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ABSTRACT

Because of problems existing in determining a repre-

sentative pH for natural ground waters, a model based on

chemical equilibrium and utilizing thermodynamic relation-

ships was developed to calculate in situ values of pH.

Data from routine chemical analysis of water samples

is utilized as input to the model, and, assuming the ground

water is in equilibrium with any solid-phase calcium carbon-

ate present in the aquifer, an equilibrium pH is calculated

and compared with the field determined pH. Disagreement

between the two values indicates nonequilibrium conditions

at the well site, possibly due to the mixing of chemically

dissimilar waters in the well bore, and possible encrusta-

tion or corrosion problems.

Many of the calculated pH values in this study

matched the field values within	 0.1 pH units. This indi-

cates that the ground waters sampled are indeed in equilib-

rium with calcium carbonate, and that in situ pH values can

be successfully determined by a chemical equilibrium model.

vi i



INTRODUCTION

Many problems exist in obtaining a representative pH

of natural ground waters, two of which are changes in tem-

perature and changes in partial pressure of carbon dioxide

as the water comes in contact with the atmosphere. To ob-

tain any meaningful pH data at all requires that the pH be

determined in the field. Even then, additional problems

exist in the operation of electrometric pH equipment under

field conditions. It would be helpful to have access to

some method that would yield a pH value that is not affected

by these sources of error to replace or at least to check

the validity of the field pH.

It is the purpose of this study to develop such a

scheme in the way of a chemical equilibrium model. This

model utilizes the data from routine laboratory analyses of

water samples, and computes an equilibrium pH based on the

calcium content and using thermodynamic relationships.

Agreement with this pH and the field pH will indicate equi-

librium conditions at the well, while disagreement will in-

dicate nonequilibrium conditions at the well and possible

encrustation or corrosion problems.

It is hoped that the results of this study will help

to indicate the validity (which has been questioned by some

1
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workers) and usefulness of applying chemical thermodynamic

relationships to the study of ground water chemistry.



REVIEW OF LITERATURE

Definition of pH

The pH of a solution is a measure of the effective

hydrogen-ion concentration, or more specifically, the

hydrogen-ion activity (aH+).

pH = -log aH+	 [1]

The chemical equilibria that exist among solutes,

solid-phases, or gas-phases in contact with the solution and

solvent itself fix the pH (Collins 1964, p. 11). The most

important reaction governing the hydrogen-ion concentration

is the hydrolysis of strong bases and weak acids or vice

versa, the hydrolysis due to carbonate and bicarbonate salts

predominating (Rainwater and Thatcher 1960, p. 237, and Hem

1970, pp. 89-91). The important gases contributing to pH

are carbon dioxide, hydrogen sulfide and ammonia (Rainwater

and Thatcher 1960, p. 237). Furthermore, since the various

chemical reactions occurring in water are temperature depen-

dent, the temperature of the solution directly affects .H

(Garrels and Christ 1967, pp. 306-351).

The hydrogen-ion concentration is most commonly

determined electrometrically by the use of a pH meter. Dis-

cussions concerning the theory and use of the glass elec-

trode in such determinations may be found in Garrels and

3
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Christ (1967, pp. 123-124), Daniels and Alberty (1967, pp.

264-265), and Back and Hanshaw (1965, pp. 61-68).

Importance of pH Determinations 

A knowledge of the pH distribution of a given ground

or surface water system is essential in studying the chem-

istry of that system. For example, studies involving the

degree of saturation with respect to certain solid-phases

such as calcium carbonate or gypsum in natural ground waters

require detailed data on pH because of the pH dependent car-

bonate equilibrium (Friedman 1970, Friedman, Gleason and

Jurceka 1971, Handa 1964, and Van Everdingen 1969). Similar

studies involving iron carbonates also require precise pH

data (Barnes and Back 1964). Direct application of such

studies may be seen in problems dealing with encrustation

and corrosion of well screens (Barnes and Clarke 1967), and

the corrosive action of water on concrete (Rainwater and

Thatcher 1960, p. 237). Values of pH are also useful in the

geochemical prosmectinE for petroleum and minerals (Collins

1964) as well as in the geochemical mapping of water (Back

and Hanshaw 1965, p. 75).

Although there is no United States Public Health

limit on pH of domestic waters, low values (less than pH 6.5)

or high values (greater than pH 8.5) affect taste and chlo-

rination as well as corrosivity (Dutt and McCreary 1970,

p• 3).
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Problems in Determinin pH Values

Normally, when water samples are collected and then

taken to the laboratory for analysis, the pH obtained will

not be the same as that determined in the field. This is

due primarily to changes in the water chemistry during

transport and storage of the samples. Data has been pub-

lished which shows that the pH of certain water samples in-

creases with time while the pH of others decreases (Back

1963, Roberson et al. 1963, Summers and Brandvold 1967, and

Smoor 1967).

There are two primary reasons for these changes.

First of all, as the well water comes in contact with the

atmosphere, the water will tend to seek equilibrium with the

atmospheric partial pressure of carbon dioxide. This may

necessitate either the liberation of CO2 or absorption of

CO2 by the water (Hem 1959, p. 46). The following

reactions and corresponding equilibrium constants apply. in

this paper, [i] indicates activity of ion i, and (i) indi-

cates concentration of ion i. The relationship between the

two is given by [31 = Ti(i) where Ti is the activity coeffi-

cient of ionic species i.

CO2 + H20 = H9CO 3

[H2CO 3 ]
KH = 	

[CO2] [H20]
[3 ]



H2CO3 = HCOS + 11 4"

[HCO5] [e]
K1 = 	

[H2CO3]

HCO3 = C0=3 + F+

[CO5] [1-14 ]
K2 = 	 [HCO-]

3

H20 = OH- H+

[OH-1 [e]
Kw - 	

[H2o]

CaCO 3 	a= e++ + CO=3
[Ca] [CO5]

Ksp = 	
[CaCO 3]

[n]

If the partial pressure of carbon dioxide, pCO 2 , of

the water is greater than that in the atmosphere, CO 2 will

be liberated until a new equilibrium is reached. As a re-

sult, the pH of the water will increase since there will be

a decrease in the hydrogen-ion concentration according to

Lechatelier's Principle (equilibrium is shifted to the left

in the above equations). An increase in pH may result in the

precipitation of calcium carbonate as well as other species

in solution (Hem 1959, p. 46). If the pCO 2 of the water is



7

less than that of the atmosphere, the opposite process will

occur, and the pH will decrease.

As mentioned earlier, temperature also plays an im-

portant role in the above reactions. Carbon dioxide becomes

less soluble in water as the temperature of the water in-

creases; therefore, on a hot day, a sample of cool well

water will tend to liberate CO2 as it warms to ambient tem-

perature (Hem 1959, p. 46). The loss of CO2 will raise the

pH of the solution and once again could bring about precip-

itation.

In view of these facts, it is important that the pH

of well waters be determined in the field if the data are to

be at all useful in geochemical studies. Even then, numer-

ous problems exist. Changes in CO2 content may occur as

early as when the ground water encounters the low pressure

area near the pumping well as pointed out by Manda (1964, p.

88) and Hem (1961, p. 14). Furthermore, chemical equilib-

rium may be upset by the mixing of waters from two different

aquifers through which the well is screened or perforated.

This mixing of chemically dissimilar waters can bring about

encrustation and/or corrosion of well screens. In such

cases, the field pH more than likely is not representative

of the pH of the water in the aquifer.

Aside from the changes in chemical equilibria in the

water, precautions must be taken in the operation of elec-

trometric pH equipment under field conditions. Barnes
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(1964, 1965) has studied the errors in pH due to temperature

changes of buffer solutions used in standardization, and the

errors due to differences in temperature between the buffer

and the water sample. Such a study conducted on Birch Creek

in Inyo National Forest, Inyo, California, showed that indi-

vidual measurements of pH were off as much as 0.5 pH units.

