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ABSTRACT

The effect of sulfuric acid applied to irrigation water on 

sodium adsorption ratio, exchangeable sodium percentage, and saturated 

hydraulic conductivity was studied by one greenhouse and two laboratory 

experiments using five soil samples and five different waters mixed to 

simulate those used for irrigation in the Southwestern United States, 

Application of sulfuric acid to the irrigation water decreased the sodium 

adsorption ratio and the exchangeable sodium percentage. Conventional 

equations based on the pH^ parameter over-estimate the effect of bi- 

carbonates on the sodium adsorption ratio, while the equation based on 

carbonate equilibrium gave a more realistic estimate. The measured 

exchangeable sodium percentage was found to be proportional to the 

calculated sodium adsorption ratio. The proportionality constant for 

the five soils studied was 0,76 divided by the square root of the leach

ing fraction. Acid application also increased the rate of water movement 

when sodium adsorption ratio was greater than 7,0 in some soils without 

lowering the pH to acidic ranges.
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INTRODUCTION

Irrigation waters having high sodium adsorption ratio cause 

adverse effects on soil physical properties as well as on plant growth. 

High concentration^ ofvbicarbonates and carbonates induce this problem9 

commonly referred to as sodium hazard, by precipitating calcium. The 

problem is commonly encountered in arid and semi-arid regions of the 

United States and other irrigated areas of the world and is discussed 

for example by Hagan, Raise.and Edminster (1967), Yaron, Danfors and 

Vaadia (1973), and,the United States Salinity Laboratory Staff (1954).

Sulfur and a number of its compounds are used widely to reduce 

the magnitude of this problem. Sulfur compounds can either supply 

calcium directly or prevent calcium precipitation from the water. The 

use of sulfuric acid has been minimal, perhaps because of its corrosive 

nature and high price. Recent developments of air pollution control 

technology have made it feasible to produce sulfuric acid from sulfur 

dioxide in gaseous effluent. In the Southwestern United States, for 

example, acid production from copper smelters and coal-burning power 

plants is predicted to exceed market demands in the near future 

(McKee 1969).

The purpose of this study is to investigate the use of acid for 

treating irrigation water for the purpose of reducing the sodium hazard. 

The effect of acid application to irrigation water is evaluated using
1
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sodium adsorption ratio (SAR), exchangeable sodium percentage (ESP) 

and saturated hydraulic conductivity as parameters.

Sodium Hazard of Irrigation Water 

Irrigation water having high .concentration of Na in relation to 

Ca can cause adverse effects on soil physical conditions and plant growth. 

