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carbonate in soils. Turner and Nichol (100) found that in the more alka-

line suspensions as much as eight days was required before equilibrium 

wa s reached. 

Tanji and Doneen (92) studied the precipitation of CaC0 3 from 

several different salt solutions. They developed a systems analysis 

model in which the equations relating ionic strength, the solubility of 

CaC03 and the dissociation of H2C03 were solved by successive approxi-

mation. Using this model they were able to predict the pH values, pre-

cipitated CaC03 , and the concentrations of HCO;, CO; and Ca ++ which 

resulted after the solutions were concentrated by slow evaporation. 

Factors regulating the pH value in noncalcareous soils 

Turner and Nichol (100) found that the lime potential, 

pH-l/2p(Ca+Mg), of clay minerals (including Arizona bentonite, Fithian 

illite, Georgia kaolin, and Wyoming bentonite) wa s not affected by the con-

centrations of salts in solution. They also concluded that when these soil 

minerals were at a given level of base saturation; the values for pH-l/2pCa 

in the absence of Mg ++ I pH -1/2Mg in the absence of Ca ++, and pH-

. ++ ++ 1/2p(Ca+Mg), regardless of the ratIO of Ca to Mg ,were constants. 

These investigators also found that organic exchange material (peat) did 

not behave in the same manner as clays in respect to lime potential. 

Peech and Bradfield (77) suggested that the pH of a soil is 

essentially determined by the following relationship: 



pH = constant + log CEC-exch. H 
exch. H 
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"While this concept has been widely accepted, more recent studies indi-

cate that the exchangeable H ions are not the only ions that contribute 

t 'I 'd't Al+++ F +++ ++ o SOl aCl 1 y. ,e, Mn ,and perhaps other hydrolyzable 

ions on the exchange sites of the soil complex may also produce acidity 

upon hydrolysis (llZ, ZZ, 100, 101). In general, the lime potentiaL 

pH-l/Zp(Ca+Mg), of a soil at a given base saturation was strongly 

dependent upon the acid producing cation present. Some of the acid pro-

ducing cations, arranged in order of decreasing effectiveness, are: H+, 

+++ +++ ++ ,++ ++ + Fe , AI ,Cu ,Nl ,Mn ,and La (ZZ, 101). Yuan (114) found 

that when both H+ and AI+++ species were present in an acid soil, H+ 

was the dominant factor that determined the pH value, but noted that 

AI+++ did become important when H+ was low. Consequently, in using 

Peech and Bradfield I s equation (equation [Z4]); the pH value could be 

predicted more closely when the exchangeable acid producing cations, 

such as aluminum and iron, were included with the exchangeable bases 

(llZ). 

Clark and Hill (Z7) and Turner et al. (10Z) have shown that the 

relation between lime potential and base saturation of clays could be cal-

culated if the permanent charge component of the cation exchange 

capacity (CEC) was used. Clark and Hill (Z 7) calculated the percent 

base saturation from the ratio of exchangeable Ca ++ + Mg ++ to the sum 
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++ ++ +++ + 
of Ca + Mg + Al + H extracted from soils with 1. ON KCl 

I , Th f ++ ++ +++ + so utIOn. e sum 0 Ca ,Mg ,AI ,and H was considered to be 

the permanent charge component of the CEC. They observed that the lime 

potential was somewhat higher in montmorillonitic soils than in other 

soils at the same level of base saturation. Clark and Hill (27) obtained a 

poor correlation between lime potential and base saturation when the per-

cent base saturation was based on the CEC determined by using O. 9N 

calcium acetate plus O. IN calcium chloride to saturate the exchange 

complex. 

Schofield and Taylor (87) found that for a given acid soil the 

lime potential is essentially constant. Turner and Nichol (99) confirmed 

that the lime potential was constant for strongly acid soils regardless of 

the dilution and successfully used it to predict the pH of soil suspensions 

obtained at different dilutions. Turner and Nichol (l00) found that in the 

more acid clay suspensions variations in CO 2 concentration did not have 

a measurable effect on the level of base saturation, thus further sup-

porting the observations that the lime potential is constant in strongly 

acid soils. 

Linear relationships were found to exist between lime potential 

++ ++ " ° 'I (10 6) , and Ca +Mg saturatIOn In some western regon sOl s equI-

librated in water or 0.01 M CaCl2 at two different levels of CO 2 . Chao 

and Harward (22) found that this Simple linear relationship did not hold 

for standard clays. They observed that these functions obtained in 
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the aluminum systems were much closer to a linear relationship than in 

the hydrogen qystems, thus indicating that the Oregon soils were probably 

strongly buffered with aluminum. 

Nichol and Turner (73) in a study of noncalcareous, near-neutral 

soils found that the value for pH-l/2pCa varied significantly with CO 2 

content. They also found that the pH-l/2pCa values were not signifi­

cantly different from the lime potential in these soils. These data of 

Nichol and Turner indicate that in noncalcareous near-neutral soils the 

coefficient of the log PC02 term in equation [18] ranged from about 0.5 

at pH values near eight to almost zero at pH -1/2pCa values of about five. 

Use of Systems Analysis Models for the Solution 

of Soil and Water Chemistry Problems 

In recent years systems analysis techniques have greatly facili­

tated the solution of complex problems pertaining to soil and water 

chemistry I and to the routing of water and salts in streams and ground 

water basins. 

Dutt (32, 33) and Dutt andTanji (37) incorporated equations [2, 

9 I 10, 19 I 20] into a system analysis model for predicting the solute 

concentrations of soil solutions percolating through columns of soil con­

taining gypsum and exchangeable Ca++ and Mg ++. Dutt and Doneen (36) 

later expanded this model by incorporating the equation of Krishnammoor­

thy and Overstreet (61, 62) relating exchangeable and dissolved Na +, 

Ca++ I and Mg++. This expanded model was successfully used to predict 
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the solute composition of saturation extracts from soils undergoing sali­

nization (36). Dutt (34) used a similar systems analysis model for pre­

dicting the solute concentrations in effluents leached from soil columns 

containing small quantities of gypsum. 

Orlob and Woods (76) used computer techniques to facilitate 

study of a complicated water quality management problem on the partly 

irrigated Lost River system in Northern California. This water use-reuse 

scheme was simulated with a systems analysis model capable of proces­

sing, in sequence, monthly data for precipitation, water supply, con­

sumptive use, and drainage of the 11 major subdivisions of the system. 

Systems analysis techniques are currently being used to facilitate ground 

water management in the Los Angeles basin (25). These techniques 

make feasible the calculation of the most economical combination of 

storage and pumping facilities. 



THEORY 

The systems analysis model developed by Dutt and associates 

(32, 33, 34, 36, 37) adequately describes the chemical interactions of 

exchangeable and dissolved Ca ++, Mg++, and Na + together with dissolved 

so~, CC, and NO) and solid phase gypsum. The main objective of the 

research described in this dissertation is to enlarge this model to include 

CaC03 , HCO;, C0'3, CO2 , and pH. Not only would this extension make 

the systems analysis approach applicable to systems in which HCO) and 

C03" are the predominant anions; but, it would also improve the accuracy 

of the existing program in systems where these constituents are present 

in low concentrations. 

Dutt and Doneen (35) used the Davis-Krishnamoorthy equation 

(61, 62) to describe the equilibrium between the dissolved and exchange­

able phases of Ca ++, Mg ++, and Na +. Hajrah (47) found that the Gapon 

equation, equation [1], gave an equally satisfactory description for the 

Ca ++ and Na ++ equilibrium; but, the Gapon equation had an added advan-

tage in that an average exchange constant,DA, gave satisfactory results 

for all the soils tested. Consequently, in this study the Gapon equation 

will be used instead of the Davis-Krishnamc>orthy equation. Since 

Hajrah (47) found that the Gapon constant varied little with widely 

~7 
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different Arizona soils, it was deemed sufficient that the average value 

of DA= O. 60S be used throughout this study. 

Calcareous Systems 

Equations [22 J and [23J show the interrelations of Ca ++, H+, 

and CO 2 concentrations and the various equilibrium constants which. 

exist in a calcareous system. Equation [22 J is the equation for a 

straight line with a slope of -0.5, which describes the relation of pH-

1/2 pCa to log Pc02 . If CaC03 is present in a soil, then at equilibrium, 

the value of pH-l/2pCa for a specific PC02 must lie somewhere on this 

line. Evidence was cited earlier that CaC03 in soils is frequently more 

soluble than calcite. The apparent solubility product of naturally 

occurring CaC0 3 can be readily calculated from the Ca ++ and CO~ in 

solution by using equation [16}. If the apparent solubility product should 

exceed that for calcite it will be assumed here that this apparent value 

may be substituted for K4 and that a new constant (CON) can be calcu­

lated from equation [23}. 

The systems analysis developed by Dutt and associates (33, 34, 

35, 36, 46) permitted the solution of equations [1, 2, 9, 10, IS, and 20] 

by successive approximation. It is proposed that equations [11, 12, 13, 

16, 22, and 23] be incorporated into this model, thus expanding it to 

describe the equilibrium conditions for HCO;, C0'3, H+, CO 2 ' and 

CaC03 . The new model thus envisioned would permit calculation of the 
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concentration of each of the programmed constituents under the equi-

librium conditions which would result if one or more of the constituents 

were to be arbitrarily changed. 

The effect of changes in soil moisture may be handled implicitly 

in the above systems analysis model Simply by assuming that, as a first 

approximation, the dis solved constituents vary inversely with moisture. 

Changes in moisture content are thus assumed to induce changes in the 

concentrations of dissolved constituents; and, with this as a starting 

point, the proposed model will permit calculation of the new concen-

tration of each dissolved constituent which would be present after the 

system has attained an equilibrium status. 

Noncalcareous Systems 

In the techniques described above for a calcareous system it is 

assumed that the base exchange capacity of the soil is completely satu-

. ++ ++ + rated wlth Ca ,Mg ,and Na . In noncalcareous systems some of 

this exchange capacity may be satisfied by various acid producing cations 

+ +++ +++ If h h bl . d d . such as H ,AI ,or Fe . t ese exc angea e aCl pro uClng 

cations are present in Significant quantity, this presupposes the absence 

of undissolved CaC03 . Provision must be made for a variable base 

exchange capacity which will decrease as the acid producing cations 

increase. If solid CaC03 is not present in the soil-water system at 

equilibrium, then obviously, equation [22] cannot apply and the 



techniques described for calcareous systems cannot be used for non­

calcareous systems without modification. 

Schofield and Taylor (87) and Turner and Nichol (99, 100) 
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found evidence that the lime potential, pH-liz p(Ca+Mg), was essentially 

constant in strongly acid soils and did not vary with the CO Z level. The 

data of Webster and Harward (106) showed some increase in lime potential 

with increases in CO Z level in acid soils but the variation observed was 

very small. For zero base saturation the lime potential ranged from Z. 0 

(1.0 in the case of iron saturated soils) to 3.6 and averaged roughly Z. 6 

(101, 10Z, 106). At a lime potential of 4.89, the base saturation ranged 

from 46 to 74 percent and averaged about 59 percent (106). This wide 

range of values was undoubtedly caused in part by the experimental 

errors normally present in this type of analysis. To arrive at these latter 

figures it was necessary to multiply the base saturation 9iven by Web­

ster and Harward (106) by a factor of 0.67. Their 100 percent level of 

base saturation was based on cations displaced by neutral ammonium ace­

tate and consequently was low. Their 150 percent level of base saturation 

is shown later to be equivalent to what is usually considered the 100 per­

cent level of base saturation. In acid soils with a lime potential below 

4.89, the level of base saturation appeared to be linearly related to the 

lime potential regardless of the CO Z level (87, 99, 100). Consequently, 

the average relation of base saturation to lime potential may be plotted 

as shown in Figure 2. In base unsaturated soils the constant CON 
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defined in equation [23J will equal 4.89. The symbol HKV is used to 

relate change in lime potential to change in base saturation percentage 

when the lime potential is less than CON; and, for the average data 

plotted in Figure 2, HKV is a constant equal to 23.24. The quantity 

BSNS denotes the percent base saturation when the lime potential (de-

noted by the symbol HK), is equal to CON, and in Figure 2 it is a con-

stant equal to 59 percent. For the average conditions shown in Figure 2, 

the base saturation percentage, HS, may be calculated from the lime 

potential, HK, with the formula: 

HS = BSNS + (HKV) (HK-CON) [251 
Nichol and Turner (73) and Harward and Webster (106) found 

that in noncalcareous, near-neutral soils the value for pH-l/2p(Ca+Mg) 

varied significantly with the level of CO 2 when the lime potential was 

above 4.89. The soils used by Webster and Harward (106) were reported 

as having base saturations up to 150 percent. When the lime potentials 

for these high levels of base saturation were plotted on Figure 2 against 

the CO 2 level, a line was obtained almost identical to that obtained 

from equation [22J when pH-l/2pCa was plotted against PC0 2 . Conse-

quently, Webster and Harward IS 150 percent base saturation level (based 

on CEC at pH 7.0) should be essentially equivalent to the 100 percent 

base saturation obtainable at pH 8.2 (103). The data of Webster and 

Harward (106) also indicated that the slope of the line in Figure 2 

relating lime potential to PC02 increased in direct proportion to the 
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increa se in ba se saturation above 59 percent. When the lime potential, 

HK, exceeds CON the base saturation percentage I HS I will be dependent 

upon the slope of the line relating lime potential to PC02 . For any given 

lime potential exceeding CON I the slope of this line I -BS I may be cal-

culated from the equation: 

BS = PH-l/2p(Ca+++Mg++)-CON = 
-logPC02 

HK-CON 
-logPC02 

For lime potential greater than CON I the level of base saturation, HS I 

may be calculated from the slope of the line I BS I according to the 

formula: 

HS = (BSC) (BS+BSA) 

wherein BSA and BSC are variables dependent upon the relation of lime 

potential and CO 2 level to base saturation. For the data plotted in 

Figure 2 I BSA is a constant equal to O. 715 and BSC is a constant equal 

to 82.3. The variable BS as illustrated in Figure 2 would equal 0.5 at 

100 percent base saturation and 0.0 at 59 percent base saturation. 

It will be noted that the line representing 100 percent base 

saturation is identical to the plot of equation [22J which represents a 

calcareous system. This is in accordance with the common as sumption 

that the cation exchange complex of a calcareous system is 100 percent 

saturated with exchangeable base. 

Equation [22} will be used for predictions involving calcare-

ous systems. When analytical data on the base saturation percentage is 
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not available for noncalcareous systems, this percentage will be esti-

mated from the lime potential and CO2 level according to the empirical 

model shown in Figure 2. There is a discrepancy in this comparison in 

that the ordinate used in Figure 2, is the lime potential pH-l/2p(Ca+Mg) 

while the ordinate used for equation [22] is pH-l/2pCa. This combined 

model can be used to predict the relationship between dissolved CO 2 , 

pH value, and Ca ++ +Mg++ or Ca ++, as long as care is taken to use the 

ordinate pH-l/2pCa when CaC03 is present and as long as points pre-

dieted by the model using pH-l/2p(Ca+Mg) are not allowed to exceed 

100 percent base saturation. 

The plot for any given level of base saturation in Figure 2 is 

simply a straight line in which the slope and/or intercept may vary. 

This means that equation [22J may be modified empirically to show the 

relationship between the lime potential and log PC02 for any level of 

base saturation from a to 100 percent. 

The model shown in Figure 2 relating lime potential, CO 2 , and 

base saturation is theoretically accurate for calcareous soils, which are 

understood to be 100 percent saturated with base; but, it is only an 

average model for noncalcareous soils. If the variables and constants in 

the model relating base saturation, lime potential, and CO2 are accurate-

ly known for a given soil or aquifer, then these values could be substi-

tuted for the averages used in the model shown in Figure 2. The time 

required to completely determine an accurate model for a given soil or 
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aquifer would normally be prohibitive; however, it would not be difficult 

to determine the base saturation percentage for a soil or aquifer under one 

set of conditions. If the base saturation percentage is determined for 

one set of conditions other than 100 percent base saturation; then, it 

should be possible to develop an improved model between this point and 

the limiting condition of 100 percent base saturation shown in Figure 2. 

The lower limit, representing zero base saturation, has been shown by the 

experimental data of several investigators (100, 101, 106) to be variable; 

consequently the lime potential at this lower boundary can be approxi­

mated by assuming that at lime potentials below 4.89 the lime potential 

will decrease by 1 unit for each 23.24 percent the base saturation per­

centage is lowered. This is also true of the model shown in Figure 2. 

Statements 454 through 502 in the Fortran listing, Appendix B, describe 

these computations in detail. 

What would be the value of a model such as the one proposed 

which is based on only two levels of base saturation which are known to 

be correct? This proposed model should be quite accurate for most 

problems liable to arise. Unless a heavy application of chemical amend­

ments is added, a soil should stay at about the same level of base satu­

ration. Consequently, for those changes which do not greatly alter the 

level of base saturation, the proposed model should be adequate. 
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If the model shown in Figure 2 is used without adjustment to a 

known level of base saturation the predictions obtained can still be 

quite useful in showing the magnitudes and directions of change in the 

concentrations of various chemical constituents. This unadjusted model 

may not be expected to always yield accurate quantitative data on 

exchangeable ions in acid soils; however, it should be relatively accu-

rate in predicting concentration changes in dissolved ions. 

Systems Analysis Model for Solution of 

the Expanded Program 

The usual method of solving simultaneous equations is not 

readily applicable to nonlinear equations such as the ones involved in 

this problem. Consequently, it was deemed preferable to use a method of 

successive approximation wherein the value for the HC0:3 plus C03" con-

centration is arbitrarily varied until it and the theoretical value predicted 

by the model agree within O. 1 percent. When this occurs all the equations 

will have been balanced and all concentrations predicted by these 

equations will be correct for the desired equilibrium condition. 

In Figure 3 is presented an idealized flow chart of the systems 

analysis model designed to Simultaneously solve the many equations 

relating the chemical equilibrium of HC03, CO~, NO;, S04' CC, H+, 

* f Mg ,C02 ' CaC0 3 , and CaS04 • 2H 20 in a soil-water system. De i-

nitions of the symbols are given in Appendix A and a complete FORTRAN 
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listing is given in Appendix B. A brief discussion of the major steps in 

the computer program follows. 

Input data: The input data must include concentrations of the 

various dis solved constituents, the cation exchange capacity at pH 8.2, 

the gypsum and calcium carbonate content of the dry soil, initial and 

final moisture percentages; and, if known, the partial pressure of the C02 

in the final system and the percent of acid producing cations present on 

the soil cation exchange complex. 

Estimation of HC03 and C03 from chemical analysis data: 

Carbonate and bicarbonate ions can be approximated by the usual pro-

cedure of titration to approximate pH value endpOints (l, 103). This 

method usually gives a good approximation of the total alkalinity but 

frequently gives a poor estimate of the components of this total alka-

linity. If the quantity "CARB" is taken to represent the total alkalinity 

in milliequivalents per liter I and it is assumed that only HC03 and C0'3 

contribute to this total alkalinity I then: 

CARB 
1000 

If the quantity CARB /2000- ~C03] /2 is substituted into 

equation [12] for [co~ 1 and solved for [HC03 J then: 

CARB 
= t2 [H+] . 1000 

2K3 + [H+] '12 

[28J 
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The concentration of C0'3 is then found by using equation [28}. After 

these initial estimates of HC03 and C0'3 have been computed the systems 

analysis model will then recompute them so that they are corrected for the 

total ionic strength of the solution. These calculations are performed 

between statements 451 and 452 of the FORTRAN listing given in Appen­

dix B. 

Computation of C02 present in the input system: The PC02 in 

the initial system fed into the computer may be calculated from equation 

[14]. Statement 452 in the FORTRAN listing performs this calculation. 

Calculation of apparent solubility product of CaC03: The 

apparent solubility product of CaC03 is calculated using equation [16]. 

If this apparent solubility product exceeds that of calcite, it is assumed 

that the CaC0 3 is in a form more soluble than calcite. When this occurs 

the calculated solubility product will be used throughout the remainder of 

the model instead of the solubility product for calcite. These calcu­

lations are performed between statements 452 and 453 of the FORTRAN 

listing, Appendix B. 

Calculation of the base saturation percentage in the input 

system: If the percentage of acid producing cations was included in the 

input data, then the base saturation percentage, HS, is simply 100 per­

cent minus the percent of acid producing cations. If the percentage of 

acid producing cations was not entered with the input data, then HS is 

calculated approximately from the model illustrated in Figure 2. 
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If data from a given soil-water system are plotted on Figure 2 I 

it will be noted that the level of base saturation may readily be deduced. 

If the quantity HK is less than CON the percent base saturation, HS, may 

be approximated from equation [251. If HK is more than CON then the 

base saturation percentage is in that part of Figure 2 which is determined 

by the slope -BS. The slope BS is calculated from equation [26]. The 

base saturation percentage I HS I can then be approximated using equation 

[27J. These calculations are shown in the FORTRAN listing between 

statements 454 and 502 I Appendix B. 

Calculation of undissolved calcium carbonate and gypsum: The 

undis solved calcium carbonate is calculated from the quantity measured 

in the dry soil on the premise that all the HC03 and C03' in solution 

represents dis solved CaC0 3 . This is not strictly true since some of the 

HCO; and C03' in solution represents dissolved and dissociated C02' 

The Ca++ in solution would usually be an even poorer estimate of dis­

solved CaC0 3 because of the ease with which it is adsorbed by the 

exchange complex. 

The undis solved gypsum is calculated from the quantity 

measured in the dry soil by subtracting the SO~ in solution. Since gypsum 

is determined on the basis of total SO~ this procedure should be without 

error as long as sulfate adsorption by the soil is negligible. These cal­

culations are performed between statements 503 and 76 of the FORTRAN 

listing I Appendix B. 
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Procedure for handling those experimental errors in calcareous 

soils which prevent an exact fit to the theoretical model: Because of 

normal experimental error, a calcareous soil will rarely yield a point 

which falls exactly on the line representative of 100 percent base satu­

ration. Consequently the proposed system analysis model will disregard 

this computed value for HS in a calcareous system and set HS equal to 

100 percent. Originally, a systems analysis model was used which 

caused solution or precipitation of CaC0 3 until the computed base satu­

ration level equalled 100 percent. This approach was abandoned when it 

was found that the small changes thus induced sometimes masked the 

effects of weak treatment so that small changes and trends could not be 

detected. These steps are listed in the FORTRAN program between state­

ments 242 and 74. 

Estimation of exchangeable Ca ++, Mg ++, and Na +: A direct 

measurement of exchangeable ions can be made. However, as was dis­

cussed under the review of literature, an indirect estimate of exchange­

able ions made from the exchange constants and the dissolved cations 

in the soil extract or ground water is normally more accurate (47). Of 

the available exchange equations for the Na:Ca system, the Gapon 

equation, equation [1 J, was chosen as being most satisfactory for 

general use with Arizona soils. 