This large error occurred when the sample had a pH consider-

ably different from that of the buffer solution. Barnes

also points out that the temperature correction on the meter

corrects the meter reading to the output of the electrodes

which changes with temperature, but it does not correct for

the changes in pH of the buffer solution with changing tem-

perature. He gives a mathematical relationship whereby the

measured pH can be corrected for these changes. This does

not necessarily mean that the corrected pH is the correct

pH of the water in the aquifer.

A general list of precautions for obtaining pH of

well waters in the field have been compiled from various

sources and are given below.

1. When long glass electrode leads are required,

care must be taken to insure that these are con-

tinually shielded along their entire length

(Garrels and Christ 1967, p. 128).

2. Allow the buffer solution to reach the same tem-

perature as the water to be sampled by placing
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the container in the effluent stream by some

means (Garrels and Christ 1967, p. 128).

3. Set the temperature compensator on the meter to

- the water temperature (Garrels and Christ 1967,

p. 128).

4. The instrument zero should be checked often be-

cause of the change in battery emf with temper-

ature (Garrels and Christ 1967, p. 128).

5. Avoid chemical contamination of the electrodes

by proper rinsing (Garrels and Christ 1967, p.

129).

6. Choose a buffer solution with a pH as close as

possible to the pH of the sample (Barnes and

Back 1964, p. 437).

7. Make all temperature measurements in the shade

(Barnes and Back 1964, p. 437).

8. The pH meter should be restandardized regularly

during prolonged use at one sampling site.

After moving to a new sampling site, the meter

must be restandardized (Friedman et al. 1971,

pp. 16-17).

9. Make certain the well has been pumping long

enough to get fresh water from the aquifer

(Summers and Brandvold 1967, pp. 9-10).

In studying calcium carbonate saturation, attempts

have been made to develop mathematical relationships which
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will serve as an index for determining whether a given solu-

tion is'supersaturated or undersaturated and to what extent.

Two main techniques have been developed and are used quite

extensively by many workers.

The first method developed by Back (1961, 1963) in-

volves the calculation of sn equilibrium value of calcium

from equations 10 and 11. The value of CO3 used in the cal-

culation is obtained from equations 6 and 7. Back utilizes

the laboratory determined values of HCO5 and pH for these

calculations. The following ratio is then established.

analyzed calcium - calculated calcium 
analyzed calcium

[1 2]

A positive value of the ratio indicates supersaturation, a

negative value indicates undersaturation and a value of zero

indicates equilibrium. Barnes and Clarke (1967) used this

same procedure and adapted it to other chemical species as

well, such as iron carbonates, iron oxides, and iron, manga-

nese, and copper hydroxides. Smoor (1967) in his study of

calcite equilibria of ground water in the Tucson Basin also

used this scheme.

The second method developed by Hem (1961, 1963) in-

volves the calculation of an equilibrium pH based on calcium

and bicarbonate activities as shown below.

pH = -log
[Ca] [HC0]
	

[1 3]
KcaCO3
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If the calculated pH is equivalent to the field pH, equi-

librium conditions are implied. If the calculated pH is

less than the field pH, precipitation of calcium carbonate

is implied. Langelier (1936) developed a procedure very

similar to this for calculating the so called calcium car-

bonate saturation index for water mains and conduits.

In both instances above, most workers assume that

the HCO° shift between the field and the laboratory is small3
enough to neglect, and, therefore, use the laboratory de-

termined HCO° for their calculations. It is generally3
recognized that pH shifts are more pronounced, but it is

surprising to find very little data in the literature in

which field pH measurements were made and used in specific

studies. Even so, in light of the previous discussion, it

seems that a great deal of error can be encountered in de-

termining field pH either through carelessness or through

chemical changes of the water while in the well bore, over

which one has little control.



CHEMICAL EQUILIBRIUM MODEL

Assumptions 

The two most important assumptions upon which this

model is based are: (1) solid-phase calcium carbonate is

available and dispersed throughout the ground water regime

under consideration, and (2) the ground water is in equi-

librium with this calcium carbonate.

Carbonates are quite prevalent in nature, and are

very common in granular aquifers as individual grains or as

coatings on the grains. Smoor (1967, p. 175) states that

based on well cuttings, the basin fill aquifer of the Tucson

Basin contains calcium carbonate at least in small amounts.

In other areas, massive carbonate rocks, such as limestone,

may themselves act as aquifers. Hem (1963, p. 31) states

that water in the pores of limestone is normally saturated

with respect to calcite, and this can probably be extended

to any rock in which calcite is present in important quan-

tities.

The assumption that the water is in equilibrium with

calcium carbonate seems to be valid on the basis of slow

movement of MOST ground waters through an aquifer. Because

of this, the water is in contact with a large surface area

of solid-phase rock minerals for considerable periods of

time. Hem also states that:

12



1 3

Temperature or pressure changes may occur in
ground water reservoirs, and organic matter and
bacterial activity may influence ground water com-
position. On the whole, however, the conditions
within a ground water reservoir favor the estab-
lishment of chemical equilibria in the reversible
chemical reactions that may occur among the sol-
utes contained in the water and in the solids in
the aquifer (1963, p. 31).

He further points out that the solution and deposition of

carbonate minerals is among the types of chemical reactions

that are reversible and rapid enough to make it likely they

will reach equilibrium in most ground water systems.

Based upon these assumptions, it should be possible

to calculate an equilibrium pH based upon the analyzed cal-

cium value if acidified water samples are taken to insure

that no calcium is precipitated during storage of samples.

If the water is indeed in equilibrium with the calcite at

the time of sampling, the calculated pH should match the

field pH within experimental error. Departure of the two

figures would indicate nonequilibrium conditions and possi-

ble encrustation or corrosion problems at the well site.

This leads to another assumption inherent in  the

model, that being the well is acting as a point source of

water from the aquifer. In reality, the well is a line

source and problems may occur if water is being drawn from

two different aquifers. Upon mixing of these waters in the

well bore, chemical equilibrium will be upset. Obviously,

the basic assumption of equilibrium will be violated and the

calculated pH will not be the same as the field pH.
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However, statements can be made as to whether the water is

expected to precipitate calcite or not. This is useful in-

formation in the design and installation of more wells in

the area (Johnson 1966, pp. 317-332).

Theory and Development 

As mentioned earlier, most water samples experience

a change in chemical equilibrium upon exposure to the atmos-

phere which results in a change in pH with time until a new

equilibrium is established. This model essentially takes

the laboratory data and works backwards to arrive at a pH

value essentially equivalent to the pH before the changes in

equilibria occurred.

The model consists of a digital computer program

that performs all of the mathematical calculations. The

chemical reactions considered are those of CO2 in water (e-

quations 2-7), the dissociation of CaCO 3 (equations 10-11),

and the formation of calcium sulfate, magnesium sulfate, so-

dium sulfate and calcium carbonate ion-pairs (equations 14V-

21).

CaSO4 = Ca++ + SO4

[Ca] [sOrl ]

KCaS(4, [CaS02:

[IA]

[1 5]
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MgS0 2? = Mg 	 SO:	 [16]

[Ye ] [SO LI]
K	 o =  	 [17]MgSO4

[MgSql

	

NaSO4 = Na+ + SO2=4.	 [18]

[Na] [sou]
KNaSOT =	 F	 [19]

LNaSOril

CaCOS = Ca++ + CO;	 [20]

[Ca] [coi]
K	 o =	 3a 	[21]CaCO 3	 [CaCO°1

3

Input to the program consists of the field pH taken

at the well site, the field temperature of the water, the

data from the laboratory analysis of the samples, and the

various equilibrium constants and enthalpies of reaction for

250C. The first and second acid dissociation constants

(4.16 X 10 	 4.84 X 10 -11 respectively) were Taken from

Harned and Davis (1943). The solubility product of calcite

(4.59 X 10 -9 ) and the dissociation constants for the forma-

tion of calcium carbonate, calcium sulfate, and sodium sul-

fate ion-pairs (6.3 X 10 -4 , 4.9 X 10 -3 and 1.9 X 1- -1

respectively) were taken from Garrels and Christ (1967).

