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ABSTRACT

Dissolved oxygen concentrations in ground water were measured

at 46 locations within the Tucson basin using the "modified Winkler"

titration method. Ground water sampled was predominantly representa-

tive of the upper 150 meters of unconfined Pleistocene siliclastic al-

luvium (the Fort Lowell Formation). Oxygen concentrations ranged be-

tween 1.3 and 7.9 (+/-0.5) mg/1 and did not vary significantly with

respect to when the well was sampled. These findings along with pre-

vious work suggest that valley-fill aquifers within the Basin and Range

are, as a rule, "oxic" geochemical environments.

Dissolved oxygen concentrations vary systematically with respect

to residence time and distance from the recharge area. The lowest

oxygen concentrations (1.3-4.5 mg/1) were associated with "prototype"

recharge (very young, cool, dilute, and high pCO 2 ) indicating that

oxygen loss occurs during, and is virtually limited to, an early stage

of chemical evolution.

Oxygen removal is probably facilitated by the elevated water

table below the influent Tanque Verde Creek which supports a relatively

dense strand of phreatophytes - a potential source of organic detritus.

Mass balance calculations suggest that oxidation of biotite within

Recent stream gravel can also result in oxygen removal.

The negative oxygen flux associated with recharge is not sus-

tained; thus Tucson basin ground water remains aerobic. Transverse



xi

dispersive influx from the vadose atmosphere represents the inferred

mechanism of oxygen-transport. This is facilitated by relatively high

ground-water velocity immediately downgradient from the recharge area.

Transverse dispersion rapidly oxygenates slightly older ground water

and as a result, oxygen-saturated conditions are prevalent throughout

much of the interior basin.

Lower oxygen concentrations (approximately 3.5 mg/1) are as-

sociated with an older, warmer (presumably deeper), sodium-bicarbonate-

sulfate facies. Oxygen removal here is assumed to result from the ox-

idation of residual organic matter and reduced transversé dispersive

influx. Measured electrode potentials were all positive but did not

vary systematically with respect to ground-water flow nor were they

thermodynamically related to (0 2 )/(H 20) Nernst potentials.



CHAPTER I

INTRODUCTION

Molecular oxygen is commonly the most electrochemically reactive

component of natural aqueous systems. However, the dynamics and distri-

bution of this dissolved gas have not been systematically investigated

within many aquifers. This is somewhat surprising in that the distribu-

tion of oxygen dissolved in ground water is controlled by an interesting

set of hydrological, geochemical and biological processes.

This study investigates the distribution of dissolved oxygen in

the Tucson basin aquifer in southeastern Arizona. It also discusses the

hydrological and geochemical processes which are thought to govern the

observed distribution pattern. The Tucson basin aquifer is for the most

part unconfined and, therefore, open to the atmosphere. Hence, it rep-

resents an ideal locality to study the dynamics of a potentially well-

oxygenated hydrogeological system.

The methods used in this study are primarily descriptive. Emphasis

has been placed upon integrating the regional distribution of dissolved

oxygen with the hydrodynamics and chemical dynamics of ground water within

this study area. The physical transport processes which affect the dis-

tribution of dissolved oxygen have also been discussed. In a sense, this

study represents a necessary intermediate step between a one-parameter

approach and a more sophisticated mathematical model.
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Significance of Dissolved Oxygen 

Dissolved oxygen is a colorless, odorless, tasteless, harmless

and relatively insoluble gas. The solubility of oxygen in fresh water,

at 25 °C, is only approximately 8-10 milligrams per liter (mg/1) (Benson
and Krause 1984). The primary significance of dissolved oxygen in natural

water is that it can so readily accept electrons during the course of

both biochemical and inorganic oxidation-reduction (redox) reactions.

Stumm and Morgan (1981), in reference to the marine environment,

state "oxygen obviously is the atmospheric oxidant that is most influen-

tial in regulating with its redox partner, water, the redox level of

aerobic water." The same is likely true for many terrestrial environ-

ments open to the atmosphere. Although the meaning of "redox level" is

now controversial ( as will be discussed in Chapter 2), it is still true

that dissolved oxygen is the most energetically favorable and first-

consumed oxidant in biologically mediated redox reactions (Stumm and

Morgan 1981, Champ, Gulens, and Jackson 1979).

Dissolved oxygen imposes a distinct ecological control upon the

type of microorganisms which can inhabit aqueous environments (Brock

1979). While this is interesting in its own right, it takes on added

significance for assessing the fate of biologically reactive organic

molecules in ground water. For example, alkyl benzene and chlorobenzene

groups are biodegradable under aerobic conditions (Newsom 1985). In short,

the concentration of dissolved oxygen dictates whether aerobic, anaerobic,

or faculative anaerobic bacteria are present within natural water. Each

of these groups, in turn, have particular metabolic requirements and

abilities to decompose various organic contaminants.
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The understanding of dissolved oxygen systematics is equally im-

portant to all areas of aqueous inorganic chemistry which involve electron

transfer. Winograd and Robertson (1982) noted that dissolved oxygen

concentration is the most important variable affecting the movement of

toxic transitional metals and actinide radionuclides in ground water.

For example, the uranium ores - carnotite and uraninite - are soluble

under oxidizing conditions (Langmuir 1978). Therefore, dissolved oxygen

concentration was probably a crucial factor in the genesis of ore-bodies

such as the roll-front deposits of the Colorado Plateau.

For similar reasons, an understanding of dissolved oxygen system-

atics is critical to the assessment of the long-termed fate of radio-

nuclides which will be stored in underground repositories. A careful study

of a modern system might, therefore, be useful in assisting hydrogeologists

and geochemists to interpret the dynamics of ancient natural systems as

well as assess the consequences of anthropogenic input of wastes into the

earth's crust.

As previously mentioned, the mobility of trace metals is also in

part governed by dissolved oxygen concentration. Oxidized transitional

metals such as ferric iron are often thermodynamically stable as solid

phases in the pH-range of most natural water. Conversely, these species

are stable as mobile ions in their reduced states (Langmuir and Whittemore

1971). Therefore, the presence of dissolved oxygen indirectly, but sig-

nificantly, affects ground-water quality by providing a saturation limit

upon aqueous metal ion activities. The association of unsuitably high

iron concentrations with low redox levels in ground water has been well-

documented by Back and Barnes (1965).
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The precipitation of metallic oxyhydroxide solids which inevitab-

ly occurs in oxygenated water affects various geochemical processes. For

example, manganese oxyhydroxide acts as a catalyst for the oxidation of

trace metals (Hem 1979). Perhaps more important, the precipitation of

insoluble ferric oxyhydroxide surface coatings might provide an effective

diffusion barrier which can inhibit silicate mineral hydrolysis (Siever

and Woodford 1979). In this manner, dissolved oxygen affects both the

diagenesis of primary silicates and the geochemical evolution of ground

water in contact with these phases.

The oxidation state of non-metals also affects the potability of

ground water. The oxidized compounds of sulfur and carbon are more ac-

ceptable than their reduced counterparts which include hydrogen sulfide

and methane. Similiar considerations hold true for anionic arsenate

compounds of variable oxidation state (Cherry et al. 1979).

As will be shown in the following chapter, the concept of redox

potential has come under severe scrutiny by Lindberg and Runnells (1984),

Thorstenson (1984), and Hostettler (1984). These investigators have all

but recommended abandoning the use of Nernstian-calculated redox poten-

tials which have been computed solely upon the activity ratio of any

single couple or with the measured electrochemical potential. They in-

stead emphasize direct measurement of activity ratios of the many redox

couples present in natural water. However, in oxygenated systems, the

02/H2 0 couple is probably 
the only one which can be readily measured, in

that the concentration of reduced members of other couples are far below

detection limits of most routine analytical procedures.
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In summary, dissolved oxygen is an important constituent of nat-

ural water because its presence and distribution in large part determine:

1) the oxidation state of radionuclides and transitional metals

which in turn governs their stability in the aqueous state

2) the concentration and types of microorganisms present in nat-

ural water which in part controls the fate of both contaminant and

nautral organic compounds

3) the oxidation state and distribution of anionic complexes

4) the stability of metallic minerals - notably the oxides and

oxyhydroxides and

5) the type of geochemical measurements which can or cannot be

made.