Equation [2] adequately expresses the relationship between 

exchangeable and dissolved calcium and magnesium. Equations [1] and 
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[2J are solved simultaneously to permit direct computation of exchange-

bl c ++ ++ + . a e a I Mg I and Na from the concentratIOns of the dissolved con-

stituents and the exchange constants. It is anticipated that in the future 

calculations such as this will largely supplant the existing procedures 

for direct laboratory determination of exchangeable ions. These calcu-

lations are given in the FORTRAN listing between statements 75 and 8 I 

Appendix B. 

Printout of input data: At this point the entire array of input 

data together with those quantities which have been calculated per-

taining to the input equilibrium system are printed. 

Initial estimate of dissolved constituents in output system: A 

first estimate of the dissolved constituents is obtained by assuming that 

the concentration of these constituents varies inversely with moisture. 

If the C02 level of the output system is not known it is as sumed that it 

will be the same as that calculated for the input system. These compu-

tations follow statement 8 in the FORTRAN listing I Appendix B. 

Checks to avoid excessive computer time: It is possible that 

bad data or an unusual sample may become caught in a repeating loop of 

the program and not converge to yield an answer. Consequently I counters 

have been installed at a number of locations in the program so that when 

the desired objective has not been attained after a reasonable number of 

cycles the run is terminated and the available data printed. Supple-

mental data is also printed at this time to help ascertain the nature of 
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the trouble and the degree of convergence attained. To date no sample 

has been found which required use of this part of the program; however, 

safeguards of this type are always desirable in computer programming. 

Calculation of changes in base saturation: When any constitu­

ent of a soil-water system is changed and a new equilibrium approached, 

the base saturation percentage itself may shift in consequence. It is 

assumed that this change in base saturation will be dependent upon 

basic cations added to or removed from the system. The base exchange 

capacity, and in turn the base saturation percentage are adjusted to 

account for the effect of changes in CO 2 and basic cations. The change 

in CO 2 is measured indirectly on the premise that changes in total or 

dissolved cations not accounted for by precipitation or dissolving of 

solids must be attributed to evolution or solution of CO 2 . In this case 

the hydrogen associated with the loss or gain of CO 2 is assumed to come 

from or go to the exchange complex, where it in turn replaces or is re­

placed by a corresponding amount of exchangeable base which goes 

either into or out of solution. Thus stoichiometry of the system is main­

tained so that total Ca ++, Mg ++, and Na + (exchangeable + dis solved + 

solid) remain constant while only H+, the associated HC03 and C0'3 

ions are allowed to enter or leave the system. The base exchange 

capacity is allowed to vary and reflect this change in hydrogen in the 
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system. These calculations are listed between statements 421 and 90 of 

the FORTRAN listing I Appendix B. 

Simultaneous solution of equations through successive approxi-

mation of HCO; plus C03' concentration: Equation [22J permits calcu-

lation of the pH of a soil solution at any given C02 level from the calcium 

ion concentration and the activity coefficients. For each pH value thus 

calculated it is possible to calculate corresponding HC03 and co3' con-

centrations which will exist at that CO 2 level using the following 

equations: 

(CO'3) = 

PC0 2 . KIK2 

[H+]6i 2 

[Hco'31 . K3 

[H+] 't 2 

Equation [30] was derived from equations [11 J and [13} and equation 

[31}iS simply a rearrangement of equation [121. 

If the dissolved cations are adjusted up or down in proportion 

to their concentration in order to balance the change in HCO; plus C03' 

concentration I then a new estimate of Ca ++ and the activity coefficients 

can be obtained. This new estimate of Ca ++ can in turn be used to ob-

tain an improved estimate of pH I HCO'3 and CO'3. Normally this cycle 

should converge to give successively improved estimates of each con-

centration until changes are less than 0.001 milliequivalents per liter. 

Each time the cation concentrations are changed to balance the anion 



55 

concentrations, the exchangeable ions must be adjusted a corresponding 

amount to maintain stoichoimetry. The soluble and exchangeable cations 

must also be balanced once in each cycle with the procedure devised by 

Dutt and coworkers (33, 34, 36, 37) so that the exchange equations are 

obeyed. Finally, in each cycle lime and/or gypsum are dissolved and/or 

precipitated if need be to bring the system into balance with the solu-

bility product constant of these compounds. 

Where pR values are high and Ca++ concentrations are low 

convergence may not be automatic; therefore, the above cycling scheme 

was modified to assure convergence. This was done by arbitrarily regu-

lating the magnitude of change of RCO; plus CO~ so that it was of con­

stant size and direction until the estimates of RCO; plus CO~, as calcu­

lated by equations [30] and [31] I start to diverge from these arbitrary 

estimates. At this time the arbitrary change in RCO; plus CO~ is 

reversed in direction and reduced to one fourth of its former magnitude. 

-
A separate check for negative values in the arbitrary estimates of HC0 3 

plus CO~ was installed. When negative values are introduced in this 

way the previous arbitrary change is erased and a lesser change (0.3 of 

the original change) is substituted. An additional test was necessary to 

detect the rare borderline cases where the arbitrary estimates strike the 

correct answer almost exactly, then veer off in the wrong direction. After 

five consecutive divergences a malfunction is assumed and the direction 

of change in CO'3 and RCO; values is arbitrarily reversed. 
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Each successive approximation of HCO; plus CO'3 concentration 

is calculated in the long loop between statements 24 and 48. Details of 

this procedure are given in the FORTRAN listing, Appendix B. 

Computations pertaining to the eguilibrium distribution of Ca ++, 

++ + Mg , and Na among the exchange complex, soil solution, and gypsum: 

This method was developed by Dutt and associates (32, 33, 34, 36, 37, 

47). Equations [1,2,9,10,20] were used to calculate the equilibrium 

distribution of Ca ++, Mg ++, and Na +, among the exchange complex, soil 

solution, and gypsum by a series of successive approximations. Since 

this method has already been adequately described in these earlier 

studies it need not be discussed here. This part of the systems analysis 

model is given between statements 346 and 407 in the FORTRAN listing, 

Appendix B. 

Printing of output data: ,When the equilibrium conditions have 

been calculated to the prescribed level of accuracy C~O. 1 percent for Ca ++ 

and HC03 plus C03 concentrations), then all the equations controlling 

the output system will have been solved. At this point all the calcu-

lated data pertaining to the output system is printed. This includes 

concentrations of the dissolved and exchangeable ions, carbon dioxide, 

undissolved calcium carbonate and gypsum, base saturation percentage, 

and exchangeable sodium percentage. This printout statement is two 

steps prior to statement 67 near the end of the FORTRAN listing, Appendix 

B. 
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Theory of Acidimetric Titration for Bicarbonate Ion 

The standard determination of HCO; and C0'3 involves titration 

to a fixed pH value, usually detected by a colorimetric indicator (1, 103). 

An inspection of equations [11] and [12J reveals that the H+ concen­

tration is dependent upon more than the HCO; and CO; concentrations. 

Because of the need for accurate HC03 and C0'3 analysis in this study 

accurate pH values were calculated for various titration end points. For 

a sample of given size and titrant of given normality, the pH value at the 

end point will vary with the volume of titrant required. Table 1 shows the 

pH values calculated for the end point of the HCO; titration when 20 

milliliters of sample containing various levels of H2C03 concentration 

and ionic strength (other than that contributed by HCO; and CO;) is titrated 

with O.OIN H2S04 , These values were calculated on the assumption that 

no CO2 entered or left the sample during the titration. Table 1 also shows 

the calculated pH values for this end point when no correction is made for 

ionic strength or dissolved CO 2 , 

Calculation of pH values at the HC03 end point: The end 

point pH values given in Table 1 are based on the assumption that at 

equilibrium the dissociation of HCO; into H+ and C03' is negligible. 

Consequently at the end point equation [ 4 ] represents the prevailing 

reaction. Since HCO; is assumed to not dissociate appreciably under 

acid conditions I the concentrations of H+ and HC03 should be 

essentially equivalent at the end point. For the purpose of the 



Table 1: The pH Value of the HC03 Endpoint for Titration of a 20 ml. Sample with 0.0 IN· H2SO4 

Initial C02 level 
in atmospheres X 100: 0.00 0.03 0.03 0.03 0.50 0.50 0.50 5.00 5.00 5.00 

Initial ionic strength 
in moles/liter: 0.00 0.00 0.01 O. to 0.00 0.01 0.10 0.00 0.01 0.10 

(Excepting HC03 and 
C03 concentrations) 

Not 
Ml. 0.01 N. H2S04 corrected Corrected for ionic strength and initial C02 level 

0.05 5.51 5.43 5.47 5.55 5.06 5.10 5. 18 4.58 4.62 4.70 
0.10 5.35 5.31 5.35 5.43 5.03 5.07 5.15 4.57 4.62 4.69 
0.25 5.15 5.14 5.18 5.25 4.97 5.01 5.08 4.58 4.61 4.69 
0.50 5.00 5.00 5.03 5.11 4.89 4.93 5.01 4.56 4.60 4.67 
1.00 4~85 4.86 4.89 4.96 4.80 4.83 4.91 4.54 4.58 4.65 
2.00 4.71 4.72 4.75 4.82 4.69 4.72 4.79 4.51 4.54 4.61 
3.00 4.63 4.64 4.67 4.74 4.63 4.65 4.72 4.48 4.51 4.58 
4.00 4.57 4.59 4.62 4.69 4.58 4.60 4.67 4.46 4.49 4.56 
5.00 4.53 4.56 4.58 4.65 4.54 4.57 4.63 4.45 4.47 4.54 
6.00 4.50 4.53 4.55 4.61 4.51 4.54 4.60 4.43 4.45 4.52 
8.00 4.46 4.48 4.50 4.56 4.47 4.49 4.56 4.41 4.43 4.49 

10.00 4.42 4.44 4.47 4.53 4.44 4.46 4.52 4.39 4.41 4.47 
12.00 4.40 4.43 4.44 4.50 4.42 4.44 4.50 4.37 4.39 4.45 
16.00 4.36 4.39 4.41 4.46 4.39 4.40 4.46 4.35 4.37 4.42 
20.00 4.33 4.37 4.38 4.43 4.36 4.38 4.43 4.35 4.35 4.40 
25.00 4.31 4.35 4.36 4.40 4.34 4.35 4.40 4.32 4.33 4.38 
30.00 4.29 4.33 4.34 4.38 4.33 4.39 4.38 4.31 4.32 4.36 
50.00 4.26 4.30 4.30 4.34 4.29 4.30 4.34 4.28 4.29 4.33 

100.00 4.22 4.27 4.27 4.29 4.26 4.27 4.29 4.26 4.26 4.29 CJl 
co 
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following calculation let it be assumed that momentarily at the end point 

all the original HCO; and CO; have been converted to undissociated 

H 2C0 3 · Then this hypothetical H 2C0 3 concentration will immediately 

dissociate to the maximum extent permitted by the dissociation constant, 

K2 , in equation [llJ. Since H+ and HCO; are assumed to be equivalent 

at the end point the calculations may be simplified by substituting H+ 

for the HCO; and rearranging to give equation [32]. 

~)Z [H+]Z ~ KZ [[HZC03] - [H+]] 

This equation was solved by the quadratic formula and the H+ converted 

to the equivalent pH value. The term [H2C03 ] - [H+ ] is thus equal to 

[H 2C0 3] , the concentration of undissociated H2C03 present in the system 

at equilibrium. The H2C03 term in equation [32J was calculated (assum­

ing no dissociation of H2C0 3) from the volume of sample plus titrant and 

the number of moles of H+ in the titrant. Thus it was assumed that one 

mole of H+ in the titrant produced one mole of H2 C03 • This inferred that 

no C0'3 was present in the untitrated sample. If C0'3 had been approxi-

mated from the standard titration with acid to the phenolphthalein end point 

(l03) then this quantity (in moles) should have been subtracted from the moles 

of undissociated H 2C0 3 used in the preceding equation. It should be 

mentioned that Barnes (5) recently developed a similar model for evalu-

ating the pH value at the end point of HCO; titrations I except that his 

program did not account for dilution by t he titrant. 



MATERIALS AND METHODS 

Soil 

Soils used in this study were selected to represent a wide range 

of characteristics. These soils contained widely differing quantities of 

calcium carbonate, gypsum, organic matter, dis solved salts, and 

exchangeable cations. Both alluvial and residual soils are represented. 

Soils acid, neutral, and basic in reaction are included. A brief des­

cription of each soil used is given below. 

Panoche fine sandy loam: The Panoche soils are recent alluvi­

um derived from weakly consolidated calcareous and gypsiferous sand­

stone and shales. Large chunks of stream transported soft shale and pure 

gypsum are common in the Panoche soils (SO). A silty clay loam sample 

of this soil was collected from a pit at a depth of 60 to 66 inches immedi­

ately south of the Three Rock community in western Fresno County, Cali­

Jornia. This sample was saline, calcareous and gypsiferous. 

Panoche silty clay: The genesis of this soil is identical to the 

Panoche fine sandy loam just described. A compo sited sample of the 

surface six inches of this soil was taken from a site about midway 

between the Cantua Creek and Five Point communities in western Fresno 

County, California. This sample was calcareous, non-gypsiferous, and 

somewhat saline. 

60 
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Hesperia sandy loam: This soil is a noncalcareous recent 

alluvium. The parent material is derived mostly from granite and contains 

considerable mica (91). A surface sample of this soil was collected near 

Pixley, California. 

Metz silt loam: This soil is a calcareous recent alluvium which 

has been derived from sedimentary and acid igneous rocks transported 

from a region of low rainfall (90). A composited sample of this soil was 

taken from depths of 6 to 12 inches about four miles east of Watsonville, 

California. 

Foster fine sandy loam: Soils of this series are calcareous and 

micaceous and may be moderately affected by an alkali condition. Foster 

fine sandy loam is a recent alluvial soil having its source mainly in 

granitic material (91) . A soil sample was collected at a depth of 0 to 

12 inches about four miles east of Tipton, California. 

White House gravelly sandy loam: Soils of the White House 

series occur on nearly level to steep old alluvial fans or plains at ele­

vations of 2,400 to 5,200 feet in a semi -arid continental climate. The 

soils have formed in alluvium derived largely from granite I dacite I ande­

site I rhyolite, and quartzite. The soil sample was taken from a depth of 

0-3 inches at a location about 5.5 miles southeast of Sonita in Santa Cruz 

County, Arizona. 

Mount Lemmon soil: This soil is a coarse alluvium I high in 

organic matter (4.82 percent organic carbon). It developed at an 
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elevation of about 6,000 feet under a ponderosa pine (Pinus ponderosa) 

forest. The parent material was derived largely from granitic sources. A 

gravelly cobbly loam, surface sample of the soil was collected from 

depths of 0 and 6 inches in upper Bear Canyon in the Santa Catalina 

mountains about 16 miles northeast of Tucson, Arizona. 

Olympic silty clay loam: This residual soil has developed in 

place under heavy coniferous forest cover on the lower slopes of hills in 

the humid Pacific Northwest. Soils of this series are acid in reaction 

and are derived chiefly from basic igneous rock (96). Both surface and 

subsoil samples of this soil were taken at a location about one mile 

northea st of Falls City, Polk County, Oregon. A surface soil sample wa s 

taken at a depth of 0 to 6 inches and a subsoil sample was taken between 

depths of 18 and 24 inches. Mechanical analysis showed the surface 

soil sample to be clay in texture and the subsoil to be clay loam in tex­

ture according to the U. S. Department of Agriculture classification (89), 

rather than silty clay loam as mapped (96). 

Methods 

More than one procedure was used for the determination of most 

ions, so that soils analyzed by each procedure have been specified. The 

soils referred to as California soils include the soils of the Foster, Metz, 

Panoche, and Hesperia series. The Arizona soils include the Mount Lem­

mon and White House soils and the Oregon soils include the Olympic 

samples. 
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Sodium and potassium: The concentrations of these ions were 

ascertained using flame photometer (6) and atomic adsorption techniques 

(78) . 

Calcium: The calcium ion in solution was determined by ver­

senate titration with 0.0 IN CDTA (disodium dihydrogen cyclohexanedia­

minetetraacetate) using KOH buffer and calcein indicator (4). When only 

very small quantities of calcium were present, this ion was determined on 

an atomic absorption spectrophometer (78). 

Calcium plus magnesium: These ions were found by versenate 

titration with O. OlN CDTA using NH40H buffer and mixed methyl red and 

calmagite [1- (1-hydroxy-4-methyl-2-phenylazo) -2-naphthol-4-sulfonic 

acid] indicators (4). 

Magnesium: The magnesium ion concentration was calculated 

as the difference of the calcium plus magnesium concentration less the 

calcium concentration. When only very small quantities of magnesium 

were present an atomic absorption spectrophometer (78) was used. 

Carbonate plus bicarbonate: These ions were determined by 

titration of 20 ml. samples with standard O.OIN H 2S04 until the correct 

pH was observed on a Beckman zeromatic pH meter. The pH at the HCO; 

endpoint was ascertained individually for each sample from Table 1 ac-

. cording to the volume of titrant required to approach the approximate end­

point. Further details on the use of this method are given in the chapter 

on theory. The endpoints used in analysis of the California soils were 
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not corrected for ionic strength or initial CO2 content; however, these 

soils were relatively high in HCO; so this would have been a very minor 

correction. The endpoints used in the analysis of the Arizona and Oregon 

soils were corrected for ionic strength and initial CO 2 content. 

Chlorides: The chloride ion was determined on the Arizona and 

Oregon soils by the Mohr titration using standard O. 0282N AgN0 3 and 

potassium chromate indicator (103). The chloride ion concentration in the 

California soils was determined electrometrically using a silver elec­

trode and a standard saturated calomel electrode with a NaN03 salt 

bridge (88). 

Nitrates: The nitrate ion concentration (including nitrites also, 

if any) was determined by the brucine procedure (designated D 992 - 52) 

of the ASTM (2). 

Sulfates': The sulfate ion was usually determined by titration 

with standard barium chloride using thorin in ethanol as indicator (4). 

The sulfate ion in the California soils was determined turbidimetrically 

using a procedure based on that given in Standard Methods (1) except 

that 0.25 percent gum arabic, as suggested by Chesnin and Yien (24), 

was incorporated into the acid-salt dispersing solution. 

pH value: The pH value was measured using a Beckman zero­

matic pH meter. 

Calcium and magnesium carbonates: These solid carbonates 

were estimated manometrically according to the procedure described by 
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Williams (109). Eight ounce bottles and five gram air dry soil samples 

were used. 

Cation exchange capacity: The cation exchange capacity was 

determined by the procedure of the U. S. Salinity Laboratory Manual 

(103). The soil exchange sites were saturated with IN sodium acetate at 

a pH value of 8.2 and then leached of the excess salt with 95 percent 

ethanol. The sodium adsorbed on the exchange sites was extracted with 

IN ammonium acetate at a pH value of 7.0 and analyzed by flame photo-

meter (6). 

Exchangeable cations: Exchangeable cations in the Arizona and 

Oregon soils were extracted using IN ammonium acetate (103). These 

extracts were analyzed for Ca ++ I Mg ++ I Na + and K+ using atomic ab-

sorption techniques (78). The exchangeable acid producing cations (H+ I 

Al+++ I Fe +++) were determined as a group by difference I i. e. I base 

. ++ ++ + + exchange capacIty less exchangeable Ca I Mg I Na I and K . 

Gypsum: The gypsum analyses were not made unless the soil 

extract indicated probable saturation with gypsum. A ten gram sample of 

air dry soil was pulverized, mixed with 100 milliliters of water I and 

shaken overnight. This suspension was allowed to settle and the super-

natant liquid analyzed for sulfate according to the turbidimetric pro-

cedure given earlier. The moles of sulfate calculated to be in the sus-

pension were assumed to be identical to the moles of gypsum present in 

the original dry soil sample. 
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Soil texture: The soil mechanical analysis wa s performed using 

the Bouyoucos hydrometer method (14) incorporating corrections suggested 

by Day (30). 

Procedures for Obtaining Soil Extracts 

Extracts used in C02 studies: Three different C02 levels and 

three different dilutions were used in this study. The soils used were 

Panoche sandy loam, Panoche silty clay, Hesperia sandy loam, Metz 

silt loam, Foster fine sandy loam, White House gravelly sandy loam, a 

gravelly cobbly loam from Mount Lemmon, Arizona, and Olympic silty 

clay loam. Table 2 gives the seven different combinations used with each 

of the ten soils. 

The equipment illustrated in Figure 3 was used to maintain 

samples at different CO 2 levels during the equilibration period. The flow 

of air and CO 2 was measured with calibrated burettes containing a small 

quantity of dilute soap solution. The bubbles produced were displaced 

up the burette thus making possible a very accurate measurement of the 

volume of gas flow per unit of time. 

The capillary constrictions in each tube leading to the shaker 

served two purposes. These capillaries caused a build up of positive 

pressure of several pounds per square inch between them and the gas 

source, which in turn was sufficient to prevent the twelve tubes leading 

to the soil-water sample s from clogging with liquid or mud. The uniform 
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Table 2: Combinations of Soil, Water I and CO 2 Used 

Treatment Moisture Water Soil CO2 

% ml g partia 1 pre s sure 

A 200 200 100 0.05 

B 200 200 100 0.005 

C 200 200 100 0.0003 

D 500 250 50 0.05 

E 500 250 50 0.005 

F 500 250 50 0.0003 

G 500 250 25 0.005 

All measurement except the CO 2 level were calculated on an oven dry 
(105 0 C.) weight basis. 
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pressure drop across the capillaries also assured a uniform flow through 

each of these twelve tubes; otherwise, those closest to the inlet tube 

would have received most of the flow of air and CO2 . 

These samples were shaken for at least 16 hours during which 

time the appropriate mixture of CO2 and air was bubbled into each sample. 

The same CO2 level was maintained above the liquid while the suspension 

was allowed to settle. After the supernatant liquid had cleared, sub­

samples of the liquid were removed for analysis as needed. The pH value, 

HC03 plus C03', Ca ++and Ca ++ plus Mg ++ determinations were per­

formed in a closed container maintained at the same CO 2 level as that 

maintained over the soil suspension. Analyses for Na+, K+, SO:' cC 

and NO; were all performed under normal atmospheric CO2 levels. 



RESULTS AND DISCUSSION 

Laboratory Verification of Basic Theory 

In order to test the basic theory it was necessary to prepare 

extracts from soil solutions arbitrarily maintained at different water and 

carbon dioxide levels. 

The soil samples used ranged from acid to highly basic in 

reaction and from low salt content to very saline. The alkaline soils 

yielded a supernatant liquid which contained enough organic matter to 

cause interference with some of the chemical analysis performed. The 

turbidimetric sulfate procedure gave very poor results on most of the soils I 

and in most cases it was deemed that sulfate calculated by difference 

(i. e., total cations minus all anions except sulfate) was more accurate. 

The calcium analysis performed on the California soils was not 

consistently dependable because frequent interference tended to mask the 

endpoint. This, together with the delayed response of the color change 

during titration made it very easy to overshoot the endpoint. This 

apparently happened on an occasional sample despite the precautions 

observed, and in these cases the calcium ion concentrations have been 

arbitrarily set back to a level consistent with other analyses for the same 

soil. Concentration values adjusted in this manner are enclosed in paren­

theses where they are listed in tables. 