The value for the magnesium sulfate ion-pair (5.9 X 10 -3 )

was taken from Davies (1962).
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The various equilibrium constants associated with

each of the reactions, with the exception of those associ-

ated with the ion-pairs, are corrected for temperatures

other than 25°C using the van't Hoff equation.

Kt2	AHro2.303 log	 = -
Kti

[2 2]

K.4. is the equilibrium constant at the new temperature t2,

Kti is the equilibrium constant at 25 °C (t 1 ), R is the ideal

gas constant, and

= ZAHfo (products) -	 (reactants)	 [23]

where Hfo is the change in enthalpy as tabulated in Latimer

(1952). Thermodynamic data is not readily available to cor-

rect the equilibrium constants associated with the ion-pairs

for temperatures other than 25 °C, and it is assumed that
such a correction would have little effect on the overall

results.

Account is taken for the amount of calcium that

might be tied up in calcium carbonate ion-pairs. This turns

out to be a constant which can easily be calculated at the

outset for a given water sample at a given temperature from

the expression of the dissociation of CaCO°3 a-
(euations 20-

21). The product of [Ca] [coi] is nothing more than the

temperature corrected value of the calcite solubility prod-

uct (Ksp). Substituting this into equation 21 and



rearranging we find

[CaCOS] - SP 

KCaCO5
• [24]

1 7

This amount of CaCO° is then subtracted from the initial
3

calcium value. The calcium carbonate ion-pair becomes sig-

nificant only at high pH values (low calcium waters).

Since the CO
3 
content is normally too small to ana-

lyze for precisely, a laboratory value is calculated using

equation 7.

Corrections are made for the ionic strength of the

solution which is estimated according to the following ex-

pression.

= lIM il i2
	

[25]

I is the ionic strength, mi is the molar concentration of

ionic species i, and z i is the valence of ion i. Ion activ-

ity coefficients are then computed using the Debye-Huckel

expression.

-log .=.41a.
2 I/(1	 ...(•B I)Yi
	 [26]

• is the activity coefficient for ionic species i; A, 3,
Yi

and 04- are constants which can be found in Garrels and

Christ (1967, pp. 36-37); and the other parameters are as

defined above. A value of 0.509 (at 25°C) was chosen for A,

o,
and a value of 3.28 X 10 	 25°C) was chosen for 3.



These values were held constant assuming that corrections

for temperature changes would be insignificant. An average

valueof4.0X10 8 wasusedforc‹.thus giving the product

113 ,a value of 1.3. Therefore, the activity coefficient, in

this approach, is dependent only on the charge of the ion

and the ionic strength. One computation can then be made

for monovalent activity ()).) and one for divalent activity

C‘2 ) •

The effect of formation of magnesium sulfate, cal-

cium sulfate, and sodium sulfate ion-pairs is then taken

into account. These may become important in high sulfate

waters in tying Up calcium, magnesium and sodium. The orig-

inal derivation of the mathematical expressions used for

taking these ion-pairs into account was done by Dutt (1964).

First of all, consider the formation of magnesium

sulfate ion-pairs. Magnesium and sulfate will essentially

be taken from the free ionic state according TO equations

16 and 17. Letting X equal the amount of Mg SOT re-

moved, equation 16 becomes

MgSOZ	 X = (Mg++ - X) 4- (SOT; - X).	 [27]

By considering concentrations rather than activities, equa-

tion 17 becomes

122  , [(mg++ - x)(s074, - x)]

(MgS01)4,	 X)
[2 8]
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By rearranging terms and carrying out the indicated multi-

plications, equation 28 becomes

y
2
2x2 _ [' 2 g) + )'22 (S0 11) + KNg504ol X +,

122(Mg++)(S011)	 KM8SO4 (MgS0) = 0 [29]

which is a quadratic in X and can be easily solved. The

value of X obtained is subtracted from the magnesium and

sulfate values to account for the formation of MgS0. Be-

cause of similar stoichiometry, the formation of calcium

sulfate and sodium sulfate ion-pairs is handled as above.

With these corrections made, it is now possible to

calculate an equilibrium value of pH based on a few simple

relationships. Since the temperature of the water in the

field is usually not the same as that of the sample in the

laboratory, a particular equilibrium constant would not have

the same value in both environments. 'Letting subscript A

denote field conditions or values and subscript B denote

laboratory conditions or values, consider the following ex-

pression.

K2A = K2 3	 [ 30]

where	 = K2B/K2A
	 [31]

Substituting equations 31 and 7 into 30, we find



K20-01 A [co5]
AB

[co=]
 3

K2A [ HCO5 ]
A	

[HCO3] B

All of the values on the right are known (laboratory values)

while those on the left are not. If it is assumed that the

calcium has remained constant from the time of sampling to

the time of analysis, equation 11 may be solved for CO3.

Substituting the CO expression for [CO51A and solving for

[e] A , equation 32 becomes

K2 A [H-1 ] B [C0=3 ] B [Ca++] [HCO5]A
[H+] 

A 
-	 •	 [33]

K2 B [HCO5] BKsp

All of the values on the right are known except for [HCO5] A .

For a given water sample at two different temperatures in

which precipitation is not taking place, the sum of milli-

equivalents of the carbonate species will be the same in

both cases in order to preserve cation-anion balance. The

hydrogen-ion concentration is extremely small compared to

the remaining charged species; therefore, changes in

hydrogen-ion concentration are assumed negligible. Express-

ing this in terms of moles, we find

-	 2m
mHCO	 2m00= = mHCO 4- CO

3B 
.

JA	 3A	 3B
[34]

Converting these values to activities and solving for

[HCO5] A , equation 34 becomes

20

{32]
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[HCO;] ti =	 1-1C0-3)B + 2(C(1) B - 2(CO3)] .	 [35]

By substituting equation 35 into equation 33 and converting

to concentrations multiplied by activity coefficients and

simplifying, we find

K9 A

+)
A K2B

-Y22 (11+ ) B (Ca++ )( C O3 ) B +

KspA

2K0 V,(CO5) B (Ca++ )	 Ko
'- }3	 _	 (-13

SPA	
V2

This is an expression for finding the hydrogen-ion concen-

tration under field conditions from the laboratory pH, CO3,

and Ca++ values, and the temperature corrected equilibrium

constants.

All of the above steps, from the calculation of the

ionic strength on, are recalculated until the changes in

concentrations of the species partaking in the reactions are

sufficiently small.

The calculated hydrogen-ion concentration allows the

calculation of the field values of HCO5, H 2CO 3 and pCO 2 .

The field HC9 is calculated according to equation 7 using

the calculated pH. The C0=3 value used in this calculation
is obtained from equation 11. The H2CO 3 is then calculated

according to equation 5 using the above calculated HCO5 and

[36]
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calculated pH. The pCO2 is calculated according to equation

3 using the above calculated H2CO 3 .

A simplified flow chart of the model may be seen in

Figure 1, and the complete FORTRAN listing is given in

Appendix A.



(: START )

READ
	 INPUT

CONVERT MEQ
TO

MOLES/L

CORRECT
EQ. CONST.
FOR TEMP.

CALC. ACT.
COEFF.

V
CALC. CaC0 (.1
01r, H+ ,

CO3

ALC. IONIC
STRENGTH

YES

CALC. pH &
FIELD CO =

HCO - ' H2 C3
& pCO2

CONVERT TO
MEQ

2 3

Figure 1. Simplified flow chart of the model.



