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ABSTRACT

A study of vertical temperature and chemical gradients in ground-

water was conducted, primarily to determine whether or not temperature

gradients could be used as an index of vertical mixing in well bores and,

hence, as a guide in the interpretation of point samples taken at various

depths for chemical analysis. Measurements of temperature variation with

depth in well bores were made with a pre-calibrated thermistor. Water

samples were taken with point samplers at specific depths.

Graphical comparisons of profiles of temperature, electrical con-

ductivity, and bicarbonate and chloride contents indicate agreement with

the assumed hypotheses of vertical flow and/or mixing in well bores for

50% of the wells sampled. Anomalies were found in the chemical gradients.

Incomplete chemical analysis was noted as an important factor of the

chemical anomalies. The water chemistry was relatively uniform and the

variation with depth was not pronounced. pH studies indicated that the

water is in, or close to, equilibrium with respect to calcite in most of

the wells. The water is predominantly of sodium or calcium bicarbonate

type in irrigation water class C2-S1.

It was preliminarily concluded that vertical temperature gradients

can be used as a guide in the interpretation of the chemistry of samples

taken at various depths in a well bore.

xi



INTRODUCTION

In groundwater resource evaluation, the quality of groundwater is

of nearly equal importance to quantity. The study of groundwater quality

involves occurrence of the various constituents in groundwater and the

relation of these constituents to water use. Temperature is one of the

properties of groundwater that is included in descriptive water resources

reports, but little analytical study of vertical temperature and

chemical gradients in groundwater has been reported.

Studies have been made concerning the areal distribution of

groundwater quality, water well capacities, and groundwater temperature

distributions in time and space. Many workers have made studies con-

cerning the use of subsurface heat flow to determine aquifer character-

istics. This research was conducted primarily to determine whether or

not temperature gradients could be used as an index of chemical layering

in groundwater in the Tucson Basin, Arizona.

Nature of the Problem 

The study of groundwater chemistry and its variation with depth

in an aquifer is of significant interest to the understanding of many

problems encountered in, water well industry. When a water well is

pumped, water moves from different geologic formations or from different

aquifers and enters the screened or perforated casing. Therefore, there

is mixing of waters of different sources by their simultaneous motion in

the aquifer. The chemical equilibrium of each individual body of water

1
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is disturbed and some chemical reactions may take place. The chemical

precipitates that occur due to this mixing of waters in the well bore

pose many problems. The precipitates clog the well screens and casing

perforations. The encrustation of well screens and well casings reduces

the open area percentage and effective area open to the aquifer. There

is a reduction in well capacity and eventually the well may be abandoned

due to low yields. The corrosion and corrosion products may damage the

well columns and well screens and lead to undesirable water quality.

The first attempts to study these problems in the Tucson Basin

started in 1965 when the Department of Hydrology and Water Resources at

The University of Arizona built a small rig with a packer modeled after

ones used in oil fields. The assembly was meant for taking water samples

at various depths in abandoned water-supply wells. The technique worked,

but it proved too expensive in both initial costs and maintenance costs.

It needed a specially-trained person to operate it. As a result, the

project could not be continued for long. There was a need for an alter-

native technique that would be inexpensive and easy to operate, but that

could take representative water samples at any desired horizon in a bore

hole.

Purpose and Scope 

The main objective of this research was to study the vertical

temperature and chemical variation with depth in groundwater. To do

this, a relatively simple and inexpensive technique was to be tried and

its reliability evaluated. A closely related corollary to the main

objective was to use the observed field temperature and the laboratory
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chemical analyses to compute field pH values which, together with the

measured field pH, would be used to study the saturation levels of

groundwater with respect to calcite.

Location and Areal Extent of the Study Area 

The following brief description of the location and areal extent

of the Tucson Basin was summarised from work by Davidson (1973).

The Tucson Basin is a broad, alluvial valley bounded by rugged

mountain ranges in southeastern Arizona (Figure 1). It is a 2,560-square-

kilometer (1,000-square-mile) area in the Upper Santa Cruz River drainage

basin. It is bounded on the east and north by the Santa Rita, Empire,

Rincon, Tanque Verde, Santa Catalina, and Tortolita Mountains, and on the

west by the Sierrita and Tucson Mountains. The mountains on the east and

north are generally higher than those on the west. The altitudes range

from 915 to about 2,744 meters. The area is drained to the northwest by

the Santa Cruz River and its tributaries. Most of the wells tested for

this study were in the City of Tucson proper, where wells are dense.

Hydrogeology of Tucson Basin 

The Tucson Basin is a structural feature of middle Tertiary age

which has been filled with elastic sediments derived from the surrounding

mountains. The thickness of the sediments is believed to be over 945

meters (Ganus, 1965). The sedimentary rocks in the basin form a single

aquifer. Four sedimentary units have been differentiated on the basis

of colour, rock-fragment content, degree of cementation, and spatial

position. The most effective supplementary aid used in discriminating
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units and in correlating them across the basin was a graphic plot of the

percentage of sand and coarser material penetrated by wells. The units,

which are described in detail by Davidson (1973), are: Pantano forma-

tion, Tinaja beds, Fort Lowell formation, and surficial deposits.

The water-yielding sedimentary units are hydraulically connected

(Davidson, 1973) and form a single aquifer in the Tucson Basin. Ground-

water is mainly taken from the upper 153 to 244 meters of the basin

sediments, but there are a few wells that are over 600 meters deep.

Groundwater occurs under unconfined conditions.



LITERATURE REVIEW

Geothermal Gradients 

It is well-established that the temperature in the earth's crust

increases with depth. Van Orstrand (1924) quotes Kircher as the first man

to note the increase of temperature with depth in 1664. Orstrand himself

designed an apparatus for field measurement of temperature in deep wells

by means of maximum thermometers. Field determination of geothermal

gradients has been done by many researchers: Lovering (1948) reported

geothermal gradients of 1 °C per 54.8 meters; Krige (1939) measured

temperatures in five boreholes and found a continuous increase of

temperature with depth of 1 °C per 95 meters for a depth of 1,108.8 and

1,271.3 meters in dolomite. Cartwright (1968) reported the following

geothermal gradients for various materials:

I. 1 ° C per 54.8 m (1 °F per 100 feet) for carbonate sequence of

rocks,

2. 1 °C per 39.2 m (1.4 ° F per 100 feet) for clastic rocks, and

3. 1 °C per 19.6 m (2.8 ° F per 100 feet) for clayey glacial material.

Schneider (1964) and Lovering and Morris (1965) found that

measurements of temperature gradients at depths of less than 30.5 meters

are affected by insolation. However, at depths greater than 30.5 meters,

the primary controls of temperature in a particular region are the flux

of heat from the earth's interior and the average annual air temperature

at the surface.

6
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It is believed that the geothermal gradients, where undisturbed

by exothermic chemical reactions, recent volcanism or climatic changes,

lie between 1 °C per 30 meters and 1 °C per 60 meters (Lovering, 1948).

Other workers who have utilized temperature measurements in

evaluation of aquifer parameters include Diment (1967), Bredehoeft and

Papadopulos (1965), Stallman (1963), Samuel (1968), Schneider (1962), and

Supkow (1971).

Out of the cited literature, only Lovering and Morris (1965) have

reported attempts to relate groundwater temperature gradients to water

quality and only to dissolved solids and chlorides.

If a screened water-supply well, or a well with perforated

casing, has not been pumped for weeks or months (new or abandoned wells),

the water in the bore can reasonably be assumed to be in thermal and

chemical equilibrium with the water in the adjacent geologic formation.

Therefore, the observed natural gradients of temperature in the bore

should be very much representative of the gradients in aquifer water.

The temperature gradient will be zero or near zero if there is mixing of

water in the well bore and/or if vertical flow exists (e.g., water coming

from a lower level strata and flowing out at a higher level strata).

