soil (ESP . 25) in Table 6. The time required for the

first pore volume of water to penetrate is 6.3 days for the

zero treatment, then decreases with increasing rates of acid

application. It reaches its minimum value of 0.67 days at

a rate of 7 tons/ha, then starts to increase under the

conditions discussed previously. Thus, application of

sulfuric acid dissolves calcium carbonate and enhances the

replacement of exchangeable sodium that restricts water

movement. The application of sulfuric acid to non-sodic

soils such as Grabe soils has little or no value in de-

creasing leaching time.

The hydraulic conductivity of the third pore volume

of water can be used as an indicator of the increase in
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water movement after the acid application. The increase in

hydraulic conductivity is significant for soils high in ESP.

However, it is low at the highest treatments (7 and 10

tons/ha) for Pima soil because of slow water movement due to

previously discussed reasons.

Sulfuric acid application has lowered the ESP values

of the soils. The calculated ESP values are lower than the

measured ones for the higher acid application rate. That is

probably because the values are calculated by ignoring the

effect of sulfuric acid application in increasing soluble

sodium and potential precipitation as gypsum when soluble

calcium reaches a concentration exceeding its solubility

(30-40 mg/1).



SUMMARY

Sulfuric acid has been recognized as an effective

material for increasing water movement in soils, yet the

effectiveness of concentrated acid at the soil surface has

not previously been examined in detail. This research work

was conducted to test the performance of concentrated

sulfuric acid in increasing water penetration as well as

reducing leaching time and exchangeable sodium. The testing

processes were chosen on the assumption that sulfuric acid

is likely to become abundant and could be used for reclaiming

sodium-affected range soils as well as crop lands.

In the first experiment, water penetration into

calcareous Arizona soils was measured after concentrated

sulfuric acid was applied on the soil surfaces at application

rates of 1 to 20 tons/ha. Water penetration increased with

increasing rates of application for the lower application

rates. The increase in penetration was pronounced particu-

larly in soils with high levels of exchangeable sodium and

increased as much as 8 times under continuous shallow

ponding for 5 hours.

Similar experiments were conducted in a second phase

using four calcareous Arizona soils. Leaching time was

measured in this case after concentrated sulfuric acid was

applied on the soil surfaces at rates of 1 to 10 tons/ha.
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Leaching time was decreased with increasing rates of

application.

Sulfuric acid can be used as an aid in increasing

water penetration needed for range grass establishment. It

is also effective in shortening the time required for

leaching sodium-affected calcareous soils or soils that have

water penetration problems in general. Adding sulfuric acid

lowers the ESP of soils and decreases the sodium hazards.



APPENDIX A

DETERMINATION OF SOIL PROPERTIES

Acid Titratable Basicity (ATB) by an 
Acid Neutralization Method

The acid titratable basicity (ATB) is a measure of

readily reactive base content in soils, including carbonates.

A method of determination was proposed by the U.S. Salinity

Laboratory Staff (1954) and modified by Miyamoto et al.

(1973) to be independent of the soil solution ratio. The

method used follows the modified method.

Soil samples were air-dried and sieved through a

1 mm screen. Samples of 2 to 5 g, depending on the soil

texture were weighed, and 51 cc of 0.200 N HC1 added to each

sample in a 150 ml flask. They were boiled gently for 5

minutes with a watch glass cover to minimize evaporation.

After cooling, the suspensions were filtered and washed with

deionized water to remove the remaining acid. The excess

acid in the filtrate was back titrated to a phenolphthalein

end point with 0.195 N NaOH.

Sample of Calculation

The ATB determination for the Pima soil is shown

as an example of calculation (other results are listed in

Table 1).
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Volume of

Normality

Weight of

Volume of

Normality

Amount of

acid (Va )	 51 cc

of the acid (Na)	 0.2 N HC1

soil (W
s
) . 2 g

base (V
b ) . 41.2 ml

of the base (N
b ) . 0.195 N NaOH

the acid taken by the given soil

VN
a 
- VN

a	 bb

= (51) ( 02 ) eq -(41.2) (

0195
) eq1000	 1000

. 0.00217 eq/2 g soil

. 0.00108 eq/g

ATE . 0.00108 x 1000 . 1.08 eq/kg

Concentration correction suggested by Miyamoto et al,

(1972) equilib conc . recovered

. 41.2 ( ° )/5l 	0.000161000

Calculated Standard AT . (1.08 - 0.056c)/(1 + 0.63c)

= (1.0799/100)

ATB) . 1.0799 eq/kg . 108 meq/100 g.

This is the value listed in Table 1.

E2S.1.922.111.1T2_2aPALLLYL=1
by Sodium Saturation 

Cation exchange capacity is defined as the sum of

exchangeable cations of a soil and is expressed as milli-

equivalents per 100 g of soil. Since some exchangeable
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ions are known to be more easily replaced than others, the

degree of replacement of some cations depends upon the

solution used. Thus, there are many methods for CEC

determination, and the method best suited for one soil may

not be suitable for another. Some other factors may affect

the accuracy of the method used, such as presence of CaCO 3

and CaS0
4. 

These materials could cause difficulties in the

CEC measurements because of their solubility in some

extractants. Most investigators at present prefer to use

the method based on saturating the exchange complex with a

given cation, and then determining the total of the adsorped

cations.

Since the soils used in this study were calcareous,

the sodium-saturation method is advantageous. The soil is

leached with an excess of neutral, 1 N sodium acetate to

remove the exchangeable cations and to saturate the exchange

material with sodium. After removal of the excess of sodium

present in the soil as the acetate, the exchangeable sodium

is determined.