Scope and Objectives 

The first objective of this study was to define the distribution

of dissolved oxygen in the accessible portion of the Tucson basin aquifer

and to determine if any patterns emerged. This was accomplished through

a field investigation in which dissolved oxygen concentrations were

measured at approximately 50 sampling locations. The results of this

portion of the investigation have been summarized in Chapter 5. The

second objective of this study then became to identify and describe the

hydrogeological, geochemical, and biochemical processes which control

the observed distribution pattern. This discussion is presented in Chap-

ters 5 and 6 and summarized in Chapter 7.

Dissolved oxygen is best studied as an integral component of a

larger oxidation-reduction system. The problems which beset the study
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of the electrochemistry of natural aqueous systems are discussed in Chap-

ter 2 and briefly in Chapter 5. The short literature review presented

in Chapter 2 also briefly summarizes some previous studies of dissolved

oxygen in ground water. Chapter 3 describes the hydrogeology of the

Tucson basin with special emphasis placed upon factors germane to this

study.

An extensive portion of this investigation has been devoted to

the geochemistry of Tucson basin ground water. An understanding of the

general geochemical dynamics of this system haven proven to be instru-

mental in interpreting the evolution of dissolved oxygen. Chapter 4 dis-

cusses some of the general aspects of the hydrochemistry and chemical

evolution within the Tucson basin aquifer.



CHAPTER 2

REDOX POTENTIAL AND DISSOLVED OXYGEN
IN GROUND WATER -

LITERATURE REVIEW AND THEORY

As previously stated, dissolved oxygen is probably the most impor-

tant electron acceptor or oxidant when present within an aqueous system.

The quantification of electron transfer, however, remains as one of the

most problematic aspects of modern aqueous geochemistry. This is be-

cause electrons, unlike protons, do not exist in physically meaningful

concentrations and , therefore, cannot be measured directly in solution

(Thorstenson 1984). Traditional methods of studying aqueous electro-

chemical systems have likely been discredited by the comprehensive reviews

of Hostettler (1984), Thorstenson (1984), and Lindberg and Runnells (1984).

An understanding of this controversy is critical to the proper interpre-

tation of dissolved oxygen systematics.

Redox Potential - Theory and Measurement 

The traditional approach employed in the study of aqueous electro-

chemistry has ususally involved some combination of the following tasks:

1) Measurement of the redox potential of a solution with a plat-

inum and reference electrode and converting the measured potential to a

Standard Hydrogen Electrode potential (Eh)

2) Direct measurement of the concentration of a limited number of

redox couples (ususally one) and calculation of a redox potential from

this activity ratio using the Nernstian equation

7
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3) Equating the redox potential with "electron activity" (pe - ) and

4) Using the Eh or pe - value to derive an activity or activity

ratio for all the multivalent species within the system. This has

ususally been accomplished with Eh-pH diagrams.

The use of Eh or pe - to calculate activity ratios assumes electro-

chemical and homogenous equilibrium within solution (Hostettler 1934).

If such conditions exist, than dissolved oxygen concentrations would not

have to be measured directly in that they could be calculated from the

Nernstian potential derived from the activity ratio of another couple.

However, many inherent problems have been identified with such approaches

which specify the electron as a real component of an aqueous system.

The redox potential (Eh) is the "energy gained in the transfer of

one mole of electrons from an oxidant to the hydrogen molecule" (Freeze

and Cherry 1979). The redox potential has been quantified by the Nernst

equation stated as Equation 2-1 (after Dreyer 1982):

(2-1)

Eh	 =	 Eh ° 4 (2.30 (RT)/(nF)) log (Aox)/(Ared)
where

Eh	 redox potential

(Aox) =	 activity product of the oxidized species

	

(Ared) =	 activity product of the reduced species

Eh° 	=	 redox potential for a unit activity of both oxidant
and reductant

temperature

Faraday's constant

number of moles of electrons transferred and

universal gas constant
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The electron activity was equated with the redox potential by Sil-

len (1952) as follows:

(2-2)

pe -

	

-log Ae -

	

=	 (F Eh)/(2.30 RT)

where

Ae - 	= activity of the electron in solution

In this form "pe - " is mathematically analogous to "pH" and, there-

fore, it has been used widely in geochemistry and has even been considered

a "master variable" (Stumm and Morgan 1981). Hostettler (1984), however,

concluded that the activity of the electron in solution is not equivalent

to the activity of the electron measured by the Standard Hydrogen Elec-

trode. The activity of the electron in solution is approximately zero

and, therefore, the thermodynamic meaning of Equation 2-2 is not clear.

Much of this confusion stems from the unspecified standard state of the

electron in solution. Hostettler (1984) and Thorstenson (1984) maintain

that due to this and other problems, "pe - " should no longer be regarded

as a master variable.

The problems with the traditional approaches used in aqueous geo-

chemistry unfortunately at this point only begin. A conceptually meaning-

ful redox potential can be derived from the four-step approach outlined

above, if and only if:

1) All redox reactions are reversible upon the surface of the plat-

inum electrode (Stumm and Morgan 1981) and

2) Chemical and electrochemical equilibrium are manifest within

solution (Hostettler 1984).

In reference to the second necessary condition, Stumm and Morgan
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(1981) noted that some redox reactions (notably between the NO3 - /N2

couple) are biologically mediated in natural water; hence, inherently

irreversible. Microbes metabolize reduced sulfur and, of course, dissolved

oxygen as well. Because most natural water at or near the earth's

surface is able to support microbes, some measure of irreversibility can

always be assumed.

The first condition implies that all redox reactions which can

occur within solution must also be electroactive upon the platinum elect-

rode surface. This is not always the case. The sets of couples which do

not directly transfer electrons upon the electrode surface reportedly

include 02 /H2 0, SO427H2S, CO2 /CH4 , NO37N2 , N 2 /NH4 I-and almost all couples

in which one member is a solid phase (Dreyer 1982).

In many oxygenated aqueous systems, activities of the reduced member

of a redox couple are so low that the redox reaction becomes poorly poised.

This results in low exchange currents within the measuring cell that fail

to establish a true Nernstian potential as defined in Equation 2-1 (Lind-

berg and Runnells 1984 and Stumm and Morgan 1981). In addition to the

problems of poorly poised and irreversible reactions, very slow reaction

rates render some couples operationally inert (Stumm and Morgan 1981).

Back and Barnes (1961), amongst others, have stressed that poison-

ing or coating of the platinum electrode surface can perturb redox poten-

tial measurements. Doyle (1968) has shown that insoluble ferric oxides

can coat the platinum surface, rendering the measurements thermodynamically

meaningless.

One of the worst problems involves "mixed potentials". These can

result when two or more sets of redox couples (e.g. Mn
2+7Mn 4+-and Fe 21- /Fe 3-1-)

react with one another upon the electrode surface. The reaction balances
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anodic and cathodic currents within the cell, thereby registering a mea-

surement. However, because different sets of couples are reacting with

one another, the resulting potential is non-Nernstian or thermodynamically

meaningless (Stumm and Morgan 1981). In practice, it seems impossible

to separate all the problems associated with Eh-measurements from one

another during the course of a field investigation.

Redox Potential in Ground Water - 
Some Previous Investigations 

Redox levels have been measured in thousands of natural water sam-

ples during the past four decades. Notable amongst these investigations

for the extent of data obtained and compiled were early studies by Ger-

manov et al. (1959) and Baas-Becking, Kaplan, and Moore(1960). Both

these studies concluded that Eh-measurements vary over wide ranges in

ground water. Baas-Becking et al. (1960) noted that "many geologically

distinct environments could not be differentiated by their Eh-pH charac-

teristics." Thorstenson (1984), commenting upon this monumental study,

concluded that the poor resolution was a result of thermodynamic dis-

equilibrium inherent in ground water. Morris and Stumm (1967), in an

early recognition of the "redox problem", similiarly concluded that

measured redox potentials frequently yield results that are not amenable

to clear interpretation.

Back and Barnes (1965) were able to thermodynamically correlate

redox potentials with ferrous iron concentrations in reducing Atlantic

coastal plain sediments. Few other regional hydrogeochemical investi-

gations have been able to make meaningful geological and geochemical in-

terpretations from redox potentials. Edmunds (1973), Thorstenson, Fisher
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and Croft (1979) and Jackson and Patterson (1982) have observed downgrad-

ient decreases of redox potentials within their respective study areas.

This trend has been attributed primarily to the chemical uptake and event-

ual disappearance of dissolved oxygen. However, these studies could not

demonstrate that electrochemical equilibrium exists within their respect-

ive systems.

Stumm and Morgan (1981) have outlined an important series of

microbiologically-catalyzed redox reactions which Champ et al. (1978)

used to interpret observed electrochemical trends in various aquifers.