Groundwater Chemistry 

Application of Groundwater
Chemistry in Hydrology

Groundwater chemistry has been found to be a valuable tool in

studying hydrologic systems. Back and Hanshaw (1965) presented

summarised statements on the current status of chemical geohydrology.



8

Studies by Back (1960), Hanshaw and Hill (1969), and Hanshaw, Back and

Rubin (1967) showed the application of chemical character of groundwater

to designate areas of groundwater recharge and discharge, and in deter-

mining apparent velocities and relative ages of groundwater by means of

C-14 studies. Methods of utilizing chemical properties of groundwater in

developing unexploited groundwater resources have been described by

Barnes and Clarke (1967), Davis and DeWiest (1966), Johnson Division

(1966) and Walton (1970). In general, these methods can be used to

identify certain practical problems before extensive well construction.

Chemical Character of Groundwater

The composition and character of groundwater is strongly

influenced by what happens before entering the aquifer. In the atmo-

sphere, as the water vapour condenses into droplets, sodium, chloride,

nitrogen, oxygen, and carbon dioxide, plus other substances, dissolve and

are taken to the ground in rain and snow. As water percolates through

the soil, rich in organic matter, additional carbon dioxide and minerals

dissolve while many cations and anions are released.

In the aquifer, groundwater is subject to a fairly stable set of

conditions. Groundwater moves slowly and is, therefore, in contact with

a large surface area of solid-phase rock minerals for a long time. Hem

(1963) and Eriksson and Khunakasem (1968) concluded that, due to the slow

rates of groundwater flow, there is generally enough time for attaining

equilibrium between the water and the ion exchange material in the

ground.
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The hydrology of a single well may be quite complicated because

permeability is not uniform in all directions and at all locations within

an aquifer. An aquifer is generally not only anisotropic but is also

not usually homogeneous physically and chemically. Chemical stratifica-

tion resulting from differences in recharge-area chemistry may be

expected, particularly in the tropics where recharge takes place over the

entire surface. In arid zones, where recharge takes place mainly along

the mountain fronts and along the river channels, chemical stratification

may be localized, absent, or not pronounced, depending on groundwater

flow characteristics. There may be minor changes of temperature and

pressure or bio-activity that may influence the composition of water in

each strata, but, on the whole, the conditions favour the establishment

of chemical equilibria in the reversible chemical reactions of the

system.

In order to study temperature gradients and water chemistry, two

hypotheses can be stated and tested for each well:

1. If temperature gradient is normal (i.e., assumption of no verti-

cal mixing in well bore) then chemical gradient in well bore is

permitted.

2. If temperature gradient is zero (i.e., assumption of vertical

flow and/or mixing in well bore) then there would be no chemical

gradient in well bore.
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Chemical Equilibrium in Groundwater 

Reversible Chemical Reactions

Hem (1963) outlined three types of chemical reactions that are

reversible and rapid enough to make it likely that they will reach

equilibrium in most groundwater systems. They are:

1. Adsorption or desorption of cations and anions held on surface

of solids.

2. Solution and deposition reactions.

3. Oxidation or reduction, and hydrolysis reactions of certain

metals (for example, iron). Examples of these reactions are

given by Hem (1970, pp. 16-17).

The Role of Temperature and Pressure

For a given mineral assemblage, the temperature of the water and

the prevailing pressure affect the concentration of ionic species in the

water and slight changes can often affect the state of chemical equilib-

rium of solutes in the groundwater. Pressure is of minor significance

since atmospheric pressure does not change much in the ground. Thorough

discussions of effects of temperature and pressure on chemical equilib-

rium are presented by Garrels and Christ (1965, pp. 306-351).

The Role of pH

The pH of a solution is the activity of hydrogen ion (AH). It

is a measure of the effective hydrogen ion concentration:

pH = log An+
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The pH of groundwater is fixed as a result of the chemical equi-

librium that exists among the solutes and solid-phase or gas-phase

material in contact with the water. pH is sensitive to slight changes in

temperature and dissolved gas content which changes due to change in

pressure. Carbon dioxide, in solution as carbonic acid and as bicar-

bonate and carbonate ions, is the principal buffering system that con-

trols the pH of most natural waters.

Equilibrium Constant

The concept of chemical equilibrium is expressed by the law of

mass action which states that the rate of a chemical reaction is propor-

tional to the active mass of the reacting substances at a particular

time.

A general expression of the law is

aA + bB = cC + dD

where a moles of A react with b moles of B to form c moles of C and d

moles of D. When the system is at equilibrium, the rates to the right

and left are equal. In this case, the thermodynamic equilibrium constant,

K, is given by

[A] a [B] b

It is a generally accepted convention to use [ ] for activity and ( ) for

concentration. The activity is a measure of the effective concentration

of a reactant or product in a chemical reaction (Garrels and Christ,

1965,- p. 5). In dilute solutions, concentration is virtually equal to

activity, but for more concentrated solutions, a correction factor must

[C] c [D] dK =



be used. The activity coefficient (y) is the correction factor. For

ion "i" the activity expression is:

[I = Y i ( ) i

The activity coefficient of each ion can be calculated from standard

water analyses data.

Equilibrium of Carbonates 

Theory and Development

Laboratory water analysis provides information relating to the

equilibrium:

	

CaCO3 
+ H+ 	HCO3- + Ca++

This reaction is to a large extent controlled by the behavior of

dissolved carbon dioxide in the natural water.

The law of mass action provides a convenient approach to study

the behavior of the dissolved carbon dioxide and subsequent reactions.

A series of reactions that determine the solution or deposition of cal-

cite (CaCO 3
) will now be presented. The equilibrium constants given

below have been taken from Garrels and Christ (1965):

CO2 + H2
0 = H2

CO
3

Pi
2
CO

3
]

K	 =	 - 10
-1.47

	CO2	 [CO2
][H2

0]

H2
CO

3 
= HCO

3
_ 

+ H
+

12
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[HCO3 - ][He ]

[I-1
2
CO2 ]	  - 10-6.4KR

2
CO3 

+
HCO3 = CO3 + H

[CO3= ][H+ ]
-10

KHCO3 = 
	  = 10	 .3

DiC0
3 

]

H20 = OH- +

_ [OW] [H]-14.0
KH

2
0 -	 [ i

2
0 ]	 - 10

CaCO3 = Ca
++ 

+ CO3
=

[Ca++ ][CO
3
= 1

= 10-8.3K
CaCO 3	 [CaCO3 ]

Thus, the three important carbonate species that make up total dissolved

carbonate are H2CO3 , HCO3 - , and CO3= . The reactions are functions of pH

and partial pressure of carbon dioxide (Pco 2). A change in Pco 2 can

cause two processes: (1) if Pco 2 is greater than that in the atmosphere,

CO2 will be liberated until a 
new equilibrium is reached and the final

result will be an increase of the pH of the water, which may result in

the precipitation of calcium carbonate and other species in solution; and

(2) if the Pco2 in water is less than 
the atmospheric Pco2' more CO2 

will

dissolve, lowering the pH of water and making it possible for more

calcium carbonate and other solids to dissolve. Changes in temperature

have similar effects. Carbon dioxide becomes less soluble as the

temperature of water increases and, therefore, CO2 tends to be liberated
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raising the pH of water. This is an inadequate textbook explanation of

what happens. The actual physical processes involved are not well-

understood because, generally, there is not enough time for CO2 to escape

to the surface.

Two possible uses of equilibrium of calcium carbonate in ground-

water are: (1) to serve as an index for determining whether a given

sample of water is supersaturated or undersaturated with respect to

calcite, and (2) to provide a means of calculating an equilibrium pH of

water which can be used for the same reason as (1). Practical applica-

tion of the information obtained on the saturation level of water, with

respect to calcite, could be in judicial selection of well sites for

development of groundwater resources. Studies in this field have been

done by Back (1961, 1963), Barnes and Clarke (1967), Hem (1961b, 1963)

and Weston (1972).