70 
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The discrepancies between predicted and experimental chloride 

values may be attributed almost entirely to sampling errors. While the 

soils were ground in a coffee grinder and mixed rather thoroughly, exact­

ly representative samples were rarely obtained, particularly in the samples 

used in the greater dilutions. Gypsum and calcium carbonate are fre­

quently present in soils in the form of nodules and crystals. Unless care 

is taken to thoroughly pulverize these forms prior to sampling, the 

sampling error could be high. Even intensive grinding might not be ade­

quate for soils containing only a few small crystals of these substances. 

Grinding sufficient to thoroughly break and disperse these salts may 

modify·the soil enough to change the chemistry of the soil itself. Con­

sequently the degree of grinding chosen must be a compromise. 

In general, the chemical analyses data obtained leave much to 

be desired; however, the determinations of pH and HCO; plus co3', the 

ions of prime concern in this study I were accurate so it appears that the 

data are satisfactory for the purpose intended. 

It was immediately obvious from the computer calculated data 

that the rate of CO 2 flow had been inadequate to maintain the desired 

equilibrium within the soil samples. These data indicated that the CO2 

level in most of the samples was much greater than had been desired, 

presumably because of the CO2 produced by biological activity. Conse­

quently, when predictions were made of the constituent concentrations in 

soil extracts, they were made for a system containing the computed levels 



72 

of CO 2 rather than for the CO 2 levels which an attempt had been made 

to maintain. 

Reliability of predictions: Standard deviations were calculated for 

the differences between the observed and predicted concentrations of 

each constituent. The standard deviations thus computed for each soil 

are given in Table 3. The difference between predicted and observed 

concentrations is believed to be largely the consequence of experimental 

error rather than error in predictions obtained from the systems analysis 

model. Consequently, these standard deviations are not intended as a test 

of the model, but were designed to show the approximate level of confi­

dence which can be placed in any predicted or observed value. 

Base Saturated Soils 

Panoche silty ~loam sample: Table 4 shows the chemical 

analysis data obtained from the Panoche silty clay loam sample, a 

saline, calcareous, and gypsiferous soil. These data were obtained at 

the seven different moisture and CO 2 level combinations listed in Table 2. 

In addition, Table 4 shows exchangeable cations computed from the soil 

extract data and a complete chemical analysis as predicted by the sys­

tems analysis model from data obtained at other water and carbon dioxide 

levels. 

Predictions for undissolved calcium carbonate and gypsum were 

close to the observed values. In the highest rate of dilution the gypsum 



Table 3: Standard Deviations for the Differences Between Observed and Predicted 
Constituent Concentrations 

pH 
Soil CaC0 3 Gyp. Value Ca Mg Na S04 Cl 

% % E: meq/liter 

Panoche (Table 4) 0.08 0.23 0.15 3.87 2.68 5.59 10.84 1. 24 

Panoche (Table 5) 0.02 0.12 1. 02 0.82 2.20 1. 54 2.01 

Hesperia (Table 6) 0.12 O. 10 1. 88 0.56 2.84 4.35 0.92 

M etz (Table 7) 0.07 0.13 1. 25 0.85 1. 06 0.56 1. 62 

Foster (Table 8) 0.35 0.10 0.20 0.15 3.59 1. 64 

White House (Table 9) 0.16 0.07 0.04 0.02 0.23 0.04 

Mount Lemmon (Table 10) 0.05 0.75 0.03 0.04 0.18 0.04 

Olympic Surf. (Table 11) 0.16 0.18 0.04 0.00 0.25 0.08 

Olympic Sub. (Table 12) 0.15 0.13 0.03 0.05 0.27 0.02 

White House (Table 13) 0.16 0.08 0.04 0.03 0.23 0.04 

Mount Lemmon (Table 14) 0.05 0.90 0.12 0.04 0.18 0.04 

Olympic Surf. (Table 15) 0.16 0.19 0.04 0.00 0.25 0.08 

Olympic Sub. (Table 16) 0.16 0.13 0.03 0.05 0.27 0.02 

N03 

3.65 

0.77 

0.23 

1. 05 

0.24 

0.06 

0.00 

0.12 

0.05 

0.06 

0.00 

0.12 

0.05 

HC03 C03 

" 
1. 30 0.02 

2.43 0.09 

0.80 0.01 

1. 42 0.02 

5.65.0.52 

0.05 

0.13 

0.11 

0.05 

0.05 

0.16 

0.06 

0.05 
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Table 4: Observed and Predicted Concentrations of Constituents in a 
Panoche Silty Clay Loam Soil Sample 

Calculated Exch. Cations 

Experimental (A) 
Predicted** 

*** Predicted 
Predicted**** 

Experime';.tal (B) 
Predicted 

** Predicted 
*** Predicted 
**** Predicted 

Experimental (C) 
Predicted* 
Predicted * * 

*** Predicted 
**** Predicted 

Experime';.tal (D) 
Predicted 
Predicted*** 

**** 
Predicted 

Experimental (E) 
Predicted* 
Predicted * * 

*** Predicted 
Predicted**** 

Experimental (F) 
Predicted* 
Predicted** 

**** Predicted 

Experimental (G) 
Predicted* 
Predicted ::* 
Predicted 

H 20 

% 

200 

200 

200 

500 

500 

500 

1000 

CO 2 

% 

3.40 

0.45 

0.09 

3.35 

0.63 

0.15 

0.78 

Lime 

% 

I. 02 
0.98 
I. 08 
I. 00 

1.11 
I. 08 
I. 02 
I. 13 
1.05 

I. 17 
I. 09 
1. 03 
I. 15 
1. 06 

0.89 
0.92 
0.99 
0.93 

1.05 
1. 03 
0.98 
1. 08 
I. 0 I 

1. 12 
I. 07 
1. 0 I 
I. 04 

0.94 
0.94 
0.89 
0.98 

Gypsum 

% 

2.28 
2.14 
2.05 
2.00 

2.21 
2.16 
2.09 
I. 99 
I. 95 

2.26 
2.14 
2.07 
1. 97 
I. 93 

I. 36 
I. 29 
I. 10 
I. 02 

I. 14 
I. 19 
I. 09 
1.00 
0.94 

I. 22 
I. 15 
I. 06 
0.90 

0.00 
0.00 
0.00 
0.00 

pH 
Value 

7.08 
6.96 
7.03 
6.94 

7.66 
7.52 
7.41 
7.48 
7.39 

7.93 
7.87 
7.77 
7.83 
7.74 

6.94 
7.02 
6.98 
6.89 

7.36 
7.40 
7.29 
7.35 
7.26 

7.70 
7.71 
7.61 
7.57 

7.21 
7.33 
7.30 
7.36 

H Ca 

-<--- meq/IOOg 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

18.72 
17.31 
17.41 
16.54 

18.55 
18.74 
17.18 
17.28 
16.43 

18.16 
18.69 
17.15 
17.23 
16.40 

20.51 
22.08 
21. 00 
20.26 

20.10 
21. 93 
20.64 
20.85 
20. J 4 

20.37 
21. 88 
20.59 
20.09 

0.00 22.17 
0.00 23.81 
0.00 22.68 
0.00 22.85 

The exchangeable cations I water I lime, and gypsum are computed to the basis 
of oven dry soil. 

*:Predicted from experimental data (A) 
Predicted from experimental data (D) 

***Predicted from experimental data (F) 
****Predicted from experimental data (G) 

Mg 

4.14 
5.88 
5.18 
6.14 

4.33 
4.13 
5.94 
5.24 
6.20 

4.68 
4.15 
5.96 
5.26 
6.22 

4.68 
3.10 
3.96 
4.72 

4.65 
3.19 
4.58 
4.06 
4.80 

4.37 
3.22 
4.62 
4.84 

3.82 
2.37 
3.52 
3.16 

#Exchangeable H includes exchangeable Ai, Fe and other acid producing cations. 

Na 

4.74 
4.42 
5.01 
4.92 

4.72 
4.73 
4.47 
5.08 
4.97 

4.77 
4.76 
4.49 
5.10 
4.98 

2.41 
2.42 
2.64 
2.62 

2.85 
2.48 
2.37 
2.69 
2.66 

2.87 
2.50 
2.39 
2.67 

I. 60 
I. 42 
I. 40 
I. 59 

Ca 

'" 
27.90 
29.68 
28.63 
28.58 

27.50 
29.11 
28.70 
27.65 
27.79 

24.80 
28.69 
28.40 
27.33 
27.54 

26.80 
31.19 
29.75 
29.43 

25.50 
29.67 
29.23 
28.55 
28.49 

(23.10) 
29. II 
28.79 
28.13 

24.20 
28.51 
26.61 
25.45 

Mg 

6.76 
10.80 
8.97 

II. 16 

6.85 
6.81 

10.46 
8.67 

10.86 

6.82 
6.72 

10.36 
8.57 

10.77 

6.71 
4.80 
6.03 
7.31 

6.29 
4.62 
6.90 
5.84 
7.14 

5.22 
4.55 
6.83 
7.07 

4.55 
3.12 
4.51 
3.82 

Na 

59.80 
60.97 
66.75 
68.43 

59.00 
59.85 
60.69 
66.41 
68.17 

58.00 
59.72 
60.60 
66.29 
68.09 

28.40 
28.56 
31. 45 
31. 97 

32.80 
28.44 
28.47 
31. 34 
31.89 

31.00 
28.39 
28.44 
31. 86 

17.00 
15.28 
15.22 
16.78 

Dissolvcc Ions 

S04 

62.10 
70.64 
75.74 
78.77 

66.40 
69.14 
73.40 
79. 17 
81. 57 

63.50 
70.27 
74.32 
80.30 
82.49 

46.20 
47.74 
52.23 
54.07 

51.20 
50.05 
52.43 
54.50 
55.95 

49.50 
51. 04 
53.22 
56.72 

38.BO 
38.80 
38.80 
38.80 

Cl 

meq/Ilter 

17.80 
17.30 
16.65 
17.90 

15.80 
17.80 
17.80 
16.65 
17.90 

16.60 
17.80 
17.80 
16.65 
17.90 

7.12 
7.12 
6.66 
7.16 

8.23 
7.12 
7. 12 
6.66 
7.16 

6.66 
7.12 
7.12 
7.16 

3.58 
3.58 
3.56 
3.33 

:\"03 

7.40 
6.25 
3.95 
5.25 

6.70 
7.40 
6.25 
3.95 
5.25 

7.RO 
7.40 
6.25 
3.95 
5.25 

2.50 
2.96 
I. 58 
2.10 

2.05 
2.96 
2.50 
I. 58 
2. 10 

1. 58 
2.96 
2.50 
2. 10 

I. 05 
I. 48 
I. 25 
0.79 

" CC 3 

8.99 
6.95 
8.09 
6.58 

4.51 
3.27 
2.58 
3.04 
2.43 

1. 69 
1. 49 
1.17 
I. 37 
1. 10 

6.16 
7.45 
6.78 
5.51 

3.06 
3.33 
2.63 
3.01 
2.44 

1. 00 
1. 66 
1. 28 
1. 2 J 

2.58 
3.43 
3.09 
3.58 

CO:;, 

0.03 
0.02 
0.02 
0.0; 

0.05 
0.03 
0.02 
0.02 
0.02 

0.03 
0.03 
0.02 
0.02 
0.02 

0.01 
0.02 
0.01 
0.01 

0.02 
0.02 
0.(11 

0.01 
O. rJl 

0.02 
0.02 
0.01 
0.01 

0.01 
0.01 
0.01 
0.02 

"'"-l 
~ 
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was completely dissolved. The predicted pH values were in good 

agreement with the experimental values and had a standard deviation of 

0.15 pH units. The HCO; predictions were satisfactory. 

The Cl ion predictions were good and the NO; predictions were 

somewhat less satisfactory. The apparent errors in nitrate predictions in 

this soil must be attributed largely to experimental error since nitrate 

production or utilization by microorganisms would be small compared to 

the nitrate concentrations already present. 

Excepting magnesium I and perhaps sodium I the predicted cation 

concentrations were satisfactory. Magnesium values predicted from the 

1: 10 dilution were too high in all cases. This indicated that the analysis 

for calcium or calcium plus magnesium was wrong I either because of 

sampling errors or analytical errors. 

Panoche silty~: In Table 5 are presented the experimental 

and predicted chemical data for the Panoche silty clay. This soil sample 

was calcareous and nongypsiferous. It will be noted that the predicted 

+ - -Na I HC03 I and C03 concentrations and predicted pH values were 

generally close to the experimental values. 

++ ++ , , d' The predicted Ca and Mg concentratlOns were m Isagree-

ment with the experimental values for sets" B" I "C" I and" F". It is 

believed that these experimental Ca ++ and Mg ++ values were high for 

reasons discussed at the beginning of this section. 



Table 5: ObselVed and Predicted Concentrations of Constituents in 
Panoche Silty Clay 

Experi me,!t:1 (A) 

Predicted*** 
Predicted 

**** Predicted 

Experimental (8) 
Predicted* 
Predicted ** 
Predlcted*** 
Predicted**** 

Experimental (C) 
Predicted* 

** Predicted 
Predicted * ** 
Predicted**** 

Experimental (D) 
Predlcted* 

*** Predicted 
Predtcted**** 

Experimental (E) 
Predicted: * 
Predicted 
Prectlcted*** 
Predlcted**** 

Experimental (F) 
Prectlcted* 

** Predicted 
**** Predicted 

Experimental (G) 
Predicted* 
Predicted * * 
Predicted "** 

H 20 CO 2 

% % 

200 2.14 

200 0.64 

200 0.13 

500 3.73 

500 0.51 

500 0.12 

1000 0.66 

Lime 

% 

2.04 
1. 93 
2.10 
1. 85 

2.11 
2.09 
1. 97 
2.14 
1. 89 

2.21 
2.13 
2.00 
2.17 
1.93 

1. 74 
1. 81 
1. 89 
1. 64 

2.00 
1.96 
1. 86 
2.03 
1. 78 

2.09 
2.03 
1. 92 
1. 84 

I. 61 
1.77 
1. 70 
1. 86 

Gypsum 

% 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

O. 00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

pH 
Value 

7.55 
7.43 
7.46 
7.49 

7.95 
7.91 
7.77 
7.80 
7.85 

8.43 
8.37 
8.21 
8.24 
8.31 

7.23 
7.33 
7.27 
7.28 

7.86 
7.99 
7.88 
7.90 
7.93 

8.35 
8.45 
8.33 
8.39 

7.78 
7.84 
7.75 
7.77 

Calculated Exch. Cations 

H Ca Mg 

___ meq/IOOg 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

22.22 
19.69 
23.59 
17.81 

21.94 
21.46 
19.07 
22.98 
17.12 

19.96 
20.71 
18.38 
22.40 
16.45 

22.81 
25.80 
26.65 
21. 08 

24.91 
23.85 
21. 09 
24.98 
19.20 

24.03 
22.70 
20.09 
18.17 

21. 71 
26.61 
23.60 
27.34 

10.92 
13.95 
10.77 
16.75 

12.21 
11.04 
14.07 
10.89 
16 .. 93 

14.94 
11. 12 
14.16 
10.98 
17.05 

13.43 
10.34 
10.17 
15.92 

11. 31 
10.90 
13.96 
10.75 
16.72 

10.94 
11. 07 
14.13 
16.97 

16.01 
10.41 
13.49 
10.24 

The exchangeable cations, water, lime, and gypsum are computed to the 
basis of oven dry soil. 

*Predicted from experimental data (A) 
**Predicted from experimental data (D) 

***Predicted from experimental data (F) 
****Predicted from experimental data (G) 

#Exchangeable H includes exchangeable Al, Fe and other acid producing cations. 

Na 

7.26 
6.75 
6.05 
5.83 

6.24 
7.90 
7.26 
6.53 
6.35 

5.50 
8.57 
7.76 
7. 02 
6.90 

4.17 
4.25 
3.58 
3.40 

4.18 
5.65 
5.35 
4.67 
4.47 

5.44 
6.63 
6.18 
5.26 

2.67 
3.38 
3.31 
2.82 

Ca 

(2.37 ) 
1. 93 
3. IS 
1. 99 

(2.89) 
1. 46 
1. 28 
2.09 
1. 25 

2.20 
0.86 
0.84 
1. 3 7 
0.75 

(2. 08) 
3.05 
3.51 
2.45 

1. 44 
1. 02 
0.76 
1. 30 
0.85 

0.68 
0.49 
0.39 
0.42 

1. 13 
I. 40 
0.97 
1. 63 

Mg 

1. 57 
1. 86 
1. 94 
2.44 

2.11 
0.99 
1. 27 
1. 32 
1. 57 

2.12 
0.60 
0.85 
0.88 
0.97 

1. 80 
1. 79 
1. 96 
2.65 

0.92 
0.67 
0.73 
0.80 
1. 03 

0.44 
0.34 
0.40 
0.54 

1. 23 
0.82 
0.84 
0.92 

Na 

28.00 
26.82 
25.47 
25. II 

26.60 
24.80 
24.30 
23.06 
22.52 

22.50 
21.43 
21. 77 
20.61 
19.75 

15.90 
17.21 
15.12 
14.91 

12.10 
14.43 
13.53 
12.94 
12.77 

11.40 
12.46 
11. 86 
11.19 

8.18 
9.48 
8.80 
8.32 

Dissolved Ions 

S04 

8.97 
7.92 
8.67 

II. 45 

10.50 
8.97 
7.92 
8.67 

11.45 

10.60 
8.97 
7.92 
8.67 

11.45 

3.17 
3.59 
3.47 
4.58 

4.18 
3.59 
3.17 
3.47 
4.58 

3.47 
3.59 
3.17 
4.58 

2.29 
1. 79 
I. 58 
I. 73 

Cl 

meq/liter 

9.59 
10.98 
9.60 

13.40 

9.14 
9.59 

10.98 
9.60 

13.40 

9.44 
9.59 

10.98 
9.60 

13.40 

4.39 
3.84 
3.84 
5.36 

3.23 
3.84 
4.39 
3.84 
5.36 

3.84 
3.84 
4.39 
5.36 

2.68 
1.92 
2.20 
1.92 

N03 

0.49 
0.48 
0.25 
1. 90 

0.21 
0.49 
0.48 
0.25 
I. 90 

0.10 
0.49 
0.48 
0.25 
I. 90 

0.19 
0.20 
0.10 
0.76 

0.18 
0.20 
0.19 
0.10 
0.76 

0.10 
0.20 
0.19 
0.76 

0.38 
0.10 
0.10 
0.05 

HC03 

14.91 
II. 12 
11.97 
13. 16 

11.23 
10. 17 
7.32 
7.B6 
8.93 

6.58 
5.73 
3.92 
4.21 
5.00 

11.97 
15.23 
13. 15 
13.45 

6.80 
9.20 
7.17 
7.54 
8.03 

4.95 
6.27 
4.73 
5.44 

7.22 
8.24 
6.67 
7. 10 

C03 

0.09 
0.05 
0.06 
O. a 7 

0.17 
0.14 
0.07 
0.08 
O. II 

0.29 
0.22 
0.10 
0.12 
O. 17 

0.03 
0.05 
O. 04 
0.04 

0.07 
0.13 
0.08 
0.09 
0.10 

0.16 
0.25 
0.14 
0.19 

0.06 
0.08 
0.05 
0.06 

"-J 
CJ) 
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The C1- and SO~ predictions were not particularly good and this 

can probably be attributed to sampling errors. The CaC03 predictions 

were good. The .exchangeable cation predictions for sets" B'1 , "C", and 

"F" were not very satisfactory because of their complete dependence 

upon the dissolved cation concentrations which, as mentioned above, 

were not good. 

Hesperia sandy loam: In Table 6 are listed experimental and 

predicted chemical analysis data for Hesperia sandy loam. This soil was 

moderately saline, nongypsiferous, and essentially noncalcareous. Pre-

dictions made from the 1: 5 dilution, for the high CO2 level were low in 

regard to Ca ++ estimates and high in regard to HCO; and CO; estimates. 

These prediction errors can probably be attributed to experimental error 

in the Ca ++ determination. 

The SO 4 concentrations listed were in all cases determined by 

difference, though the analytical S04 determination was in most cases 

quite close. The SO~ predictions made from the 1: 10 dilution were al­

most all too high. The SO~ determination for this dilution may have been 

in error and high; or else the determination may be correct and include 

some so'4 not released at the lower dilution levels. The model used for 

these predictions was designed on the premise that all the S04 was in 

solution at all times, excepting that present in the form of gypsum. 

Some of the chloride predictions were poor and this fact can be taken as 

a positive indication of incomplete mixing prior to sampling. 



Table 6: Observed and PrediCted Concentrations of Constituents in 
Hesperia Sandy Loam 

pH 
Calculated Exch. Cations Dissolved Ions 

Li H 20 CO 2 Lime Gypsum Value H Ca Mg Na Ca Mg Na 504 CI N03 RC03 C03 Gypsum H Ca Mg Na Ca 

% % % % ~ meq/IOOg ( meq/liter ~ 

Experimental (A) ., 
Predicted 
Predicted:::* 
Predicted 

Experimental (B) 
Predicted* 
Predicted 

.. 
Predlcted*** 
Predicted **** 

Experimental (C) 
Predicted* 
Predlcted** 

*'* Predicted 
Predicted **** 

Experimental (D) 
Predlcted* 
Predicted *** 

**** Predicted 

Experime'l.tal (E) 
Predicted 
Predicted::* 
Predicted 
Predicted**** 

Experime'l.tal (F) 
Predicted 
Predlcted** 
Predlcted**** 

Experimental (G) 
Predlcted* 
Predlcted** 
Predlcted*** 

200 

200 

200 

500 

500 

500 

1000 

4.14 

0.48 

0.23 

3.36 

0.47 

0.24 

0.74 

0.83 
0.72 
0.86 
0.72 

0.92 
0.87 
0.78 
0.91 
0.76 

0.94 
0.88 
0.79 
0.92 
0.77 

0.64 
0.71 
0.75 
0.61 

0.81 
0.81 
0.70 
0.85 
0.71 

0.89 
0.83 
0.73 
0.73 

0.59 
0.68 
0.58 
0.73 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
'0.00 

0.00 
0.00 
0.00 
0.00 

7.02 
7.08 
7.00 
6.98 

7.63 
7.63 
7.66 
7.54 
7.53 

7.80 
7.82 
7.85 
7.72 
7.70 

7.06 
7. II 
7.08 
7.06 

7.63 
7.69 
7.72 
7.63 
7.61 

7.70 
7.89 
7.92 
7.79 

7.48 
7.53 
7.55 
7.50 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

14.17 
13.86 
14.13 
14.60 

14.04 
13.72 
13.30 
13.73 
14.24 

12.40 
13.61 
13.17 
13.65 
14.17 

14.98 
15.45 
15.30 
15.59 

14.64 
14.77 
14.43 
14.68 
15.04 

14.37 
14.57 
14.21 
14.89 

15.92 
15.86 
15.62 
15.72 

The exchangeable cations, water, lime, and gypsum are computed to the 
basis of oven dry soil. 