The inferred series of reactions was based upon the presence of dis-

solved oxygen within open systems and the absence of oxygen within closed

systems. Dissolved oxygen is assumed to be the only reactive oxidant

within systems open to the atmosphere. It becomes irreversibly consumed

in a series of reactions characterized by decreasing free energy. First,

organic matter is consumed by aerobic respiration. This reaction is in

turn followed by sulfide oxidation, ferrous iron oxidation, nitrification,

and finally manganese (II) oxidation.

The closed system works upon the same principal of energetics.

However, under these conditions, dissolved oxygen is assumed to become

totally depleted or consumed along the flow path. The loss of dissolved

oxygen is followed by denitrification, the reduction of sulfate, iron and

manganese, methane fermentation, and finally nitrogen fixation.

Lindberg and Runnells (1984) compared published Eh-measurements

with calculated redox potentials using one or more analytically-determined

activity ratio associated with a given sample. Measured values virtually

never agreed with calculated Nernstian potentials. Furthermore,
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Nernstian potentials calculated from various sets of couples within an

individual sample seldom agreed with one another. This indicates that

electrochemical equilibrium rarely prevails in ground water.

As a result, Lindberg and Runnells (1984) and Thorstenson (1984)

recommended that geochemical modeling should be based upon analytically-

determined data rather than upon potentials calculated upon the assumption

of homogenous equilibrium. This recommendation has very important impli-

cations for the study of oxygenated systems in which concentrations of

reduced species are commonly less than analytical detection limits. Dis-

solved oxygen is left as one of the few electrochemically reactive species

amenable to accurate measurement and, therefore, potentially useful for

geochemical interpretation. However, as will be discussed in the con-

text of this study, in Chapter 5, dissolved oxygen concentrations have

never been, to the knowledge of this author, successfully correlated

in more than a general way with measured redox potentials.

Dissolved Oxygen in Ground Water 

Dissolved oxygen has rarely constituted the prime focus of ground-

water geochemical investigations. This can primarily be attributed to

a more general concern with the measurement and interpretation of redox

potentials. Also, dissolved oxygen was probably often assumed not to be

present in many hydrological settings. This apparent lack of concern

with dissolved oxygen in the the subsurface stands in marked contrast to

the attention this constituent has received in the studies of surface

water and marine chemistry as well as limnology.

Recently, however, a few investigators have focused upon the mea-

surement of dissolved oxygen in ground water. Heaton and Vogel (1980),



14

using radiocarbon dates, determined that a significant proportion of dis-

solved oxygen loss occurs in modern or extremely young ground water in

an unconsolidated sand aquifer in South Africa. This present study will

report similiar results.

Edmunds, Bath and Miles (1982) observed completely anoxic conditions

in the East Midlands Sandstone aquifer in England which was attributed

to the oxidation of trace organic matter. The fact that no organic mat-

ter was observed within the aquifer illustrates the difficulty in rig-

orously interpreting the dynamics of dissolved oxygen within the subsur-

face.

Baedecker and Back (1979) were able to delineate systematic dif-

ferences in dissolved oxygen concentrations below a landfill, associated

with the oxidation of organic matter. Gutsalo (1971) observed dissolved

oxygen in deep brines of the Dreper-Donets depression in the Soviet

Union; attributing its occurence to the hydrolysis of water by alpha

particles.

DeWald (1984) measured dissolved oxygen concentrations in the San

Pedro Valley immediately east of the Tucson basin in southeastern Arizona.

Dissolved oxygen concentrations, here, ranged between 4.4 - 7.3 mg/1;

however, no significant trends were associated with its distribution.

Langmuir (1971) also did not note any significant trends with respect

to dissolved oxygen in a carbonate aquifer in central Pennsylvania.

Winograd and Robertson (1982) have found dissolved oxygen present

at depths as great as 1,000 meters in a few aquifers within the Basin

and Range province. However, they did not study the distribution of

oxygen within any single aquifer. These authors emphasized that
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prevailing notions regarding microbial oxygen consumption and the decom-

position of organic matter do not necessarily apply in the semi-arid or

arid Southwest.

Berner (1981), recognizing the difficulty in interpreting redox

potentials, proposed a geochemical classification scheme based partially

upon the presence of dissolved oxygen rather than upon Eh values. Those

sedimentary environments where dissolved oxygen is present are geochemically

distinct from those where it is not and have been termed "oxic". Reducing

environments, where dissolved oxygen is absent, have been termed either

"anoxic" or "sulfidic".

Winograd and Robertson (1982) noted that valley-fill sediments

within the Basin and Range have been deposited under oxidi.zing conditions

and little readily oxidizable organic matter may exist in the bottom

of arroyos where infiltration or recharge often occurs. Therefore, al-

luvial basin aquifers might represent a prototype for subsurface "oxic"

sedimentary environments.



CHAPTER 3

HYDROGEOLOGY OF THE TUCSON BASIN

This chapter provides a basic overview of the hydrogeology of the

Tucson basin and is based in large part upon the comprehensive investi-

gations of Pashley (1966) and Davidson (1973). Some understanding of the

subsurface of this study area, however, was facilitated by personal in-

spection of well cuttings catalogued by the State of Arizona Bureau of

Geology and Mineral Resources.

General Description 

The Tucson basin is a broad northwest-trending alluvial valley in

southeastern Arizona. It is in the northern part of the Sonoran Desert

within the Basin and Range geological province. The areal extent of the

Tucson basin is over a thousand square miles and is virtually bounded by

mountains which range in elevation from about 900 to 2,800 meters above

mean sea level (msl). The elevation of the basin itself ranges from 610

meters in the northwest margin to 1,070 meters above msl in the south-

east (Davidson 1973).

The study area, as shown on Figure 3-1, is limited to the north-

central portion or approximately one-third of the Tucson basin. This part

of the aquifer is relatively accessible to sampling in that it underlies

the City of Tucson and its close surroundings. The City of Tucson is the

only major population center within the basin.

16
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Figure 3-1. Study Area.	 Map of the Tucson basin showing study area
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The major drainage feature in the Tucson basin is the Santa Cruz

River and its tributaries which in this study area include the Pantano

Wash, Rillito and Tangue Verde Creek. All stream flow is intermittent

and ground water is the sole source of municipal supply for the City of

Tucson.

The average precipitation rate is approximately 30 centimeters per

year in the central basin and 65 centimeters per year at higher elevations

in the surrounding ranges. Summer precipitation occurs as convective

thunderstorms whose moisture originates from the south while winter pre-

cipitation ususally originates from the northwest (Green and Sellers

1964). Potential evaporation rates reportedly vary between 107 and 254

centimeters per year; far exceeding precipitation rates (Buol 1964 and

Fogg 1978).

Geology 

The Tucson basin is comprised predominantly of Oligocene to Recent

siliclastic alluvium deposited by alluvial streams (Pashley 1966). Loosely

consolidated to moderately cemented silty sand and gravel constitutes

the dominant lithology (Pashley 1966 and Davidson 1973). Centrally

located grabens within the Tucson basin are a few thousand meters deep

(Davis 1967), however; most water wells have been completed to depths

between 150 to 300 meters. Therefore, only this upper portion of the

subsurface has been intensively investigated.

The Tucson basin formed as a result of Basin and Range crustal ex-

tension. It consists of a number of structural blocks offset by high

angle normal faults. The deep grabens have since been infilled by
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by alluvium derived from the surrounding ranges. The principal sources

of sediment within this study area are the Tucson Mountains in the north-

western periphery and the Santa Catalina, Tanque Verde, and Rincon

Mountains which comprise a continuous range in the north and northeast

margin.

The Tucson Mountains are primarily upthrown blocks of Cretaceous

and early Tertiary rhyolite and rhyodacite. The Santa Catalina, Rincon

and Tanque Verde Mountains represent an uplifted metamorphic core com-

plex comprised mainly of gneiss and granite. Some of the valley-fill

probably represents reworked alluvium derived from Oligocene and Pliocene

sediment uplifted as pediment in the periphery of the basin. These

blocks are shown on the simplified geologic map on Figure 3-2.

Unfortunately, two sets of stratigraphic nomenclature have come

into use which describe the same Tertiary units within the Tucson basin.

This study will use the United States Geological Survey nomenclature

described by Davidson (1973). However, many of these geological descrip-

tions were originally made by Pashley (1966) who used a different set

of stratigraphic terms.