Calculation of Field pH

Hem (1961a, 1963) suggested a method for calculating an equilib-

rium pH based on calcium and bicarbonate activities where:

pH = - log
[Ca++ ][HCO3 - ]

KCaCO3

If the calculated pH is equivalent to the field pH, equilibrium condi-

tions are implied. If the calculated pH is less than the field pH,

precipitation of calcium carbonate is implied. However, since there is

always some error in pH measurements, even when these are taken in the
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field, it is recommended to take the calculated pH as the best estimate

of the real field pH and to interpret pH values with caution.

Weston (1972) developed a chemical equilibrium model for cal-

culating field pH from the laboratory pH. The model is based on two

assumptions: (1) that solid-phase calcium carbonate is available and

dispersed throughout the groundwater regime under consideration, and

(2) the groundwater is in equilibrium with the calcium carbonate. The

computer program for this model is reproduced and given in Appendix B.

This model was used in the present study to calculate field pH for

studying the saturation level of water with respect to calcite in the

wells sampled.



PREVIOUS STUDIES IN THE TUCSON BASIN

No previous study of vertical groundwater chemical gradients has

been attempted for the Tucson Basin. However, numerous water quality

studies and a few groundwater temperature studies have been done. Water

quality data for the Tucson Basin were given by Smith and others (1963),

and Smith, Draper and Fuller (1964). Schwalen and Shaw (1957) discussed

the areal distribution of dissolved solids and sulphate in the ground-

water and the areal distribution of hardness.

The chemical quality studies of water in the Tucson Basin reveal

that most of the water contains less than 500 mg/1 dissolved solids to

depths of 305 meters or more (Davidson, 1973; Laney, 1972). The dominant

ions in the groundwater in the upper part of the aquifer are calcium,

sodium and bicarbonate; at depths, the dominant ions are sodium, bicar-

bonate and sulphate. Davidson reports that, in several places, ground-

water in the upper part of the aquifer contains anomalous concentrations

of dissolved solids comprising mainly calcium, sodium, sulphate, chloride,

fluoride and nitrate.

Summarizing data by Laney (1972), Davidson (1973) reports that

the water temperature in the upper few hundred feet of the aquifer is

about 25 °C (77 °F), and at depths of about 610 m (2,000 ft) the water

temperature may be as much as 54.5 ° C (130 °F). The water temperature

increases by 1 ° C per 23.2 meters (3 ° F per 100 feet) of depth. The hotter

water occurs in w.,,41s near faults, which indicates upward leakage and

16
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circulation of hotter water along the fault zones or a nearby rock

"hot-spot."

Feldman (1966) compiled the available water-quality data and

presented distribution maps of the common constituents in groundwater.

Kidwai (1957) studied the relationship of groundwater to alluvium and

concluded that geology is the principal control of the quality and

occurrence. Computer techniques were applied by Smoor (1967) to the

areal distribution of the chemical constituents in the groundwater in

the basin. Supkow (1971) measured groundwater temperatures in 400 wells

between 1967 and 1970 and presented a contour map of temperatures at the

water table in the Tucson Basin. Weston (1972) developed a chemical

model for calculating field pH and used it to show that most groundwater

in the Tucson Basin is apparently in equilibrium with calcium carbonate

and not supersaturated.



METHODOLOGY

Apparatus 

Thermistor Construction

A thermistor is a solid-state element which has the unique pro-

perty of changing its resistance with changes in temperature. When used

in conjunction with a thermistor bridge circuit, a thermistor is a

superior electrical temperature sensor in comparison to an ordinary

mercury thermometer, a resistance thermometer, or a thermocouple. The

particular thermistor used for this work is the bead type -- with a thin

glass sheath covering the element as well as a portion of the connecting

two leads. It was rated at 100 K ohms + 15 percent at 25 ° C.

The thermistor was attached to the end of a 305-meter (1,000-

foot) long, shielded, wire cable by careful welding. Shrink tubes were

used for insulating the leads and the junction. The thermistor was then

slipped through a 15-cm long, 0.6-cm diameter copper tubing until it was

exposed inside the two stiff wires previously welded onto the copper

tubing. Silicon rubber was then blown into the space between the cable

and the copper tubing for water proofing. Polyester resin was used to

completely seal both ends of the copper tube and to hold the thermistor

in a central position. Care was taken to avoid covering the tip of the

thermistor with resin which would change the response time of the

thermistor.

18
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The stiff wires attached at the end acted as a shield to prevent

physical damage to the glass probe thermistor and to provide a place for

attaching some weight. The cable was coded with water-proof, permanent

ink every one and one-half meters. To better identify the coding, black

and red ink was used: one black mark for 1.5-meter intervals, two black

marks for 7.6-meter (25-foot) intervals, one red mark at 30.5 meters

(100 feet), two red marks at 61.0 meters, and so on. A male plug was

attached to the free end of the cable for linking it to the thermistor

bridge resistance box. The entire cable was then rolled onto a reel on

a cart, as shown on Figure 2.

Thermistor Bridge Circuit

A thermistor bridge circuit is a modified Wheatstone bridge cir-

cuit for measuring well water temperatures. Supkow (1971, Appendix 1)

gave a detailed description of how to build one. The circuit used for

this work was built in a resistance box and a D.C. micro-voltmeter was

used as a null detector (Figure 3).

Thermistor Calibration

The thermistor was calibrated against a standard mercury ther-

mometer etched every half-degree Celsius. The calibration entailed sus-

pending both the thermometer and the thermistor into a water bath whose

temperature was continually varied by a heating element. Ice was used to

lower the temperature to near zero. The water temperature and the dial

reading for the bridge null condition were simultaneously recorded every



Figure 2. Thermistor and Water Sampler Assemblies. -- A is the
thermistor, B is the water sampler in a closed position, and
C is the two messenger weights.

20



Figure 3. Testing Units and Other Items Used by the Author. -- A is the
resistance box, B is the micro-voltmeter, C is the steel
tape (152.4 meters, or 500 feet), and D is the ice-box for
storing water samples.

21
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half a degree from 3 °C to 51.5 °C. A Plot of the temperature versus dial

reading is shown in Figure 5.(p. 26).

The data was fitted to a least-square regression line by use of

a programmed polynomial. The program fitted a polynomial by the least-

square method to the calibration data to the nearest hundredth of a

degree and printed out a set of tables for each range scale (Table 1).

Water Sampler

Two types of depth, point samplers were used during the course

of the field work. The principles for their operation is the same. The

sampler is lowered to the desired depth in the open position as shown

in Figure 4. Then, a messenger weight, which trips the closing

mechanism, is run down the suspension rope. The rope, which must be one

continuous piece, was coded and rolled onto a reel on a cart (Figure 2).

pH Meter

A Beckman Model N portable pH meter was used for the determina-

tion of field pH.

Procedures 

The equipment was tested in three shallow wells at the Water

Resources Research Center (WRRC) field laboratory (Figure 6). After

mastering the procedure and after being satisfied that the 
equipment was

working properly, work started in City Wells. All the wells tested were

either old, abandoned wells whose pump columns had been pulled out, or

new wells where pumps had not yet been installed. In each case, the
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Table 1. A Portion of Thermistor Calibration Table. -- 3rd range scale
thermistor No. 1 on July 2,	 1975.