METHODS OF SAMPLE COLLECTION AND ANALYSIS

Water samples and pH data were obtained from pumping

irrigation wells in the Tucson Basin and from the Willcox,

Arizona, area during the summer of 1971. Samples in the

Tucson Basin were obtained from wells owned by the city of

Tucson and various privately owned wells along the Santa

Cruz River to Nogales, Arizona.

The Willcox area was chosen for further sampling be-

cause of many deep wells in the area that pump warm water.

This helped provide a broad range of temperature and pH for

the study. Mr. Carmy Page, the county agent at Willcox, was

instrumental in locating the wells of interest and gaining

permission from land owners to collect samples.

In addition to the data collected from personal sam-

pling, data from other workers were also used including:

(1) data from other city of Tucson wells obtained by T. W.

McCreary of the Department of Soil, Water and Engineering of

The University of Arizona, (2) selected data from Barnes and

Clarke (1967) from their work in Egypt, Nigeria and West

Pakistan and (3) data from the Tucson Basin provided by

Robert Laney of the U. S. Geological Survey in Phoenix, Ari-

zona.

The sample coverage was limited to only those wells

that were in operation for several hours for reasons

24
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mentioned earlier. Therefore, no set pattern of sampling

could really be adhered to. The basic data used in this

study may be found in Appendix B. Sample locations are re-

corded according to the system used by the U. S. Geological

Survey. Locations for the city of Tucson wells are given in

Table 9 of Appendix B.

Field Data 

A Beckman Model N Portable pH Meter was used in the

determination of field pH. Two samples of water were col-

lected at each well site in 500 ml, chemically cleaned poly-

ethylene bottles. One sample consisted of 500 ml of well

water while the other consisted of 500 ml of well water

treated with 10 ml of 0.1 N HOT, solution to prevent precip-

itation.

Laboratory Data 

The water samples were analyzed in the laboratory

for the following major constituents. The analysis on each

set of samples was done in triplicate in order to minimize

any errors in laboratory techniques.

pH

Laboratory pH was determined on a line operated

Beckman Model N pH Meter.
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Electrical Conductivity

The electrical conductivity (E.C.) was measured with

an Industrial Instruments Company, Model RC Conductivity

Bridge. Results were reported in millimhos per centimeter

(E.C. X 10 3 ).

Calcium

Calcium was determined by the disodium-1,2-cyclo-

hexanediaminetetraacetate (CyDTA), calcium chelometric ti-

tration method (Diehl 1964). Calcium was also determined by

atomic absorption spectrophotometry using the Perkin Elmer

Model 303 Atomic Absorption Spectrophotometer. The atomic

absorption values for calcium were subsequently used for

this study. Concentrations of all ionic species were re-

ported in equivalents per million (epm).

Sodium and Potassium

Sodium and potassium were determined using the

Perkin Elmer Model 303 Atomic Absorption Spectrophotometer.

Chloride

Chloride was determined by the silver nitrate-potas-

sium chromate titration method (Rainwater and Thatcher 1960).

Sulfate

Sulfate analysis was performed by a modification of

the barium chloridethorin titration method (Rainwater and
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Thatcher 1960) after cation exchange separation of inter-

fering metal ions (Dutt and McCreary 1970).

Carbonate-Bicarbonate

Carbonate-bicarbonate analysis was performed using

an indicator modification of the AOAC sulfuric acid titra-

tion method. Phenolphthalein was used as the first indica-

tor endpoint for carbonate ion, and Brom cresol-green-methyl

red was used as the second indicator endpoint for bicarbo-

nate ion (Lepper 1950).

Nitrate

The Dhenoldisulfonic acid method was used for ni-

trate determinations (Rainwater and Thatcher 1960).

Silicate

The colorimetric molybdate blue method was used for

the analysis of silicates (Orland 1965).

Total Dissolved Solids

The total dissolved solids (T.D.S.) was approximated

by multiplying the electrical conductivity by 650 (Dutt and

McCreary 1970).



RESULTS AND DISCUSSION

The eighteen samples of well waters collected and

analyzed during the summer of 1971, were primarily from the

Tucson Basin. Seven samples were from wells along the Santa

Cruz River between Tucson and Nogales, Arizona. Six of the

samples were from wells owned by the city of Tucson. The

remaining five samples were from the Willcox Playa area.

The temperature of the well waters ranged from 18 ° C
to 45°C. The highest temperatures were from three deep wells

in the Willcox area. The field pH ranged from 7.10 to 9.40.

The lowest pH (sample 19-1) was recorded at a shallow well

(57 ft. deep) which was used for yard and garden irrigation.

The high pH values correspond to the three deep wells of the

Willcox area with the exception of sample 8-1 (city well B-

32). The water in this particular well is known to be out

of equilibrium because of the extensive precipitation of

calcium carbonate. The well has to be shut down regularly

for maintenance because of this problem.

A graph was made to show the correlation between the

laboratory pH and the field pH (Figure 2). Corresponding

values of laboratory pH and field pH were treated as paired

data, and a regression line was calculated along with the

standard deviation (of points from the calculated line) and

the correlation coefficient. As can be seen, the regression

28
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Figure 2. Comparison of pH measured in the field and in the
lab -Oratory.

The solid line is the calculated regression line
(Y = 2.52	 0.70X) and the dashed line is the
line of perfect correlation. The standard devi-
ation = 0.255 and the correlation coefficient =
0.828.
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line deviates considerably from the line of perfect correla-

tion. A better correlation could possibly be made if the

laboratory pH values were obtained closer in time to the

field determination. As time progresses, however, the scat-

ter becomes worse. At present, it is impossible to tell, at

the time of sampling, which way the pH will drift and to

what degree. At any rate, it is obvious that the use of

laboratory determined pH values in studying ground water

chemistry could be very misleading.

Using the data from the chemical analysis of the

samples (Appendix B, Table 5) as input parameters for the

chemical equilibrium model, an equilibrium pH value was cal-

culated and compared with the field pH. Output concentra-

tions from the model as well as the calculated and field pH

values are tabulated in Table 1.

The match between field pH and calculated pH turned

out to be very good with the exception of two samples (8-1

and 12-1). The magnitude of the differences between the two

pH values indicates that, provided the chemical analyses and

pH determinations were done correctly, the basic assumptions

of the model were not met in these two cases. The low value

of calculated pH for sample 8-1 as compared to the field

value seems to indicate loss of CO2 before the water reached

the top of the well bore. Such a loss would raise the pH

and initiate precipitation of CaCO 3. This sample was taken



31

'0
0
4-)
W
H
Z
0

•
0
H
(t5
0

M
1:14N-C"-N

('4- r\
MMM
• •	 •

C•-CssN-
f\	 f\
• •	 •

N-C'sCs-

C'--C",- N
4'4'-4
• •	 •

C'-['-Vs-

n0X(1\0
NNN
• •	 •

N-Cs--C'--

T-100
--4"- z
• •	 •

C•-['- N

MNN

• •	 •
(N-C.  N

N n0...t
II1Xiltrl

• s	 •
Cs--C•-C,-

H •W
W
0

H
0

000
mmn

000
trItr-Ntrn

000
4-..1-..,

000
mmn

1.(WW\
HHH

000
mmm

tnliltn
-,--•r-i Z • •	 • • •	 • • •	 • • •	 • • •	 • • •	 • • •	 •

*0

t)

Ct4

P

P, c•--c-c%-

001r1
z)- '\'C

c-c---c--

000
C'CIDO\

cs-cs-c--

001.n
\Oes-CID

c,--cn-c--

tr1Xntr\
... 1XlVn

c---c.--c-

11W10
M-..tC•-

c•-c%-cs-

000
-. 14-lis--

c•-cs-c,-

000
C,.-r-iN

0 d • •	 • • •	 • • •	 • • •	 • • •	 • • •	 • • •	 •
4-1
W
k
0

P	 fpc--c-

1.-- \O

N c,--Nc-- cn-c---c-- t•-tn-ts-

Hc-AN-

rs-c--c--

m

t-c--- N c--c0c0

P 0 1 4- 0Nm n0\01.1-N .4-00 qD\Oop HHN ONtn OMM
0 M 0 .. - 0 11-1 riON NO\ID ••• COCO* 1-1-)(2N C".-MCs.-
H W H .	 •	 . ... a.. NN4- .4.0 foim eats