*Predicted from experimental data (A) 
**Predicted from experimental data (D) 

***Predicted from experimental data (F) 
****Predicted from experimental data (G) 

.:!fExchangeable H includes exchangeable AI, Fe and other acid producing cations. 

3.55 
3.69 
3.68 
3.76 

3.51 
3.69 
3.84 
3.84 
3.92 

4.99 
3.71 
3.87 
3.87 
3.95 

3.52 
3.27 
3.41 
3.46 

3.65 
3.58 
3.74 
3.74 
3.80 

3.86 
3.65 
3.80 
3.87 

3.41 
3.23 
3.37 
3.37 

2.28 
2.45 
2.19 
1. 64 

2.45 
2.59 
2.86 
2.43 
1. 84 

2.61 
2.68 
2.96 
2.49 
1. 88 

I. 51 
I. 28 
1. 28 
0.95 

1.71 
I. 65 
I. 83 
1. 58 
I. 16 

I. 76 
I. 78 
I. 98 
1. 24 

0.67 
0.91 
I. 00 
0.91 

6.26 
6.02 
9.57 
9.20 

6.58 
3.94 
3.42 
6.66 
6.32 

4.23 
3.47 
2.98 
6.16 
5.82 

3.54 
4.66 
5.84 
5.84 

(2.80) 
2.21 
l. 97 
3.22 
3.24 

2.32 
l. 75 
1. 53 
2.73 

(3.30) 
2.46 
2.29 
3.01 

I. 85 
I. 88 
2.81 
2.80 

I. 90 
I. 19 
I. 12 
2.03 
I. 99 

I. 84 
I. 06 
0.98 
1.89 
I. 84 

I. 10 
I. 31 
I. 66 
1.72 

0.86 
0.69 
0.66 
I. 0 I 
I. 05 

0.76 
0.56 
0.52 
0.90 

0.91 
0.70 
0.69 
0.88 

20.80 
22.52 
23.88 
17.70 

22.80 
19.25 
20.49 
22.66 
16.73 

21.50 
18.81 
19.97 
22.38 
16.50 

10.90 
10.32 
II. 35 
8.47 

10.90 
9.58 

10.25 
10.77 
8.03 

10.40 
9.31 
9.95 
7.89 

4.51 
5.53 
5.96 
6.05 

19.10 
18.55 
25.25 
19.20 

26.00 
19. 10 
18.55 
25.25 
19.20 

23.80 
19.10 
18.55 
25.25 
19.20 

7.42 
7.64 

10.10 
7.68 

10.10 
7.64 
7.42 

10.10 
7.68 

10.10 
7.64 
7.42 
7.68 

3.84 
3.82 
3.71 
5.50 

I. 0 I 
I. 90 
2.53 
2.00 

I. 16 
I. 0 I 
I. 90 
2.53 
2.00 

0.81 
I. 0 I 
l. 90 
2.53 
2.00 

0.76 
0.40 
I. 0 I 
0.80 

0.51 
0.40 
0.76 
I. a I 
0.80 

I. 0 I 
0.40 
0.76 
0.80 

0.40 
0.20 
0.38 
0.51 

0.21 
0.25 
0.23 
0.65 

0.39 
0.21 
0.25 
0.23 
0.65 

0.06 
G.21 
0.25 
0.23 
0.65 

0.10 
0.08 
0.09 
0.26 

0.13 
0.08 
0.10 
0.09 
0.26 

0.09 
0.08 
0.10 
0.26 

0.13 
0.04 
O. OS 
0.05 

8.56 
9.69 
8.25 
7.83 

4.07 
4.01 
4.29 
3.33 
3. 17 

2.91 
2.98 
3.20 
2.41 
2.29 

7.25 
8.14 
7.64 
7.27 

3.79 
4.31 
4.57 
3.78 
3.57 

2.26 
3.44 
3.68 
2.76 

4.06 
4.60 
4.77 
4.32 

0.02 
0.02 
0.01 
0.0 i 

0.03 
0.03 
0.03 
0.02 
0.02 

0.03 
0.03 
0.04 
0.02 
0.02 

0.0 I 
0.02 
0.01 
0.01 

0.02 
0.03 
0.03 
0.02 
0.02 

0.02 
0.04 
0.04 
0.02 

0.02 
0.02 
0.02 
0.02 

'I 
CO 
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The CaC03 predictions were all clustered near zero and must be 

considered satisfactory despite the large relative differences. It is 

doubtful that perfect CaC03 predictions can be made because of the diffi­

culty in precisely estimating the undissolved CaC03 present in the soil-

water system on which these predictions mUlst be based. In these studies 

the CaC03 in the soil-water system was calculated by subtracting the moles 

of CO; plus HC03 in solution from the moles of CaC03 found in the dry 

soil. Some of this C0'3 and HC03 may, in fact, have been derived from 

the dissolved CO 2 and not from the CaC03 . Thus a potential source of 

error has been introduced into this computation of undissolved CaC03 . 

Conversely, in some soils the C0'3 originating from the dissolved CaC03 

may combine with H+ in solution to form H 2C03 which in turn can decom-

pose to release CO 2 into the atmosphere. It is presumably possible to 

develop an accurate means of estimating CaC03 in these soil-water 

systems; however, in view of the minor magnitude of the error involved 

it was not deemed sufficiently profitable to pursue the matter further in 

this study. 

Metz silt loam: Experimental and predicted chemical data for 

Metz silt loam are presented in Table 7. Metz silt loam is a nongypsi-

ferous, calcareous soil, though in this case just barely calcareous. 

The predicted pH values were in very close agreement with the experi-

mental values for the samples containing 200 percent water, dry weight 

basis, as were the experimental and predicted HC03 and CO~ 



Table 7: Observed and Predicted Concentrations of Constituents in the 
Metz Silt Loam 

Calculated Exch. Cations Dissolved Ions 
pH 

H2O CO2 Lime Gypsum Value H Ca Mg Na Ca Mg Na S04 CI N03 HC03 C03 
% % % % _meq/IOOg ( meq/liter 

Experimental (A) 200 4.05 0.14 0.00 7.10 0.00 14.01 5.35 0.74 3.85 2.23 6.44 1. 79 2.78 0.05 9.45 0.02 
Predicted** 0.10 0.00 7.08 0.00 12.26 7.31 0.53 3.72 3.32 5.15 2.27 3.40 0.68 9.10 0.02 
Predicted*** 0.19 0.00 7.04 0.00 13.07 6.54 0.48 4.73 3.51 4.94 2.75 3.55 0.50 8.19 0.01 
Predicted**** 0.09 0.00 7.09 0.00 11.87 7.47 0.76 3.76 3.51 7.57 2.80 6.05 2.70 9.48 0.02 

Experime'l,tal (B) 200 0.16 0.22 0.00 7.70 0.00 13.31 6.27 0.52 3.31 2.34 4.50 1.93 2.52 0.80 5.54 0.04 
Predicted 0.18 0.00 7.68 0.00 13.60 5.59 0.92 1. 68 1.03 5.55 1. 79 2.78 0.50 5.18 0.03 
Predicted * * 0.15 0.00 7.64 0.00 11. 81 7.64 0.65 1. 74 1. 66 4.55 2.27 3.40 0.68 4.48 0.03 
Predicted*** 0.23 0.00 7.57 0.00 12.69 6.84 0.57 2.56 2.01 4.49 2.75 3.55 0.50 4.06 0.02 

**** 0.13 0.00 0.00 0.93 0.03 Predicted 7.64 11. 37 7.81 1.81 1. 82 6.75 2.80 6.05 2.70 5.00 

Experimental (C) 200 0.60 0.25 0.00 8.15 0.00 12.96 6.53 0.61 2.32 1.73 4.53 2.16 2.52 0.08 4.18 0.08 
Predicted* 0.20 0.00 8.07 0.00 13.39 5.67 1. 04 0.98 0.62 4.93 1. 79 2.78 0.50 3.43 0.05 
Predicted** 0.16 0.00 8.03 0.00 11. 60 7.76 0.73 1.07 1.04 4.13 2.27 3.40 0.68 3.12 0.04 
Predicted*** 0.24 0.00 7.92 0.00 12.52 6.95 0.63 1. 80 1. 45 4.21 2.75 3.55 0.50 2.46 0.03 
Predicted**** 0.15 0.00 8.03 0.00 11.14 7.93 1.04 1. 16 1. 20 6.21 2.80 6.05 2.70 3.17 0.05 

Experimental (D) 500 3.78 0.06 0.00 6.90 0.00 12.76 7.02 0.32 2.25 1. 91 2.47 0.91 1. 36 0.27 5.39 0.01 
Predicted* 0.03 0.00 7.08 0.00 14.96 4.76 0.38 4.14 2.06 3.30 0.72 1.11 0.20 8.27 0.01 
Predicted*** 0.08 0.00 7.04 0.00 14.01 5.84 0.25 4.37 2.81 2.43 1.10 1.42 0.20 7.61 0.01 
Predicted*·** 0.00 0.00 6.98 0.00 12.81 6.87 0.42 3.15 2.60 3.71 1.12 2.42 1.08 7.31 0.01 

Experime'l,tal (E) 500 0.40 0.16 0.00 7.67 0.00 12.05 7.70 0.34 1. 78 1. 73 2.48 1.22 1. 57 0.32 3.37 0.02 
Predicted 0.13 0.00 7.76 0.00 14.22 5.36 0.53 1. 50 0.88 3.00 0.72 1.11 0.20 4.13 0.03 
Predicted ** 0.10 0.00 7.74 0.00 12.42 7.31 0.37 1. 47 1. 33 2.38 0.91 1.36 0.27 3.92 0.03 
Predicted*** 0.18 0.00 7.69 0.00 13.22 6.54 0.34 1.86 1. 41 2.27 LID 1.42 0.20 3.53 0.02 
Predicted**** 0.08 0.00 7.75 0.00 12.07 7.49 0.54 1.44 1. 36 3.47 1.12 2.42 1.08 4.11 0.03 

Experimental (P) 500 0.16 0.21 0.00 7.95 0.00 12.98 6.74 0.38 1. 28 1. 01 2.18 LID 1. 42 0.20 2.45 0.03 
Predicted: * 0.16 0.00 8.06 0.00 13.99 5.50 0.61 0.97 0.59 2.84 0.72 1.11 0.20 3.13 0.04 
Predicted 0.12 0.00 8.03 0.00 12.17 7.51 0.42 0.99 0.93 2.27 0.91 1. 36 0.27 2.93 0.04 
Predicted**** 0.11 0.00 8.04 0.00 11. 80 7.69 0.61 0.96 0.96 3.33 1.12 2.42 1. 08 3.06 0.04 

Experimental (G) 100 0.73 0.04 0.00 7.36 0.00 12.56 7.19 0.35 1,10 0.98 1. 93 0.56 1.21 0.54 2.93 0.01 
Predicted* 0.01 0.00 7.54 0.00 15.14 4.70 0.27 2.25 1.10 1. 76 0.36 0.56 0.10 4.48 0.02 
Predicted** 0.00 0.00 7.43 0.00 13.31 6.59 0.20 1. 78 1. 38 1. 36 0.45 0.68 0.15 3.88 0.01 
Predicted*** 0.06 0.00 7.51 0.00 14.17 5.75 0.18 2.35 1. 49 1.29 0.55 0.71 0.10 4.13 0.02 

The exchangeable cations, water, lime, and gypsum are computed to the 
basis of oven dry solI. 

*Predicted from experimental data (A) 
**Predicted from experimental data (D) 

***Predicted from experimental data (P) 
(X) **··Predicted from experimental data (G) 

#Exchangeable H includes exchangeable AI. Fe and other acid producing cations. 0 
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concentrations in these same samples. For the remaining samples the 

predicted pH values tended to be high as did the HCO; and C03 concen­

trations. 

Since the experimentally determined CaC03 concentration was 

about the same magnitude as the experimental error the entire set of pre­

dictions was recalculated on the assumption that the soil was noncal­

careous. The pH values from this set of predictions were in good agree­

ment with the experimental data for the 500 and 1000 percent dilutions but 

they were low for the 200 percent dilution rate. The agreement between 

predicted and experimental HCO; and CO~ concentrations closely paral­

leled those for the pH values. Since CaC0 3 is frequently unevenly dis­

tributed in the soil in the form of nodules it is quite possible that the 

smaller soil samples useq in the greater dilutions contained either no 

CaC03 at all or else contained very little. This would account for the 

above discrepancies between the experimental and predicted data. 

The CC concentration found in the sample containing 100 percent 

moisture appears to be excessive I and consequently the Cl predictions 

made from this sample were excessive. The high Cl- concentration in 

this sample is almost certainly due to sampling error or experimental error 

in the analysis itself. 

Experimental and predicted concentrations of the remaining dis­

solved cations and anions did not agree as closely as was true for the 

three soils previously discussed. 
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Foster fine sandy loam: This soil was nongypsiferous, cal-

careous, and decidedly alkaline in reaction. The experimental and 

predicted chemical data for this soil are presented in Table 8. As was 

discussed at the beginning of this section, the dark supernatant liquid 

obtained from this soil caused great interference in some of the chemical 

analyses I namely the Ca ++, Mg ++ I 80~, and CC determinations. The 

pH values and HCO;, CO~, and Na + concentrations are believed to be 

accurate since these analyses should not be influenced by the color of 

the extract. 

The 804" determinations were valueless because the dark color 

interfered with the turbidity readings. Circumstantial evidence pOinted 

strongly to the probability of low 80~ concentrations so all 804" con-

centrations were arbitrarily set at zero. 

The Ca++ and Ca++ plus Mg++ determinations appeared to be 

much too high except for the sample containing 1000 percent water. The 

color of the liquid from the most dilute sample was not intense enough to 

mask the endpoints for these determinations. In the other samples the 

endpoints were considerably overshot before the color change became 

intense enough to be detectable through the dark background. To remedy 

this situation each Ca ++ concentration was arbitrarily reduced until the 

++ = product of the Ca and C03 concentrations was only about 20 percent 

in excess of the solubility product of CaCO . The Mg++ concentrations 
3 

were also reduced in proportion to the Ca ++ reductions. 



Table 8: Observed and Predicted Concentrations of Constituents in 
Foster Fine Sandy Loam 

Calculated Exch. Cations Dissolved Ions 
pH 

H2O CO 2 Lime Gypsum Value H Ca Mg Na Ca Mg Na 8°4 CI N03 HC03 C03 

% % % % ..;...-- meqjlOOg ( meqjliter 

Experlmellt,?l (A) 200 1.44 1.·35 0.00 8.06 0.00 7.54 4.24 8.22 (0.20) (0.18) 29.90 (0.00) 2.62 0.15 32.09 0.61 
Predicted I. 10 0.00 8.11 0.00 6.68 5.73 7.59 0.18 0.24 29.06 0.00 3.53 0.23 36.05 0.78 
Predicted:::* 1.42 0.00 8.01 0.00 9.21 4.89 5.89 0.37 0.32 24.28 0.00 3.03 0.23 28.55 0.47 
Predicted 1. 07 0.00 8.07 0.00 6.47 6.95 6.58 0.20 0.35 28.14 0.00 5.30 0.70 32.90 0.64 

ExperimeIltal (8) 200 I. 23 1. 53 0.00 8.00 0.00 9.32 5.24 5.44 (0.40) (0.36) 23.10 (0.00) I. 97 0.21 23.43 0.37 
Predicted 1. 36 0.00 8.12 0.00 7.40 4.25 8.35 0.18 0.16 29.23 0.00 2.62 0.15 31. 31 0.68 
Predlcted** 1.10 0.00 8.17 0.00 6.55 5.74 7.71 0.16 0.22 28.42 0.00 3.53 0.23 35.27 0.87 
Predicted*** I. 43 0.00 8.07 0.00 9.09 4.90 6.01 0.33 0.29 23.68 0.00 3.30 0.23 27.82 0.53 
Predlcted**** 1. 07 0.00 8.13 0.00 6.33 6.69 6.71 0.18 0.32 27.51 0.00 5.30 0.70 32.14 0.72 

Experimental (C) 200 0.20 1. 69 0.00 8.72 0.00 9.12 5.18 5.70 (0.22) (0.20) 18.50 (0.00) 2.28 0.22 19.45 I. 55 
Predicted* 1. 44 0.00 8.78 0.00 6.01 4,27 9.72 0.05 0.06 22.37 0.00 2.62 O. IS 22.73 2.16 
Predicted** 1. 18 0.00 8.84 0.00 5.20 5.76 9.03 0.04 0.07 21. 82 0.00 3.53 0.23 26.34 2.94 

*** 4.94 7.22 Predicted 1. 50 0.00 8.74 0.00 7.84 0.09 0.09 17.64 0.00 3.03 0.23 20.20 I. 67 
Predlcted**** 1.14 0.00 8.80 0.00 5.06 7.00 7.94 0.05 0.11 21. 35 0.00 5.30 0.70 23.94 2.42 

Experimental (D) 500 1. 43 0.93 0.00 7.90 0.00 9.95 5.60 4.45 (0.40) (0.36) 17.90 (0.00) 1. 41 0.09 21. 35 0.25 
Predicted* 1.17 0.00 7.87 0.00 10.92 4.15 4.92 0.42 0.26 18.54 0.00 I. OS 0.06 19.96 0.22 
Predicted * * * 1. 26 0.00 7.83 0.00 12.09 4.71 3.20 0.79 0.50 15.09 0.00 I. 21 0.09 17.83 0.17 
Predtcted**** 0.90 0.00 7.86 0.00 9.49 6.76 3.75 0.46 0.52 16.93 0.00 2.12 0.28 19.63 0.21 

Experimental (E) 500 0.51 1. 33 0.00 8.15 0.00 10.56 6.00 3.44 (0.33) (0.30) 12.10 (0.00) 3.23 0.18 13.33 0.27 
Predicted* 1. 23 0.00 8.26 0.00 9.89 4.21 5.90 0.19 0.13 16.59 0.00 1. 05 0.06 17.42 0.46 
Predlcted** 0.98 0.00 8.29 0.00 8.95 5.69 5.36 0.18 0.18 16.08 0.00 1. 41 0.09 18.83 0.54 
Predlcted*** I. 31 0.00 8.21 0.00 11. 22 4.83 3.95 0.36 0.25 13.60 0.00 I. 21 0.09 15.47 0.36 
Predicted**** 0.96 0.00 8.26 0.00 8.55 6.89 4.55 0.20 0.26 15.31 0.00 2.12 0.28 17.26 0.46 

Experimental (F) 500 0.07 1. 39 0.00 8.87 0.00 9.83 4.92 5.25 (0.10) (0.08) 11.00 (0.00) 1. 21 0.09 11. 61 1. 19 
Predicted* I. 32 0.00 8.91 0.00 8.28 4.26 7.47 0.05 0.04 13.46 0.00 1.05 0.06 13.01 1. 51 
Predicted** 1.06 0.00 B.95 0.00 7.41 5.57 6.B5 0.05 0.06 13.10 0.00 I. 41 0.09 14.31 I. 84 
Predlcted**** 1. 03 0.00 B.92 0.00 7.11 6.98 5.91 0.06 0.09 12.61 0.00 2.12 0.2B 13.14 1. 55 

Experimental (G) 1000 0.B3 0.80 0.00 7.90 0.00 11.30 6.47 2.23 0.60 0.55 9.98 (0.00) 1.06 0.14 11. 97 0.13 
Predicted* 1. 06 0.00 7.91 0.00 12.96 4.01 3.02 0.54 0.27 11.17 0.00 0.52 0.03 12.32 0.14 
Predicted** 0.81 0.00 7.93 0.00 11. 92 5.39 2.69 0.53 0.38 10.71 0.00 0.71 0.05 12.94 0.15 
Predlcted*** 1. 15 0.00 7.87 0.00 13.72 4.43 I. 85 1. 01 0.52 8.90 0.00 0.61 0.05 II. 14 0.11 

The exchangeable cations I water, lime, and gypsum are computed to the 
basis of oven dry soil. 

*Predicted from experimental data (A) 
**Predicted from experimental data (D) 

***Predlcted from experimental data (F) 
****Predicted from experimental data (G) OJ 

#"Exchangeable H includes exchangeable AI, Fe and other acid producing cations. W 
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The predicted pH values were surprisingly close to the experi-

mental values in most cases. The predicted HCO; and CO; concen­

trations were satisfactory, except for some high predictions from experi-

mental sample ltD". As a point of interest predictions of soil chemistry 

d . h h' h C ++ ++ were rna e usmg t e Ig a and Mg concentrations obtained in the 

laboratory determinations. In this procedure it was assumed that the 

solubility product of CaC03 was the apparent one calculated from the 

raw laboratory data. The predicted pH values and HC03 and CO; con-

centrations were almost as satisfactory as those presented in the previous 

tables. Several of the Ca ++ and Mg ++ predictions obtained in this manner 

were excessively high. 

The predicted exchangeable cation values were all in reasonably 

good agreement with one another. It should be noted that all these data, 

experimental and predicted, showed a large decrea se in exchangeable 

sodium with increased dilution. This indicated that much of the CaC03 

+ which dis solved at the greater dilutions replaced Na from the exchange 

complex. 

The N03' predictions were not very good, presumably because of 

microbial activity. De spite the poor experimental data obtained for this 

alkaline soil, the predicted ionic concentrations for the different dilution 

and CO 2 levels were in good agreement with those experimentally 

determined. 
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Acid Soils 

Four acid soils were studied: White House gravelly sandy loam, 

the Mount Lemmon soil, and the Olympic surface and subsurface samples. 

The experimental data from these soils was so similar that it was deemed 

advantageous to discuss all four soils together as a group. 

The systems analysis model developed in this study can be used 

to calculate the exchangeable cations in acid soils according to two differ­

ent routines, depending on whether or not the base saturation percentage 

is known. Consequently, predictions have been made with both routines 

for the se four soils. If the level of base saturation is not known for a 

given soil the approximate percentage will be calculated from lime 

potential, pH-l/2p(Ca+Mg), and CO 2 level using the average relationships 

de picted in Figure 2. 

Table s 9, 10 , 11, and 12 show the experimental and predicted 

chemical data using experimentally determined levels of base saturation 

for the White House gravelly sandy loam, the Mount Lemmon soil, the 

Olympic surface soil sample, and the Olympic subsoil sample, respective­

ly. Tables 13, 14, 15, and 16 show, respectively, this same experi­

mental data, but with the predicted data based on an exchangeable base 

percentage calculated from the lime potential and CO 2 level. 

Exchangeable ions: The predictions based on experimentally 

determined base saturation percentages were compared with the predictions 

based on base saturation levels calculated from lime potential and C02 



Table 9: Observed and Predicted Concentrations of Constituents in 
White House Gravelly Sandy Loam with Computations Based on 
an Experimentally Determined Value for the Total Exchangeable Bases. 