The presence of residual bicarbonate and carbonates accentuates this 

problem by precipitating Ca, The sodium hazard of irrigation water can 

be approached by estimating the probable extent to which soil will ad

sorb sodium from water, and the rate at which adsorption will occur as 

the water is applied (U,S, Salinity Laboratory Staff 1954),

The effect of Na adsorption ratio (SAR) or exchangeable sodium 

percentage (ESP) on soil physical conditions has been observed and 

studied extensively. Several workers have observed that the use of 

irrigation waters high in sodium concentrations and/or bicarbonates re

sults in decreasing hydraulic conductivity and water permeability in a 

variety of textural classes of soils (Eaton 1950, Pla Sentis 1967, Dixit 

and Lai 1972), One mechanism for the decrease in hydraulic conductivity 

is the closing of conducting pores by in situ swelling with the intro

duction of high sodium, low salt solutions through soils containing 

significant amounts of expansive minerals (McNeal, Norveil and Coleman 

1966; Zawadzki and Olstza 1971), A second mechanism is the movement of 

clay and fine silt particles into the conducting pores. Both phenomena 

increase with increasing sodium saturation of colloids and with decreas

ing salt concentration of the ambient solution, McNeal and Coleman 

(1966) reported dispersion and particle translocation are also the



dominant mechanisms for decreases in conductivity of coarse textured 

soils and in those soils containing smaller amounts of expansive 

minerals. Studies on the Nile alluvial soils showed dispersion and the 

percentage of stable silt sized aggregates were linearly related to the 

percentage content of both soluble and exchangeable sodium (Fathi,

Khalil and Shehata 1969),

The effects of exchangeable sodium upon soil physical conditions 

can be measured by the ratio of air to water permeability and by the 

modulus of rupture (Reeve et al, 1954), The permeability ratio is a 

measure of the stability of soil structure and the modulus of rupture is 

a measure of soil crust strength. For the study by Reeve et al,, the 

permeability ratio increased exponentially with exchangeable sodium with 

the rate of increase progressively greater, from one soil to another with 

increasing cation exchange capacity or total surface area. They also 

showed that the crusting tendency (as measured by the modulus of rupture) 

is highest for sodium affected soils. Recent studies by El Gabaly and 

El Ghamory (1970) on kaolinite systems led to the same conclusion.

Sodium appears to be directly toxic to some plants 

(Allison 1964), Sodium-sensitive species such as avocados, 

almonds, citrus and stone fruits exhibit characteristic leaf burn 

symptoms when sodium accumulates in leaves, and may be injured at ex

changeable sodium percentage levels too low to give unfavorable soil 

physical conditions. On the other hand, plants that are normally 

tolerant to sodium may be inhibited in their growth primarily by the 

adverse physical conditions in sodic soils, which restrict water
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transmission and aeration* Root elongation and seedling may be 

mechanically impeded (Tisdale 1970)»

High exchangeable sodium percentage and sodium adsorption ratio 

values will tend to increase the pH of the soil. At high pH values, 

commonly encountered in arid region soils, certain plant nutrients such 

as phosphates, zinc, manganese and iron have their availability to 

plants markedly decreased (Tisdale 1970),

Prevention of Sodium Hazard 

The prevention of sodium hazard of irrigation water is 

accomplished by balancing the Na to Ca ratio either by adding Ca or 

by preventing Ca precipitation. Irrigation water with a sodium hazard 

can be improved by the addition of sulphur containing chemical materials 

such as gypsum, elemental sulfur, sulfuric acid, sulfur dioxide, 

ammonium, calcium polysulfides, ammonium thiosulfate, aluminum sulfate 

and iron sulfate (Tisdale 1970), Hagan et al, (1967) listed carbon 

dioxide in addition to the above-mentioned amendments. The most commonly 

used amendment to improve water quality is gypsum. Gypsum is useful in 

waters of low to medium total salt content that are marginal with respect 

to sodium adsorption ratio or have high concentrations of bicarbonates, 

as reported by Doneen (1948), Tisdale (1970) recommended the use of 

calcium-containing materials in the soil containing no free calcium 

carbonate.

Sulfuric acid gave better results than gypsum and more rapid 

response for reclaiming sodic soils in a study by Overstreet, Martin 

and King (1951). Sulfuric acid in irrigation water can reduce dr



reverse the gradual alkalinization of arid land soils and water by irri

gation (Bohn and Westerman 1971), 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, Mohamed (1972) found that 

hydraulic conductivity of montmorillonitic calcareous soils increased 

with increasing acid rates from 0,026 to 4,0 g/1 of H^SO^ in waters low 

in salts, He also found that calcium concentration in leachates in

creased with increasing rates of application. Miyamoto5 Ryan and Bohn

(1973) found that continuous application of acid to water low in salts 

but with a high sodium adsorption ratio increased hydraulic conductivity 

of montmorillonitic calcareous soils but not micaceous or kaolinitic 

ones.

Sulfuric acid may also change other soil physical properties such 

as structure and surface crust. Recent work done by Miyamoto, Bohn,

Ryan and Yee (1974) indicates the application of dilute sulfuric acid to 

calcareous soils t including sodium saturated ones, decreases water 

soluble aggregates larger than 50 microns. They implied that dissolution 

of calcium carbonate cementing agents resulted in the reduction of such 

aggregates. Continuous application of sulfuric acid will tend to de

crease aggregates as reported by Aldrich (1948). Johnson and Low (1967) 

found that the application of concentrated stilfuric acid is effective 

in reducing soil crusting in field tests.