•
sk S-1

X t•--EN-N. \O\OEN- C'-.(N-C'.- NNN (ID CD nmn MMN

'00
H 4 0 --/- --
04-)
oriZ

0
M

I
0

14-14DM
('Th NN

V)00
tr11.1.11.n

MODN
N-\0 '0

MON,
•0\0•0

Irl\0 111
tr\---/ -

1.-4\0 M
r 4 00

MI.nri
C\ONCN

4-id cci .--i • 4	 4 0	 *0 080 *00 000 SOO 0041
C..) X NNN rir-is-i viriri 111 14-1V1 MMM riviri 000

4-10
0..‹
41 0.1.1.1) Mr-iN

Z 0 I 11)tni-i -t- 00100 'O	 Q'. 0'0.01-i 11-)NO ONM r-ICO
(2)1 M 0 Mrie-i CN.-00\0 0'. C'0 4	 8	 0 (70.nM 11.-).--1 EN- 00\
M .13 tl() ..--1 • •	 e • •	 • • •	 • r-i cq (\I • •	 • • •	 • • •	 •

er-I X Crn MM rie-ir-1 NNN r-is-iri MC000 NNN 0Nri
PITI
ci a>
R. 4-1 0 m\o
E 0 0 I c0 cO co N c‘2 c\I ,-4,--1.-i xf".n In tn cv cv c\2 v'N 1,r+ xr) 1'11.n v")
Ow u 0 Cs-Cs-Cs- Cs-Cs-Cs,- 0\0\0\ 000 s.0\0 ,0 000 n0\0\C
OH d .--1 • •	 • • •	 • • •	 • • •	 • • •	 0 • •	 • • •	 •

H 0 X t"--N-LN-- C....-N-C"..- C"-Cs---L"-- 00MM C) CD CD (ID LN-C"--i'.--
1:50
Z0
di

rn I M 30N-- 0300.1t '-4 C') 000. - Me-iM MVDM r-4C*-C"--
ID CD 0 Nr4 0 -7-7-1- - - r-iriri 4- - - 4- NMM ..1/.11.r1 0n \0 cs.-
Z H 0 • •	 • 1	 •	 • • •	 • • 410 • •	 • • •	 • • •	 0
0 P4 Cr.\Cnin C\/NC\1 mmm mmn mmm MMM ('IN ('4
..-40
4-) 0
WM N

I NOri C00000 ',.(.0 tr1 11-1 1-n 00\ON ',0 1.nIn N.:1-M
4-) E wn o 0\ cr. Gs, ?-I •-4 1-4 e-4 1--4 1-1 00 00 co 0 ON 0'. r-i e-4,-+ N (Vol
Z 0 0 .--i • •	 . • •	 • 00,9 04	 • • •	 • • •	 • 0	 •	 •
V$A C 000 1..19-4.1- 4 1...i1-14.4 000 4.-i00 T. 4 l°49-1 1-49-4P4
04..1
Z
OM M.4"
OW 0 I C) <'m ',ON-M Cr-\10 Cr*\f.-10 COON..1- 0\0.\ M9.4-'''

0 0 0 mHa, -:-.1- - mmm 0NH m00 oo00, 0\\0 c--,
4-> .--1 0.2 ,-/ • •	 • • •	 • a•• see • e• sae a	 e•
Zej X MMN rir-tri NNN ...1- --i- NMM NMN viriri
P1.4
43

Cr'\ ('IN-CD
OPI4 NI N-ON aNriO '.0 C) 0-- - r=i -.0.\\0 001r1N 0.\..tO

0 0 CONN- CIDaNap 0'00 s	 a	 e -7i- C,-00 1-411) ....1mc,...
0 ,-4 s	 •	 • • s	 a a	 a	 • 000 sae sea • a	 •

•
r-1

Pi COMC'.- MMM 11-1 n0q) rir-iri ..0 nD•fp N.LN--C,.. 11"\-

CD
0

r-I
H
tli 44 (II 0 .4 PQ 0 <4 m0 <4 gl 0 Q M 0 .4 m c) .‘,4 mi o

P E r-i r-i r-i ri ri r-I r-I
W 0 I 1 I I I I I
EA cn H N er) .. 14-‘ +0 i›-



32

0 1/10
00\Cs-

zr'.*\0 ONO\N- NO0 \0 1-r)
s0\0•0 0\0\0\ (Y\0\0\

• •	 • • •	 • • •	 • • 0	 0
N.- CN- C,- Cs- Cs- C,- C,- C,-

Cr1CnCn 000 000 000
C.-CN-C`- C"-C"-C,- 0\ONO\ NNN
• •	 • ••• ••• • ••

C•-C,-C,- C,- C\-- C'.- C,- C•-• C•- C'- C"-C"-

01'10 Otr10 000 11-N00
0001-1 C'-aDON C"-ZO 0-10DX)

c)	 0\00\
NMN
• • 0O

• 

RI CO X) CO

"0
H 000
O *-11-iv-I
.ri 	j	 • • e
rz• Pi 0\ 0\ 0\

C'-) O\
MMM cOCN-rs-
• • •	 0 • •

	Co Co X)	 C.--

000 000
Z Z	 CO X)

	

•••	 se•
	CO Co Co 	C•- C"-C•-

00 1-rn 00 1(1
C•-Cs.-0\ C00070

0	 0	 0 •	 040	 400	 000	 000	 600

P Pi ONcipa)	 C'-ODOD	 Cn C'-00	 C•-•C•-Cn-

1-1- v0	 %I.CN--0
0	 WOM

cp	 eel,	 sett-1
trj	 n.0	 Crl 00 a

	

e-i	 r4 CO

,IEN-0 \ONO c\I-0 Es--00-rN OWDO
CrN O Co	 C'- JThzS	 0 Co •10	 C'- '-O	 C‘--- O \C)
0	 000	 440	 4 • R 	40*

	

(7\ CO \O 000		 00	 000  0-N0'1N

trN
0 1	 Ir\c0	 30c0 crN
(/) O ri O N	 Cr\
bf •-4	 • 0 0	 0 • • 	s • 0	 • 0 0	 • • •	 • • •	 • • •

X 000 1...41-4V-1 V°4*-4*..4 000 000 000 001-4

Orl\O
CD	 1	 .4) \CD \ID	 \O '-O .4)	 ON CI-N ON	 .". .:1" Z1- 	v') xr) If\ co Co Co	 %flu-yin

C0 C) ri e--i ri	 s..1 ri ri	 (7" 0\ CY\ Or\ (r) Crl 000 	0- C•-LN- 000
al	 c-4	 • • •	 • • •	 • 0 •	 II • •	 • • •	 • • •	 • • •
0	 X	 N-Cs...t....	 C''..C'.-CN-	 '0,0,0	 NC.s..-EN.-	 COODOO	 Css-C...-Cs... 	Co X))

lc\	 NO0 NO0 MI-nO	 1.("\0\0 \OC\O
0	 000 Nc\24-1 NNM	 00,4 EN—OM 00,4
0	 e e a	 0 * 0	 see	 000	 eS 5 	•	 4 0