CQlculatGd Exch. Cations 

H 20 CO 2 Lime Gypsum 
pH 

Value H Ca Mg 

% % % % «------ meq/l00g 

Experime'llfl (A) 
Predicted 
Predicted*** 

**** Predicted 

Experi mental (8) 
Predicted* 
Predicted** 

*** Predicted 
Predicted "k*** 

Experimental (C) 
Predicted* 
Predicted** 
Predicted * .'<:* 
Predicted**** 

Experimental (D) 
Predicted* 
Predicted*** 
Predicted **** 

Experime'ltal (E) 
Pre;jicted 
Predicted * * 

. *** Predicted 
Predicted **** 

Experimental (F) 
Predicted* 

** Predicted 
Predlcted**** 

Experime'ltal (G) 
Predicted 
Predicted** 
Predicted*** 

200 5.46 

200 1. 28 

200 0.86 

500 4.46 

500 0.93 

500 0.46 

1000 0.62 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.011 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
O.JO 
a,GO 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

o. 00 
0.00 
0.00 
0.00 
0.00 

0.00 
O.OB 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

5.34 
5.36 
5.38 
5.57 

5.45 
5.49 
5.46 
5.44 
5.69 

5.36 
5.49 
5.48 
5.45 
5.71 

5.36 
5.36 
5.41 
5.55 

5.59 
5.58 
5.55 
5.54 
5.73 

5.60 
5.63 
5.62 
0.74 

5.77 
5.63 
5.62 
5.62 

3.16 
3.12 
3.19 
3.17 

3.16 
3.14 
3.09 
3.16 
3.12 

4.73 
4.75 
4.77 
4.89 

4.81 
4.75 
4.77 
4.79 
4.93 

3.16 4.38 
3.13 4.76 
3.01 4.77 
3.16 4.79 
3.12 4.93 

3.16 
3.21 
3.24 
3.24 

3.16 
3.15 
3. II 
3.17 
3.14 

3.16 
3.14 
3.09 
3.13 

4.72 
4.70 
4.73 
4.84 

4.94 
4.74 
4.76 
4.78 
4.91 

4. 7~ 
4.75 
4.77 
4. "< 

3.16 4.90 
3.17 4.74 
3.12 4.76 
3.19 4.77 

The exchangeable cations, water, lime, and gupsum are computed to the 
basis of oven dry soil 

*Predicted from experimental data (A) 
*'Predicted from experimental data (D) 

***Predicted from experimental data (F) 
****Predicted from experimental data (G) 

1. 00 
1. 02 
0.94 
0.84 

0.93 
1. 01 
1. 03 
0.95 
0.B5 

1. 35 
1. 01 
1. 03 
0.95 
0.B5 

1. a 1 
0.99 
0.93 
0.82 

0.80 
1. 00 
1. 03 
0.95 
0.B4 

0.95 
1. 01 
1. 03 
0.8S 

0.B4 
1. 00 
1. 02 
0.94 

#Exchangeable H includes exchangeable AI, Fe and other acid producing cations. 

Na 

0.01 
0.02 
O. 01 
0.01 

0.01 
0.02 
0.02 
0.01 
0.01 

0.01 
0.02 
0.02 
0.01 
0.01 

0.01 
0.01 
.J. 0; 
0.01 

0.0; 
O. a 1 
0.01 
0.01 
0.01 

0.01 
0.01 
0.02 
0.01 

0.01 
0.01 
0.01 
0.01 

Dissolved rons 

Ca Ma Na 504 Cl N03 HC03 C03 

< meq/liter y 

0.22 
0.21 
0.34 
0.37 

0.17 
0.13 
0.12 
0.22 
0.19 

0.22 
0.11 
0.10 
0.21 
0.17 

0.14 
0.15 
0.21 
0.24 

0.09 
0.07 
0.06 
0.10 
0.10 

0.09 
0.05 
0.04 
0.08 

0.06 
0.04 
0.04 
0.06 

0.07 
0.07 
0.10 
0.10 

0.05 
0.04 
0.04 
0.07 
0.05 

0.11 
0.04 
O. 03 
0.06 
O. 04 

0.05 
0.05 
0.06 
0.06 

0.02 
0.02 
0.02 
0.03 
0.03 

0.03 
0.02 
O. 01 
0.02 

0.02 
0.01 
0.01 
0.02 

0.09 
0.12 
0.09 
0.09 

0.06 
0.08 
0.10 
0.08 
0.08 

0.07 
0.08 
0.10 
0.08 
0.07 

0.06 
0.05 
0.04 
0.04 

0.03 
0.04 
0.05 
0.04 
0.04 

0.04 
0.04 
0.05 
0.04 

0.02 
0.02 
0.03 
0.02 

0.42 
0.67 
0.60 
0.85 

0.41 
0.42 
0.67 
0.60 
0.85 

0.45 
0.42 
0.67 
0.60 
0.85 

0.27 
0.17 
0.24 
0.34 

0.22 
0.17 
0.27 
0.24 
0.34 

0.24 
0.17 
0.27 
0.34 

0.17 
O. 08 
0.13 
0.12 

0.01 
0.03 
0.01 
0.07 

0.01 
0.01 
0.03 
0.01 
0.07 

0.01 
a.Ol 
0.03 
0.01 
0.07 

0.01 
0.01 
0.01 
0.03 

0.01 
0.01 
a 01 
D.Ol 
0.0.1 

0.01 
O. a 1 
0.01 
0.03 

0.01 
0.00 
0.01 
0.00 

O.IB 
0.25 
0.20 
0.20 

0.15 
0.18 
0.Z5 
0.20 
0.20 

O.IZ 
0.18 
0.25 
O. ~o 
0.20 

0.10 
0.07 
0.08 
0.08 

0.04 
0.07 
0.10 
O. DB 
0.08 

0.08 
0.07 
0.10 
0.08 

0.04 
0.04 
O. as 
0.04 

U.20 
0.21 
0.22 
0.34 

0.06 
0.07 
O.OG 
0.06 
O. 10 

0.03 
O.O~ 

0.04 
0.0·1 
0.07 

0.17 
O. ! 7 

0.19 
Q.27 

0.06 
0.06 
0.06 
0.05 
0.08 

0.03 
0.03 
0.03 
0.06 

['. Of. 
(1.04 
0.04 
0.04 

0.00 
0.00 
0.00 
0.00 

0.00 
(1.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 

00 
0.00 
0.00 

1.1.00 
O. fJO 
rJ.OO 
0.00 

0.00 
0.00 
0.00 
0.00 

co 
CJ) 



Table 10: Observed and Predicted Concentrations of Constituents in the 
Mount Lemmon Soil Sample with Computations Based on an Ex-
perimentally Determined Value for the Total Exchangeable Bases 

Calculated Exch. Cations Dissolvcci Ior;s 
pH 

H 2O CO2 Lime Gypsum Value H Ca Mg Na Ca Mg Na S04 Ci XOj ";:C03 CGj 
% % % % ~meq/IOOg mE?q/l.i tPr 

Exp<;rlmental (A) 200 4.75 0.00 0.00 6.30 7.24 26.86 3.38 0.02 2.45 0.48 0.09 0.58 0.07 O. to l. (5 O.OU 
Predlt:ted** 0.00 0.00 6.32 6.71 27.83 2.93 0.03 2.21 0.36 0.10 0.77 0.10 0.10 1. 72 o.eo 
Predicted """ 0.00 0.00 6.34 7.39 27.75 2.34 0.02 3.49 0.46 0.09 0.37 0.08 0.18 1. 61 0.00 
Pn::dicted**** 0.00 0.00 6.35 7.25 27.48 2.75 0.03 4.20 0.65 0.14 0.65 0.15 0.15 i. 89 O.O'l 

E«po::rime').tal (B) 200 3.56 0.00 0.00 6.40 7.24 27.72 2.52 0.02 2.05 0.29 0.08 0.50 0.07 0.10 L 55 0.0[, 
Predicted 0.00 0.00 6.34 7.18 26.91 3.39 0.02 2.20 0.43 0.09 0.58 0.07 0.10 I. 35 0.00 
Predicted"" 0.00 0.00 6.38 6.66 27.87 2.93 0.03 2.01 0.33 0.10 0.77 0.10 0.10 1. 48 0.00 
Predicted *** 0.00 0.00 6.37 7.30 27.83 2.35 0.02 3.10 0.41 0.09 0.37 0.08 0.18 l. 37 0.00 
Predicted**** 0.00 0.00 6.38 7.17 27.55 2.76 0.03 3.86 0.60 0.14 0.65 0.15 [0.15 I. 50 0.00 

Experimental (e) 200 1. 24 0.00 0.00 6.38 7.24 27.17 3.07 0.02 1. 70 0.30 0.08 0.40 0.07 0.10 0.51 0.00 
Predicted" 0.00 0.00 6.42 7.02 27.04 3.42 0.03 1. 55 0.30 0.08 0.58 0.07 0.10 0.56 0.00 
Predicted** 0.00 0.00 6.48 6.49 28.02 2.96 0.03 1. 29 0.21 0.09 0.77 0.10 O. W 0.63 0.00 
Predicted*** 0.00 0.00 6.43 7.14 27.97 2.37 0.02 2.41 0.32 0.09 0.37 0.08 0.16 0.58 0.00 
Predicted**** 0.00 0.00 6.45 6.99 27.70 2.78 0.03 3.10 0.48 0,13 C.65 0.15 0.15 0.61 0.00 

Experlme'l.tal (D) 500 4.83 0.00 0.00 6.32 7.24 27.39 2.85 0.02 1.77 0.29 0.06 0.31 0.04 0.04 I. 74 0.00 
Predicted 0.00 0.00 6.30 7.73 26.45 3.30 0.01 1. 78 0.35 0.05 0.23 0.03 0.04 I. 63 0.00 
Predicted *** 0.00 0.00 6.35 7.96 27.25 2.27 0.01 2.40 0.32 0.05 0.15 0.03 0.07 I. 87 0.00 
Predicted**** 0.00 0.00 6.37 7.85 26.96 2.67 0.02 2.69 0.42 0.08 0.26 0.06 0.06 1.95 0.00 

Experimental (E) 500 1. 24 0.00 0.00 6.55 7.24 27.84 2.40 0.02 1. 32 0.18 0.05 0.21 0.06 0.04 0.75 0.00 
Predicted" 0.00 0.00 6.48 7.22 26.87 2.39 0.02 0.95 0.19 0.05 0.23 0.03 0.0 .. (1.63 0.00 
Predicted"" 0.00 0.00 6.51 6.71 27.84 2.93 0.02 0.87 0.14 0.05 0.31 0.0'; 0.04 0.68 0.00 
Predicted*** 0.00 0.00 6.50 7.36 27.78 2.34 0.02 I. 34 0.18 0.05 0.15 0.03 0.07 0.b7 0.00 
Predicted**** 0.00 0.00 6.52 7.22 27.50 2.75 0.02 1. 62 0.26 0.07 0.26 0.06 u.OG u.71 O. !.I(I 

Experimental (F) 500 0.68 0.00 0.00 6.56 7.24 27.89 2.36 0.02 1.12 0.15 0.05 0.15 0,03 0.07 0.42 (] .U(I 

Predlct"d" 0.00 0.00 6.53 7.10 26.97 3.41 0.02 0.74 0.15 0.04 0.23 0.03 0.04 0.39 U.(I(I 

Predicted** 0.00 0.00 6.58 6.58 27.95 2.94 0.02 0.66 0.11 0.05 0.31 0.04 0.04 O.--i3 li.OO 
Predicted **** 0.00 0.00 6.57 7.02 27.62 2.77 0.02 I. 38 0.22 0.07 0.26 0.06 0.06 .1. 43 " .1)0 

Experimell.tal (G) 1000 0.48 0.00 0.00 6.66 7.24 27.50 2.75 0.02 0.82 0.13 0.04 0.13 0.03 0.03 0.37 0.00 
Predicted 0.00 0.00 6.60 7.23 26.87 3.39 0.01 0.47 0.09 0.03 0.12 0.01 0.02 «.32 0.00 
Predicted "" 0.00 0.00 6.64 6.71 27.84 2.93 0.02 0.43 0.07 0.03 0.15 0.02 0.02 0.35 0.00 
Predicted*** 0.00 0.00 6.63 7.37 27.78 2.34 0.01 0.67 0.09 0.03 0.07 0.02 0.04 0.34 0.00 

The exchangeable cations, water, lime. and gypsum an~ computed to the 
ba sis of oven dry soil. 

'Predicted from experimental data (A) 
""Predicted from experimental data (D) 

***Prcdicted from experimental data (F) 
"."" Predicted from experimental data (G) ex> 

-#txchangeable H includes exchangeable Ai, Fe and other acid producing cations. '-l 



Table 11: Observed and Predicted Concentrations of Constituents in the 
Olympic Surface Soil Sample with Computations Based on an Ex­
perimentally Determined Value for the Total Exchangeable Bases 

Calculated Exch. Cations 
pH 

Dissolved Ions 

H20 CO 2 Lime Gypsum Value H Ca Mg Na Ca Mg Na S04 Cl N03 HC03 C03 

% % % % <,--- meq/IOOg meq/IHer ~ 

Experimental (A) 
Predicted * * 

*** Predicted 
Predicted**** 

Experimental (B) 
Predicted* 
Predicted** 

*** Predicted 
Predicted **** 

Experimental (C) 
Predicted* 
Predicted ** 
Predlcted*** 
Predicted**** 

Experimental (D) 
Predicted* 
Predlcted*** 

**** Predicted 

Experimental (E) 
Predicted* 
Predicted** 

**' Predicted 
Predicted *** * 

Experime'}tal (F) 
Predicted 
Predlcted** 

**** Predicted 

Experime'}tal (G) 
Predicted 
Predicted ::* 
Predicted 

200 4.29 

200 2.12 

200 0.98 

500 4.89 

500 1. 96 

500 0.62 

1000 0.68 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

5.72 
5.78 
5.67 
5.68 

5.65 
5.76 
5.89 
5.70 
5.71 

5.63 
5.82 
6.01 
5.73 
5.77 

5.70 
5.72 
5.68 
5.71 

5.74 
5.83 
5.86 
5.76 
5.79 

5.83 
5.96 
6.07 
5.87 

5.95 
5.98 
6.02 
5.86 

24.62 
24.50 
24.65 
24.59 

24.62 
24.58 
24.47 
24.62 
24.56 

11. 02 
11. 47 
II. 14 
11. 23 

10.95 
11.04 
11. 49 
11. 17 
11. 26 

24.62 10.97 
24.56 11.06 
24.4S 11. 50 
24.60 11.18 
24.54 11.27 

24.62 11.39 
24.76 10.92 
24.78 11.05 
24.73 11.13 

24.62 11.26 
24.65 11.00 
24.5311.45 
24.68 11.13 
24.62 11.22 

24.62 11.18 
24.59 11.05 
24.47 11.49 
24.56 11.27 

24.62 11.23 
24.65 11.01 
24.53 11.46 
24.66 11.15 

The exchangeable cations I water, lime I and gypsum are computed to the 
basiS of oven dry soil. 

*Predicted from experimental data (A) 
**Predicted from experimental data (D) 

***Predicted from experimental data (F) 
****Predicted from experimental data (G) 

#Exchangeable H includes exchangeable Al, Fe and other acid producing cations. 

1. 61 
1. 27 
1.45 
1. 42 

1. 68 
1. 62 
1. 27 
1. 46 
1. 43 

1. 66 
1. 62 
I. 27 
1.46 
1. 43 

1. 25 
1. 59 
1. 44 
1. 40 

1. 37 
1. 61 
1. 26 
1. 4S 
1. 42 

1. 46 
1. 62 
1. 27 
1. 43 

1. 42 
1. 61 
1. 26 
1. 45 

0.05 
0.07 
0.05 
0.06 

0.05 
0.06 
0.07 
0.05 
0.06 

0.05 
0.06 
0.08 
0.06 
0.06 

0.04 
0.03 
0.03 
0.04 

0.05 
0.04 
0.05 
0.04 
0.04 

0.04 
0.04 
0.06 
0.05 

0.03 
0.03 
0.04 
0.03 

0.42 
0.25 
0.57 
0.73 

0.46 
0.29 
0.14 
0.45 
0.60 

0.38 
0.23 
0.08 
0.38 
0.53 

0.26 
0.36 
0.41 
0.49 

0.21 
0.20 
0.13 
0.25 
0.32 

0.16 
0.11 
0.05 
0.22 

0.15 
0.09 
0.06 
O. II 

0.10 
0.04 
0.11 
0.14 

0.11 
0.07 
0.02 
0.09 
0.12 

0.09 
0.05 
0.01 
0.08 
0.10 

0.05 
O. 08 
O. 08 
0.10 

0.04 
0.05 
0.02 
0.05 
0.06 

0.03 
0.03 
0.01 
0.04 

0.03 
0.02 
0.01 
0.02 

0.21 
0.20 
0.24 
0.29 

0.22 
0.19 
0.17 
0.22 
0.27 

0.19 
0.18 
0.13 
0.21 
0.26 

0.13 
0.12 
0.13 
0.15 

0.15 
0.11 
0.11 
0.12 
0.14 

0.11 
0.10 
0.09 
0.13 

0.08 
0.06 
O. 06 
0.07 

0.33 
0.52 
0.42 
0.85 

0.40 
0.33 
0.52 
0.42 
0.85 

0.30 
0.33 
0.52 
0.42 
0.85 

0.21 
0.13 
0.17 
0.34 

0.30 
0.13 
0.21 
0.17 
0.34 

0.17 
0.13 
0.21 
0.34 

0.17 
0.07 
0.10 
0.08 

0.04 
0.04 
0.04 
0.05 

0.05 
0.04 
0.04 
0.04 
0.05 

0.03 
0.04 
0.04 
0.04 
0.05 

0.02 
0.02 
0.02 
0.02 

0.02 
0.02 
0.02 
0.02 
O. 02 

0.02 
0.02 
0.02 
O. 02 

0.01 
0.01 
0.01 
0.01 

0.33 
0.23 
0.40 
0.50 

0.51 
0.33 
0.23 
0.40 
0.50 

0.36 
0.33 
0.23 
0.40 
0.50 

0.09 
0.13 
0.16 
0.20 

0.14 
0.13 
0.09 
0.16 
0.20 

0.16 
0.13 
O. 09 
0.20 

0.10 
O. 07 
0.05 
0.08 

0.38 
0.43 
0.34 
0.35 

0.16 
0.21 
0.27 
0.18 
0.19 

0.07 
O. II 
0.16 
0.09 
0.10 

0.41 
0.43 
0.39 
0.42 

0.18 
0.22 
0.24 
0.19 
0.20 

0.07 
0.09 
0.12 
0.08 

0.10 
0.11 
0.12 
0.08 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

cc 
CC 



Table 12: Obse:-\'ed and Predlct02d ConcentratLOns 0: Constituents in the 
Olympic Subsoil Sample with Computations Based on an Ex­
perim<2!ntally Determined Value for the Total Exchangeable Bases 

HZO CO 2 Lime Gypsum 
pH 

Value 

Calculated Exch. Ciltions 

H Ca Mg Nil 
,. 
1> % % % -<----- meq/IOOgr---__ ..... 

Experimental (A) 
Predicted** 
Predicted*** 
Predicted **** 

Experimental (B) 
Predicted* 
Predicted * * 
Predicted*** 
Predicted * * * * 

Experimet;.tal (C) 
Predicted 
Predicted** 
Predicted*** 
Predicted *** * 

Experimental (D) 
Predicted* 
Predicted*** 
Predicted**** 

Experimental (E) 
Predicted* 
Predicted** 
Predicted*** 
Predicted * * * * 

Experimental (F) 
Predicted* 
Predicted * * 

**** Predicted 

Experime';.tal (G) 
Predicted 
Predicted * * 

"* Predicted 

200 

200 

200 

500 

500 

500 

1000 

3.95 

1. 06 

0.64 

4.47 

0.81 

0.50 

0.78 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 

.0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

5.78 
5.79 
5.64 
5.82 

5.83 
5.91 
5.98 
5.67 
5.93 

5.75 
5.78 
6.04 
5.67 
5.96 

5.77 
5.76 
5.70 
5.79 

5.95 
6.01 
6.04 
5.81 
5.97 

5.86 
6.04 
6. II 
5.98 

5.97 
6.01 
6.03 
5.87 

16.25 11.31 
15.11 11.37 
16.27 11.31 
16.21 11.60 

16.25 11.37 
16.19 11.34 
16.06 11.40 
16.23 11.34 
16.16 11.64 

16.25 
16.25 
16.05 
16.23 
16.15 

16.25 
16.38 
16.40 
16.36 

16.25 
16.23 
16.10 
16.26 
16.19 

16.25 
16.21 
16.08 
16.16 

16.25 
16.30 
16.16 
16.31 

11.30 
II. 31 
11.40 
11. 35 
11. 65 

11. 2S 
11. 22 
11. 23 
11.50 

II. 41 
11. 32 
11. 38 
11. 33 
11. 63 

11.34 
11.34 
11. 39 
11. 64 

11. 59 
11.28 
11.35 
11.30 

The exchangeable cations, water, lime, and gypsum are computed to the 
ba sis of oven dry soil. 

*Predicted from experimental data (A) 
**Predicted from experimental data (D) 

*** Predicted from experimental data (F) 
****Predicted from experimental data (G) 

#Exchangeable H includes exchangeable At, Fe and other acid producing cations. 