Computer simulation analysis has been recently used by Terkeltoub 

(1966), Dutt, Terkeltoub and Rauschkolb (1972), and Tanji et al. (1972),



to predict the Ca and leaching requirements for land reclamation of 

sodium and salt affected soils. Their models are based on laboratory 

results and have been before field tested. Dutt et al. (1972) concluded 

that the amounts of water and gypsum requirements were highly dependent 

on the quality of the water used for leaching.

' Theory . •

Miyamoto, Prather and Stroehlein (1974) analyzed the effect of 

acid on the sodium adsorption ratio (SAR) and used the equation

SAR = Na/(Cax + Mg)^ (1)

where Ca^ refers to the concentration of Ca. For equilibrium with cal-

cite, the concentration of Ca is dependent on the initial concentration

of Ca and HCO^, partial pressure of COg, temperature, acid application

rates and on several other factors. The method of calculating Ca fromx
water analysis data is given in Appendix A. The units of cation con

centration in Equation 1 is in mmole/1.

Another equation proposed by Bower and Maasland (1963) based on 

the earlier work of Langelier (1936) for describing calcite precipita

tion in soils is

SAR = SAR0 [1 + (8.4 - p i y ]  (2)

In Equation 2, SAR^ is the sodium adsorption ratio estimated by water 

analysis data ignoring the effects of bicarbonate and pH^ is a parameter 

expressing the tendency of CaCO^ to precipitate from the water for both



closed systems and those having a constant partial pressure of CO^ 

(Bower et al, 1965), Equation 2 was also used by Rhoades5 Krueger and 

Reed (1968) and by Bower and Maasland (1963) to predict surface soil 

ESP values. Bower et al. (1965) gave a convenient way of calculating 

pH^ from water analysis data which is outlined in Appendix B. Equation 

2 has been utilized for estimating the effect of bicarbonate on the 

sodium adsorption ratio of irrigation water containing no strong sul

furic acid.

Several workers (Bower and Maasland 1963, Pratt and Bair 1969) 

also utilized

ESP = o/LF^ SAR (3)

where q? is an empirical coefficient and LF is the leaching fraction 

defined as the ratio of irrigation water leached from the root zone to 

the total water applied.

The following experiments were designed to test the suitability 

of the above-mentioned equations for soils and waters corranonly found in 

Southern Arizona.



MATERIALS AND METHODS

Five different types of waters having similar composition to 

some of the irrigation waters used in the southwest were prepared by 

adding appropriate salts to deionized water. The properties of these 

waters are shown in Table 1 and are identical to those of Miyamoto,

Prather and Stroehlein (1974). The six simulated waters represent irri

gation return flow at Yuma, the Salt River at Phoenix, Rio Grande at 

El Paso, Tucson Secondary Effluent', well water at Safford and well water 

at Willcox. Five different soils, the Sonoita sandy loam, Anthony sandy 

loam, Cave gravelly silt loam, Perriville clay loam and Grabe clay loam, 

collected from the surface horizon, were air dried and passed through a 

2 mm sieve. These soils are all calcareous with the exception of 

Sonoita. The soil properties are given in Table 2.

Three experiments were conducted. The first experiment was 

designed to determine the sodium adsorption ratio of the above-mentioned 

waters in equilibrium with calcite for an open system and to check the 

suitability of Equation 1. Water samples were placed in 250 ml flasks, 

each containing two grams of pure CaCO^. For one set, sulfuric acid was 

added in amounts to prevent calcium precipitation, estimated by the 

method of Miyamoto, Bohn, Ryan and Yee (1974) as given in Appendix A. For 

the other set, no sulfuric acid was added. They were then shaken overnight 

without stoppers,centrifuged and analyzed for Ca(using atomic absorption)

8
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Table 1. Properties of Experimental Waters.