The oldest sedimentary unit which crops out in the Tucson basin

is the Pantano Formation (Pashley's "Type I Rillito beds"). The Pantano

Formation for the most part is comprised of reddish brown silty sandstone

that has been weakly to strongly cemented by calcium carbonate (Finnel

1970). Few water wells have been completed within this unit; therefore,

it has not been correlated throughout the entire subsurface of the basin

(Davidson 1973).
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The Pantano Formation is at least 1,950 meters thick near David-

son Canyon in the southeastern portion of the basin (Finnel 1970).

Potassium-argon dates of interbedded lava flows and tuffs indicate that

the Pantano Formation is Oligocene (Damon and Bikerman 1964). Signifi-

cantly, the Pantano Formation contains very few clasts of Catalina

gneiss. This implies that the uplift of the Santa Catalina Mountains

and the present topographic expression of the Tucson basin is post-

Oligocene (Pashley 1966). The Pantano Formation has been uplifted in

the periphery of the basin adjacent to surrounding ranges.

The Tinaja beds or rocks (Pashley's Rillito II and III beds)

unconformably overlie the Pantano Formation. This unit is only approx-

imately 100 meters thick near the perimeter of the basin but more than

600 meters in the central basin (Davidson 1973). The Tinaja beds are

Miocene to Pliocene clastic sediment which Pashley (1966) has inferred

to have been deposited in a subsiding basin.

The Fort Lowell Formation (Pashley's "basin-fill") unconformably

overlies the Tinaja beds. The Fort Lowell Formation is comprised mainly

of early to middle Pleistocene clastic sediment (Davidson 1973). This

unit is 90 to 120 meters thick in most of the basin but tapers toward

the peripheral ranges. Because most water wells in the Tucson basin

have been completed within it, the Fort Lowell Formation is the most

hydrologically significant of all the Tertiary formations.

The Fort Lowell Formation grades from silty gravels and sands to

clayey silt towards the center of the basin. This important sediment-

ological trend is shown on Figure 3-3 which contours the percentage of

alluvium coarser than silt in the upper 150 meters of subsurface. These
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These contours were constructed from well-log data compiled by Davidson

(1973).

The composition of the clasts found within the Fort Lowell Forma-

tion are variable, reflecting the contribution from different source re-

gions surrounding the basin. However, in this study area most of the

clasts are granitic or gneissic. The coarser alluvium is commonly em-

bedded within quartz/feldspar sand and montmorillonite clay (Laney 1972).

Late Pleistocene and Recent sediments are hydrologically signif-

icant in that they comprise the major recharge areas within the Tucson

basin. These younger sediments, however, are only locally saturated and,

therefore, do not provide a source of ground water (Davidson 1973).

The Holocene stream channel sediments are mainly gravel and sand. The

Tanque Verde Creek bed, a major area of interest to this study, is com-

prised predominantly of coarse alluvium weathered from the Catalina

Gneiss (Pashley 1966).

Hydrology 

Hydrological Characteristics

From a hydrological standpoint, the absence of massive and areally

extensive confining beds is probably the single most important feature

of the subsurface of the Tucson basin. Therefore, the Tertiary units

comprising the Tucson basin are regarded as a single surficial aquifer

or hydrologic unit (Davidson 1973). Nonetheless, semi-confined conditions

may occur locally due to the heterogeneity of alluvial deposits (Fogg

1977).

The average porosity of the Pantano Formation, Tinaja beds, and

the Fort Lowell Formation is 0.30 (Davidson 1973). However, the coarser
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channel deposits are probably more porous. The hydraulic conductivity

of the Fort Lowell Formation, the most productive portion of the aquifer,

is 6 - 30 meters/day. The hydraulic conductivity of the older alluvium

is somewhat lower, ranging between approximately 0.15 to 15 meters/day

(Davidson). The average hydraulic conductivity of the upper 90 - 245

meters of alluvium in the northeastern portion of the basin, which is

the area of particular concern to this study, is 23 meters/day. This

value was derived from the late-recovery portion of recent pumping

(City of Tucson, unpublished data, 1986) and is similiar to Davidson's

(1973) published value.

Water Table and Hydraulic Gradient

The water table slopes from an elevation of about 800 meters in

the periphery of the basin to about 600 meters in the northwestern

outlet.	 In essence, it is basin-shaped, representing a subdued image

of the topography. A simplified version of the City of Tucson's 1984

*water table elevation map is shown on Figure 3-4. The water table is

30-75 meters below land surface in the urban Tucson area and lower through-

out much of the central basin (Davidson 1973).

The depth of the water table below the influent stream channels

is of particular concern to this study. The water table is 20 meters

or substantially lower below the Pantano Creek and the Santa Cruz River

(Davidson 1973). In contrast, it is elevated in the northeastern portion

of the basin and is less than 8 meters below land surface below much of

the Tanque Verde Creek and its tributaries - Sabino Creek and Agua

Caliente Wash. Therefore, the lower portion of these stream beds
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comprise the upper portion of the saturated or phreatic zone in this

region (Davidson 1977).

Parada, Long, and Davis (1983) have reported an incidence where

the water table was within 30 centimeters of land surface along the upper

reach of the Tanque Verde Creek, subsequent to storm events. Davidson

(1973) reported the presence of small springs in the same area. The

marked contrast of depth to the phreatic zone below the various influent

streams is believed to be a significant factor in controlling the dis-

tribution of dissolved oxygen within the Tucson basin. This will be

discussed in Chapters 5 and 6.

The hydraulic gradient, like the topographical profile, is much

steeper in the north and northeastern periphery of the basin than in

the central basin. The average hydraulic gradient is 0.008 northeast

of the Pantano Wash. The gradient decreases by approximately a factor

of four south of the Rillito and west of the Pantano Wash, as calculated

from the 1984 City of Tucson water table elevation map. The gradual

decrease in both hydraulic gradient and hydrualic conductivity dictate

a proportional decrease in ground-water velocity in the direction of

flow.

Recharge

"Influent seepage from the Santa Cruz River and its tributaries

constitutes the principal ground-water recharge in the Tucson basin"

(Wilson and De Cook 1968). These investigators calculated soil moisture

below the Santa Cruz River and determined that portions of the vadose zone

act as a vast reservoir which stores and eventually transmits recharge

to the phreatic zone. In marked contrast, little if any recharge probably
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occurs in most of the central basin (Davidson 1973).

A second important source of recharge involves infiltration along

the bases of mountain ranges in the periphery of the basin. This is

known as "mountain-front" recharge (Davidson 1973). Stream bed-infiltra-

tion is considered the major source of recharge even in many areas adja-

cent to mountain-fronts (Keith 1981). This is evidenced by the mounded

water table below the lower reaches of Sabino Creek and Agua Caliente

Wash which directly drain the Santa Catalina Mountains. In practice, the

distinction between stream bed-infiltration and direct mountain-front

recharge in the periphery of the basin is not clear and the amount of

recharge which reaches the central portion of the basin is difficult to

estimate (Mohrbacher 1984).

In addition to stream-bed infiltration and mountain-front recharge,

a small percentage of ground water is derived from underflow into the

basin from the south and southwest (Davidson 1973). Underflow also

represents a mechanism of discharge which occurs through a narrow

outlet in the northwest margin of the basin between the Santa Catalina

and Tortollita Mountains. Ground-water pumping is the other significant

source of discharge and as a result of overdraft, the water table has

generally declined (Davidson 1973, Matlock and Davis 1972).

Stable Isotope Composition and Ground-Water Recharge. Stable iso-

tope ratios of hydrogen and oxygen in the water molecule have become

tools for assessing the sources of and processes involved in ground-

water recharge (Fontes 1980). If low temperature fractionation within

the aquifer is negligible, the observed stable isotopic ratio is pri-

marily a function of physical processes which occur during precipitation
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and infiltration (Gat 1980).

The stable isotopic composition of ground water in the Tucson basin

is most revealing, although only a brief review of the topic is included.

Isotopic ratios were measured from those locations shown on Figure 3-5.

Samples were from City of Tucson production wells, generally completed

in the upper 150 meters of alluvium. These wells constitute part of the

larger sampling network described in Chapter 4. The isotopic ratios were

determined by mass spectrometric methods described by Cheng (1984). The

isotopic ratios are reported relative to Standard Mean Ocean Water (SMOW)

and are listed in Appendix A as well as plotted on Figure 3-6.