1 2 3 4 5 6 7 8 9

0.0 28.53 28.52 28.50 28.49 28.48 28.47 28.46 28.44 28.43 28.42
0.1 28.41 28.40 28.38 28.37 28.36 28.35 28.34 28.32 28.31 28.30
0.2 28.29 28.28 28.26 28.25 28.24 28.23 28.22 28.20 28.19 28.18
0.3 28.17 28.16 28.14 28.13 28.12 28.11 28.10 28.08 28.07 28.06
0.4 28.05 28.04 28.02 28.01 28.00 27.99 27.98 27.96 27.95 27.94
0.5 27.93 27.92 27.91 27.89 27.88 27.87 27.86 27.85 27.83 27.82
0.6 27.81 27.80 27.79 27.78 27.76 27.75 27.74 27.73 27.72 27.70
0.7 27.69 27.68 27.67 27.66 27.65 27.63 27.62 27.61 27.60 27.59
0.8 27.57 27.56 27.55 27.54 27.53 27.52 27.50 27.49 27.48 27.47
0.9 27.46 27.45 27.43 27.42 27.41 27.40 27.39 27.38 27.36 27.35
1.0 27.34 27.33 27.32 27.31 27.29 27.28 27.27 27.26 27.25 27.24
1.1 27.22 27.21 27.20 27.19 27.18 27.17 27.15 27.14 27.13 27.12
1.2 27.11 27.10 27.08 27.07 27.06 27.05 27.04 27.03 27.01 27.00
1.3 26.99 26.98 26.97 26.96 26.94 26.93 26.92 26.91 26.90 26.89
1.4 26.88 26.86 26.85 26.84 26.83 26.82 26.81 26.79 26.78 26.77
1.5 26.76 26.75 26.74 26.73 26.71 26.70 26.69 26.68 26.67 26.66
1.6 26.64 26.63 26.62 26.61 26.60 26.59 26.58 26.56 26.55 26.54
1.7 26.53 26.52 26.51 26.50 26.48 26.47 26.46 26.45 26.44 26.43
1.8 26.42 26.40 26.39 26.38 26.37 26.36 26.35 26.33 26.32 26.31
1.9 26.30 26.29 26.28 26.27 26.25 26.24 26.23 26.22 26.21 26.20
2.0 26.19 26.18 26.16 26.15 26.14 26.13 26.12 26.11 26.10 26.08
2.1 26.07 26.06 26.05 26.04 26.03 26.02 26.00 25.99 25.98 25.97
2.2 25.96 25.95 25.94 25.92 25.91 25.90 25.89 25.88 25.87 25.86
2.3 25.85 25.83 25.82 25.81 25.80 25.79 25.78 25.77 25.75 25.74
2.4 25.73 25.72 25.71 25.70 25.69 25.68 25.66 25.65 25.64 25.63
2.5 25.62 25.61 25.60 25.59 25.57 25.56 25.55 25.54 25.53 25.52

2.6 25.51 25.50 25.48 25.47 25.46 25.45 25.44 25.43 25.42 25.40

2.7 25.39 25.38 25.37 25.36 25.35 25.34 25.33 25.31 25.30 25.29

2.8 25.28 25.27 25.26 25.25 25.24 25.23 25.21 25.20 25.19 25.18

2.9 25.17 25.16 25.15 25.14 25.12 25.11 25.10 25.09 25.08 25.07

3.0 25.06 25.05 25.03 25.02 25.01 25.00 24.99 24.98 24.97 24.96

3.1 24.94 24.93 24.92 24.91 24.90 24.89 24.88 24.87 24.86 24.84

3.2 24.83 24.82 24.81 24.80 24.79 24.78 24.77 24.75 24.74 24.73

3.3 24.72 24.71 24.70 24.69 24.68 24.67 24.65 24.64 24.63 24.62

3.4 24.61 24.60 24.59 24.58 24.56 24.55 24.54 24.53 24.52 24.51

3.5 24.50 24.49 24.48 24.46 24.45 24.44 24.43 24.42 24.41 24.40

3.6 24.39 24.38 24.36 24.35 24.34 24.33 24.32 24.31 24.30 24.29

3.7 24.28 24.26 24.25 24.24 24.23 24.22 24.21 24.20 24.19 24.18

3.8 24.16 24.15 24.14 24.13 24.12 24.11 24.10 24.09 24.08 24.06

3.9 24.05 24.04 24.03 24.02 24.01 24.00 23.99 23.98 23.96 23.95



Table 1 -- Continued.
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0 1 2 3 4 5 6 7 8 9

4.0 23.94 23.93 23.92 23.91 23.90 23.89 23.88 23.86 23.85 23.84
4.1 23.83 23.82 23.81 23.80 23.79 23.78 23.76 23.75 23.74 23.73
4.2 23.72 23.71 23.70 23.69 23.68 23.66 23.65 23.64 23.63 23.62
4.3 23.61 23.60 23.59 23.58 23.57 23.55 23.54 23.53 23.52 23.51
4.4 23.50 23.49 23.48 23.47 23.45 23.44 23.43 23.42 23.41 23.40
4.5 23.39 23.38 23.37 23.35 23.34 23.33 23.32 23.31 23.30 23.29
4.6 23.28 23.27 23.26 23.24 23.23 23.22 23.21 23.20 23.19 23.18
4.7 23.17 23.16 23.14 23.13 23.12 23.11 23.10 23.09 23.08 23.07
4.8 23.06 23.05 23.03 23.02 23.01 23.00 22.99 22.98 22.97 22.96
4.9 22.95 22.94 22.92 22.91 22.90 22.89 22.88 22.87 22.86 22.85
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Figure 4. The Author Lowering the Water Sampler in Well B-3.
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Figure 5. Thermistor Calibration Curve. -- This is a portion of the
actual calibration curve used by the author.
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Figure 6. Map Showing Location of the Wells Sampled in the Tucson Basin.
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bore hole was sealed with a metal cap that had to be cut and replaced by

a welder before and after sampling the well for safety and sanitary

reasons (Figure 7).

The location of the wells sampled in the Tucson area are shown

on Figure 6. One well was located near Marana (Figure 1). The avail-

able driller's data on some of the wells (e.g., date of drilling, depth

of well, diameter; type of casing and perforated regions of the casing)

are given in Table 2. The designation numbers of the wells tested in

the Tucson area are indicated in Appendix A. An explanation of the

well-numbering system is given in Appendix B.

Depth to Water Table

Determination of depth to water was the first thing done at each

well. A steel tape was lowered into the well and held at any arbitrary

length sufficient to immerse the lower end and then pulled out. The

wetted length of the tape was subtracted from the length lowered into

the well to give the depth to water.

Temperature Measurements

Groundwater temperature measurements were made at one and one-

half meter intervals from the water table down to the bottom of each

well. The depths of wells ranged from 76 to 240 meters (250 to 787 feet)

and the diameters ranged from 25.4 cm (10 inches) to 50.8 cm (20 inches).

Whenever the actual depth and the history of the well was uncertain, a

small weight was attached to the thermistor to provide tension on the

cable and to prevent the cable from snarling while being lowered in the



Figure 7. Tucson City Welder Replacing the Metal Cap on Well B-3 at the
End of Day's Work.
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Table 2. Pertinent Driller's Data of the Wells Sampled.

Well
No.

Date of
Drilling

Initial
Depth
(feet)

Diameter
(inches)

A-30 Sep.	 1959 250 16

A-33 500 16

A-34 Aug. 1964 500 16

B-1 1937 500 16 for 145'
12 for 254'

B-3 1974 555 18

C-17 1951 600 12

C-43 1953 300
deepened to

12

532 in 1964

D-9 1955 344 12

deepened to 10
500 in 1964

D-42 Aug.	 1962 509 12

Sc-30 600 12

Sc-32 800 12

Marana 1974 787 20

480' casing, per-
forated from 120'
to 255'

screened to 550'

378' casing, 189'8"
of casing perfo-
rated 5 rows to
circle

300' casing per-
forated from 150'
to 298'

12" casing, per-
forated from 200'-
340'

10" casing, per-
forated from 350'-
490'

casing 250' perfo-
rated pipe

Casing and
Perforated Regions

casing to 159'7",
perforated
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well. The weight also protected the thermistor bulb and signalled the

presence of obstructions or the bottom of the well by sudden drop in

tension on the cable. Temperature measurements were slowly and carefully

made to minimize disturbance of the water column by the probe.

Sample Collection

Water samples were taken at 15.2-m (50-ft) intervals with a few

measurements done at 7.6-m (25-ft) intervals. The sampler was lowered

into the well at the required depth and then the messenger weight was

sent down. On many occasions, the closing mechanism was not triggered

by the messenger and the sampler would be found empty when pulled to the

surface. The reasons for this problem were found to be:

1. The messenger weight was too light -- in which case an extra

weight was added.