Water Class TDS
me/1

SAR„ Na Ca Mg
--me/I

HCO. Cl SO,

A C4-S2 39.1 8.42 23.5 9.1 6.5 4.9 22.7 11.5
B C3-S2 12.5 6.32 8.7 2.5 1.3 2.7 4.6 5.2
C C3-S1 11.7 3.83 6.3 ■ 3.9 1.5 3.3 5.1 3.3
D C3-S1 8.0 4.08 5.0 2.5 0.5 5.0 1.5 1.5
E C2-S1 7.4 7.16 6.0 1.0 0.4 2.8 2.9 1.7
F C2-S2 4.5 5.69 3.6 0.6 0.2 2.3 1.0 1.2

A = Irrigation return flow at Yuma. 
B = Salt River at Phoenix.
C = Rio Grande at El Paso.
D = Tucson Secondary Effluent.
E = Well water at Safford.
F = Well water at Willcox.

Table 2. Properties of Experimental Soils.

Soil Type CEC* ESP** ATB*** Org. Matter Clay Minerals

(ml/g) (%) (ml/g) (%)
1. Sonoita

(sandy loam) 8.4 2.1 5 0.25 Kao1-Mica
2. Anthony

(sandy loam) 
3. Cave (gravel

11.2 1.4 72 0.54 Mica-Koal-Mont

ly silt loam) 
4. Perriville

17.9 0.4 192 0.36 Mica-Mont

(clay loam) 17.8 1.3 100 0.42 Mont-Mica
5. Grabe (clay

loam) 40.2 1.7 0.53 Mont-Mica

' * CEC = cation exchange capacity.
** ESP — exchangeable sodium percentage. 

* * * ATB = acid - titratable basicity.



10

and for pH. The system was assumed to be in an equilibrium pH. The 

experiments were duplicated.

The second experiment was designed to test the suitability of . 

Equations 1 and 2 for predicting SAR values on soil columns under labora

tory conditions. It was also designed to test the suitability of Equa

tion 3 when the leaching fraction is unity, and to determine the empiri

cal coefficient q/, A total of 100 soil columns were prepared--dupli- 

cates for untreated and treated water for each of the five soils and

five waters ( 5 x 5 x 2 x 2 =  100), Plastic columns of 4.4 cm were
3packed with-100 g of soil to a bulk density of 1.3 g/cm . Packing was 

done using an electrical vibrator for one minute. Water was added under 

a constant ponded head (see Figure 1). The amounts of sulfuric acid 

added was determined as in Appendix A. A volume of water equivalent to 

100 times the soil pore volume was passed through each soil column for 

a period of 5 to 12 days depending on the soil type. Streptomycin 

sulfate (50 ppm) was added and the soil columns were covered with 

aluminum foil to suppress microbial growth. Air bubbles were introduced 

into the water tank to standardize partial pressure of CO^ in the water 

tank. During percolation, hydraulic conductivity was measured periodi

cally. After leaching, soil samples were then removed from the columns, 

air dried, and analyzed for exchangeable sodium percentage (using the 

ammonium acetate extraction procedure given in Appendix D, and sodium 

adsorption ratio using a 2:1 soil extract and the method is given in 

Appendix C). Each run was duplicated. At the end of each run, samples 

from experimental waters and leachates from the different soils were
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analyzed to verify that the steady state was reached (some of these data 

are shown in Appendix E ) „

The third experiment was designed to test the suitability of 

Equation 3 under greenhouse conditions. Two soils. Cave and Anthony, 

and two waters. Salt River at Phoenix and Tucson Secondary Effluent, 

were used in this experiment. Soil samples (7 kg air dry) were packed 

to a bulk density of 1.3 into plastic columns 75 cm long and 10 cm I.D. 