As shown on Figure 3-6, ground water in the northeastern portion

of the Tucson basin is isotopically lighter and deviates less from the

meteoric line than ground water in the south central and western parts

of the basin in vicinity of the Santa Cruz River. This likely indicates

that recharge in the northeast originates from relatively higher alti-

tudes (Gat 1980). Prior to recharge : in this mountain-front area, pre-

cipitation underwent multiple cycles of evaporation and condensation be-

coming isotopically lighter as a result. Equilibrium or near-equilibrium

conditions were maintained during this distillation process as evidenced

by the fairly close fit to the meteoric line defined by Craig (1961).

In contrast, ground water sampled in the southern and western

part of the basin appears to originate from lower elevations in that

it is isotopically heavier. The isotopically heavy ground water also

plots further from the meteoric line as shown on Figure 3-6., This might

indicate that some measure of evaporation had occurred during the in-

filtration process (Gat 1980).
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Ground-Water Temperature

Smoor (1967) was one of the first investigators to be impressed

by a "remarkable thermal gradient perpendicular to the general direction

of ground-water flow" within the Tucson basin aquifer. In other words,

isotherms tend to roughly parallel equipotential surfaces. Heat is trans-

ferred from the earth to water as flow descends the geothermal gradient.

Ground-water temperatures typically vary from about 15 0-22 °C in the vic-

inity of influent stream beds to about 286-35°C in the central basin.

The temperature distribution observed during the course of this present

study is contoured on Figure 3-7. The values shown on this figure rep-

resent an integration of different temperatures mixed along the length

of the well-bore, as is the case for all parameters determined by sampling

from open-screened production wells.

Supkow (1971) noted that the warm water in the central basin pro-

vides a good indication of how remote this area is from appreciable

natural recharge. Sample temperatures, when viewed within a basin-wide

context provide some indication of relative distance from the recharge

areas as can be inferred from Figure 3-7. Laney (1972) noted the pre-

sence of anamolously high ground-water temperatures at various locations

within the Tucson basin. Notable amongst these are the Agua Caliente

Spring in the very northeastern margin of the basin and along the Santa

Cruz fault zone which roughly parallels the Santa Cruz River a few miles

east of the river. Laney (1972) attributed these temperature anomalies

to ground-water upwelling.
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Figure 3-7. Ground-Water Temperature. Temperatures are representative

of the upper 45-320 meters of the Tucson basin aquifer.
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Radiocarbon Age of Ground Water

Carbon-14 activities were measured to estimate the ages of several

water-well samples within this study area. These measurements were made

by the University of Arizona's Laboratory of Isotope Geochemistry using

analytical procedures described by Cheng (1984). Associated "percent

modern carbon" values are listed in Appendix A and the calculated ages

are shown on Figure 3-8. Much more thorough treatment of carbon-14

dating of Tucson basin ground water has been given by Cheng (1984),

Campana (1976), and Wallick (1973).

Carbon-14 ages derived from water samples taken from wells which

obtain water from intervals of hundreds of feet represent some sort of

composite or "average" value for the interval sampled. Ground-water

age (time since the water has been out of contact with the atmosphere)

has been computed from the following form of the radiometric decay equa-

tion (Mook 1980):

(3-1)

= -(t 1/2 1n2) ln a/a 0

where

= age of ground water (yrs)

t 1 	= half-life of carbon-14 (5,730 yrs)
2

a = activity of carbon-14 within sample

a
o 
= initial activity of carbon-14 and

ln = natural logarithm.

The most problematic aspect of the carbon-14 method of dating

ground water involves the assumption made regarding the contribution of

"fossil" carbonate from the dissolution of calcite which can reduce
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the initial carbon-14 activity. This is a function of a complex set of

physical and chemical factors specific to a given aquifer (e.g. Wigley,

Plummer, and Pearson 1978). Rigorous determination of the initial activity

is beyond the scope of this study. However, Vogel (1970) observed an

activity equivalent to 85 +/- 5 pmc in many ground water samples. This

value has been assumed for the estimates made herein.

As shown on Figure 3-8, the estimated age of ground water in this

study area varies between "modern" and approximately 6,000 years. This

range of values agrees well with Campana's (1976) more extensive compil-

ation of carbon-14 dates. As expected, the ages become progressively

older in the direction of flow. The distribution of ages somewhat sup-

port the previously stated notions that ground-water velocity decreases

in the direction of flow and that recharge does not occur to any great

extent in the central basin. Ground water directly downgradient from

the Tanque Verde Creek recharge area is either modern (approximately 35

years old or less) or less than a few hundred years old. This will

become important to the subsequent interpretation of dissolved oxygen

dynamics within this study area.

Summary 

The Tucson basin in southeastern Arizona constitutes a single

unconfined aquifer. Ground water has in the past been obtained primarily

from the upper 150 meters of middle-Pleistocene and younger alluvium.

The siliclastic sediments which comprise the basin-fill have been locally

derived. The dominant lithology within this study area consists of

gneissic or granitic clasts embedded within quartz/feldspar sand and silt
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and a smectite matrix. In general, the alluvium grades finer towards

the axis of the basin and with depth.

Recharge occurs primarily below ephemeral stream beds and ad-

jacent to the mountain ranges and not appreciably within the central

portion of the basin. Ground water flows from the periphery of the

basin and below stream beds towards the center of the basin and event-

ually out a narrow outlet in the northwest. Most ground water sampled

in the upper 150-300 meters of alluvium is less than 10,000 years old.



CHAPTER 4

GEOCHEMISTRY OF TUCSON BASIN
GROUND WATER

This chapter will discuss some of the more important aspects of

ground-water chemistry and geochemical evolution within the Tucson basin

aquifer. Most of the conclusions presented within this chapter are

based on sampling and analyses of water from 46 wells within the study

area. This set of data is small relative to previous compilations (e.g.

Dutt and McCreary 1970, Smoor 1967, and Laney 1972). However, it is

believed to be comprehensive enough to account for the major trends.

Sampling and Analytical Procedures 

Field Procedures

Ground-water samples were obtained from the Agua Caliente Spring,

one University of Arizona and 44 City of Tucson production wells in the

northern and central part of the Tucson basin. Sampling locations are

shown on Figure 4-1. The coordinates and depths of these wells are

listed in Appendix A and an explanation of the coordinate system is given

in Appendix B.

Most of these wells have been completed in the lower Fort Lowell

Formation or upper Tinaja beds. City of Tucson production wells are

typically 16-inch diameter, mill-slotted, and gravel packed in relatively

permeable zones. Total casing depth varied between 45 and 320 meters

and the average depth was 165 meters. Pumping rates varied between

37
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1.9 to 11.2 cubic meters per minute but most typically ranged between 2.2

3.7 cubic meters per minute.

The City of Tucson uses some of its production wells on a 365 day

per year, 24 hour per day basis. Most of the wells sampled in this study

were part of this "high priority" network which helped to insure more rep-

resentative samples. Mill-slotted production wells, of course, can pro-

duce less than ideal samples. The two major problems inherent to this

method involve 1) disproportionate sample representation from highly

permeable units and 2) the mixing of different chemical types of ground

water from different strata.

Temperature, pH, redox potential, alkalinity, and dissolved oxygen

concentrations were measured at the well-site in order to limit sample

exposure with the atmosphere. Dissolved oxygen was fixed into solid form

immediately after the sample was extracted from the well. Redox potential

and pH were measured closed to the atmosphere in a 150 cubic centimeter

(nominal) polyvinyl chloride flow cell.

The flow cell was coupled to the sampling valve of the production

well and electrodes were firmly emplaced into the flow cell with specially

cut rubber gaskets. The entire volume of the flow cell was filled with

water in order to displace air prior to taking measurements. This sampling

device is shown schematically on Figure 4-2. Flow rate through the cell

ranged between 4 to 6 liters per minute.

pH measurements were usually 0.3-0.5 units lower when measured

within the flow cell than when the sample was exposed to the atmosphere.

All other conditions were identical; therefore, the cell was thought to

be effective in preventing outgassing of carbon dioxide and otherwise

prohibiting sample/atmosphere equilibration.
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Samples preserved for laboratory analysis of the major ions were

filtered through 0.45 micron membrane paper and stored in plastic sample

containers which had been pre-rinsed with concentrated nitric acid for

at least one week and then thoroughly flushed with sample water prior

to obtaining the final sample. Samples preserved for the determination

of cation concentrations were acidified to a pH of 2.0 or less with con-

centrated nitric acid.

Analytical Procedures

Redox potential and pH were measured with an "Orion 407A Ionanal-

yzer". The cell arrangement used for pH measurement consisted of a sat-

urated calomel (mercury/mercury chloride) reference electrode and a

silver/silver chloride measuring electrode. Standard buffer solutions

(pH 4 and 7) were immersed in a water bath in order to keep them at

sample temperature. The meter self-corrected for temperature in the de-

termination of pH.