2. There was an object floating in the bore hole -- in which case a

number of hours would be spent trying to "fish" the object.

3. The rope would entangle itself and form a knot so that the

weights never reached the sampler. This aspect of the problem

was more frequent than others and it was difficult to explain.

Two possible explanations are:

a. The rope piled itself on a bent casing.

b. The rope lost tension if the sampler reached the 
bottom,

making it easier to twist around and form into a knot.

Where these problems were not encountered, sampling proceeded

rapidly until lifting the sample manually from depths 
of over 150 meters
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naturally slowed down the process. The collected sample of water was

emptied into two 250- or 500-ml, clean, polyethylene bottles, after

rinsing them with the well water. One sample was stored in an ice box

(Figure 3) and the other sample was used for pH measurement at the spot.

Review of Methods of Chemical Analysis 

Field Data

The pH of the water samples was determined in the field using a

Beckman Portable pH meter. The meter was placed under a shade and

standardized before the measurements were started. The thermometer

reading of water temperature was also taken.

The author used the Hach kit to make some chemical analysis of

water samples collected from wells at the WRRC field laboratory and from

three of the City wells. The purpose of this exercise was simply educa-

tional and to get some experience in using the Hach kit.

Laboratory Data

The main chemical analysis of water samples was done at the

Soils, Water, and Engineering Chemical Laboratory, at The University of

Arizona. A total of 67 samples from 12 wells were analyzed in this

laboratory. The author was informed that the technicians used atomic

absorption techniques for determining the cations (Ca
++

, Mg
++

, and Na).

Potassium was not determined. The anions were determined by 
a colori-

metric procedure, using a Technicon AutoAnalyzer II system. The

laboratory pH was determined on a line-operated pH 
meter. The electrical

conductivity (E.C.) was measured with a line-operated conductivity



bridge and the results were reported in millimhos per centimeter

(E.C. x 103). The total dissolved solids (T.D.S.) were obtained by

summing the analyzed cations and anions.
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RESULTS AND DISCUSSIONS

General Discussion of Results 

Chemical Analysis and Gradients

The result of the chemical analysis is shown in Appendix A. The

chemical data were converted from parts per million (ppm) to milli-

equivalents per liter (meq/1), which are numerically equal to equivalents

per million (EPM), and the results are plotted on Figure 8 to determine

the dominant type of water. Figure 8 shows that five wells had sodium

bicarbonate type water, four wells had calcium bicarbonate type, and two

wells had bicarbonate and sulphate type water, respectively, with no

dominant cation. Only one well had water of no dominant type. The

computed pH and Sodium Adsorption Ratio (SAR) are shown on Table 3. The

measured electrical conductivity (E.C.) of the sample, in micromhos per

centimeter, and the calculated SAR were used on Figure 9 to classify the

water. Eleven wells had water of irrigation water class C2-S1, which is

described as being "medium salinity-low sodium water" (Dutt and McCreary,

1970). One well had water of class C3-S1 (high salinity-low sodium

water).

In general, the calculated pH agrees fairly well with the

measured field pH (Table 3). It appears that most of the wells are at,

or close to, equilibrium and two apparently are oversaturated with

respect to calcite, if field pH values are valid. A close study of the

pH values shows that in some wells (e.g., A-30 and C-17) the pH values

34



*C.
e, o

	C 	.4.

	

0	 4J
•1.1	 0 •

	

4-.	 0
0

	

0	 ..0
C

	

4,	 0

g g
C E0
E -0 0 . .

•-' •-' 0 , 0 0 ...,00 4) 0 

0 a	C - '''	 '''''C C CM	
',4`-',,

	

ri 4" "5	 0 ct 0 , 0

H	
0 g 2	 '--'C,	 g	 ',:-; g

a,	 'P. f.	 0 m— ' C) " 0.0 ' - -o ',-,-0 ... o .rn 0 a 0

	

.	 8 .4	 0 ,..,	 e. 1:-. ,..„
.- _. 0 0 ct u er, ,

.e .::: 44 @ - -
	4-De	

<4,"'-.,-,...„.....
0 - 4., , o, .0 ,_ ... ,„.

	

0	
0 5	 -° E '' 5 n E	 . -

	V 	
''.. .)	

CC
 .° -6” . . .' 

3	 F. -	k .0 ....., ._ ,.., -	 E _ _

ti - "" '-' - — -8 - ::J..,,,,° CO0 ;,-„, zo 
CO 

6 6 v.,c, u„ , ,,,e v .,0 3

o

c,';
'	 '

	

c0 co	 < <	 „	 r_f) g

35

00

(1)
$. 1

H



Table 3. Comparison of Field, Laboratory, and Calculated pH
Values Plus Sodium Adsorption Ratios (SAR).

Depth of
	Well	 Sample	 Laboratory	 Field	 Calculated

	

No.	 (meters)	 pH	 pH	 pH	 SAR

36

	A-30	 38.1	 7.20	 6.80

	

53.4	 7.10	 6.80

	

68.6	 7.20	 6.79

	A-33	 39.6	 7.50
	

7.58

	

61.0	 7.50
	

7.60

	

76.2	 7.60
	

7.50

	

91.0	 7.30
	

7.45

	

106.7	 7.60
	

7.49

	

122.0	 7.70
	

7.45

	A-34	 38.1
	

7.40
	

7.00

	

61.0
	

7.20
	

6.86

	

76.2
	

7.50
	

6.85

	

91.5
	

7.40
	

6.80

	

106.7
	

7.30
	

6.80

	7.50	 1.69

	

7.50	 1.74

	

7.54	 1.84

	

7.71	 2.10

	

7.69	 2.08

	

7.66	 1.99

	

7.59	 2.09

	

7.64	 1.97

	

7.64	 2.04

	

7.09	 4.28

	

7.06	 3.97

	

7.14	 4.69

	

7.06	 4.70

	

7.09	 5.01

B-1
	

62.5
	

7.70
	

8.01	 3.14

	

68.6
	

7.70
	

8.02	 2.94

	

91.5
	

7.70
	

8.20	 3.01

	

106.7
	

7.60
	

7.94	 2.50

	

122.0
	

7.40
	

7.76	 2.19

	

140.0
	

7.50
	

7.85	 2.38

B-3
	

53.4
	

7.90
	

8.61
	

8.14	 3.76

	

61.0
	

7.70
	

8.40
	

8.14	 3.80

	

76.2
	

7.50
	

8.22
	

8.30	 4.30

	

91.5
	

7.50
	

8.33
	

8.50	 7.07

	

106.7
	

7.60
	

8.20
	

7.86	 3.03

	

122.0
	

7.60
	

8.20
	

7.88	 3.08

	

137.2
	

7.90
	

8.20
	

8.57	 6.96

C-17	 83.8
	

7.80
	

7.58
	

7.76	 1.03

	

99.1
	

7.70
	

7.60
	

7.72	 1.02

	

122.0
	

8.00
	

7.60
	

7.76	 1.06

	

137.2
	

7.60
	

7.60
	

7.75	 1.07

	

150.9
	

8.00
	

7.60
	

7.76	 1.02



Table 3 -- Continued.