Reagents are:

1. sodium acetate (Na0Ac), 1.0 N

2. ammonium acetate (NH4OAc), 1.0 N

3. isopropyl alcohol, 99%.

The procedure is as follows: Samples of 2-4 g

(depending on the soil texture) of 2 mm air-dried soil are
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placed in a 50 ml flask to which 33 ml of 1.0 N Na0Ac

solution has been added. The flask is then shaken thoroughly

in the mechanical shaker for 30 minutes. The soil is

filtered with a light suction using a suction . pump. Before

drying, the soil is leached by adding 3 more portions of

33 ml 1 N Na0Ac followed by washing in an identical

manner with three 33 ml portions of 99% isopropyl alcohol.

Using the shaking and filtration procedure discussed above,

Na is replaced with three 33 ml portions of NH40Ac reagent,

the solution diluted in a volumetric flask, and Na deter-

mined.

The CEC of all the eleven soils was determined by

this method which is discussed in Black (1965). The results

of analysis are given in Tables 1 and 5. It was found that

Playa soil has the highest CEC value (51 me/100 g), and

McAllister has the lowest CEC (16 me/100 g).

Exchangeable Sodium Percentage (ESP) by 
Ammonium Acetate Extraction

The exchangeable sodium in soils is determined as

the sodium extracted using neutral 1.0 N NH4
OAc minus the

water soluble sodium. For arid regions, correction of the

soluble sodium is necessary. The water soluble sodium is

determined by the saturation extract method.
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Reagents are:

1. hydrochloric acid (HCl) 2.0 N

2. hydrochloric acid (HC1) 0.1 N

3. ammonium acetate (NH40Ac) 1.0 N, adjusted to pH 7.0.

The procedure is as follows: About 10 g of soil is

placed in a 50 ml flask, 25 ml of NH40Ac added to the soil,

and shaken for 10 minutes. The soil is filtered gently

using the suction pump. Before the soil dries, three more

portions of NH4
OAc are added. The extract is collected in

a volumetric flask and diluted to 100 ml with NH4
OAc. The

solution is mixed and Na determined using the flame photo-

meter by comparing the emission with that from standards

made in NH4OAc containing 
0, 5, 10, 20, 40, and 60 ppm Na.

The soluble sodium is subtracted from the total Na

in the NH4
OAc extract and exchangeable Na is then obtained.



APPENDIX B

CONDITIONS OF SOIL PACKING IN A 30 cm LONG SOIL COLUMN
USED FOR EXPERIMENTS

Soil Total weight	 Bulk density
Particle
density Porosity

(g) (g/cm3) (g/cm 3 ) (%)

Casa Grande 356 1.50 2.65 43.6

Elfrida 370 1.19 2.58 54.1

Gila 311 1.33 2.60 49.0

Gothard-1 314 1.19 2.50 52.6

Gothard-2 314 1.19 2.50 52.6

Grabe 304 1.26 2.57 51.0

McAllister 320 1.20 2.64 54.7

Pima-1 305 1.13 2.35 52.2

Pima-2 305 1.13 2.36 52.2

Playa 363 1.29 2.54 49.0

Stewart 307 1.31 2.63 50.0
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APPENDIX C

SULFURIC ACID REQUIREMENT BY U.S.
SALINITY LABORATORY METHOD

The U.S. Salinity Laboratory Handbook (1954) sug-

gested the following method to estimate the amount of acid

required for decreasing exchangeable sodium to a desired

level.

AR = (ESP°-ESP)CEC/100

where

AR = acid required in me/100g,

ESP° = initial exchangeable sodium percentage,

ESP = desired exchangeable sodium percentage,

CEC = cation exchange capacity in me/100g.

For preparing Table 9 of this text, the above equation was

rewritten as

ESP = ESP° - 100AR/CEC

where AR is a known quantity applied to soil columns in the

present experiment. Sample calculations for Pima will

follow. For the Pima soil the ESP and CEC values are:

ESP = 25.1 me/100g of soil

CEC = 32.7 me/100g of soil.

The amount of soil used (oven dry basis) = 305g.
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Calculations 

AR = 1 ton/ha

Since we are using 30 cm depth of soil

AR = 1 ton of H2SO 4/3300 tons of soil for bulk density

1.1g/cm 3

= 92.5 mg H 2 SO 4/305g (soil column)

= 0.62 me/100g.

From the equation given above

ESP = 25.1 - 100 x 0.62/32.7 = 23.2.

This final value is listed in Table 9 under rate of acid

application of 1 ton H 2SO 4/ha.



APPENDIX D

PROPERTIES AND HANDLING OF
SULFURIC ACID

Formula . H
2
SO

4

Molecular Weight . 98.076

Density at 20o C . 1.83 g/cm3 for 100% acid

Sulfuric acid of any strength under 100% is a non-

fuming acid (for further details, see Fasullo, 1965), while

in any strength over 100% contains free sulfur trioxide

which causes the acid to vaporize and classifies it as a

fuming acid. Sulfuric acid of 100% concentration con-

tains 81.63% SO3 and 
18.37% water. This 18.37% water

includes free and combined water, the fuming acid (con-

centration above 100%) has no free water. For the deter-

mination of weight of sulfuric acid, the volume, specific

gravity, and strength should be known.

"Durion" is a popular commercial material obtainable

at reasonable cost which is resistant to 100% sulfuric acid

at all temperatures, including boiling. Materials more

resistant than steel or cast iron may be justified in cases

where unusual aeration is involved.
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