Sand and gravel were placed into the lower end of the column to allow 

for drainage (see Figure 2). A total of 32 columns (16 of Cave and 16 

of Anthony) were used. Eight columns of each were treated with one of 

the waters. Of these eight columns, four were used as controls (water 

with no acid). The other four columns were treated with water plus 

acid. Originally, two leaching fractions, 0.2 and 0.4 were planned, but 

difficulty in maintaining them was encountered. All soil columns were 

preleached with six liters of each untreated water. Wheat was then 

grown in these columns throughout the experiment. At the end of the 

experiment soil samples were analyzed for ESP and SAR.
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RESULTS

The measured and calculated SAR, along with the pH values of 

irrigation waters equilibrated with calcite are shown in Table 3. 

Equation 1 was used for predicting the values of SAR. Application of 

sulfuric acid decreased both the pH and SAR values of irrigation waters. 

Agreement can be seen between calculated values obtained from Equation 1 

and the measured values.

Results from the second experiment are shown in Tables 4 and 5, 

In Table 4, the calculated SAR from Equation 1 and 2 are listed together 

with the measured ESP values. The measured ESP and the estimated SAR 

from Equation 1 are plotted in Figure 3. The value of a  determined by 

a regression analysis was 0.76. In Figure 3, the dashed line shows the 

relationship between the estimated SAR and measured ESP when the value 

of o' is taken as unity as did several workers (Pratt and Bair 1969,

Bower and Maasland 1963). Calculated SAR values using Equation 2 were 

found to consistently overestimate the SAR values given by Equation 1 

under the conditions studied.

The saturated hydraulic conductivity as affected by sulfuric 

acid are shown in Table 5. The values are given as cm/day. It is clear 

from these data that saturated hydraulic conductivity tends to increase 

with the application of sulfuric acid to certain classes of irrigation

14
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Table 3, Measured and Calculated SAR of Irrigation Waters Equilibrated 

with Calcite under an Open System,*

Water H2S04 pH 
ml/1

Measured SAR Calculated SAR

A 0 8.2 9.5 10.5
4.7 7.9 8.3 .8.4

B 0 8.4 7.7 7.9
2.3 7.9 6.0 6.3

C 0 8.3 4.8 5.0
3.0 8.0 3.8 3.8

D 0 8.7 7.5 8.0
4.5 7.9 3.9 4.1

E 0 8.6 8.9 9.7
2.1 7.8 6.5 7.2

* NOTE: Calculated using the method of M iy a m o to , BoRn, Ryan and Yee
(1974).



Table 4. ESP Values when Water is Treated and Untreated with Acid.

Water H SO, Calculated Calculated
No. , ,, SAR* SAR**___________   Measured ESPmi / 1 Ca (Ca+Mg) Sonoita Anthony Cave Perriville Grabe

A 0 10.5 19.3 21.3 8.6 8.9 8.7 8.7 8.6
. 4.7 8.4 — - 7.0 7.1 6.8 7.4 7.3

B 0 7.9 10.9 11.3 6.0 5.6 5.1 5.0 5.6
2.3 6.3 - - " " 5.5 5.0 4.5 5.3 5.3

C 0 5.0 7.9 7.8 3.7 3.7 3.5 3.8 3.8
3.0 3.8 — 3.6 3.4 3.3 3.4 3.4

D 0 8.0 7.9 8.3 4.8 5.3 5.0 4.9 4.8
4.5 4.1 " — . - - 4.2 3.6 . 3.2 3.7 3.5

E 0 9.7 9.0 9.6 6.4 6.5 6.0 6.5 6.5
2.1 7.2 5,3 5.3 4.7 5.2 5.2

* Calculated by the method of Miyamoto, Bohn, Ryan and Yee (1974).

** Calculated by Equation 2. Two values are obtained depending on whether the pHc calculations 
are made with calcium alone or calcium plus magnesium.
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Table 5, Saturated Hydraulic Conductivity as Affected by Acid 
Application.