Depth of
	Well	 Sample	 Laboratory	 Field	 Calculated

	

No.	 (meters)	 pH	 pH	 pH	 SAR

C-43	 91.5	 7.60	 7.80	 7.60
	

1.32

	

106.7	 7.50	 7.60	 7.59
	

1.23

	

122.0	 7.40	 7.70	 7.59
	

1.29

	

137.2	 7.70	 7.75	 7.64
	

1.32

D-9	 100.6	 7.70	 8.00	 7.87	 1.30

	

106.7	 7.70	 7.90	 8.04	 1.59

	

114.3	 7.80	 8.00	 7.99	 1.46

D-42	 99.1	 7.60	 7.85	 7.47	 1.10

	

106.7	 7.60	 7.40	 1.06

	

114.3	 7.60	 7.52	 7.42	 1.06

	

122.0	 7.60	 7.41	 7.36	 1.00

	

137.2	 7.50	 7.40	 7.36	 1.01

Sc-30	 68.6	 7.90	 7.72	 8.30	 2.42

	

83.8	 7.70	 7.72	 8.04	 2.01

	

99.1	 7.80	 7.70	 8.02	 1.97

	

122.0	 7.50	 7.80	 8.02	 2.02

	

137.2	 7.60	 7.70	 8.13	 2.17

Sc-32	 70.1	 7.60	 7.76	 7.88	 2.92

	

76.2	 7.80	 7.75	 7.87	 2.87

	

91.5	 7.70	 7.75	 7.78	 2.82

	

106.7	 7.90	 7.73	 7.73	 2.81

	

122.0	 7.80	 7.72	 7.76	 2.78

	

137.2	 7.80	 7.69	 7.75	 2.73

	

152.4	 7.70	 7.70	 7.73	 2.72

6*	 106.7	 7.90	 8.42	 7.43	 2.09

	

122.0	 7.90	 7.89	 7.42	 2.02

	

137.2	 7.90	 7.80	 7.43	 1.96

	

152.4	 7.90	 7.70	 7.44	 1.93

	

167.7	 7.90	 7.70	 7.44	 2.19

	

182.9	 7.90	 7.60	 7.47	 2.16

	

198.2	 7.90	 7.60	 7.45	 2.13

	

213.4	 7.90	 7.60	 7.42	 2.04

	

228.7	 8.10	 7.60	 7.41	 1.98

	

236.3	 7.90	 7.60	 7.42	 2.09
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*Cortaro Water Users Association well, Marana.
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increase from field to laboratory, while in others (e.g., B-3 and D-9,

Table 3) the pH values decrease from field to laboratory. It is diffi-

cult to say in which direction the pH values should go but it is

probably related to the absolute bicarbonate values.

In order to study the vertical chemical gradients in detail, the

electrical conductivity (E.C.), the bicarbonate (HCO 3 ) and the chloride

(C1 - ) concentrations were selected to represent the water chemistry. The

absolute percent deviation from the mean of each of these parameters was

computed and plotted on the same graph as temperature profiles. The

criterion used was that, if the absolute percent deviations from the

means were less than 5%, the chemical gradient was assumed not important;

in the range of 5% to 10%, a weak chemical gradient was assumed; and for

a deviation over 10% a definite chemical gradient was assumed to exist.

Detailed discussions of the results at each well will be presented

separately.

The variation of some of the chemical constituents with depth for

four selected wells in the Tucson Basin are shown on Figures 10, 11, 12,

and 13. The six plotted constituents (T.D.S., Ca
++

, Na, HCO 3 , S0,

and Cl) show that, in general, the Tucson Basin groundwater is probably

of fairly constant chemical composition and that the chemical 
variation

with depth is not pronounced. The water is of good chemical quality;

however, there may be some localized areas of the basin (mainly along

the Santa Cruz River) where there is water of poor chemical quality.

Well A-34 (Figure 10) is located in such an area. This 
well had T.D.S.

of over 1,700 mg/1, which was anomalously high compared with 
values of
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Figure 12. Graph Showing Variation of Dissolved Constituents in

Groundwater with Depth in Well C-17.
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less than 500 mg/1 in other wells. The nitrate concentration was between

30 and 50 mg/l. This particular well was sealed after completion and has

never been used for water supply (Chagnon, 1975).

Vertical Temperature Gradients

A least-square regression line was fitted through each profile,

or part of a profile, to determine the mean vertical temperature

gradient. The measured water table temperature ranged from 24 to 27 ° C.

The highest temperature was 34.64 ° C at a depth of 244 meters in southern

Tucson. Some of the temperature data are shown in Appendix A. The

computer vertical temperature gradients ranged from zero gradient to

reasonable normal gradients of 1 °C per 30 to 60 meters. Out of the

twelve wells tested, five wells showed practically zero temperature

gradients; the other wells showed normal or nearly normal temperature

gradients along the entire temperature profile or along some portions of

it. Three of the wells showed unexpected temperature gradients.

Detailed Discussion of Results at Each Well 

Well A-30 (Figure 14)

The temperature gradient is practically zero. The E.C. and the

HCO3 profiles 
indicate absolute deviation from the mean of less than

five percent, which may be considered to be within the experimental and

_	 .
analytical errors. Thus, considering E.C. and HCO3 , it would appear

that this well upholds the hypothesis of zero vertical temperature
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gradient and zero chemical gradient. However, the chloride content poses

a problem that is difficult to explain. Chloride ion concentration was

higher near the water table (27 mg/1) than at other points, where it was

about 20 mg/l. This anomaly introduces a 20 percent absolute deviation

from the mean for Cl - profile which is not consistent with the tempera-

ture gradient. A possible explanation is that there was recent recharge

which introduced high chloride water and the well was still undergoing

stabilization process. The well is located near the Santa Cruz River

channel.

Figure 8 shows the water in this well is of bicarbonate type with

no dominant cation. It is in irrigation water class C2-S1. The calcu-

lated field pH values (Table 3) are greater than measured field pH values

by about 0.7 pH units, implying slight undersaturation with respect 
to

calcite.

Well A-33 (Figure 15)

A temperature gradient exists although it is small (1 ° C per 88.4

meters). The E.C. profile shows less than five percent absolute devia-

tion from the mean. Both HCO 3

- 

and Cl - profiles indicate about 20 per-

cent deviation from their respective means. While the HCO
3 - increases

with depth, the chloride decreases with depth in the 
upper part of the

well, then becomes almost uniform. The T.D.S. has quite 
a scatter but

the deviation from mean is less than 10 
percent. The results indicate

little or no mixing.
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The water is of no dominant type. It is in class C2-S1. The pH

values (Table 3) suggest that the water is in equilibrium with respect to

calcit.

Well A-34 (Figure 16)

This well has so small a temperature gradient that, for practical

purposes, it can be assumed to have zero gradient. The E.C., HCO 3 - , and

Cl - plots show almost zero variation with depth. The temperature and

chemical gradient are both zero, suggesting vertical flow and/or mixing.

The well has sulphate type water with no dominant cation. It is

in class C3-S1. The T.D.S. was unusually high in this well and so were

the concentrations of all the ions relative to other wells. The pH

values suggest that the water is near equilibrium with respect to calcite.

Well B-1 (Figure 17)

The vertical temperature profile shows two different gradients.

Portion A is lower than normal (1 ° C per 100 m) and portion B is higher

than normal (1 °C per 15.2 m). The overall mean gradient is 1 ° C per 30.5

meters, which is close to normal temperature gradient. The sudden

increase of temperature at a depth of 92 meters and the fluctuations that

follow may correspond to the narrow gravel horizon on the well log. It

is possible that warm water flows into the well from this geologic

formation.

The chemical profiles do not show significant chemical gradients.

They all show less than 5% absolute deviation from their means. Only C1

shows 8% absolute deviation from the mean at a depth of 122 meters. An
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explanation of the fairly uniform chemistry could possibly be the natural

uniform chmistry of the aquifer water.

1", , water in this well is of sodium bicarbonate type and of

class C2-51. The calculated pH values are all over 8 pH units from a

depth of 62.5 to 91.5 meters. Below that depth, the pH decreases

slightly. Field pH was not measured for this well.

In conclusion, it would appear that there is no vertical mixing

in the well bore but the chemical gradients are not pronounced, indi-

cating a uniform water chemistry in this portion of the aquifer.

Well B-3 (Figure 18)

The temperature gradient of 1 °C per 30.5 meters is normal. The

change in the gradient at a depth of 115 meters is probably due to some

inflow of warm water from a nearby warm zone.

The profiles of absolute percent deviation from the mean of E.C.,

HCO3 
,- and Cl,- respectively, show chemical variation with depth 

of about

10 percent in each case. The deviation is also not uniform with depth

which possibly suggests chemical layering.