Z.09 
2. IS 
2.05 
1. 84 

2.04 
2.10 
2.16 
2.06 
1. 85 

2.10 
2.09 
2.16 
2.06 
1. 85 

2.12 
2. {I7 
2.03 
I.S2 

2.00 
2.10 
2.15 
2.06 
1. 85 

2.06 
2.10 
2.16 
1. 85 

1. 84 
2.09 
2.14 
2.05 

0.06 
0.08 
0.06 
0.04 

0.05 
0.06 
0.09 
0.06 
0.05 

0.06 
0.06 
0.09 
0.07 
0.05 

0.05 
0.04 
0.04 
0.03 

0.04 
0.05 
0.07 
0.05 
0.04 

0.05 
0.05 
0.07 
0.04 

0.03 
0.03 
0.05 
0.04 

Ca 

0.39 
0.25 
0.50 
0.45 

0.30 
0.22 
O. II 
0.35 
0.23 

0.27 
0.18 
0.08 
0.33 
0.20 

0.27 
0.33 
0.36 
0.38 

0.13 
0.12 
0.07 
0.16 
0.13 

0.14 
0.09 
0.05 
0.09 

0.10 
0.10 
0.07 
0.11 

Mg 

0.11 
0.07 
0.14 
O. II 

0.08 
0.06 
0.03 
0.10 
0.06 

0.08 
0.05 
0.02 
0.09 
0.05 

0.08 
0.10 
0.10 
0.09 

0.04 
0.04 
0.02 
0.05 
0.03 

0.04 
0.03 
0.02 
0.02 

0.03 
0.03 
0.02 
0.03 

Na 

0.22 
0.23 
0.26 
0.17 

0.16 
0.19 
O.IS 
0.23 
0.14 

0.20 
0.18 
0.16 
0.23 
0.13 

0.15 
0.13 
0.15 
0.10 

0.08 
0.11 
0.11 
0.12 
0.08 

0.12 
0.10 
0.10 
0.07 

0.05 
0.07 
o .OS 
0.08 

Dissolvec 10:;s 

S04 CI 

0.30 
0.52 
0.55 
0.85 

0.30 
0.30 
0.52 
0.55 
0.85 

0.36 
0.30 
0.52 
0.55 
0.85 

0.21 
0.12 
0.22 
0.34 

O. IS 
0.12 
0.21 
0.22 
0.34 

0.22 
0.12 
0.21 
0.34 

0.17 
0.06 
0.10 
O. II 

meq/ll'er 

0.04 
0.06 
(1.0 S 

0.09 

0.05 
0.0-1 
0.06 
0.05 
0.09 

O.r)~ 

0.04 
0.06 
0.05 
0.09 

O.OZ 
0.02 
0.02 
0.03 

0.03 
0.02 
0.02 
0.02 
0.03 

0.02 
0.02 
0.02 
0.03 

0.02 
0.01 
0.01 
0.01 

:-103 

O. l3 
0.05 
0.08 
0.05 

0.04 
0.13 
0.05 
0.08 
0.05 

0.03 
0.13 
0.05 
0.08 
0.05 

0.02 
0.05 
0.03 
0.02 

0.01 
0.05 
0.02 
0.03 
0.02 

0.03 
0.05 
0.02 
0.02 

0.01 
0.03 
0.01 
0.02 

"COo 

u. ~I:' 

C'. c9 
0.44 

o. I 
0.1 
I). 1 
0.0 
0.1 

0.06 
0.09 
0.12 
0.05 
0.10 

0.44 
0.43 
0.37 
0.46 

0.12 
0.14 
0.15 
0.09 
0.13 

0.06 
0.09 
0.11 
0.08 

0.12 
0.13 
0.14 
0.10 

CCj 

tJ. /.10 
n .l>l} 

U.uO 
: i. (10 

0.00 
tJ. (10 

0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

co 
c..o 



Table 13: Observed and Predicted Concentrations of Constituents in White 
House Gravelly Sandy Loam with Computations Based on an 
Estimated Value for the Total Exchangeable Bases 

Calculated Exch. Cations 

H 20 CO 2 Lime Gypsum 
pH 

Value H Ca Mg 

% 

200 

% 

5.46 

% 

0.00 
0.00 
0.00 
0.00 

% 

0.00 
0.00 
0.00 
0.00 

-<--- meq/l00g. 

Experi me'l.t,i'l (A) 
Predicted ** * 
Predicted 

**** Predicted 

Experimental (B) 
Predicted* 

** Predicted 
*** Predicted 

Predicted**** 

Experime'l.tal (C) 
Predicted** 
Predicted 
Predicted *** 
Predlcted**** 

Experimental (D) 
Predicted* 
Predicted:::* 
Predicted 

Experime'i.tal (E) 
Predicted 
Predicted** 
Predicted:::* 
Predicted 

Experimental (F) 
Predicted:* 
Predicted 

**** Predicted 

Experimental (G) 
Predicted* 
Predicted** 

*** Predicted 

200 

200 

500 

500 

500 

1000 

1. 28 

0.86 

4.46 

0.93 

0.46 

0.62 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
O. 00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

5.34 
5.30 
5.37 
5.57 

5.45 
5.49 
5.47 
5.44 
5.69 

5.36 
5.49 
5.49 
5.44 
5.71 

5.36 
5.36 
5.42 
5.56 

5.59 
5.57 
5.55 
5.54 
5.73 

5.60 
5.62 
5.62 
5.74 

5.77 
5.62 
5.61 
5.62 

6.40 
6.94 
6.54 
6.12 

6.59 
6.71 
6.86 
6.60 
6.18 

2.07 
1. 61 
1. 97 
2.38 

1. 94 
1. 81 
1. 68 
1.92 
2.32 

6.76 1.64 
6.781.75 
6.87 1.67 
6.62 1.91 
6.19 2.31 

6.79 
6.87 
6.63 
6.29 

6.51 
6,77 
6.92 
6.68 
6.33 

6.64 
6.83 
6.93 
6.42 

6.25 
6.86 
6.96 
6.72 

1. 74 
1. 69 
1. 91 
2.24 

2.06 
1. 76 
1. 63 
1. 86 
2.20 

1. 89 
1.72 
1. 62 
2.12 

2.27 
1. 69 
1. 60 
1. 83 

The exchangeable cations I water I lime, and gypsum are computed to the 
basiS of oven dry soil. 

*Predicted from experimental data (A) 
*'*:Predicted from experimental data (D) 

***Predicted from experimental data (F) 
****Predicted from experimental data (G) 

0.44 
0.35 
0.39 
0.41 

0.38 
0.38 
0.37 
0.38 
0.40 

0.51 
0.37 
0.36 
0.38 
0.40 

0.37 
0.35 
0.37 
0.38 

0.34 
0.37 
0.35 
0.37 
0.38 

0.37 
0.36 
0.35 
0.37 

0.39 
0.36 
0.35 
0.36 

#Exchangeable H include s exchangeable AI, Fe and other acid producing cations. 

Na 

0.01 
0.01 
O. 00 
0.01 

0.00 
0.01 
0.0] 
0.01 
0.01 

0.00 
0.01 
0.01 
0.01 
0.01 

0.00 
0.00 
O. 00 
0.00 

0.00 
O. 00 
0.01 
0.00 
0.00 

0.00 
0.00 
0.01 
0.00 

o. 00 
0.00 
0.00 
0.00 

Ca 

'" 
0.22 
0.18 
0.33 
0.36 

0.17 
0.12 
0.10 
0.21 
0.18 

0.22 
0.11 
0.09 
0.20 
0.16 

0.14 
0.15 
0.21 
0.24 

0.09 
O. 07 
0.06 
0.10 
0.10 

0.09 
0.05 
0.04 
0.08 

0.06 
0.04 
0.04 
O.OG 

Mg 

0.07 
O. 06 
0.10 
0.09 

0.05 
0,04 
0.03 
0.06 
0.05 

0.11 
0.04 
0.03 
0.06 
0.04 

0.05 
0.05 
0.06 
0.06 

0.02 
0.02 
0.02 
O. 03 
0.03 

0.03 
0.02 
0.01 
0.02 

0.02 
0.01 
0.01 
0.02 

Na 

0.09 
0.13 
0.10 
0.10 

0.06 
0.08 
0.12 
0.09 
0.09 

0.07 
0.08 
0.12 
0.09 
0.09 

0.06 
0.04 
0.04 
0.04 

0.03 
0.04 
0.06 
0.04 
0.04 

0.04 
0.04 
0.05 
0.04 

0.02 
0.02 
0.03 
0.02 

DissolveC Io!":s 

5°4 

0.42 
0.67 
0.60 
0.85 

0.41 
0.42 
0.67 
0.60 
0.85 

0.45 
0.42 
0.67 
0.60 
0.85 

0.27 
0.17 
0.24 
0.34 

0.22 
0.17 
0.27 
0.24 
0.34 

0.24 
0.17 
0.27 
0.34 

0.17 
0.08 
0.13 
0.12 

Cl 

meq/liter 

0.0] 
0.03 
0.0] 
0.07 

0.0] 
0.01 
0.03 
o. 0] 
0.07 

0.0] 
0.01 
O. 03 
0.01 
0.07 

0.01 
0.0] 
0.0] 
0.03 

0.0] 
0.01 
0.01 
0.01 
0.03 

0.01 
0.01 
0.01 
O. a 3 

0.01 
0.00 
O. 0] 
0.00 

N03 

0.18 
0.25 
0.20 
0.20 

O. : 5 
0.10 
0.25 
0.20 
0.20 

0.12 
0.18 
0.25 
0.20 
0.20 

0.10 
0.07 
0.08 
0.08 

0.04 
0.07 
O. :0 
O. ')8 
0.08 

0.08 
0.07 
0.10 
0.08 

0.04 
O. O~ 
o .OS 
0.04 

i·:C 03 

0.20 
O. IF 
O. ~~ 
[I. 3~ 

0.0(. 
0.07 
0.00 
O.Gb 
(1.10 

0.03 
O.O~ 

O.O~ 

0.0"'; 
0.07 

!). 17 
o. ! 7 

U. I ~ 
0.27 

0.06 
0.06 
0.05 
0.05 
O.OR 

n.03 
0.03 
n.03 
0.00 

l'.U<:..' 
U.O~ 

11.0-1 
U.lI4 

co::, 

0.UO 
o.no 
0.00 
11.0(: 

~I.O(' 

0.0(1 
(I.U[' 

O.OG 
O.OU 

0.00 
0.00 
O.UO 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.01) 

1,'.00 

U.Ot't 
0.00 
0.00 

0.0(1 
I). (H) 

0.00 
O. (10 

-

to 
o 



Table 14: Observed and Predicted Concentrations of Constituents in the 
Mount Lemmon Soil Sample with Computations Based on an Estimated 
Value for the Total Exchangeable Bases 

Calculated Exch. Cations Dissolved Ions 
pH 

HZO COZ Lime Gypsum Value H Ca Mg Na Ca Mg Na S04 CI N03 HC03 C03 
% % % % _meq!100g ( meq/liter 

f:xperime'lt21 (A) ZOO 4.75 0.00 0.00 6.30 16.78 18.74 Z.36 0.02 2.45 0.48 0.09 0.58 0.07 0.10 1. 65 0.00 
Predicted *** 0.00 0.00 6.31 16.22 19.23 2.03 0.02 2.18 0.35 0.11 0.77 0.10 0.10 1. 69 0.00 
Predicted **** 0.00 0.00 6.34 14.65 21.06 1.77 0.02 3.51 0.46 0.10 0.37 0.08 0.18 I. 83 0.00 
Predicted 0.00 0.00 6.35 13.56 21. 74 2.17 0.02 4.19 0.65 0.15 0.65 0.15 0.15 1. 89 0.00 

Experime'ltal (B) 200 3.56 0.00 0.00 6.40 15.42 20.22 1. 84 0.02 2.05 0.29 0.08 0.50 0.07 0.10 1. 55 0.00 
Predicted 0.00 0.00 6.34 15.89 19.18 2.42 0.02 2.20 0.43 0.09 0.58 0.07 0.10 1. 35 0.00 
Predicted::* 0.00 0.00 6.38 15.76 19.64 2.08 0.02 2.01 0.33 0.11 0.77 0.10 0.10 1. 49 0.00 
Predicted**** 0.00 0.00 6.37 14.62 21.09 1. 78 0.02 3.11 0.41 0.09 0.37 0.08 0.18 1. 37 0.00 
Predicted 0.00 0.00 6.38 13.60 21. 70 2.17 0.02 3.84 0.60 0.15 0.65 0.15 0.15 1. 49 0.00 

Experime'ltal (C) 200 1. 24 0.00 0.00 6.38 15.95 19.33 2.18 0.02 1. 70 0.30 0.08 0.40 0.07 0.10 0.51 0.00 
Predicted 0.00 0.00 6.42 15.76 19.Z8 2.44 0.02 1. 54 0.30 0.08 0.58 0.07 0.10 0.56 0.00 Predicted * * 0.00 0.00 6.48 15.71 19.68 2.09 0.02 1. 28 0.21 0.09 0.77 0.10 0.10 0.64 0.00 Predicted*** 0.00 0.00 6.42 14.72 20.98 1. 78 0.02 2.40 0.32 0.09 0.37 0.08 0.18 0.57 0.00 Predicted**** 0.00 0.00 6.44 13.65 21. 64 2.18 0.03 3.08 0.48 0.14 0.65 0.15 0.15 0.60 0.00 

Experimental (D) 500 4.83 0.00 0.00 6.32 16.72 18.81 1. 96 0.01 1.77 0.29 0.06 0.31 0.04 0.04 1. 74 0.00 
Predicted* 0.00 .0.00 6.30 16.55 18.62 2.32 0.01 1. 78 0.35 0.05 0.23 0.03 0.04 1. 63 0.00 *** 0.00 0.00 6.38 15.29 20.50 1. 70 0.01 2.51 0.33 0.05 0.15 0.03 Predicted 0.07 2.00 0.00 
Predicted**** 0.00 0.00 6.39 14.53 20.90 2.06 0.01 2.78 0.43 0.08 0.26 0.06 0.06 2.05 0.00 

Experimental (E) 500 1.24 0.00 0.00 6.55 14.16 21. 48 1.85 0.01 1. 32 0.18 0.05 0.21 0.06 0.04 0.75 0.00 
Predicted* 0.00 0.00 6.48 16.08 19.02 2.40 0.01 0.95 0.19 0.04 0.23 0.03 0.04 0.63 0.00 
Predicted ::* 0.00 0.00 6.51 16.03 19.41 2.05 0.02 0.86 0.14 0.15 0.31 0.04 0.04 0.68 0.00 
Predicted 0.00 0.00 6.51 15.11 20.64 1. 74 0.01 1. 35 0.18 0.05 0.15 0.03 0.07 0.68 0.00 Predicted**** 0.00 0.00. 6.52 14.26 21.11 2.11 0.02 1. 62 0.26 0.07 0.26 0.06 0.06 0.71 0.00 

Experime'ltal (F) 500 0.68 0.00 0.00 6.56 14.87 20.85 1. 76 0.01 1. 12 0,15 0.05 0.15 0.03 0.07 0.42 0.00 
Predicted 0.00 0.00 6.53 16.08 19.01 2.40 0.01 0.74 0.15 0.04 0.23 0.03 0.04 0.19 0.00 
Predicted * * 0.00 0.00 6.58 11. 94 19.48 2.06 0.02 0.65 0.11 0.05 0.31 0.04 0.04 0.43 0.00 
Predicted**** 0.00 0.00 6.56 14.34 21.03 2.11 0.02 1. 37 0.22 0.07 0.26 0.06 0.06 U.42 0.00 

Experimental (G) 1000 0.48 0.00 0.00 6.66 13.97 21. 37 2.14 0.01 0.82 0.13 0.04 0.13 0.03 0.03 0.37 0.00 
Predicted* 0.00 0.00 6.60 16.23 18.88 2.38 0.01 0.47 0.09 0.02 0.12 0.01 0.02 0.32 0.00 
Predicted** 0.00 0.00 6.04 16.13 19.32 2.04 0.01 0.43 0.07 0.03 0.15 0.02 0.02 0.35 0.00 
Predicted*** 0.00 0.00 6.64 15.29 20.47 1.72 0.01 0.68 0.09 0.03 0.07 0.02 0.04 0.35 0.00 

The exchangeable cations, water, lime, and gypsum are computed to the 
ba sis of oven dry soil. 

*Predicted from experimental data (A) 
**Predicted from experimental data (D) 

***Predicted from experimental data (F) 
****Predicted from experimental data (G) to 

*Exchangeable H includes exchangeable AI, Fe and other acid producing cations. I-' 



Table 15: Observed and Predicted Concentrations of Constituents in the 
Olympic Surface Soil Sample with Computations Based on an 
Estimated Value for the Total Exchangeable Bases 

Calculated Exch. Cations 

H 20 CO 2 Lime Gypsum 
pH 

Value H Ca Mg Na 

% 

200 

% 

4.29 

% 

0.00 
0.00 
0.00 
0.00 

% <,--- meq/ 100gl------> 

Experimental (A) 
Predicted** 
Predicted*** 

**** Predicted 

Experimental (B) 
Predlcted* 
Predicted * * 
Predicted:::* 
Predicted 

Experimental (C) 
Predicted* 
Predicted** 
Predicted * ** 
Predicted**** 

Experimental (D) 
Predicted* 
Predicted*** 
Predicted**** 

Experimental (E) 
Predicted* 
Predicted** 

*** Predicted 
**** Predicted 

Experlme'1,tal (F) 
Predicted 
Predlcted** 
Predicted **** 

Experimeq,tal (G) 
Predicted ** 
Predicted*** 
Predicted 

200 

200 

500 

500 

500 

1000 

2.12 

0.98 

4.89 

1.96 

0.62 

0.68 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

5.72 
5.74 
5.59 
5.71 

5.65 
5.81 
5.88 
5.62 
5.74 

5.63 
5.86 
6.00 
5.64 
5.76 

5.70 
5.73 
5.67 
5.74 

5.74 
5.85 
5.86 
5.73 
5.81 

5.8'3 
5.98 
6.60 
5.86 

5.59 
5.99 
6.02 
5.87 

24.25 
25.13 
24.76 
23.18 

24.51 
23.81 
24.80 
24.88 
23.30 

11. 34 
10.90 
11.04 
12.48 

11.04 
11. 71 
11.19 
10.94 
12.37 

24.87 10.76· 
23.89 11.65 
24.88 11.11 
24.98 10.85 
23.37 12.30 

24.85 11.18 
24.14 11.46 
24.50 11.30 
23.51 12.21 

25.10 
24.04 
25.00 
24.95 
23.69 

24.72 
24.11 
25.09 
24.06 

10.83 
11.54 
11. 03 
10.89 
12.04 

11.09 
11. 46 
10.94 
11. 71 

23.48 12.23 
24.26 11.35 
25.17 10.89 
25.09 10.78 

The exchangeable cations I water, lime, and gypsum are computed to the 
basis of oven dry soil. 

*Predicted from experimental data (A) 
**Predicted from experimental data (D) 

***Predicted from experimental data (F) 
****Predicted from experimental data (G) 

1. 66 
1. 20 
1. 44 
1. 58 

1. 70 
1. 71 
1. 24 
1. 43 
1. 57 

1. 63 
1. 71 
1. 23 
1. 42 
1. 56 

1. 23 
1. 67 
1. 47 
1. 54 

1. 32 
1. 68 
1. 22 
1. 42 
1. 53 

1. 45 
1. 68 
1. 21 
1. 49 

1. 55 
1. 66 
1. 20 
1. 41 

#"Exchangeable H includes exchangeable AI, Fe and other acid producing cations. 

0.05 
0.06 
0.05 
0.06 

0.05 
0.06 
0.07 
0.05 
0.06 

0.05 
0.06 
0.08 
0.05 
0.06 

0.04 
0.03 
0.03 
0.04 

0.05 
0.04 
0.05 
0.04 
0.04 

0.04 
0.05 
0.06 
0.05 

0.04 
0.03 
0.04 
0.03 

Ca 

~ 

0.42 
0.22 
0.53 
0.75 

0.46 
0.31 
0.14 
0.43 
0.61 

0.38 
0.23 
0.08 
0.37 
0.53 

0.26 
0.37 
0.40 
0.51 

0.21 
0.21 
0.13 
0.24 
0.33 

0.16 
0.11 
0.05 
0.22 

0.15 
0.09 
0.0.6 
0.11 

Mg 

0.10 
0.04 
0.11 
0.14 

0.11 
0.07 
0.02 
0.09 
0.12 

0.09 
0.05 
0.01 
0.07 
0.10 

0.05 
0.08 
0.08 
0.10 

0.04 
0.05 
0.02 
0.05 
0.06 

0.03 
0.03 
0.01 
0.04 

0.03 
0.02 
0.01 
0.02 

Na 

0.21 
0.20 
0.23 
0.28 

0.22 
0.19 
0.17 
0.22 
0.27 

0.19 
0.18 
0.13 
0.21 
0.26 

0.13 
0.12 
0.13 
0.16 

0.15 
0.11 
0.11 
0.12 
0.14 

0.11 
0.10 
0.09 
0.13 

0.08 
0.06 
0.06 
0.07 

Dissolved Ions 

S04 

0.33 
0.52 
0.42 
0.85 

0.40 
0.33 
0.52 
0.42 
0.85 

0.30 
0.33 
0.52 
0.42 
0.85 

0.21 
0.13 
0.17 
0.34 

0.30 
0.13 
0.21 
0.17 
0.34 

0.17 
·0.13 

0.21 
0.34 

0.17 
0.07 
0.10 
0.08 

Cl 

meq/liter 

0.04 
0.04 
0.04 
0.05 

0.05 
0.04 
0.04 
0.04 
0.05 

0.03 
0.04 
0.04 
0.04 
0.05 

0.02 
0.02 
0.02 
0.02 

0.02 
0.02 
0.02 
0.02 
0.02 

0.02 
0.02 
0.02 
0.02 

0.01 
0.01 
0.01 
0.01 

N03 

0.33 
0.23 
0.40 
0.50 

0.51 
0.33 
0.23 
0.40 
0.50 

0.36 
0.33 
0.23 
0.40 
0.50 

0.09 
0.13 
0.16 
0.20 

0.14 
0.!3 
0.09 
0.16 
0.20 

0.16 
0.13 
0.09 
0.20 

0.10 
0.07 
0.05 
0.08 

HC03 

0.38 
0.40 
0.28 
0.38 

0.16 
0.23 
0.27 
0.15 
O.ZO 

0.07 
O.IZ 
0.16 
0.07 
0.10 

0.41 
0.44 
0.38 
0.45 

0.18 
0.Z3 
0.24 
0.17 
0.21 

0.07 
0.10 
0.12 
0.07 

0.10 
0.11 
0.12 
0.08 

C03 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

to 
N 



Table 16: Observed and Predicted Concentrations of Constituents in the 
Olympic Subsoil Sample with Computations Based on an 
Estimated Value for the Total Exchangeable Bases 

Calculated Exch. Cations Dissolved Ions 
pH 

H2O CO2 Lime Gypsum Value H Ca Mg Na Ca Mg Na S04 CI N03 HC03 CO) 

% % % % __ meq/l00g ( meq/liter 

Experimental (A) 200 3.95 0.00 0.00 5.78 18.78 9.18 I. 70 0.05 0.39 0.11 0.22 0.30 0.04 0.13 0.40 0.00 
Predicted** 0.00 0.00 5.79 19.39 8.61 I. 63 0.06 0.24 0.07 0.24 0.52 0.06 0.05 0.-11 0.00 
Predicted *** 0.00 0.00 5.64 19.42 8.66 I. 57 0.05 0.49 0.14 0.26 0.55 0.05 0.08 0.29 C.OO 
Predicted**** 0.00 0.00 5.82 18.40 9.72 I. 54 0.04 0.44 O. II 0.17 0.85 0.09 0.05 0.44 0.00 

Experimental (B) 200 I. 06 0.00 0.00 5.83 18.65 9.34 I. 67 0.04 0.30 0.08 0.16 0.30 0.05 0.04 0.12 0.00 
Predicted* 0.00 0.00 5.91 18.70 9.23 1.71 0.05 0.22 0.06 0.19 0.30 0.04 O. !3 0.14 0.00 
Predicted * * 0.00 0.00 5.99 19.20 8.77 I. 66 0.07 0.11 0.03 0.19 0.52 0.06 0.05 O. \ 7 0.00 
Predicted:::* 0.00 0.00 5.67 19.70 8.42 I. 53 0.05 0.35 0.10 0.24 0.55 0.05 0.08 0.C8 0.00 
Predicted 0.00 0.00 5.93 18.63 9.52 I. 51 0.04 0.23 0.05 0.14 0.85 0.09 0.05 1).15 0.00 