The redox cell consisted of a platinum and silver/silver chloride

electrode. The redox potentials reported in Appendix A and discussed in

Chapter 5 have been referenced to the Standard Hydrogen Electrode. Tem-

perature corrections were not made in that they are not significant.

The cell was periodically checked against Zobell's solution (0.003 M

Fe(CN) 6
3-

/Fe(CN) 64- in 0.1 M KC1).

Alkalinity was determined in the field by the titration method

described in the American Public Health Association's Standard Method

#43 (APHA 1981). One hundred milliliters of sample were titrated with

normalized sulfuric acid well past end-point to a pH of approximately
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3.5. The end-point was determined by visual inspection of the inflection

point on the titration curve. Bicarbonate concentrations and carbon di-

oxide pressure (pCO2) were calculated by WATEQF (Plummer, Jones, and

Truesdell 1976) from alkalinity and pH. All alkaline species other than

bicarbonate were neglected in the conversion of alkalinity to bicarbonate

concentration.

Chloride concentrations were determined by the argentometric (sil-

ver nitrate) titration method described in Standard Method #407A (APHA

1981). Sulfate concentrations were measured spectrophotometrically with

a "HACH DR 100" colorimeter using a barium precipitant prepared by the

Hach Company. Standard sulfate solutions were also analyzed by this

technique to help insure accuracy.

Nitrate concentrations were determined colorimetrically with a

"HACH NI-14" colorimeter using those methods prescribed by the manufact-

urer. Blanks were run for each of the anion determinations and were sub-

tracted when necessary. Duplicate, or in some case triplicate, analyses

were made for each sample and the average of these values have been re-

ported in Appendix A.

Calcium, magnesium, sodium, potassium, and dissolved silica con-

centrations were determined by the atomic adsorption spectrophotometric

methods described in Standard Methods 303 A and C (APHA 1981). Silica

concentrations (reported as S 102 ) were measured with a "Varian AA-475"

spectrophotometer using a nitrous oxide-acetylene flame. The other metal

ion concentrations were measured with a "Perkin-Elmer 403" atmoic adsorp-

tion spectrophotometer using an air-acetylene flame. Duplicate measure-

ments were made for each cation and the average value has been reported
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in Appendix A. Total dissolved solids (TDS) or total solute concentra-

tions were computed by WATEQF (Plummer et al. 1976) and were not measured

directly.

Total iron concentrations were determined by a "HACH DR/EL 4"

spectrophotometer using a ferrizine reagant. The detection limit and

precision observed for this method were 5.0 and 2.5 micrograms/liter,

respectively. Sulfide measurements were attempted at a few sampling

locations using a sulfide electrode and the procedure described by Champ

et al. (1979). Sulfide concentrations were below the analytical detec-

tion limit of this method (approximately 10 -6 M) and no results have

been reported.

The analytical error was computed from the charge balance as

follows:

(4-1)

(ZCations - ZAnions) 	 x 100	 Percent Error
(Cations	 ZAnions)/2

where

ZCations = Sum of the equivalence of cations and

ZAnions	 = Sum of the equivalence of anions.

The resulting average analytical error was six percent and the values are

listed in Appendix A.

Geochemical Characteristics 
and Evolution 

General Chemical Characteristics

Ground water throughout most of the Tucson basin is relatively di-

lute. Total dissolved solids concentrations are less than 500 mg/1 in
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75% of the basin (Laney 1972) and commonly less than 300 mg/1 in the

northeastern part of the study area. The relatively low TDS concentra-

tions can be attributed primarily to the relatively insoluble siliclastic

sediment comprising the aquifer. Laney (1972) noted that TDS concen-

trations tend to decrease with depth in the upper 300 meters of alluvium.

TDS concentrations exceed 500 mg/1 only in a few restricted parts

of the basin shown on Figure 4-3. These include the Santa Cruz River

recharge area, the "mid-basin zone of poor quality"(Laney 1972), and

the very northeastern margin of the aquifer adjacent to the Santa Cat-

alina Mountains, which is not shown on Figure 4-3. The dissolution

of relict salt marsh deposits and the disposal of treated sewage and

other wastes are likely responsible for the high TDS concentrations in

the vicinity of the Santa Cruz River (Laney 1972). Ground water within

this region constitutes a chemically distinct calcium-sodium-sulfate

facies. Bicarbonate and chloride concentrations are also high in the

vicinity of the Santa Cruz River, as shown on Figures 4-4 and 4-5, re-

spectively.

The very pronounced "zone of poor quality" in the central basin

has been attributed to the dissolution of interdispersed gypsum granules

present within the Tinaja beds (Laney 1972). The "zone of poor quality"

is a calcium-sulfate facies, reflecting its mineralogical origin. This

zone is well-delineated by the high TDS and sulfate concentrations in

T15S, R13E and R14E, as shown on Figures 4-3 and 4-6. An equivalent high

TDS, calcium-sulfate facies (not shown on these figures) is in the north-

eastern margin of the basin (Laney 1972). Here, as previously mentioned,

the gypsiferous mudstones that are deep within the central basin
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Figure 4-3. Total Dissolved Solids.	 TDS concentrations in the upper
45-320 meters of the Tucson basin aquifer.
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Bicarbonate Concentrations. 	 Bicarbonate concentrations

in the upper 45 - 320 meters of the Tucson basin aquifer.
Figure 4-4.
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Figure 4-5. Chloride Concentrations.	 Chloride concentrations in the

upper 45 - 320 meters of the Tucson basin aquifer.
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Figure 4-6. Sulfate Concentrations. 	 Sulfate concentrations in the
upper 45 -320 meters of the Tucson basin aquifer.
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have been emplaced close to the earth's surface by Basin and Range

normal faulting.

Laney (1972) used ionic ratios to distinguish seven water qual-

ity types within the Tucson basin. This classification scheme is more

detailed than necessary for the objectives of this study. Laney

(1972) identified a calcium-sodium-bicarbonate chemical type within 70%

of the shallow aquifer. Garrels (1967) emphasized that these three

ions dominate in ground water that has interacted with feldspathic ig-

neous rocks.

Facies Designations

Much of the framework for the subsequent discussion of geochemical

evolution and dissolved oxygen systematics has been based upon the three

facies designations shown on Figure 4-7. This classification scheme

is used for the purpose of this study and does not represent as an en-

compassing description as Laney's (1972) report. It does, however, pro-

vide a simple, but useful, means of categorizing geochemical trends ob-

served in a large part of the study area.

As will be discussed in the next chapter, the most significant

trends with respect to dissolved oxygen evolution were observed down-

gradient of the Tanque Verde Creek and Pantano Wash and a portion of the

central basin. The facies description has been limited generally to the

geographic area which is congruent with the inferred dissolved oxygen

trends. Thirty sampling locations, listed separately as Part 1 of Ap-

pendix A, fall within this area which does not include most of the Ril-

lito and Santa Cruz River regions.
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Figure 4-7. Hydrochemical Facies.	 Designated hydrochemial facies with-

in the study area. The designations describe inferred chem-

ical trends and are not aligned on any single ground-water
flow path.
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The three zones have been designated as the "recharge", "tran-

sitional" and "distal" facies. These terms are more descriptive of

geochemical trends than position along the ground-water flow path. In

fact, the position of the facies shown on Figure 4-7 are not alligned

on any single flow path, as can be inferred from Figure 3-4. However,

the "transitional" and "distal" zones are in some respect downgradient

from the northeastern recharge area. The boundaries between the zones

are, of course, somewhat arbitrary because the chemical changes which

they reflect are gradational.

Some ground water in the transitional zone likely represents re-

charge from the Pantano Wash. Some water in the distal zone might have

evolved from active recharge in small central basin streams and/or from

the Santa Cruz River as well as base flow from the south. However, as

its name implies, the distal zone is distant from the northeastern re-

charge area and presumably from other sources of appreciable recharge.