The water is of sodium bicarbonate type and is in 
class C2-51.

The calculated pH values fluctuate around + .3 pH 
units from the measured

field pH values. The analyzed calcium content 
was very low at 91.5 and

137.2 meters, where the calcium values 
were 0.02 meq/1 and 0.25 meq/l,

respectively (Appendix A).

The well log shows that the rock formation 
is mostly clay and

sand. This decrease in calcium may be caused by 
ion exchange of calcium

in the water for sodium adsorbed on 
clay minerals like montmorillonite.
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Some calcium may also be removed from water by precipitation of calcite.

In conclusion, this well shows both a temperature gradient and weak

chemical layering.

Well C-17 (Figure 19)

The temperature gradient is so small that it can be assumed to be

practically zero. Possibly, there is little mixing; however, the chemi-

cal profiles indicate otherwise. The plotted absolute percent deviation

from the mean of E.C. shows a considerable scatter of total dissolved

solids (nearly 20% deviation). The HCO
3
- concentration has a similar

variation with depth but its absolute deviation is less than 10%. The

chloride content shows a similar anomaly to Well D-42. A relatively high

Cl - concentration near the water table gives an absolute deviation from

the mean of over 100%. The Cl - becomes virtually uniform from about 99

meters downward.

The well has calcium bicarbonate type water and is of irrigation

water class C2-51. The pH values (Table 3) suggest a certain amount of

undersaturation with respect to calcite.

This is another anomalous well. According to the temperature

profile, there should be no chemical gradients. This well is in the same

neighbourhood as Wells D-9 and D-42 which show the same anomaly. The

well log shows that the lithology is quite varied all the way down -- but

there seems to be no obvious explanation for the anomaly.
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Well C-43 (Figure 20)

This well has a perfectly normal temperature gradient of 1 ° C per
31 meters. This implies no vertical mixing in the well bore and, as

such, chemical gradients could be expected. However, the plotted pro-

files of E.C., HCO 3 - , and Cl show little chemical change. The E.C. is

perfectly uniform with depth and HCO
3 and Cl show small variation of

less than 5% absolute deviation from the means.

The water is of calcium bicarbonate type with low T.D.S. and is

in class C2-51. Comparing calculated pH and the measured field pH, the

water is probably in equilibrium or close to equilibrium with respect to

calcite.

A possible explanation for the fairly uniform water chemistry is

that the water originated from one recharge zone then flowed through a

geologic formation of fairly uniform chemical composition.

Well D-9 (Not Plotted)

The temperature gradient is practically zero. There were only 3

water samples obtained and these show existence of chemical gradients

which is not consistent with the temperature gradient.

The water is of sodium bicarbonate type and is in class C2-51.

The pH values suggest equilibrium with respect to calcite.

This is an anomalous case. The temperature gradient conforms

with the assumption of vertical flow and/or mixing in the well bore but

the chemistry does not.
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Well D-42 (Figure 21)

This well is in the same neighbourhood with Well D-9. The

temperature gradient is practically zero but there is a definite chemical

gradient, as is displayed by plots of E.G., HCO3 , and Cl plotting the

absolute percent deviations from their respective means. The second

hypothesis is clearly violated in this well. The chloride content starts

high (36 mg/1), but decreases to an average value of 10 mg/1 and stays

uniform. The E.C. has similar characteristics.

The lithology offers little explanation for high chloride content

near the water table. The formation is gray sandy conglomerate which

evidently must have high chloride content.

From Figure 8, the water type is calcium bicarbonate and is of

irrigation water class C2-51. The pH values would suggest that the water

is in equilibrium with respect to calcite with the exception of the

first sample.

This is another anomalous case that appears to have no explana-

tion. The temperature profile indicates mixing but the chemistry indi-

cates no mixing in the well bore.

Well Sc-30 (Figure 22)

A normal temperature gradient of 1 °C per 42 meters exists from

the water table (66.2 m) to about 107 meters below the land surface.

Below that depth there is zero temperature gradient to the bottom of the

well.

The chemistry of the water in the upper portion of the well is in

accordance with the assumption of no vertical mixing in the well bore.
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The 15% absolute deviation from the mean of E.C. and its fluctuation with

depth is a good indicator of chemical gradients. The HCO 3- content is

fairly uniform, having less than 5% deviation from the mean. However,

the chloride content fluctuates substantially. At the water table, 21

mg/1 Cl - was analyzed which decreased to 5 mg/1 at 30 meters below the

water table. Thereafter, it remained constant at 7 mg/1 corresponding

with zero temperature gradient. But no samples were taken below 137

meters. The chloride profile shows an absolute deviation from the mean

of over 100 percent at 99-meter depth, which is peculiar.

The water is of sodium bicarbonate type and in class C2-S1. The

calculated field pH are all greater than the measured pH (Table 3). It

is possible that the water is undersaturated with respect to calcite.

Well Sc-32 (Figure 23)

This well is located 3 km from Well Sc-30 in south Tucson. The

vertical temperature profile shows two distinct 
temperature gradients. A

fairly normal gradient from the water table to about 183 
meters below the

land surface. An abrupt rise in temperature was detected at that depth.

The temperature changed from 29 °C to 30.8 °C and then increased gradually

thereafter at an average rate of 1 °C per 22.4 meters.

The water chemistry is fairly uniform with depth. 
The E.C. pro-

file shows less than 4% absolute deviation from 
the mean. The HCO 3

-

deviates from the mean with about 4% also, but 
has more fluctuations and

increases with depth. The chloride content 
fluctuates more with depth

and has a maximum absolute deviation from the 
mean of 8.5%. These are

all fairly small deviations which might be due 
to experimental or
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analytical errors. This would make one conclude that the chemistry is

fairly uniform and there is little or no chemical gradient. This con-

clusion, however, is not compatible with the temperature gradients.

The water is of sodium bicarbonate type. It is in class C2-S1.

The computed pH values generally decrease with depth except at point

106.7 meters where the measured and the calculated pH values are exactly

equal.

Marana Well (Figure 24)

This was the only well tested outside the Tucson Basin. It was a

new irrigation well owned by Cortaro Water Users Association (Well No. 6).

The temperature profile shows two distinct portions: portion A has zero

vertical temperature gradient and portion B has a gradient of 1 °C per

76 meters.

With the exception of chloride content, the water chemistry, as

represented by the E.C. and HCO 3 - , is fairly uniform with depth. The

Cl - deviates by over 100% from the mean at one point and fluctuates ran-

domly at other points.

The results in this well are difficult to interpret or draw any

valid conclusions. It appears as if the well penetrates two types of

aquifers from the temperature profile -- the upper one, where there is

mixing, and the lower one without mixing -- but the chemistry does not

clearly bear this out.

The well has calcium bicarbonate type water and is in irrigation

water class C2-S1. The computed pH values are all less than the measured
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field pH values. This may mean that the water is oversaturated with

respect to calcite.

Sources of Errors and Reliability of the Data 

The temperature data is probably the most reliable of all data

collected for this report. A number of controls were used to ensure that

the temperature readings were correct. The depth of measurement in the

well bore may be in error by a few percent due to the natural stretch of

the thermistor cable, but the absolute values of temperature are consid-

ered accurate. Two sources of errors that were found to give erroneous

temperature readings were:

1. Low batteries for either the micro-voltmeter or the bridge

circuit unit.

2. Loose joint or insufficient insulation so that the conducting

wire came into contact with water.

The presence of either, or both, of these conditions was easily detectable

in the field (for example, the voltmeter needle would be observed to

continually drift instead of being still at null position).

The chemical data is unreliable. The cation-anion balance for

all the 67 results of chemical analysis (Appendix A) shows that only 25%

of the analyses balance within 10%. Most of the analyses are off balance

by between 10 and 20%. A few are off by 20 to 30% and at least one

(Well B-1) is off by 35%. The value of electrical conductivity, in

micromhos per centimeter, divided by 100, was used to indicate the

expected sum of either the cation or the anion in EPM. It is mostly the

cations that seem to be incompletely analyzed. Also, the differences
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cannot be due to the unanalyzed potassium and iron since these are

generally known to contribute only a small percent to the total cation

SUM.