Water Class HgSO^ Sonoita Anthony Cave Perriville Grabe

(ml/1) — cm/day--

A C4-S2 0 50 a* 35 a 22 a 11 a 8.9 a
4.6 57 b 40 b 25 a 12 a 10.0 b

B C3-S2 0 33 a 24 a 18 a 8.3 a 5.9 a
2.2 49 b 35 b 20 a 9.7 a 6.8 a

E C2-S2 0 27 a 18 a 17 a 4.4 a 2.9 a
1.6 45 b . 30 b 19 a 8.1 b 5.4 b

* Numbers followed by the same letter are not statistically significant 
at the 5% level.
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water depending on the type of soil. The results also show that sig

nificant increase in hydraulic conductivity can be obtained when SAR 

values are 7,0 or more under the conditions studied.

Results from the greenhouse experiment are shown in Table 6.

At the end of the experiment the LF was calculated as an average.of 13 

irrigations. The actual LF were between those originally planned 

(0.2 and 0.4) due to the failure of the drainage system halfway through 

the experiment. Only comparable LF are listed on Table 6. At similar 

leaching fractions, acid application decreases ESP. Also presented in 

Table 6 are the calculated ESP as (0.76/LF2) SAR. A reasonable agree

ment was obtained between the calculated and measured ESP as shown in 

Figure 4. However, there is a smaller variation in the measured than in 

the calculated values.
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Table 6. Measured and Calculated ESP.

LF Water Soil ESP
Measured Calculated*

0.26 B Cave 9.9 11.8

0.26 B + Acid Cave 7.7 9.4

0.30** D Cave 9.1 11.1

0.30** D +  Acid Cave 6.5 5.7

0.29 B .Anthony 10.4 11.2

0.29 B +  Acid Anthony 8.7 8.9

0.26 D Anthony 8.6 11.9

0.26 D + Acid Anthony 6.8 6.1

* Calculated ESP as (0.76/LF^) SAR.

** Averaged results for two columns; all others are for a single column.
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DISCUSSION

The effects of bicarbonate on Ca precipitation and SAR have been 

studied extensively by Bower et aX„ (1965), Bower and Maasland (1963), 

and Bower, Ogata and Tucker (1967). The present data, however, indicates 

that their semi-empirical equation using the pH^ index of Langelier 

(1936) overestimates the bicarbonate effect on SAR under conditions 

studied. The* inclusion of Mg in the estimation of pH^ accentuates the 

error. Such an assumption would imply that Mg will precipitate to the 

same extent as Ca, an assumption which is chemically unsound. The 

method of Miyamoto, Prather and Sf.reehlein (1974) which is based on 

carbonate equilibrium, reasonably well predicts the SAR of the irriga

tion water in equilibrium with calcite.

Acid application removes equivalent amounts of HCO^ (and CO^ if 

any) and decreases the pH of water drastically if the application rates 

exceed the equivalent concentrations of these base ions (Miyamoto,

Prather and Stroehlien 1974). In the present experiments, acid was 

applied to water in amounts sufficient to prevent Ca precipitation, 

which are usually slightly less than the equivalent concentration of 

HCOg. Thus, the pH of acid treated water remained above neutral, which 

is likely to cause no serious corrosion of concrete ditches and metal 

pipes in surface irrigation systems. At such acid rates, the SAR of 

irrigation waters was approximately the same as its initial value.

22 /
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The saturated hydraulic conductivity increased surprisingly well 

to acid treatment as shown in Table 5. The threshhold ESP is commonly 

considered as 10 or 15, but there is some indication that soil structure 

may deteriorate even at lower ESP when total salt concentrations are low 

(Rowell 1963), Doneen (1948) also reported a remarkable increase in 

infiltration rate by gypsum application to an irrigation water similar 

to water E (Safford well water). Field infiltration rates recently 

measured in California have also been higher after SO^ treatment at SAR^ 

well below 10 in some soils (personal communication with Dr. D. L. West, 

Agriculture Extension Service, University of California). Responses are 

probably due to an increase in the total dissolved salts and a decrease 

in the ESP. There is, however, some indications that infiltration rates 

are also higher for waters containing sulfate ions than those containing 

bicarbonate ions in certain soils (El Swaify 1973).