Major Hydrochemical Characteristics of the Three Facies

As has been previously mentioned, ground water immediately down-

gradient of the Tanque Verde Creek recharge area is a few years to a

few hundred years old (see Figure 3-8). This zone is characteristically

enriched in dissolved carbon dioxide and accordingly, slightly acidic;

as shown on Figures 4-8 and 4-9. Carbon dioxide pressure, as computed

by WATEQF, in the Tanque Verde Creek recharge facies generally ranges

between 10 -
 
1 ' 5 and 10 -2 . 25 atmospheres. These values are the highest

calculated within the basin and exceed the partial pressure of carbon

dioxide in the atmosphere by a factor of 10 to 100.
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Figure 4-8. Carbon Dioxide Pressure.	 Carbon dioxide pressure in the
upper 45 - 320 meters of the Tucson basin aquifer. pCO 2
was computed by WATEQF and not measured directly.
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Very shallow ground water in the recharge area, which was observed

at sampling location C-107, is relatively dilute. This well is only 45

meters deep and is within a kilometer of the Sabino Creek bed. TDS con-

centration at this location was only approximately 100 mg/1, closely re-

sembling runoff in the Tucson basin (Laney 1972). TDS concentrations

increase with depth to approximately 250-350 mg/1 in deeper portions of

the recharge facies. Ground water here is best characterized as a mixed

sodium-calcium-bicarbonate type as shown on the trilinear diagram on

Figure 4-10. Bicarbonate concentrations in this facies are the lowest

observed within the study area - approximately 100-120 mg/1, as shown

on Figure 4-4. Ground-water temperature in the recharge facies ranges

typically between 16 ° -23 0 Celsius.
Interestingly, sodium, chloride, and sulfate concentrations (shown

on Figures 4-11, 4-5, and 4-6, respectively) are higher within the Tanque

Verde Creek recharge area than downgradient in the transitional zone.

These relatively high concentrations can probably be attributed to mixing

with upgradient poor-quality water as will be discussed briefly in the

following section. The Stiff diagrams shown on Figure 4-12 and the

trilinear diagram provide a comparison of the different chemical types

of ground water discussed in this dissertation.

Ground water in the transitional facies is between a few hundred

and approximately 1,000 years old. Temperatures here typically vary be-

tween 23 0 and 27 °C. TDS concentrations in the transitional zone vary
between 250-400 mg/1, not substantially greater than within the recharge

facies. Calculated carbon dioxide pressures (pC0
2
) are still greater

than atmospheric but are much lower than within the recharge area. The
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Figure 4-10. Trilinear Diagram. Major ion constituency of Tucson
basin ground water shown on a trilinear diagram. Note
that ground water evolves from a mixed type as recharge
to a Ca-HCO3 type then finally to Na-SO4-HCO3 type.
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Figure 4-11. Sodium Concentrations.	 Sodium concentrations in the
upper 45 - 320 meters of the Tucson basin aquifer.
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pH of transtional zone water is slightly basic - between 7.0 and 7.8 -

as contrasted with the recharge facies where pH ranged most typically

between 6.6 and 7.2.

The ionic composition of the transitional zone, as shown on

Figures 4-10 and 4-12 is dominated by calcium and bicarbonate. Bicarbon-

ate concentration increases downgradient to approximately 150 mg/1 in

this area as shown on Figure 4-4. Sodium and sulfate concentrations are

typically less than 30 and 20 mg/1, respectively, in the transitional

zone - the lowest concentrations observed within the study area.

Limited carbon-14 age estimates indicate that ground water in the

distal facies is relatively old - between a few thousand and perhpas as

much as 6,000 to 10,000 years old. This suggests that ground water in

the distal facies, or central basin, is removed from appreciable re-

charge. Ground water in the distal zone is also relatively warm -

typically between 27 ° -350 C.

The ionic composition of ground water in the distal facies is in

most cases distinctly different from the two previously described zones.

TDS concentrations increase to 500 mg/1 or greater in the portion of

the distal facies equivalent to Laney's (1972) "zone of poor quality".

Here, calcium and sulfate concentrations exceed 50 and 100 mg/1, re-

spectively, as shown on Figures 4-13 and 4-6. Sodium concentrations

tend to increase in the general direction of ground-water flow from

the transitional to the distal zone as can be inferred from Figure 4-11.

Sodium concentrations exceed 100 mg/1 in the Agua Caliente Spring which

has been included in the distal facies, primarily upon the basis of its

chemical characteristics.
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Figure 4-12. Stiff Diagrams.	 Stiff diagrams comparing major
ion constituency of ground water at various locations
in the Tucson basin.
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Figure 4-13. Calcium Concentrations.	 Calcium concentrations in the

upper 45 - 320 meters of the Tucson basin aquifer.
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Bicarbonate concentrations in distal water are relatively high

(125-150 mg/1) with the exception of at sampling location 5C-18. This

location is very important because it produces the warmest ground water

observed within the study area. The sample temeprature at this location,

which is close to the Santa Cruz fault (Gass 1977), is 35°C. Distal zone

water is a mixed sodium-calcium-bicarbonate-sulfate type as shown on

Figure 4-10, but the warmest samples, which possibly represent water from

the deepest origin, have evolved toward a sodium-bicarbonate-sulfate or

sodium-sulfate type.

The partial pressure of CO2 is relatively low in the distal zone

- approaching atmospheric value at sampling location SC-18. pH varies

between 7.4 and 7.8 throughout most of the distal zone. The highest

pH observed within this study area was 8.4 at sampling location SC-18,

probably representing the most chemically evolved water within the study

area.

Dissolved silica (HASiO
4
 ) concentrations increase from approxi-

-t
mately 15 mg/1 in the shallowest and coolest ground water (at sampling

location C-107) to 54 mg/1 in the Agua Caliente Springs. However, sys-

tematic basin-wide trends are not readily discernible from Figure 4-14.

Magnesium concentrations tend to range between 5 and 10 mg/1 throughout

most of the basin, except for the "zone of poor quality" and the Santa

Cruz River, as shown on Figure 4-15. Potassium concentrations tend to

increase only slightly between 1.5 and 3.0 mg/1 from the Tanque Verde

Creek recharge area to the distal zone, as shown on Figure 4-17.
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Figure 4-14. Silica Concentrations.	 Dissolved silica (as H4 SiO4 )
concentrations in the upper 45-320 meters of the
Tucson basin aquifer.
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Figure 4-15. Magnesium Concentrations.	 Magnesium concentrations in
the upper 45-320 meters of the Tucson basin aquifer.
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Figure 4-16. Potassium Concentrations. 	 Potassium concentrations
in the upper 45 - 320 meters of the Tucson basin aquifer.
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Chemical Evolution

Some of the more important processes which have determined the

chemical composition of ground water in the Tucson basin include:

1) the dissolution and then the precipitation of calcite

2) the dissolution of interdispersed sulfate salts

3) the incongruent dissolution of the primary silicates and

4) ground-water mixing which occurs within the recharge facies.

Ground Water Mixing Within the Recharge Area. As detailed in

the previous section; TDS, sodium, sulfate and chloride concentrations

are higher immediately downgradient from the Tanque Verde Creek recharge

area than further downgradient within the transition facies. As shown

on Figures 4-3, 4-6, and 4-11, a plume-like configuration of relatively

poor-quality water apparently emanates from the northeastern margin of

the aquifer, where the Pantano Formation and Tinaja beds have been up-

thrown as pediment. Chloride, sulfate, and sodium concentrations de-

crease significantly in the transition zone; most likely as a result of

dilution from influent surface water (recharge) below the Tanque Verde

and Rillito beds.

Reported sulfate and TDS concentrations in ground water in the

very northeastern margin of the aquifer are approximately 100 and 1,000

mg/1, respectively (Laney 1972). Poor-quality ground water from this

area flows downgradient and mixes with influent stream recharge at depths

greater than 45 meters, as evidenced by the very low TDS concentrations

observed in the shallow well - C-107. The resulting mixture is what

constitutes "recharge", or at least how the term is being applied herein.
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Because sulfate and TDS data are available for both proposed end-

members, an estimate of the mixing ratios can be calculated, liberally

assuming that both of these represent "conservative" parameters. The

mixture of two end-members which produce a resulting solution can be

expressed as Equation 4-2.

(4-2)

XC I, 	-i- (1 — X)C 2 	=	 C
f

where

X	 =	 proportion of end-member #1

C
1 

=	 concentration of a parameter in end-member #1

C2 =	 concentration of a parameter in end-member #2 and

Cf =	 concentration of a parameter in the final mixture.

TDS and sulfate concentrations in the gypsiferous mudstone end-

member are assumably 1,000 and 100 mg/1, respectively. The shallow ground

water observed at sampling location C-107 is assumed to constitute the

second end-member. Here, TDS and sulfate concentrations are an order of

magnitude lower; approximately 100 and 10 mg/1, respectively. The re-

sulting mixture is represented by the deepr sampling locations immediate-

ly downgradient from the Tanque Verde Creek (e.g. D-37 and D-35). Here,

from Figures 4-3 and 4-6, TDS and sulfate concentrations are approxi-

mately 275 and 35 mg/1, respectively. From Equation 4-2, the resulting

mixture is comprised approximately of 20-30% upgradient poor-quality

water and 70-80% influent stream bed seepage. Both the sulfate and TDS

parameters produce similiar mixing ratios.