Eight samples were selected at random and returned to the

laboratory for a repeated analysis of E.C., Ca++ , Cl - , and pH. Table 4

shows the comparison of the two sets of analyses. Evidently, the method

of analysis used does not replicate the results within reasonable values

in most cases. Time factor may be used to explain some of these differ-

ences. The water samples had to stand in the laboratory for days or

weeks before analysis and they were not preserved or stored in a

refrigerator. During this time, micro-biological activity may have

changed the Ca++ , HCO3 - , SO4 - , and pH, but the E.C. Na, Mg++ , and C1

should not change much with time. Hence, there appear to be other

sources of analytical error.
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Table 4. Comparison of Doubly Analyzed, Randomly Selected Water
Samples for the Evaluation of Systematic and/or Analytical
Errors. -- All concentrations in mg/l.

Well
No.

Depth of
Sample
(meters)

pH E.C. x 10 3 Ca
++

Cl

A* B** A B A B A

A-30 68.6 7.2 7.3 .57 .59 48 43 21 20

C-17 83.8 7.8 7.4 .36 .29 34 25 22 10

B-3 137.2 7.9 8.1 .45 .47 5 19 18 12

B-3 61.0 7.7 7.5 .45 .44 15 23 22 16

D-42 106.7 7.6 7.8 .56 .50 68 50 10 10

Sc-30 83.8 7.7 7.7 .38 .33 18 16 5 6

Sc-32 122.0 7.8 7.8 .53 .54 35 34 15 12

Marana 182.9 7.9 7.8 .58 .61 66 43 30 22

*A = first analysis.
**B = second analysis.



SUMMARY AND CONCLUSIONS

A study of groundwater vertical temperature and chemical

gradients was conducted in the Tucson Basin. A glass-probe thermistor

was used for sensing water temperature at different depths. A simple,

depth, point sampler was used for obtaining water samples at specific

depths in non-active wells.

The temperature readings were plotted against depths and a

least-square regression line drawn to compute the mean vertical tempera-

ture gradient. The bicarbonate content, the chloride content, and the

electrical conductivity were selected to represent the variation of

water chemistry with depth. Profiles of percentage deviation from the

• individual means were drawn on the same graphs as temperature profiles

and the entire graphical representation was tested for the following two

assumed hypotheses:

1. If temperature gradient was normal (i.e., assumption of no verti-

cal mixing in the well bore) then chemical gradient in the well

bore was assumed possible.

2. If temperature gradient was zero (i.e., assumption of vertical

flow and/or mixing in well bore) then it was assumed there could

be no chemical gradient in the well bore.

Out of the twelve wells tested, three wells (A-33, B-3, Sc-30) fitted

hypothesis 1 perfectly. Three more wells (B-1, C-43, Sc-32) fitted

hypothesis 1 but the chemical gradients were not important. Wells A-30
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and A-34 and the Marana well fitted hypothesis 2 in general. Unexpected

gradients were found in Wells C-17, D-9 and D-42. For these wells, the

temperature gradients were zero or close to zero while the chemistry

indicated existence of chemical layering.

Most of the anomalies were partially explained by incomplete

chemical analysis and this made the interpretation difficult and uncer-

tain. The other possible explanation for some of the anomalies is a

general uniform chemical composition of aquifer water which does not seem

to change significantly with depth.

The comparison of field and computed pH values at different

depths in the well bore indicated that groundwater in the Tucson Basin

is generally either in equilibrium with respect to calcite or is close

to it. Weston (1972) arrived at a similar conclusion. However, two

wells (C-17 and Sc-30) were found substantially undersaturated and

another (Marana well) oversaturated with respect to calcite. The water

Is predominantly sodium or calcium bicarbonate type and is mainly of

irrigation water class C2-S1 (medium salinity-low sodium water).

The water sampling technique used for this study is a valid

method for obtaining representative, in situ water samples from a specific

horizon in well bores. However, the chemical analysis methods and/or

instruments used introduced such large errors that an alternative method

of analysis is recommended for this type of study.
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In spite of the uncertainty of the chemical data, there is enough

evidence to make a preliminary conclusion that vertical temperature

gradients can be used as an index of possible presence or absence of

chemical gradient in well bore.



PRACTICAL APPLICATION OF RESULTS

The water sampling technique used in this research could be

successfully used to delineate areal and vertical distribution of con-

taminants in the aquifer. It could be used for calcium carbonate and

thermodynamic equilibrium studies in wells. The technique is appropriate

for studying variation of groundwater chemistry with depth.

The temperature measurements in non-active wells or in pilot

wells could be used in reconnaissance studies as an index of possible

presence or absence of chemical gradients in the aquifer. Where tempera-

ture profiles indicate possible chemical layering, water samples can then

be taken at selected intervals and analyzed. The exact zones of high

salinity and/or high calcium carbonate and high fluoride contents can

thus be determined. Using this extra information, the hydrologist can

judiciously locate the water-supply wells so that the expected problems

are minimized. In each well the driller can decide in which zones to

install perforated casing or screen and where to plug the well bore in

order to exclude poor quality water.
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SUGGESTIONS FOR ADDITIONAL RESEARCH

The author suggests the following projects for further investi-

gations in the Tucson Basin:

1. Measurements of vertical temperature and water samples in many

more abandoned wells using similar techniques.

2. Field measurement of pH and Eh in the same wells for chemical

thermodynamic equilibrium studies.

3. Application of chemical equilibrium models and Eh-pH diagrams

to study the results of simultaneous mixing of waters in the

well bore.

Due to the great tension of the cable and rope in deep wells, it

is recommended that a winding drum or a pulley system (see Van Orstrand,

1924) be designed to bear the extra tension and make it easier to hoist

the thermistor cable and the water samples. On chemical analysis, it is

highly recommended that much more control be exercised and, if possible,

the chemical analysis be done by the researcher using standard analytical

methods. When the analysis must be done by laboratory technicians,

manufactured samples could be used to check the accuracy of the analysis.

Another possible control would be to send samples to other service

laboratories for double checking when it is economically feasible.
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APPENDIX A

BASIC DATA: MEASURED WATER TEMPERATURE AND CHEMICAL

ANALYSIS FOR TESTED WELLS
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APPENDIX B

EXPLANATION OF WELL-NUMBERING SYSTEM

Laney (1972, pp. D6-D8) describes the well-numbering system:

The well numbers used by the Geological Survey in Arizona
are in accordance with the Bureau of Land Management's system of
land subdivision [Figure B-1]. The land survey in Arizona is
based on the Gila and Salt River meridian and base line, which
divide the State into four quadrants. These quadrants are
designated counterclockwise by the capital letters A, B, C, and
D. All land north and east of the point of origin is in A
quadrant, that north and west in B quadrant, that south and west
in C quadrant, and that south and east in D quadrant. The first
digit of a well number indicates the township, the second the
range, and the third the section in which the well is situated.
The lowercase letters a, b, c, and d after the section number
indicate the well location within the section. The first letter
denotes a particular 160-acre tract, the second the 40-acre
tract, and the third the 10-acre tract. These letters also are
assigned in a counterclockwise direction, beginning in the
northeast quarter. If the location is known within the 10-acre
tract, three lowercase letters are shown in the well number. In
the example shown [Figure B-1 ] , well number (D-4-5) 19caa
designates the well as being in the NE 1/4 NE 1/4 SW 1/4 sec.
19, T. 4S., R. 5 E. Where there is more than one well within a
10-acre tract, consecutive numbers beginning with 1 are added as
suffixes.
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Figure 8-1. Well-Numbering System in Arizona. -- After Laney (1972).



APPENDIX C

COMPUTER PROGRAM FOR COMPUTING FIELD pH
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