For the greenhouse experiment, the measured and calculated ESP 

seems to be in reasonable agreement where a of Equation 3 is taken as 

0.76 as determined from the laboratory columns. It is uncertain if the 

relationship may be applied to lower LF values. For a more accurate 

prediction of ESP the effect of ammonium sulfate fertilizer, applied to 

the soil columns during the experiment, needs to be investigated.

In conclusion, the existing tests indicate:

1. The equation (Eq. 1) based on carbonate equilibrium yields a

realistic estimate of the effects of HCCL and H_S0, on SAR.3 Z Hr

2. The measured ESP was found to be proportional to the calculated

sodium adsorption ratio (SAR). The proportionality constant for
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the five soils studied was 0*76 divided by the square root of 

the leaching fraction.

3. Acid application to irrigation waters may increase the rate of

water movement when the SAR is as low as 7.0 in some soils

without lowering the pH to acidic ranges.

4. Equation 3 is reasonably reliable for predicting the ESP values

of the two soils within the LF studied and with # equal to 0.76

and the SAR determined from Equation 1*.

i



APPENDIX A

CALCULATION OF ACID REQUIREMENTS (AR) 
AND Ca

The acid requirements (AR) to prevent calcium precipitation was 

calculated using the equation developed by Miyamoto, Bohn, Ryan and 

Yee (1974)

ArZ ' 24 o 3AR + <CHC03 - C c o / c o / Y l V  Cca> " 0

where AR is acid required in moles/1; C„ and C^ are the initial molarJiuû  Ca

concentration of HCO„ and Ca respectively; C and P , the molar con-
2 2

centration of dissolved COg and partial pressure of CQ^ in surrounding

gas phase, and y^ are the mono- and divalent activity coefficients K,

the solubility product of CaCO^.

The amount of Ca that precipitate from irrigation water under an 

open system was calculated by

cco2Pco2
K =

or

VlVCCa " P>(CHC03 " 2P>2

A 3P3 + A2P2 + A 1P + A q = 0

25
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where 1

Ag = -4.0

A 2 = 4<‘CCa + CHC03'>

A 1 = -4CCaCHC03 - (4 o 3>2

A 0 = CCa(CHC03) " CC02PC02/y1 y 2K

and P is the amount of Ca precipitated in mole/1.

When waters contain sulfuric acid, the concentration of bL- 

carbonate under an open system was evaluated as

Y1 (CH + X " cy')<'CHC03 “ ^

Kl CC02PC°2

or

»2 - C(CH + X) + CHC03>  + <CH + X)CHC03 - K1CC02?C02/Y12 ' °

where a, changes in molar concentration due to acid application, x, 

amount of acid applied in moles/1 and C^, initial molar concentration 

of hydrogen = 1/k, and is the first disocialization constant of 

carbonic acid. The activity coefficient y was estimated using the Debye- 

Huckel^ theory (Butler 1964) as

- log yf = Az+z_ /I

where the ionic strength I is half the sum of the concentration of each 

ion in the solution multiplied by the square of its charge. .

21 = 1/2 2 C . Z /
i 1 1



The constant A depends on the dielectric constant £ of the solvent 

according to the relation

A = 1.825 x 106(CT)"3/2 

= 0.509, at 25°C in water.



APPENDIX B

CALCULATION OF pHc

The pH^ 1 which is a theoretical value of. pH of water was defined 

by Langelier (1936) as

pHc = (pKg - pK^) + pCa + pAlk

where pK^ and pK^ are the negative logarithms of the second dissociation 

constant of H^CO^ and the solubility constant of CaCO^ respectively, pCa 

and pAlk are the negative logarithm of molar concentration of Ca and of 

the equivalent concentration of titratable base (CO^ + HCO^). Bower 

and his associates (1965) modified the above mentioned equation as

pHc = (pK2 f - ’PK'1) + p(Ca + Mg) + pAlk

The modified form was based on the assumption that the chemical reac

tions of Mg are similar to those of Ca, and hence, they substituted 

p(Ca + Mg) for pCa. Bower, Willcox, Akin and Keyes (1965) gave values 

for constructing graphs that facilitate the calculation of pH^ as 

shown in Table 7. The variables are plotted on a semi-logarithm 

paper with the Ca, titratable base, and the total cation concentration 

on the log axis.