=	 NNN NNN NNN NNN NNN	 NNN

C) I	 N CD	 .•\10
V/ CD Crle'\Cr) 0000

	400	 000
0 >< 000 e-il-11-4

C) c0
0 <D
es*

N 0\c0
T.4 CD c)
4 00

4-0 0\0
N cq 4-4
044

11-NIn.:3'
CD 0 CD
000

OX) tr\
If\.z.t. .zt
Os	 0

1-4,-10 000 000 000 000

0 cV c0 \C) Cr\Cr\ Cr\ \4)	 tr- cr\z:t
ri 0 000 000 0 ri O r.\ •O Co

1	 0+,0C--	 ONO0 1.1-%
fl cr\ O Crl c•-n c\I	 •0 'JD \C)
0 A---1	 • • •	 • • •

	\ 11-1 If\	 ri

V)1 "0 I Na-IC') 00
• C.) 0 C\I N C\i	 30 CO Cs-

N	 • 5 5	 • • •
ZLI X 000  000

4-5

O 0-1
0 	NJ	 0-NON

0 0\0\0\0 tro-nm
0 T-4 	s e a 0 •

• Pi >< cD CD CD 04 N

0
O H	 .4M0 @Mc)
H

O 0	 1
E-4 	En	 O.\

14-n 4'	 Cn1 O	 On 	 C--‘10 0	 0 30 ('-n

1.r0-rrN NNN 000 cr\Mcn
• . •	 • • •	 • • •	 • • •	 • • •

NNN NNN

	

cONN c\2. - s0 c0Cs-0	 cs-MEN.-
0\0\0	 1-n\OsO 1.ror\tn e-le-IN	 EN-Cs-EN-

• s a	 • • •	 • •• 	s ••	 si•

00T-4 0 00 000 000 000

NM\O	 0\14-\30 cOl.rs , e-1	 Nu-NN

0\0\4-4	 c\IMm 
O 00	 0 4 4	 4	 4 55	 4 s 0

cq	 or\ 4-4 r-1 V°i	 ri ri ri 	000 	T-1

<MO 44PC10 <40:10	 .t4prlo

r4	 1-1

0



O)

ÇT 	1:14

0 0 \ 0
C	 C\Z 01

('40 01
0-1	 Cr\

0 CN CO
0-1 N N

*-1 04 V1
Cj N

• •	 • • •	 • • •	 • • •	 •
0\ 0\ 0\ CT\ 0\ 0\ 0\ CY\ 0\ C\-	 EN-

0 CD CD trNtr\V1 CD CD CD CD000
4.4.4. cc\ or\ ceN

• •	 • • •	 • • •	 • • •	 •
0\ C)\ 0\ 0\ 0\ C7\ 0\ 0\ 0\ Cs.- Cs- C.--

33

0 0 0 000  000 0 11-04-1
AD	 04 	N	 co co ON

	*0 	 004	 040	 *04
14 P4 ON ON 0" Ch (Y\ CJn 	 °NCO	 C`- Cs- r".-

C)-1 \t)	 0\ C\1	CO C\-- ri	 \O <V
0 1	 .tt- xr-Nc.. 	4- 04 Cc\	 N T-1 ri	 V.)0 ....t
En 0	 • • CO	 Cn.- 11-14"	 • • •	 erl • •
gj .,...i	 CD 0 •	 • • •	 ...t- Cr1C\I	 • N 0

	

X ri ri CO	 V1 V\ ..-	 ri 1-4 rl n0 ri ri

o I	 CQ 04 CQ	 0\C...-
D1 C) CD CD CD	 CD CD CD CQ TA CD
CI T-I	 • • •	 • • •	 • • •
• ›.4	 CD CD C)	 I I 1	 CD CD CD	 v1IrVirl

0'-0Q
Cn2

0	 4	 •

C'-40404Cs1
I	 1	 1 III 113 ri

CQ	 CV 0\0\0\ ri	 1.4 \ID VD v0
0000 11-11.r1V1 C4 CV CV CV04 0404

• •	 • • •	 • a	 •	 s •••

co '43 v1 0 CT-NC"-	 C`NI C ri
0	 01-10 ri O4 0 000 Cs-Cs---
C)	 • • 0	 4 a • 	s II •	 a • •

0404(4C.1	 Cs.1 Cs1 01	 0404C'401	 Cr1Crsn crsn

01	 1-r)C\I4.	 (\4 	a-a	 tr\
I	 0 ri 0	 0 ,-C\ C`-- C n	 CO ON co

tt C\0 	• • •	 • • a 	s• •	 Cs- C.-

ri	 0\ 0\ [\--	 \	 V-N 	('4 	• •0
	'0  n0	 VD \C) 000

CrlZt-
C) I	 04 CV CQ	 04	 CQ	 04 CQ CV	 C...-7D CO
C) CD 000CD CD (D C) CD CD CD CD CNCQ
04 T.1	 s•a	 t•a	 av•	 • s •

X 0000 CD CD CD 000CD tr\-t- 4-

Cs.1
C\I I CO co CO a\ CO co oo CO 1-1 0\ N
0 0 000  000 000  s • 4
O v.-a	 ••••	 • * •	 see	 0.1 ry C)

• P X 000CD CD CD C) CD CD CD TA *-4

0
CD	 r-i	 <1()0	 .* MO	 -tt 4321 0 .c4 PI 0
H	 Pli	 ri	 art	 ri	 rt
AI	 e	 e	 1	 s
at	 at	 \CD	 C.--	 CO	 ON
ei	 En	 ri	 ri	 ri	 74

Or-W)
CD 1
O 0

C.)• X vo ‘‘) \c)	 xr)v-n \to nip	 CO co co



from city well B-32, and, as mentioned earlier, precipita-

tion of CaCO3 is a problem with this well.

Regarding sample 12-1 (city well B-27), the higher

value of calculated pH as compared with the field value

would indicate undersaturation with respect to solid-phase

calcium carbonate.

The nonequilibrium conditions exhibited by the two

wells above should not necessarily be extrapolated to de-

scribe conditions within the aquifer itself. On the con-

trary, the conditions are probably local and due primarily

to the presence of the well itself. These conditions could

easily be brought about by mixing of waters from different

aquifers through which the well is screened or perforated.

Well B-32 is located near the Santa Cruz River, and well B-

27 is located near the Rillito River. Both wells could be

pumping meteoric water from shallow depths and mixing with

waters from greater depths. It should be pointed out that

under these conditions, the field pH is more than likely not

indicative of the pH of the water in the aquifer. Further

studies in this regard are needed before definite statements

can be made.

Many of the calculated pH values match the field pH

within 0.1 pH units. This is considered as perfect agree-

ment since the precision of the field pH meter is considered

as + 0.1 pH units. Slight errors in the field determinations
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and chemical analyses could easily bring about the observed

differences between the two pH values.

Figure 3 shows a plot of calculated pH versus field
pH. A regression line was calculated and drawn through the

points. The two extreme values from samples 8-1 and 12-1

were not used since they do not meet the assumptions of the

model. Two other lines are drawn on each side of the re-

gression line, one at one standard deviation from the line,

and one two standard deviations away. The improvement of the

correlation as compared with Figure 2 is at once obvious,

and the usefullness of this model in claculating field pH

values or at least in verifying the validity of the field pH

becomes apparent. Useful information is available even if

the field pH cannot be matched, in that possible encrusta-

tion or corrosion problems may be indicated.

In a previous computer run, a value of 3.29 X 10 -5

for 
-uv-aC0 0 taken from Nakayama (1969) was used with very3

poor results. The value was so small that too much calcium

was taken out for the formation of calcium carbonate ion-

pairs giving negative values of calcium for samples 16-1,

17-1 and 1t3-1. These three samples were from the three hot

wells and were very low in calcium (less than 1 Dart per

million) to begin with. The value of 6.3 X 10 -4 from

Carrels and Christ (1967) was then used with definite im-

provement, but with a poor match between the calculated and

field pH values. Since the calculations were consistently
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Figure 3. Comparison of calculated pH and field PH.