Experimental (C) 200 0.64 0.00 0.00 5.75 19.44 8.62 I. 60 0.05 0.27 0.08 0.20 0.36 0.04 0.03 0.06 0.00 
Predicted* 0.00 0.00 5.92 18.86 9.10 I. 69 0.05 0.18 0.05 0.18 0.30 0.04 o .J3 0.09 0.00 
Predicted** 0.00 0.00 6.05 19.23 8.73 I. 66 0.08 0.08 0.02 0.17 0.52 0.06 0.05 0.12 0.00 
Predicted*** 0.00 0.00 5.67 19.77 8.36 I. 52 0.05 0.32 0.09 0.24 0.55 0.05 0.08 0.05 0.00 
Predicted **** 0.00 0.00 5.95 18.67 9.48 I. 51 0.04 0.19 0.05 0.14 0.85 0.09 0.05 O. \0 O.UO 

Experimental (D) 500 4.47 0.00 0.00 5.77 19.31 8.71 I. 64 0.04 0.27 0.08 0.15 0.21 0.02 0.02 0.44 0.00 
Predicted* 0.00 0.00 5.76 19.08 8.94 I. 65 0.03 0.33 0.10 0.12 0.12 0.02 0.05 0.42 0.00 
Predicted*** 0.00 0.00 5.70 19.38 8.72 I. 57 0.03 0.37 0.10 0.14 0.22 0.02 0.03 0.37 0.00 
Predicted**** 0.00 0.00 5.79 18.77 9.42 1.49 0.02 0.38 0.09 0.10 0.34 0.03 0.02 0 ... 6 0.00 

Experimental (E) 500 0.81 0.00 0.00 5.59 18. i7 9.27 I. 63 0.03 0.13 0.04 0.08 0.18 0.03 0.01 0.12 0.00 
Predicted* 0.00 0.00 6.01 18.78 9.18 I. 70 0.04 0.12 0.04 0.10 0.12 0.02 0.05 0.14 0.00 
Predicted ** 0.00 0.00 6.04 19.36 8.65 I. 64 0.05 0.07 0.02 0.12 0.21 0.02 0.02 O. i 5 0.00 
Predicted*** 0.00 0.00 5.81 19.82 8.33 I. 51 0.04 0.16 0.05 0.12 0.22 0.02 0.03 0.09 0.00 
Predicted **** 0.00 0.00 5.97 19.12 9.11 I. 45 0.03 0.12 0.03 0.08 0.34 0.03 0.02 0.13 0.00 

Experlme'1.tal (F) 500 0.50 0.00 0.00 5.86 19.65 8.47 1. 54 0.04 0.14 0.04 0.12 0.22 0.02 0.03 . Q. 06 0.00 

Predicted 0.00 0.00 6.04 18.97 9.02 I. 67 0.04 0.09 0.03 0.10 0.12 0.02 0.05 0.09 0.00 
Predicted * * 0.00 0.00 6.12 19.39 8.62 I. 63 0.04 0.05 0.01 0.10 0.21 0.02 0.02 0.11 0.00 
Predicted **** 0.00 0.00 5.99 19.45 8.81 I. 40 0.03 0.09 0.02 0.08 0.34 0.03 0.02 0.08 0.00 

Experime'i.tal (G) 1000 0.78 0.00 0.00 5.97 18.78 9.41 1.49 0.02 0.10 0.03 0.05 0.17 0.02 0.01 O. ! 2 0.00 

Predicted ** 0.00 0.00 6.00 19.08 8.94 1.-65 0.03 0.10 0.03 0.06 0.06 0.01 0.03 0.13 0.00 

Predicted 0.00 0.00 6.03 19.46 8.58 I. 62 0.03 0.07 0.02 0.08 0.10 0.01 0.01 0.14 0.00 
*** 0.00 0.00 5.87 19.87 8.30 I. 50 0.03 0.11 0.03 0.07 0.11 0.01 0.02 0.10 0.00 Predicted 

The exchangeable cations, water. lime I and gypsum aC9 computed to the 
basiS of oven dry soil. 

*Predicted from experimental data (A) 
**Predicted from experimental data (D) 

***Predicted from experimental data (r) 
****Predicted from experimental data (G) c..o 

*Exchangeable H includes exchangeable AI. Fe and other acid producing cations. c.v 
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level. Table 17 shows the exchangeable cations ascertained by these 

two different routine s for the four acid soils together with the experi­

mentally determined exchangeable cations. There was a large variation 

in the predictions of individual exchangeable cations by these two methods 

for the White House and Mount Lemmon soils. However; the ratios of 

exchangeable bases computed by these two methods were in much closer 

agreement. This would be expected since, in both cases, the ratios of 

exchangeable bases were ascertained from the same concentrations of 

dissolved ions. 

The exchangeable acid producing cations predicted in Tables 9, 

IO, II, and 12 are in almost perfect agreement with the experimental 

values. This would be expected because it was assumed that the per­

centage of acid producing cations was the same in each sample regard­

less of the level of dilution or CO 2 . The predicted levels would deviate 

slightly from the initial level because the systems analysis model adjusts 

for the small change in exchangeable acid cations caused by the effect 

of CO 2 entering or leaving the system. This change is so small it could 

not have been detected in the laboratory. 

The exchangeable acid producing cations predicted in Tables 13, 

14, 15, and 16 show more deviation than was true for the predictions 

shown in the previous four tables. This is because the percentage of 

exchangeable acid producing cations was calculated separately for each 

sample from the lime potential. These deviations between calculated and 



Table 17: Experimental and Calculated Exchangeable Cation 
Concentrations 

Exchangeable Cations## 

H 2O CO 2 H4F Ca Mg Na 

% % meq/100g 

WHITE HOUSE SOIL (0-3 inches) 

Experimental 3.16 3.13 1. 53 0.01 

Calculated * 200 5.46 3.16 4.73 1. 00 0.01 
Calculated * 200 1. 28 3.16 4.81 0.93 0.01 
Calculated * 200 0.86 3.16 4.38 1. 35 0.01 

** Calculated 200 5.46 6.40 2.07 0.44 0.01 
Calculated ** 200 1.28 6.59 1. 94 0.38 0.00 

Calculated ** 200 0.86 6.76 1. 64 0.51 0.00 

MOUNT LEMMON SOIL (0-6 inches) 

Experimental 7.24 26.40 2.07 0.01 

Calculated * 200 4.75 7.24 26.86 3.38 0.02 

Calculated * 200 3.56 7.24 27.72 3.52 0.02 

Calculated * 200 1. 24 7.24 27.17 3.07 0.02 

Calculated ** 200 4.75 16.38 18.74 2.36 0.02 

Calculated ** 200 3.56 15.42 20.22 1. 84 0.02 

Calculated ** 200 1. 24 15.95 19.33 2.18 0.02 

OLYMPIC SURFACE SOIL (0-6 inches) 

Experimental 24.62 9.10 3.05 0.02 

Calculated * 200 4.29 24.62 11. 02 1. 61 0.05 

Calculated * 200 2.12 24.62 10.95 1. 68 0.05 

Calculated * 200 0.98 24.62 10.97 1. 66 0.05 

Calculated ** 200 4.29 24.25 11. 34 1. 66 0.05 

Calculated ** 200 2.12 24.51 11. 04 1. 70 0.05 

Calculated ** 200 0.98 24.87 10.76 1. 63 0.05 

95 

K 

0.97 

1. 62 

1. 30 
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Table 17: continued 

Exchangeable Cations## 

H 2O CO2 H# Ca Mg Na K 
% % meq/l00g 

OLYMPIC SUBSOIL (18-24 inches) 

Experimental 16.25 8.23 1. 29 0.03 3.14 

Calculated * 200 3.95 16.25 11. 31 2.09 0.06 
Calculated * 200 1. 06 16.25 11. 37 2.04 0.05 
Calculated * 200 0.64 16.25 11. 30 2.10 0.06 

Calculated ** 200 3.95 18.78 9.18 1. 70 0.05 
Calculated ** 200 1. 06 18.65 9.34 1. 67 0.04 
Calculated ** 200 0.64 19.44 8.62 1. 60 0.05 

* The level of base saturation used in these calculations was analytically 
determined. 

**The level of base saturation used in these calculations was empiri­
cally estimated from the lime potential and CO2 as illustrated in 
Figure 2. 

#Exchangeable H includes exchangeable AI, Fe and other acid pro­
ducing cations. 

##the exchangeable cations are computed to the basis of oven dry soil. 
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predicted exchangeable acid cations were not large and can be attributed 

to normal experimental error in the determination of the lime potential. 

Except for the White House soil the calculated exchangeable Na+ 

concentrations were two to three fold larger than the concentrations com­

puted by the systems analysis model using the Gapon equation. It would 

appear that the Gapon equation may not be completely satisfactory for 

estimating the exchangeable Na:Ca ratio in acid soils. This is not sur­

prising since most exchange equations have been tested largely in soils 

neutral or alkaline in reaction. Though the Na:Ga ratio was off from two 

to three fold I the total exchangeable Na+ concentration was so low that 

the error was negligible in comparison to the total base exchange capaci-

ty. 

The calcium -magne sium exchange equation (equation [2]) which 

was used to estimate the proportions of these ions I appeared to be satis­

factory for all the soils except the Olympic surface soil. In this soil the 

estimated magnesium concentration was about half that determined in the 

laboratory. 

Dissolved ions: There was almost no difference in predictions of 

dissolved ions regardless of whether an experimental or an estimated base 

saturation percentage was used. This was true even when there was a 

wide discrepancy between experimental and estimated levels of base 

saturation. The exchangeable cations acted as strong buffers for the 

cations in solution; consequently I it was the ratio of these cations rather 
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than their total concentration which had the greater influence on the 

dissolved ions. Since the exchangeable ion ratios were calculated from 

the dissolved ions in both approaches, these ratios were the same; there­

fore, there should be little difference in the dis solved ion concentrations 

predicted by either approach, unle s s the total exchangeable cations were 

low enough to be of the same order of magnitude as the total dissolved 

cations. Since the ionic concentrations predicted by these two different 

methods were almost identical the remainder of this discus sion will be 

limited to the data presented in Tables 9, 10, II, and 12. 

The predicted and experimental pH values and HCO"3 concen­

trations were in good agreement in all four acid soils. This was especi­

ally true for the Mount Lemmon soil where the standard deviation for the 

pH value was only 0.05 pH units. 

The predicted and experimental Ca ++ concentrations were 

generally in good agreement except for the Mount Lemmon soil. It was noted 

that, in this soil, the sum of the dissolved cations greatly exceeded the 

sum of the dissolved anions. The conductivity data indicated that the 

anion concentrations were usually low and that the cation concentrations 

tended to be quite high. Dissolved silicates and phosphates were not 

determined and these ions may be held accountable for some of the anion 

deficit. The dissolved cations were initially all determined by atomic 

absorption techniques and it was thought that the Ca ++, Mg ++, Na + I and 
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K+ in the dissolved organic matter might have significantly biased the 

determinations of these ions upward. 
++ 

The Ca concentration usually 

exceeded the tota.l cation concentration expected on the basis of conduc-

t " "t ++ IVI Y measurements; consequently, the Ca analyses were repeated 

using the versenate titration and found to be in good agreement with Ca-l+ 

determined by atomic absorption techniques. The yellow-orange extracts 

obtained from this soil may very well have contained a significant quan-

tity of Ca ++ which was weakly tied up in an organic complex. In general 

the Ca ++ analyses appeared to most in error in the greater dilutions. 

++ + = The predicted Ca ,Na, SO 4' Cl , and N03 concentrations 

were in fairly good agreement with the experimental value s. Considering 

the very low concentrations of these ions, the deviations can be attributed 

almost completely to experimental error. This can certainly be said 

regarding Cl-. Since the predictions for the other ions were usually off 

by no more than were those for Cl-, these deviations may also be 

attributed largely to experimental error. 

It should be noted that, with few exceptions, the predictions 

made for a given experimental value tend to fall on both sides of the value. 

This is an indication that the systems analysis model used in this study is 

not biased in one direction. It also lends further support to the contention 

that the deviations between predicted and experimental values can be 

largely attributed to experimental errors. 
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In these acid soils K+ frequently constituted a considerable 

fraction of the total dissolved cations. Since K+ was ignored in the model 

used to obtain these predictions, this caused a sizeable discrepancy 

between the concentrations of cations and anions considered to be in 

solution. When predictions were made to a lower water content, this 

discrepancy was multiplied so that in some samples each of the predicted 

cation concentrations was very low. By combining K+ with Na+ this dis­

crepancy between cations and anions was largely eliminated and greatly 

improved predictions were obtained. From this it was concluded that in 

the acid soils studied, the exchange reactions for K+ were close enough to 

those for Na+ to permit inclusion of K+ with Na+ in the systems analysis 

model. Special mention should be made of the fact that the Na + concen­

trations reported in Tables 3 through 16 do not include the K+ concen­

trations. 

Application of the Systems Analysis Approach to 

Predicting Changes in Ground Water Quality 

The system analysis model developed in this study was used to 

estimate the quality of water percolating downward from irrigated fields 

toward the water table. The area s studied were located near Tipton, Cali­

fornia; and had been under irrigation for many years. Considering the 

sandy texture of most of the soil in these areas, it seemed probable that 

deep draining irrigation water was being recharged into the water table. 
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Soil cores were taken at intervals from the soil surface to the water table 

and analyzed in the laboratory. The quality of the percolating water was 

then computed, using the systems analysis approach developed in this 

study I from chemical analysis data obtained from 1: 1 soil-water extracts 

of soil core samples. In these calculations it was assumed that the 

partial pressure of the CO 2 in equilibrium with the percolating water was 

0.02. 

The quality of the percolating water thus computed for different 

depths is given in Table 18. It should be noted that most of the perco­

lating water is quite similar to the ground water. An occasional sample 

of percolating water was different from most; and, it should be understood 

that this would be a normal occurrence under field conditions. There may 

be lenses of clay or hardpan which are almost impermeable to the flow of 

water; and, the solution contained in them may be greatly different from 

the solution contained in the surrounding media, wherein the bulk of the 

flow occurs. Such clay lenses would normally have little effect on the 

overall quality of percolating water since they are bypassed by the main 

flow paths. This points out the need for evaluating the main flow paths 

before predictions can be made regarding changes in the quality of per­

colating or flowing ground water. In general it would appear that the 

ionic species contained in percolating water can be satisfactorily esti­

mated from a laboratory analysis of soil core s obtained in the field. 



Table 18: Variation in Quality of Percolating Water with Depth at Two 
Locations in the San Joaquin Valley I California 

Total 
Depth Ca Mg Na S04 Cl N03 HC03 C03 cations 

ft. 
<: meq/liter ) 

Irrigation 
water 1. 20 0.33 0.45 0.08 U.14 0.02 1. 74 0.00 1. 98 

(Tulare County, Calif. 21/25-26) 

Soil water* 4 5.14 2.40 2.90 2.02 0.55 1. 13 6.64 0.02 10.43 
11 1. 73 0.67 10.43 3.01 0.29 0.22 9.25 0.03 12.83 
21 4.53 1. 00 5.68 4.68 1. 53 0.36 5.88 0~01 11. 21 
29 5.37 1. 90 3.56 4.53 1. 28 0.17 5.34 0.01 10.83 
42 4.29 1. 75 1. 48 2.03 0.53 0.09 5.53 0.01 7.52 
49 5.47 1. 79 1. 36 3.31 0.53 0.08 5.08 0.01 8.62 
61 3.41 1. 50 0.96 2.02 1.15 0.05 2.98 0.00 5.87 
80 4.55 1. 08 1. 27 1.45 0.45 0.10 5.23 0.01 6.90 
90 4.77 1. 59 1. 27 1. 50 0.82 0.19 5.17 0.01 7.63 

100 1. 08 0.67 8.51 4.76 0.85 0.11 5.43 0.01 10.25 

Well water 110 5.14 1. 45 1. 89 1.19 0.83 0.56 5.90 0.02 8.48 

(Tulare County, Calif. 21/26-34) 

Soil water* 11 4.70 1. 97 0.82 0.83 0.70 0.58 5.12 0.01 7.49 
20 6.32 1.15 0.90 2.02 0.16 1. 53 4.58 0.01 8.38 
30 5.34 1. 56 1. 02 0.54 0.25 2.31 4.84 0.01 7.91 
36 2.41 1. 18 5.07 0.88 0.60 0.16 7.17 0.02 8.66 
40 2.60 1. 25 4.99 1.16 0.47 0.58 6.99 0.02 8.83 
48 2.83 2.59 2.14 1. 34 0.27 0.27 6.73 0.02 7.55 
61 3.13 1. 23 2.73 0.64 0.28 0.36 6.19 0.01 7.09 
71 3.50 1. 40 2.65 1. 40 0.28 0.14 6.00 0.01 7.S5 
90 1. 43 0.64 12.09 3.42 0.47 0.26 10.39 0.04 14.17 

100 3.59 1.72 1. 29 0.58 0.28 0.21 5.57 0.01 6.60 
110 4.07 1. 29 1.16 0.53 0.79 0.06 5.37 0.01 6.52 

Well water 100 2.84 1. 02 2.92 0.84 0.28 0.85 5.24 0.02 6.78 

I-' 

0 
*Ionic concentrations in the soil water are calculated from core analysis data. N 
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There is much variation in the ratios of dissolved cations in the 

different strata listed in Table 18. These ratios can be expected to change 

each time the percolating water enters a strata containing different ratios 

of exchangeable cations. The percolating water also ha s an effect on the 

exchange characteristics of the strata; so, the exchangeable cations 

found in anyone stratum will gradually migrate in the direction of water 

flow. 

Negative adsorption of anions and "bound" or "retained" water 

can be Significant under the low moisture conditions frequently present in 

the field. The effect of these phenomena can be handled Simply by con­

sidering the "retained II and "salt free" water a s part of the solid pha se 

rather than part of the percolating liquid phase (39, 40). This would thus 

involve changes in the moisture contents punched on the data cards and 

would not affect the internal mechanics of the system analysis model 

developed in this study. 

It is theoretically possible to use the systems analysis model 

developed in this study for predicting changes in the quality of perco­

lating or flowing ground water. This could be done using a chromato­

graphic approach similar to that developed by Martin and Synge (69) and 

Glueckauf (46) and applied to soil columns by Dutt and associates (34, 

36, 37), Terkeltoub (93), van der Molen (104) and Dyer (39, 40). The 

available field data was not sufficient to allow a test of the model 

developed in this study using a chromatographic approach; but, in view 



of the general success of chromatographic theory applied to similar 

problems I it would be reasonable to assume that this approach would 

probably be successful here also. 
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SUMMARY AND CONCLUSIONS 

Equations [9, 10, 11, 12, 13, 16, 22, and 23], relating the 

chemical equilibria of dissolved CO 2 , HC03, C03, and H+, solid phase 

CaC03 , and ionic strength, were programmed for solution by successive 

approximation on a 7072 IBM digital computer. This program was com-

bined with that of Dutt and associates (32, 33, 34, 37, 47) which related 

equations [I, 2, 9, 10, 18, and 20J for the chemical equilibria of dis-

++ ++ + --
solved and exchangeable Ca ,Mg ,and Na , dissolved 8°4, Cl , and 

N03, solid phase Ca804· 2H 20, and ionic strength. The combined systems 

analysis model permitted prediction of the equilibrium concentrations 

which would result in a given calcareous soil-water system after one of 

the constituents had been arbitrarily changed. 

The model for the calcareous soil-water system was modified by 

semi-empirical means to account for the effects of acid producing cations 

such as H+, Al+++, and Fe +++. This was done by relating the lime potential 

pH-l/2p(Ca+Mg), to the base saturation percentage using the average 

relationships shown in Figure 2. The constituents considered in the final 

model included most of the dissolved substances normally found in appreci-

able amounts in ground water and soil solutions. This includes most of 

the ionic species normally of interest to the consumer of water. 

105 
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The final model developed in this study was used to predict 

changes in the concentrations of ionic species in soil solutions which 

would result from changes in the percentage of water and/or carbon 

dioxide. These predictions were tested by comparing them with labora­

tory analyses of the actual soil-water systems. Predictions were made 

for soil vastly different in regard to chemical characteristics, texture 

and genesis. In general these predictions were satisfactorily close to the 

experimental values. The reliability of these predictions was about the 

same as the reliability of the analytical procedures on which they were 

based. It is believed that if the precision of the analytical procedures 

can be increased, the quality of the predictions based on these analyses 

will be improved accordingly. This study was primarily concerned with 

pH values and HCO; and C0'3 concentrations. The predicted pH values 

generally agreed with the observed values within less than 0.1 pH unit. 

The HC03 and C0'3 predictions were closely dependent upon measurements 

of the pH value and usually were in satisfactory agreement with the 

experimental value s . 

This systems analysis model waS also used to calculate the 

quality of deep percolating irrigation water from core analyses data. The 

quality of most of the percolating water was found to be similar to the 

underlying ground water. This indicated that ground water recharge was 

probably taking place. The systems analysis model developed in this 

study should have many practical applications. It can be used to relate 
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soil chemical analyses obtained at different moisture levels to a common 

parameter. It can be used as an aid in the interpretation of soil chemical 

analyses data and in their application to field conditions. 