28
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Table 7, Data for the Construction of Graphs for Use in the Calculation 

of pHc, -- Relate (pKg' ” pKc 1) to total cation concentration 
and pCa and pALK to calcium and titratable base concentra
tions, respectively, - .......

Concentration
meq/liter (pK2 ' - pKc ') pCa pAlk

0.1 -- 4.30 4.00

0.5 2.11 3.60 3.30

1 2.13 3.30 3.00

2 2.16 3.00 2.70

4 ' 2.20 2.70 2.40

6 2.23 2.52 2.22

8 2.25 2.40 2.10

10 2.27 2.30 2.00

15 2.32 2.12 1.82

20 2.35 2.00 1.70

25 2.38 1.90 1.60

30 2.40 1.82 1.52

35 2.42 1.76 1.46

40 2.44 1.70 1.40

50 2.47 • 1.60 1.30

(



APPENDIX C

DETERMINATION OF SODIUM ADSORPTION RATIO (SAR)

The sodium adsorption ratio is defined as

SAR = Na/[Ca >  Mg) /2]2

where Na, Ca3 and Mg are the concentrations of soluble sodium, 

calcium and magnesium respectively. The concentrations of these cations 

were determined using the saturation extract method of Rich (1965). A soil 

extract, 2:1, was prepared by adding 25 ml of distilled water to 50 grams 

of air dry soil sample. The suspension was then mixed by a spatula and 

left to stand "for four hours. The mixture was then stirred every hour.

The suspension was then filtered using a suction pump. One drop of 

calgon (sodium hexametaphosphate) solution was added to the extract to 

avoid CaCOg precipitation. The addition of calgon was insignificant to 

the possible loss of CaCO^- The concentration of Ca, Na and Mg was then 

determined using the atomic adsorption method. The concentrations, ppm, 

was then converted to meq/1, and SAR was calculated using the above 

equation.
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APPENDIX D

DETERMINATION OF EXCHANGEABLE SODIUM PERCENTAGE (ESP)

The exchangeable Na was determined using the ammonium acetate 

extraction method of Pratt (1965). A solution of ammonium acetate 0.1 N, 

adjusted to pH 7.0 was prepared by adding 58 ml of concentrated glacial 

acetic acid to 600 ml of deionized water, and then 70 ml of concen

trated sodium hydroxide was added to the solution. The solution was 

then diluted to volume. Soil samples, 4-6 gms, depending on the soil 

texture, was then placed into centrifuge tubes. Twenty-five ml of the 

ammonium acetate solution was then added to the soil sample, shaken for 

ten minutes and centrifuged until the supernatant liquid was clear. The 

extract was placed into a 100 ml flask. This procedure was repeated four 

times. The combined extract was diluted to 100 ml. The total Na con

centration was then determined using the atomic adsorption method. The 

concentration of Na was adjusted by subtracting the soluble Na obtained 

as described on Appendix C. The ESP was calculated as

ESP = (Nat - Nas)/CEC. 

where Nat is total sodium, Nas is soluble sodium and CEC is the cation 

exchange capacity.
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APPENDIX E

CHECK OF STEADY STATE AFTER PASSING 100 TIMES 
THE SOIL PORE VOLUME

Water Na (meq/1) in Na (meq/1) in Leachates
No. Exp. Water Cave Anthony Perriville Grabe

A 23.25 23.15 23.25 23.26 ' 23.26

A + acid 23.30 23.04 23.04 23.47 23.26

C 6.47 6.47 6.60 6.45 6.43

D 5.81 5.73 5.95 5.91 5.65
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