The solid line is the calculated regression line
(Y = 0.72 4- 0.91X). The standard deviation =
0.062 and the correlation coefficient = 0.992.
The two inner dashed lines are 4- one standard
deviations from the retTression Tine and the
outer dashed lines are	 two standard deviations
away from the regression- line. Samples 12-1 and
8-1 were not used in these calculations.
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off on the low side, it was evident that, this time, not

enough calcium was being tied up in the formation of calcium

carbonate ion-pairs thus giving rise to a low pH. Since the

figure above for KcacoS was reported to only two significant

figures, it was felt justifiable to round the figure down to

6.0 X 10-4. In so doing, the calculated pH on all three

samples fell almost within 0.1 pH units of the field pH.

None of the other samples were affected since the formation

of CaCO3 becomes significant only at relatively high pH con-

ditions.

A question that immediately comes to mind is how

does one know that the model really works? On studying

Table 1, several things become apparent.

First of all, the samples were analyzed in tripli-

cate, each analysis being made on a different day. Each of

the three analyses for each sample was run through the com-

puter program as if it were a separate sample. In looking

at the laboratory pH values, it will be noticed that they

increase or decrease in value with time for each sample as

discussed earlier. The overall change in pH from the field

value was from -0.70 to +0.75 pH units. In all cases, the

model was able to take the three different values of the

laboratory pH and HC9 for each sample and calculate essen-

tially the same equilibrium pH. Sample 7-1 is a very nice

illustration of this since the total change in pH was +0.75

pH units. The model is able to handle large pH changes in
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the negative direction as well, as illustrated by sample

18-1 which experienced a total change in pH of -0.70 units.

In looking at the pH changes for samples 11-1 and 14-1, it

will be noticed that the initial laboratory pH is lower than

the field value and then increases to a higher value. This

strange behavior would seem to indicate an error in the lab-

oratory determined pH since the field values agree with the

calculated values.

Since these samples represent a wide variety of chem-

ical concentrations, temperatures and pH values, it would be

difficult to ascribe the results to chance.

To further verify the model, some data collected by

Barnes and Clarke (1967) in their work on corrosion and en-

crustation problems in wells in West Pakistan, Nigeria and

Egypt were utilized. Five wells were chosen (Dalori, Shad-

man 27, Shadman 47, Shahkot 251 and Shahkot 252) from their

data that they studied in reference to relative saturation

of the water with respect to calcium carbonate. According

to their diagram (p. 92), Shadman 27 and Shadman 47 are su-

persaturated, Shahkot 251 and Shahkot 252 are in equilibrium

and Dalori is undersaturated. The chemical analyses and

field data (Appendix 3, Table 6) from these five wells were

run through the computer program. A laboratory pH value was

not given for these wells, so the field pH was used as an

input value. If the water was in equilibrium with calcium
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carbonate, the same pH value would be calculated. The re-

sults (Table 2) were in perfect agreement with Barnes and

Clarke.

The model was used to process data from the Tucson

Basin collected by other workers. Data from eight city of

Tucson wells sampled and analyzed by T. W. McCreary of the

Department of Soil, Water and Engineering at the University

of Arizona, and fourteen analyses of waters from city of

Tucson wells kindly provided by Robert Laney of the U. S.

Geological Survey in Phoenix, Arizona, were chosen (Appendix

B, Tables 7 and 8).

Of the eight samples from McCreary's data, only two

were very far from equilibrium (Table 3). The calculated pH

for sample 58 is 0.37 units lower than the field pH, and the

calculated pH for sample 60 is 0.27 units lower than the

field pH.

Five of the fourteen samples from Laney are far from

equilibrium (Table 4). The differences between the field pH

and the calculated pH are +0.18, +0.70, -0.25, +0. 47 and

+0.39 pH units respectively for samples 1245, 3711, 3712,

3721 and 3722. Perfect agreement exists for sample 3720.

Provided the field pH determinations were done cor-

rectly and the chemical analyses are correct, possible en-

crustation or corrosion problems would be predicted as

discussed earlier for these noneauilibrium wells. However,
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it is difficult to speculate on data collected by others

because of the many sources of error and variety of tech-

niques that can be used.

Figure 4 is a plot of calculated pH versus field pH

for all samples used in this study, including the samples

that are obviously out of equilibrium. The regression line

has a slope of 0.77 which is an improvement over the slope

of 0.70 in Figure 2. The intercept is also better, and the

samples are clustered nearer to the theoretical line.
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Figure 4. Comparison of calculated pH and field pH for all
data used in this study.

The solid line is the calculated rezression line
(Y = 1.79 4- 0.77X) and the dashed line is the
line of perfect correlation. The standard devi-
ation = 0.223 and the correlation coefficient =
0.848.



SUMMARY AND CONCLUSIONS

A chemical equilibrium model based on chemical ther-

modynamics was developed to calculate in situ values of pH

for natural ground waters. It was assumed that the ground

water was in equilibrium with any solid-phase calcium car-

bonate present in the aquifer. Based on these assumptions,

an equilibrium pH was calculated and compared with the field

pH. Many calculated pH values matched the field pH within

+ 0.1 pH units. This was considered as perfect agreement

since the field pH was only precise to within + 0.1 pH units.

Only two samples collected by the author fell far from equi-

librium. One well is known to be precipitating calcium car-

bonate and the other is apparently undersaturated with

respect to solid-phase calcium carbonate.

Over all, the results indicate that in situ pH

values can be successfully determined by thermodynamic rela-

tionships. Because of this, it seems apparent that the

ground water from the areas sampled is in equilibrium with

calcium carbonate and not supersaturated. The anomalies

occurring in the data can easily be explained by mixing of

waters from different aquifers through which the well is

screened or perforated. Such conditions would be local and

probably do not imply nonequilibrium conditions within the

aquifer itself. Other workers do make such implications,

45



46

but few of them take into account in their studies such

things as field pH, formation of ion-pairs and temperature

corrections for equilibrium constants.

Results of a study on calcite and dolomite satura-

tion in several springs and wells in Pennsylvania by

Langmuir (1971 - published after this study was well under

way) agree very well with this study. Langmuir used field

pH values, allowed for the formation of ion-pairs, and cor-

rected the equilibrium constants for temperatures including

those for the ion-pairs. A saturation index was calculated

for each sample based on chemical analyses, and by far most

of the wells indicated saturated rather than supersaturated

or undersaturated conditions. The anomalies that occurred

in his study were also attributed to possible mixing of

waters within the well bore.

Since this study was done totally without knowledge

of Langmuir's work, strength is added to the conclusion that

more ground waters are apparently in equilibrium with cal-

cium carbonate than has been previously indicated, and that

chemical thermodynamic relationships  are valid in studying

ground water chemistry.
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PROGRAM PH(INPUT,OUTPUT,TAPE1=INPUT)

C INPUT CONCENTRATIONS ARE IN MEQ/L
C INPUT TEMPERATURE IS IN DEGREES CENTIGRADE
C A1H IS THE FIRST ACID DISSOCIATION CONSTANT
C A2H IS THE SECOND ACID DISSOCIATION CONSTANT
C ASP IS THE SOLUBILITY PRODUCT OF CALCITE
C ALL VARIABLES PREFIXED WITH B ARE TEMPERATURE CORRECTED

TEMPCOR(A,B,C)=A*(B-298.)/(B*298.*1.987)+ALOG(C)
PRINT 101

101 FORMAT (1H1,49X,*INPUT AND OUTPUT PARAMETERS OF THE MO
+DEL*)
READ 100,AHEN,A1H,A2H,ASP,HHEN,H1H,H2H,HSP

1 READ 108,ISAMPLR
108 FORMAT (A5)

IF(E0F,1)99,4
4 READ 100,PCO2,HEMP,CA,SMG,SNA,SK,SCL,PH

READ 100,SSO4,S1-[CO3,SCO3,SNO3,FPH
100 FORMAT(8E10.1)