SYMBOL 

A 
M 

AM 
AN 
AN2 
AR 
Al 
A2 
A3 
B 

APPENDIX A 

LIST OF SYMBOLS 

DEFINITION 

C ++ ' I t' a In so u Ion 
Coefficient for the highest power in a polynomial 
equation 
Ca++ 

Total anions in solution (Input system) 
Total anions in solution (Output system) 
Ca ++ in solution 
Ca++ in solution 
Ca ++ in solution 
Ca ++ in solution 
Factor for converting from moles/g of solid phase 
to moles/l of liquid phase 

BB Coefficient for the second highest power in a 

BEC 

BECD 

BECM 

BEC2 

BS 

BSA 

polynomial equation 
Base exchange capacity at pH value of 8.3, dry 
weight basis 
Base exchange capacity at pH value 
of 8.3, dry weight basis 
Base exchange capacity at pH value of 8.3, dry 
weight basis 
Exchangeable bases in output system, dry weight 
basis 
Negative slope of line relating lime potential or 
pH-l/2pCa to CO 2 for a given level of base 
saturation 
A variable used to relate HS to BS 

BSC A variable used to relate HS to BS 
BSNS 

CAL 
CALCB 
CALCD 
CALCF 

CALC ° 

The base saturation percentage at which HK is equal 
to CON 
Ca ++ in solution 
CaC0 3 , measured on a dry weight basis 
CaC0 3 , measured on a dry weight basis 
CaC0 3 , measured on a dry weight basis (Input) 
CaC03, measured on a dry weight basis (Output) 
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UNITS 

moles/l 

me/l 
me/l 
me/l 
moles/l 
moles/l 
moles/l 
moles/l 

me/lOOg 
moles/g 

me/lOOg 

me/lOOg 

percent 
me/l 
moles/g 
moles/g 
percent 
percent 



SYMBOL 

CAL2 

CARB 
CARTT 
CASO 
CAS 1 
CAT 
CATT 
CAT2 
CC 

CH 

CHL 
CHL2 
CHT 
CHTT 
CMG 
CMG2 
CNO 
CN02 
CON 
COO 
C03 
C03A 
C03B 
C03T 
CPPTM 
CT 
C5 
D 
DA 
DD 

DEL 
DIF 
DIFF 
DT 
ECALI 
ECAL2 
ECMG1 

DEFINITION 

Ca++ in solution measured on a dry weight basis 
(Output) 
HC03 plus CO; 
HC03 plus C0"3 
Undissociated CaS04 
Undissociated CaS04 
Total dissolved cations (Input) 
Total dissolved cations 
Total dissolved cations (Output) 
Coefficient for the third highe st power in a 
polynomial equation 
Difference in HC03 plus 2 CO'3 on two suc­
ces sive trips through main loop (between state­
ments 24 and 413) 
Cl-in solution (Input) 
Cl-in solution (Output) 
Temporary storage for CH 
A constant equal to the first value for CH 
Mg++ in solution (Input) 
Mg++ in solution (Output) 
N03 in solution (Input) 
N03 in solution (Output) 
A variable dependent upon solubility of CaC0 3 
HC03 plus C03' in solution 
CO'3 in solution 
CO'3 in solution (Input) 
CO'3 in solution (Output) 
Temporary storage for C03 
Equal to CARTT-HC03-2 C03 
Exchangeable Mg++ I dry weight basis 
Eachangeable Mg++ I dry weight basis 
Na++ - Ca++ exchange constant 
Ca ++ - Mg++ exchange constant 
Coefficient for the fourth highest power in a 
polynomial equation 
Variable I different meanings 
Equal to ABSF (CARTT-COO) 
Temporary storage for DIF 
Arbitrary change in HC03· plus C03 
Exchangeable Ca++ (Input) 
Exchangeable Ca++ (Output) 
Exchangeable Mg++ (Input) 
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UNITS 

me/1 
me/1 
equiv/1 
moles/1 
moles/1 
me/1 
equiv/1 
me/1 

moles/1 
me/1 
me/1 
moles/1 
moles/1 
me/1 
me/1 
me/1 
me/1 

equiv/1 
moles/1 
moles/1 
moles/1 
moles/1 
equiv/1 
moles/g 
moles/g 

equiv/1 
equiv/1 
equiv/1 
me/100g 
me/100g 
me/100g 



SYMBOL 

ECMG2 
EE 

EH 
ESODI 
ESOD2 
ESP 
ET 
EX 
EXAP 
E5 
F 

FJ 
G 
GYP 
GYP2 

H 
HC03 
HC03A 
HC03B 
HC03T 
HK 
HKV 

HS 
HSAT 
HYD 

J 

K 

KK 
K24 

M 
PC02 
PC02A 
PH 
PH2 
R 
RA 

DEFINITION 

Exchangeable Mg ++ (Output) 
Coefficient for the fifth highe st power in a 
polynomial equation 
Exchangeable acid producing cations (Output) 
Exchangeable Na++ (Input) 
Exchangeable Na++ (Output) 
Exchangeable Na + percentage 
Exchangeable Ca ++ 
An activity coefficient multiplied by an integer 
Exchangeable acid producing cations (Input) 
Exchangeable Ca++ 
Mg ++ in solution 
A counter for counting trips through main loop 
S04: in solution 
Gypsum in dry soil 
Undissolved gypsum in output system I dry 
weight basis 
CC plus N03 in solution 
HC03 in solution 
HC0:3 in solution (Input) 
HC0 3 in solution (Output) 
Temporary storage for HC03 
The lime potential 
A constant relating the change in base saturation 
to change in lime potential 
The base saturation percentage (Input) 
The base saturation percentage (Output) 
H+ in solution 
A counter used to count consecutive loops in 
which divergence occurs 
A counter used to count loops during solution 
of the Na++ - Mg++ exchange equation 
A counter used in a minor loop 
A counter used to count number of cycles in 
main loop 
Counts samples for each page of printout 
Partial pressure of C02 (Output) 
Partial pres sure of CO 2 (Input) 
The pH value of the input system 
The pH value of the output system 
The negative ratio of total cation change 
Temporary storage for R 
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UNITS 

me/lOOg 

me/lOOg 
me/lOOg 
me/lOOg 
percent 
moles/g 

percent 
mOles/g 
moles/l 

moles/l 
percent 

percent 
moles/l 
moles/l 
me/l 
me/l 
moles/l 

percent 
percent 
moles/l 

decimal 
decimal 



SYMBOL 

RCAS 
RCT 
RET 
RF 
RG 
RS 
RSAT 
S 
SAR 

SAT 
SA5 
SOD 
SOD2 
SP 
SSS 
SUL 
SUL2 
TA 
TF 
TS 
U 
VI 
V2 
W 
WI 

WO 

x 
XXT 
Xl 
Y 
Z 
ZE 
ZZ 

DEFINITION 

Temporary storage for CASO 
Temporary storage for CT_ 
Temporary storage for ET 
Temporary storage for F 
Temporary storage for G 
Temporary storage for S 
Temporary storage for SAT 
Na + in solution 
Variable I used in sodium adsorption ratio 
calculations 
Exchangeable Na+ 
Exchangeable Na + 
Na + in solution (Input) 
Na+ in solution (Output) 
Solubility product constant of CaC03 
Na+ in solution· 
SO'4 in solution (Input) 
S04 in solution (Output) 
Temporary storage of A 
Temporary storage of F 
Temporary storage of S 
The square root of u I the ionic strength 
Activity coefficient for monovalent ions 
Activity coefficient for divalent ions 
A variable 
The percent water in the input system I dry weight 
basis 
The percent water in the output system I dry 
weight basis 
A variable 
Solid phase gypsum 
A variable 
A variable 
A variable 
Exchangeable Ca ++ plus Mg ++ 
A variable 

ZZZ A variable 
Z 1 A variable 

III 

UNITS 

moles/l 
moles/g 
moles/g 
moles/l 
moles/l 
moles/l 
mOles/g 
moles/l 

moles/g 
moles/g 
me/l 
me/l 
m2/12 
me/l 
me/l 
me/l 
moles/l 
moles/l 
moles/l 

percent 

percent 

moles/g 

equiv/g 



APPENDIX 8: COMPLETE FORTRAN LISTING 

* COMPILE FORTRAN,EXECUTE FORTRAN 

101 FORMAT (3F4.0,lOF4.2,F5.3,F4.2) 
103 FORMAT (I5,10EIO.3,FI2.8,I3) 
104 FORMAT 17El5.6,3I3,F6.0) 
122 FOR~AT f120Hl H20 GYP LIME PH PC02 EH ECA E~G 

lENA BEC CA MG NA S04 CL N03 HC03 
1C03 CAT AN BASE ESP) 

123 FORMAT fF6.0,2F4.2,F5.2,F7.5,5F5.2,10F6.2,F5.0,F4.11 
124 FORMAT (2H I 

t<1 = 1 
D=.625 
DA=.608 
PRINT 122 

100 READ 101,110,WO,WI,BEC,GYP,CALCO,PH,CAL,CMG,SOD,(HL, 
lSUL,CAR8.CNO,PC02,EXAP 

PC02=PC02*.Ol 
ry\=~/+1 

K=l 
KK=l 
CASO=O.O 
8=1.OES/WO 
HYD=EXPEF(-2.3026*PH) 
HC03A=HYD*CAR8/(9.60E-11+HYD) 
C03A=CARB-HC03A 
AAA=CAL 
SSS=$UL 

451 U=SQRTF(.0005*CSOD+CHL+CNO+HC03A}+.Onl*IAAA+C~G+SSS+ 
lC()3A» 

W=HC03A 
V1=EXPEFC-l.172*U/Cl.+U») 
V2=EXPEF(-4.688*U/(l.+U») 
HYD=CEXPEF(-2.3026*PH)}/V1 
HC03A = HYD * CARB * V2 I (9.60E-11 + HYD * V2) 
C03A=CARB-HC03A 
AA=V2*V2 
A=AAA 1f O.0005 
G=SSS~·O. 0005 
8B=-(4.9E-3+AA*A+AA*G) 
CC=AA*A*G-4.9E-3*CASO 
Xl=(-BB-SQRTF(BB*BB-4.0*AA*CC) )/(2.0*AA) 
CASO=CASO+Xl 
AAA=AAA-2000.*X1 
SSS=SSS-2000.*X1 
IF(ABSF(HC03A-W)/W-.001)452,452,451 

452 PC02A=HYD*HC03A*Vl*V1/1.617822E-5 
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G=SSS-:f-.0005 
A=AAA'*.0005 
SP=AAA*C03A*V2*V2*O.2SE-6 
IF(SP-4.S9E-9)453.453,454 

453 SP=4.59E-9 
454 HK=PH+.5*LOGF( (A+FI*V2) 

CON=-.5*LOGF(7.7655456E-19/SP) 
HKV=23.241107 
BS=CHK-CONJ/C-LOGF(PC02A» 
IF( CB5+.715)*82.304527-100.'504,504,505 

505 BS=(PH-CON+.5*LOGF(A*V2»/(-LOGF(PC02A) 
504 IFCEXAP)4S5,455,457 
455 BSA=.715 

8SC=82.304527 
BSNS=58.8477 
IF(CON-HK)458,458,459 

457 IF(CON-HK)5GO,SOO.501 
500 BSC=(-EXAP/(BS-.5» 

BSA=lOO./BSC-.5 
BSNS=BSA-r;'BSC 

458 HS=(BS+BSA)*BSC 
GO TO 503 

501 BSNS=(lOO.-EXAP)+HKV*(CON-HKI 
IF(BSNS-SG.)S07,507,506 

S06 E3SNS=80. 
HKV=(BSNS+EXAP-100.1/(CON-HK) 

S07 BSA=-.S*BSNS/(BSNS-100.) 
BSC=BSNS/BSA 

459 HS=BSNS-CCON-HK)*HKV 
IF(HS1502,503,S03 

502 HS=O.O 
503 PH2=PH 

XXT=GYP/17317.8 
XXT=XXT-O.5E-S*SUL*WI 
IF (XXT) 243, 244, 244 

243 XXT = O. 
244 CALCR=CALCO/I0009.-(HC03A+0.5*C03A'*WI*1.E-8 

r~(CALCP)241,242,242 

241 CALCB=O.O 
242 GYP=XXT*17317.8 

CALCO=CALCB*l0009. 
13ECM=BEC*1.E-5 
IF(CALCB)74,74,76 

74 IF(HS-IOO.175.75,76 
76 HS=IOO. 
75 BECD=BEC*HS*1.E-7 

F=CMG*O.0005 
SAR=.OOOS*DA*SOD*VI/SQRTF(A*V2) 
SAR=SAR*A/(A+.OOOS*CMG*D) 
SA5=BECD*SAR/(I.+SAR) 
AR=AAA/(CMG*D) 
ZE=BECD-SA5 

113 



C5=0.5*ZEf(AR+l.O) 
E5=O.5*lE-C5 
CAT=CAL+CMG+SOD 
AN=SUL+CHL+CNO+CARB 
ECALl :: E5 * 2.E5 
ECMGl = C5 * 2.E5 
ESODI = SA5 * 1.E5 
BEC=f3ECD-l(-1.E5 
EH=(BECM-BECD)*1.E5 
ESP=100.*ESODlfBEC 
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PRINT 123,WI,GYP,CALCO,PH,PC02A9EH,ECAL1,ECMGl,ESODlt 
1BEC,CAL,C~G,SOD,SUL,CHL,CNO,HC03A,C03A,CAT,AN,HS,ESP 

PRINT 124 
rr(PC02)8,S,9 

8 PC02=PC02A 
9 CHL2=CHL*WI/WO 

C NO 2 = C N 0 ~r VJ I I ',oJ 0 
HC03=HC03A*WI/(lOOO.*WO) 
C03=C03A*WI/(2000.*WO) 
A=A>,.cWlfWO 
CASO=CASO*WI/WO 
G=G*',oJ I fWO 
S=SOD*.OOl*WlfWO 
F=F*ltlIlWO 
H=(CHL+CNO)*.OOl*WlfWO 
ET=E5 
CT=C5 
SAT=SA5 
HSAT=HS 
K24=O 
F J=l. 
HC03T=HC03 
C03T=C03 
CARTT=O.O 
DIF=O.O 
COO=O.O 
J=l 

24 K24=K24+1 
DIFF=DIF 
DIF=ABSF(CARTT-COOI 
IF(DIF-DIFF)414,414,415 

415 J=J+l 
IF(j-5l418.418,416 

416 CHTT=-Cl-ITT 
414 J=l 
418 IF(K24-35)421,424,425 
424 CHTT=.OOOl*(2.**(-(FJ)*2. ) l*CHTT/ABSF(CHTT) 
425 IF(K24-100)421,419,419 
421 CARTT=HC03+2.*C03 

BEC=SAT+2.*(ET+CT) 
IF(BECM-BEC-CALCBl92,93.93 

92 ET=ET+(BECM-BEC)*.5 



CALCB=CALCB+CBEC-BECM)*.5 
GO TO 90 

93 ET=ET+CALCB 
CALC8=O. 

90 BEC=SAT+2.*CET+CTI 
HSAT=HS*BEC/BECD 
U=SQRTFC2.0*(A+F+G+C03)+0.5*CS+HC03+HI I 
V1=EXPEF(-1.172*U/(1.+U» 
V2=EXPEF{-4.68S*U/Cl.+U» 
IFCA'71,71.72 

71 ET=ET+(A-1.E-7)/B 
SAT=SAT-C2.*A-2.E-7)/B 
S=S+2.*A-2.E-7 
A=1.E-7 

72 IFCHSAT-BSNS)610,611,611 
610 HK={HSAT-BSNSI/HKV+CON 

PH2=HK-.5*LOGFC CA+Fl*V2) 
GO TO 612 

6]] BS=HSAT/RSC-RSA 
IF(HSAT-99.9999)613,613,614 

613 PH2=CON-BS*LOGFCPC02)-.5*LOGF(CA+F'*V2) 
GO TO 612 

614 PH2=CON-BS*LOGF(PC02)-.5*LOGFCA*V2) 
612 HYD=CEXPEFC-2.3026*PH2»/V1 

HC03=PC02*1.617822E-8/CHYD*V1*V1) 
C03=HC03*4.80E-11/CHYD*V2) 
COO=HC03+2.*C03 
FJ=FJ-1. 
CARB=HC03T+2.*C03T 
HC03T=CARB*HC03/(HC03+2.*C03) 
C03T=CARB*C03/(HC03+2.*C03) 
CH=HC03-HC03T+2.*(C03-C03T) 
IFCFJ+1.)202,202,205 

202 IFCABSFCCHT+CH)-ABSFCCHI-ABSFCCHT) '208,203,208 
'203 FJ=FJ+l. 

GO TO 209 
208 CHTT=-1.0*CHTT 
209 DT=CHTT*C2.**(FJ*2.') 

HC03=HC03T+DT*HC03/CHC03+2.*C03' 
C03=C03T+DT*C03/CHC03+2.*C03) 
IFCHC03)16,16,15 

15 IFCC03116,16,211 
16 C03=C03T/2. 

HC03=HC03T/2. 
G() TO 211 

205 CHTT=CH 
211 C03T=C03 

HC03T=HC03 
CHT=CH 
RCAS=CASO 
RA=A 
RF=F 
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RG=G 
RS=S 
RET=ET 
RCT=CT 
RSAT=SAT 
CALCD=CALCB 

428 CPPTM=CARTT-C2.*C03+HC03) 
IFCABSFCCPPTM)-CS+2.*(A+F+CASO) )97.95,95 

97 IFCAGSFCCPPTM)-CZ.*CET+CT)+SAT'*B)96,95,95 
95 HC03=HC03+CPPTM*.30*HC03/(HC03+Z.*C03) 

C03=C03+CPPTM*.30*C03/CHC03+2.*C03) 
KK=KK+l 
IF(FJ+l.)48,48.47 

47 CH=HC03-HC03T+2.*CC03-C03T) 
CHTT=CH 

48 C03T=C03 
HC03T=HC03 
CHT=CH 
IF(lOO-KK)419t428,428 

96 CALC8=CALC8+CPPTM*.5/B 
IFCCALCB)302,303,303 

302 ET=ET+CALCB 
CALCB=O.O 

303 CATT=S+2.0*(A+F+CASO) 
R =CPPTr.", ICATT 
TF=F 
TS=S 
A=A-A*P. 
F=F-F*R 
S=S-S*R 
G=G+CASO*R 
CASO=CASO-CASO*R 
ET=ET+(F-TF+(S-TS'*.5,/B 
CT=CT-CF-TF'/B 
SAT=SAT-(S-TS'/B 
IFCA)65,65,62 

62 IFtS'65.65,63 
63 IF(SAT'6S,65,64 
64 IF(ET'65,65.346 
65 A=RA 

F=RF 
S=RS 
G=RG 
CASO=RCAS 
ET=RET 
CT=RCT 
SAT=RSAT 
CALCB=CALCD 
GO TO 95 

346 AA=B* O. O-D' 
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BB=A+B*CCT+D*ET)+D*F 
CC=(A*CT-D*F*ET) 
TA=A 
W=SQRTFCBB*BB-4.0*AA*CC) 
Y=(-BB+W)/(2.0*AA) 
IF(l.O-D) 33.22,33 

22 Y=-(A+CT-D*ET*FI/BB 
33 A=A+B*Y 

F=F-B*Y 
ET=ET-Y 
CT=CT+V 
Al=A 
IF(XXT)4,4t26 

4 U=SQRTFC2.0*(A+F+G+C03)+O.5*(S+HC03+H» 
AA=EXPEF(-9.366*U/(1.O+U» 
IF(2.4E-5-A*G*AA)26.18,18 

26 X=O.O 
U=SQRTFC2.0*(A+F+G+C03l+0.5*CS+HC03+H» 
BB=A+G 
EX=(9.366*U)/(1.+U) 
CC=A*G-C2.4E-5)*EXPEFCEX) 
W=SQRTFCBS*BB-4.0*CC) 
X = ( - B B +1:/ ) / 2 • 0 
CASl=4.897E-3-CASO 
DEL=B*XXT-CASI 
IFCDEL-X)27,28,28 

27 X=XXT*B 
XXT=O.O 
CASl=O.O 
A=A+X 
G=G+X 
U=SQRTF(2.0*(A+F+G+C031+0.5*(S+HC03+H» 
A~=EXPE~C-9.366*U/{1.+U» 

7 BB=-(4.qE-1+AA*A+AA*G) 
CC=AA*A*G-4.9E-3*CASO 
Xl=(-BB-SQRTF(BB*BB-4.0*AA*CC»/(2.0*AA) 
CASO=CASO+Xl 
A=A-Xl 
G=G-Xl 
GO TO 44 

18 IF CG) 1.1,6 
6 IF (AI Itl.7 
1 IF (CASO) 44.44,7 

28 A=A+X 
G=G+X 
XXT=XXT-X/B 
CASO=CASO+CASI 
XXT=XXT-CASI/B 

44 A2=A 
IFCABSF(S)-.OOOOOl)181,181.404 

181 IFCABSF(SATI-l.E-9'13,13.404 
404 IFCSAT-ET)402,403,403 
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'+02 Z=SATIlO. 
Zl=Z 
GO TO 5 

403 Z=ET!lO. 
Z1=Z 

5 EX=EXPEFC(-2.341*U)!(1.O+U» 
AA=-4.0*DA*DA*8*S 
B8=4.0*B*(EX+2.0*DA*DA*ET*B+DA*DA*SI 
CC=4.0*EX*(A+SAT*B)-4.0*DA*DA*B*ET*(B*ET+2.0*S)-DA* 

1DA*S*S 
DD=SAT*EX*(4.0*A+SAT*B)+2.0*DA*DA*ET*S*(2.0*B*ET+S) 
EE=SAT*SAT*A*EX-DA*DA*S*S*ET*ET 
K =1 

81 Zl=-«( ((AA*Z+8B)*Z+CC)*Z+DD)*Z+EEI 
ZZZ=( (4.0*AA*Z+3.0*BB)*Z+2.0*CCI*Z+DD) 
ZZ=ZZ!ZZZ 
lZZ=ZZ/Z 
Z=Z+ZZ 
K=K+1 
IFIK-12)79.79.83 

79 IFIZZZ+1.OE-3'81.82,82 
82 IF(ZZZ-1.0E-3)83,83,81 
83 A=A+B*Z 

IFIK-60}553,553.419 
553 IF(A)510,510,512 
552 SAT=SAT-2.*Z 
551 ET=ET+Z 
550 S=S+2.*B*Z 
510 A=A-B*l 

Z=-ZI 
GO TO 81 

512 S=S-2.*B*Z 
IF (S) 550,550,513 

513 ET=ET-Z 
IF (ET)551.551.514 

514 SAT=SAT+2.0*Z 
IF(SAT)552.552.13 

13 A3=/l, 
AA=B*ll.O-OI 
BB=A+B*(CT+D*ET)+D*F 
CC=(A*CT-D*F*ET) 
W=SQRTFIBB*BB-4.0*AA*CC) 
Y=(-BB+W)/(2.0*AA) 
IFll.0-D) 3.2,3 

2 Y=-(A+CT-D*ET*F)!BB 
3 A=A+B*Y 

F=F-B*Y 
ET=ET-Y 
CT=CT+Y 

413 IFIABSF(CARTT-COO)!CARTT-.OOl)412.24,24 
412 IFIABSFIA-TA)!A-.OOl)405.405.24 
405 IF(ABSF(A-A1)!A-.001)406.40~,24 
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406 rrIAgSF(A-A2)/A-.001)407.407.24 
407 I~IAGSF(A-A3)/A-.OOl)419t419t24 
419 IFICALCB)420,111,111 
l~20 CAlCB=(1.0 
III GYP2=XXT*17317.8 

CALCF=CALC8*10009. 
HC038=HC03*lOOO. 
C0'1R.=C03*2000. 
CAL2=2000.*(A+CASO) 
c.'~ G 2 = 2 0 0 n • * F 
SOD2=10nO.*S 
SUL2=2000.*(G+CASO) 
ESOD2=SAT*lOOOOO. 
EC!\L2:.::ET*2.E5 
ECMG2=CT*2.0E5 
CAT2=CAL2+CMG2+S0D2 
AN2=SUL2+CHL2+CN02+HC03B+C038 
8EC2=ECAL2+ECMG2+E~OD2 
EH=BECM*1.E5-bEC2 
ESP=100.*ESOD2/BEC2 
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PRINT 123,WO,GYP2,CALCF,PH2.PC02,EH,fCAL2,ECMG2,ESODZ. 
IBEC2.CAL2,CMG2.S0D2,SUL2,CHL2,(N02,H(03B.(03B,(AT2, 
lAN2.HSAT,ESP 

IFCK24-98)67,67.68 
67 PRINT 124 

GO TO 69 
68 PRINT 104,CARTT,COO,A,TA,Al,A2.A3,K24,KK.K,FJ 
69 PRINT 124 

IF (M-13) lOOtr26Jl26 
126 PRINT 122 

M=l 
GO TO 100 

110 STOP 
END 
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