PRINT 107,ISAMPTR
107 FORMAT(10/,60X*SAMPLE NUMBER*A5)

PRINT 102
102 FORMAT(//,1X,*CONCENTRATIONS FROM LAB ANALYSIS (MEQ/L)

+*)
PRINT 103

103 FORMAT(//,8X,*CA*13X*MG*13X*NA*14X*K*13X*CL*12X*SO4*12
+X*HCO3*12X*NO3*10X*LAB PH*)

PRINT 104,CA,SMG,SNA,SK,SCL,SSO4,SHCO3,SNO3,PH
104 FORMAT(/,4X,E10.3,5X,E10.3,5X,E10.3,5X,E10.3,5X,E10.3,

+5X,E10.3,5X,E10.3,5X,E10.3,5X,E10.3)
ACT1=.9
ACT2=.7
AW=1.E-14
CA=CA/2000.
SMG=SMG/2000.
SNA=SNA/1000.
SK=SK/1000.
SCL=SCL/1000.
SSO4=SSO4/2000.
SHCO3=SHCO3/1000.
SCO3=SCO3/2000.
SNO3=SNO3/1000.
SCACO3=0.0
SMGS0=0.0
SCAS0=0.0
SNAS0=0.0
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BTEMP=BTEMPA-273
HW=1.336E4
BHEN=EXP(TEMPCOR(HHEN,BTEMP,AHEN))
B1H=EXP(TEMPCOR(H1H,BTEMP,A1H))
B2H=EXP(TEMPCOR(H2H,BTEMP,A2H))
BE=EXP(TEMPCOR(HW,BTEMP,AW))
BSP=EXP(TEMPCOR(HSP,BTEMP,ASP))
SCACO=BSP/6.00E-4
CA=CA-SCACO
SCA=CA
OH=14.-PH
SOH=10.**(-0H)
SH=10.**(-P1-i )
SCO3=(A2H*SHCO3)/(ACT2*SH)
K1=0

3 XCA=SCA

CALCULATE THE IONIC STRENGTH

U=SQRT(2.*(SCA+SMG+SSO4+SCO3)+0.5*(SNA+SK+SCL+SHO03+SN
+03+SOH+SH+SNASO))

CALCULATE THE ACTIVITY COEFFICIENT FOR MONOVALENT IONS

EX=-0.509*U/(1.04-1.3*U)
ACT1=10.**EX

CALCULATE THE ACTIVITY COEFFICIENT FOR DIVAT,RNT IONS

EX=EX*4.
ACT2=10.**EX

CALCULATE MAGNESIUM SULFATE ION PAIR

IF (SSO4)796,796,791
791 IF(SMG)796,796,792
792 AA=ACT2**2

BB=-(5.9E34-AA*SMG+AA*SSO4)
CC=AA*SMG*SSO4-5.9E-3*SMGS0
XXXX=BB*BB-4.0*AA*CC
IF(xXxx)793,793,794

793 X3=0.0
GO TO 795

794 X3=(-BB-SQRT(XXXX))/(2.0*AA)
795 SMGSO=SMGS0+X3

SMG=SMG-X3
SSO4=SSO4-X3

CALCULATE CALCIUM SULFATE ION PAIR

796 IF(Ss04)296,296,291
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291 IF(SCA)296,296,292
292 AA=ACT2**2

BB=- ( 4.9E-3+AA*SCA-VAA*SSO4)
CC=AA*SCA*5SO4-4.9E-3*SCASO
XXXX=BB*BB-4.0*AA*CC
IF(XXXX)293,293,294

293 X4=0.0
GO TO 295

294 X4=(-BB-SQRT(XXXX))/(2.0*AA)
295 SCASO=SCASO+X4

SCA=SCA-X4
SSO4=SSO4-X4

CALCULATE SODIUM SULFATE ION PAIR

296 IF(SSO4)396,396,391
391 IF(SNA)396,396,392
392 AA=ACT2

BB=-(1.9E-14-AA*SNA,LAA*SSO4)
CC=AA*SNA*SSO4-1.9E-1*SNASO
XXXX=BB*BB-4.0AA*CC
IF(XXXX)393,393,394

393 X5=0.0
GO TO 395

394 x5.(-BB-SQRT(XXXX))/(2.0*AA)
395 SNASO=SNASO4-X5

SNA=SNA-X5
SSO4=SSO4-X5

CALCULATE THE HYDROGEN ION CONCENTRATION

CH=((B2H*(ACT2**2)*SH*SCA*SCO3)/(A21-I*BSP))+((2*32H*ACT
4-2*SCO3*SCA)/BSP)-((2*B2H)/ACT2)

C TEST TO SEE IF ACTIVITY COEFFICIENTS HAVE REACHED CONSTANT
C VALUES

396 K1=K1+1
IF(K1.EQ.100)G0 TO 25
ERROR=(XCA-SCA)/XCA
IF(ABS(ERROR).GT..01)G0 TO 3

C OUTPUT

25 STCO2=SHCO3-1-SH2CO3-1-SCO3
PH=-ALOG10(CH*ACT1)
SCO3=BSP/(SCA*(ACT2**2))
SHCO3=(CH*ACT2*SCO3)/B2H
SH2CO3=(CH*SHCO3*(ACT1**2))/B1H
PCO2=SH2003/3HEN
CSP=SCA*SCO3*(ACT2**2)
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C2H=(CH*SCO3*ACT1)/(SHCO3)
TCA=(SCA+SCASO)*2000.
SCO3=SCO3*20000
S1-1CO3=SHCO3*1000.
PRINT 105

105 FORMAT(///,1X,*CALCULATED CONCENTRATIONS (MEQ/L*)
PRINT 106

106 FORMAT(//,8X*CA*12X*P002*8X*CO2 IN SOLN*7X*H2CO3*11X*C
+0 3*10X*CACO3*11X*H003*9X*FIELD PH*7X*CALC PH*)
PRINT 104,TCA,PCO2,STCO2,SH2CO3,SCO3,SCACO3,SHCO3,FPH,

+PH
PRINT 109

109 FORMAT(///,7X*MGSO4*9X*CASO4*11X*NASO4*5X*CALC SOL PRO
+D*2X*CALC 1ST ACID*2X*CALC 2ND ACID*6X*ACT1*11X*ACT2*)
PRINT 104,SMGSO,SCASO,SNASO,CSP,C1H,C2H,ACT1,ACT2
PRINT 111

111 FORMAT(///7X*BHEN*11X*B1H*13X*B2H*12X*BW*13X*BSP*)
PRINT 104,BHEN,B1H,B2H,3W,BSP
PRINT 112,K1

112 FORMAT(///,7X,I5)
GO TO 1

99 STOP
END
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Table 9. Well locations for city of Tucson wells.

Well Location Well Location

A-3 D 13 13 36 ddcb c-4o D 14 14 11 ddc

A-27 D 13 14 32 bad c-48 D 14 14 2	 dcaa

A-32 D 13 13 26 cada c-66 D 15 13 13 cba

A-35 D 13 13 35 adb D-3 D 14 14 24 cdd

A-36 D 13 13 25 abba D-4 D 14 14 24 ddd

B-1 D 14 14 7	 aaa D-16 D 14 15 18 cdaa

B-10 D 13 14 31 dbaa D-18 D 14 15 18 aac

B-27 D 13 14 35 add D-19 D 14 15 18 dba

B-32 D 14 13 25 cbd D-26 D 14 15 21 adb

B-78 D 14 14 20 bbaa IP-1 D 16 15 9	 bbb

C-3 D 14 14 29 aaa SC-7 D 15 14 19 ccc

C-8 D 14 14 29 acb SC-21 D 16 14 21 ccb

C-23 D 13 14 36 ccd USNPS D 14 16 31 bbc

C-32 D 14 14 11 ccb
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