Both parameters were assumed "conservative" but this, of course,

is an oversimplification. More data and a better understanding of the
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composition of both end-members is needed to refine this analysis. How-

ever, low sample temperatures and modern carbon-14 ages (at sampling

locations D-37 and C-75) support the premise that the principal source

of ground water in the recharge area is in fact stream-bed infiltrate.

This will be important in the context of the discussion of oxygen

systematics.

Evolution of the Ca-00
2
-H

2
0 System. This system is most

dynamic and has an important impact upon the final composition of Tucson

basin ground water. Because CO 2 can be produced by the oxidation of or-

ganic matter, this system also has direct bearing upon dissolved oxygen

systematics. However, this section primarily concerns itself with the

stability of calcite and other geochemical considerations.

The primary significance of carbon dioxide in ground water is

that it can react with water to form carbonic acid. Carbonic acid, in

turn, disassociates to a limited extent, producing hydrogen ion which

attacks calcite and the silicates (Garrels and Christ 1965). Therefore,

CO
2 

is a key weathering agent in ground water (Garrels 1967).

As previously detailed, calculated carbon dioxide partial pres-

sures are greatest in the Tanque Verde Creek recharge and decrease with

time in the general direction of ground-water flow. Parada et al. (1983)

attribute the likely major source of CO 2 in this river bed to the "decom-

position of organic matter induced by the runoff water during the per-

iodic flooding of the washes". Carbon dioxide may be similarly produced

directly in the phreatic zone as well. This will be discussed in more

detail in a subsequent section.
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Calcite, present as intergranular cement in the Fort Lowell For-

mation (Streitz 1962 and Laney 1972), will be shown to be thermodynam-

ically unstable in such acidic, carbon dioxide-rich solutions. The

relationship between CO2 , pH, and calcite stability can be derived from

the following equilibria:

(4-3)

H20	 CO2	 H2 C O3

(4-4)

(4-5)

H 	CaCO3	 =	 HCO3
- + Ca 2

The net expression is stated as Equation 4-6.

(4-6)

CaCO
3 
+ CO

2 
+ H

2
0 = Ca+2	2HCO3 -

The stability of calcite can also be expressed as follows:

(4-7)

CaCO3 = a (Ca+2 ) + a (CO3 -2 )	 Kcal

where

a ( ) = activity of a species

Kcal	 = stability constant for calcite at given temperature and
pressure.

The affinity, or thermodynamic measurement of a mineral's sta-

bility with respect to solution, is expressed as follows:

(4-8)

Affinity = RT ln (Kcaln)

where

Q = ion activity product = a (Ca+2 ) (CO3-2)
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The positive affinity values shown on Figure 4-17 in the vicinity

of the Tanque Verde Creek area indicate that the recharge facies is sig-

nificantly undersaturated with respect to calcite. Tucson basin ground

water becomes saturated with respect to calcite in the general direction

of flow, downgradient from the washes. The same trend has been noted

by Mohrbacher (1984).

The affinity values shown on Figure 4-17 closely resemble the

log pCO 2 contours shown on Figure 4-8; perhaps indicative of a system-

atic regional relationship between these two variables as suggested by

Equation 4-6. As a result of the dissolution of calcite cement, calcium

and bicarbonate become the major ionic consitituents of the the transi-

tional facies as shown on Figure 4-10. The relationship between calcium

and bicarbonate also appears to be systematic within the transitional

facies, as can be inferred from Figure 4-13 and 4-4.

Ground water at sampling location SC-18 (once again, water of

possible deepest origin) is characterized by very low concentrations of

calcium and total inorganic carbon (7.2 and 96 mg/1, respectively). Yet

this ground water is only slightly undersaturated with respect to

calcite. Low pCO2 and the related high pH are responsible for retaining

near-calcite/ground water equilibrium conditions in this advanced stage

of chemical evolution within the Tucson basin aquifer. Simply, a higher

percentage of the total carbon remaining in solution is present as car-

bonate ion.

The high Na/Ca ratios observed in this type of ground water in

the Tucson basin have been attributed to ion-exchange (e.g. Laney 1972).

The precipitation of calcite, as might be implied by the low bicarbonate
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Figure 4-17. Calcite Affinity.	 Calcite affinity in the upper 45-
320 meters of the Tucson basin aquifer.
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concentrations observed at sampling location SC-18, can represent an-

other process which affects the composition of deep Tucson basin ground

water. As will be subsequently shown, the high sodium concentrations

might result from the dissolution of albite. Therefore, the precipi-

tation of calcite, in slightly supersaturated upgradient water, along

with the dissolution of albite, represents an alternative working hypo-

thesis to explain the composition of distal and deep ground water within

the study area.

Dissolution of Gypsum. Gypsum is probably the most soluble of

the common mineral phases constituting the Tucson basin aquifer. Massive

evaporite beds are not present within this basin as is the case in many

valley-fill aquifers. However, gypsum is present as an interdispersed

sediment, associated primarily with Tinaja bed mudstones (Laney 1972).

The dissolution of gypsum is the process primarily responsible

for the high TDS concentrations observed in Laney's (1972) "zone of poor

quality" or this study's distal zone. Calcium and sulfate concentra-

tions exceed 75 and 150 mg/1, locally, within this portion of the basin.

However, Tucson basin ground water remains very much undersaturated with

respect to gypsum (and anhydrite) throughout the course of its chemical

evolution. This is even true in those portions of the basin where ground

water is in contact with this mineral phase.

Incongruent Dissolution of the Silicates. 	This sections dis-

cusses some general aspects of aluminosilicate stability in Tucson basin

ground water within the context of the theory of irreversible mass trans-

fer (Helgeson 1968). Irreversible mass transfer involves "a succession

of partial equilibrium states, each reversible with respect to the next;
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however, the overall process is irreversible" (Helgeson 1968). As a

result, primary silicates dissolve incongruently, forming secondary clay

minerals, commonly kaolinite and smectite.

The incongruent dissolution of the primary silicates (i.e. alibite

and potassium feldspar) occurs many times faster during the course of

acidic weathering than as a result of simple hydrolysis (Helgeson, Gar-

rels, and McKenzie 1969b). As previously discussed, acidity in Tucson

basin ground water results from the generation of CO 2 gas below the in-

fluent stream beds. Carbon dioxide-induced weathering can be expressed

in the following manner (after Helgeson et al. 1969b):

(4-9)

Alkali ± CO 2	 H 20 	  Alkali	 Dissolved	 HCO3
"	

4-
Feldspar	 ion	 Silica

Secondary	 H 2CO3
Aluminosilicates

Hence, the incongruent dissolution of the primary silicates is not only

and important diagenetic process; but also represents an important source

of alkalinity, alkali ions, and dissolved silica.

Thermodynamic assessment of silicate stability is hindered by

three factors. First, and perhaps foremost, the composition of the clay

mineral suite in the thousands of cubic kilometers comprising this aqui-

fer is not known in sufficient detail. As previously stated, montmor-

illonite is reportedly the principal clay mineral comprising the matrix

of the Fort Lowell Formation (Laney 1972). Second, the chemical composi-

tion of the clay minerals is not known. Third, dissolved aluminum concen-

trations were not analyzed and, therefore, a definitive assessment of

the stability of any individual aluminosilicate phase cannot be made.
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The brief analysis which follows is presented in the form of

activity-activity diagrams shown on Figures 4-18 through 4-21; construct-

ed after Helgeson, Brown, and Leeper (1969a). The formula for the

montmorillonite is assumed to be ideal - (Na,K)	 „
0.33

(Ca,Mg)
0.157 

Al,
6-33

Si 3.67 
0 10 0H 12 .	 An H S 10

4
 activity of 10 -5 ' 35 , representing the aver-

4

age activity in the study area, was used in the construction of Figure

4-23.

The activity-activity diagrams have been constructed assuming

isothermal-isobaric conditions of 25 0C and one atmosphere. Deviation

of phase boundaries as a result of real temperature and pressure condi-

tions are considered small relative to chemical uncertainties. The

arrows on these diagrams suggest reaction paths generally consistent

with those detailed for ground water in contact with igneous rocks

in that the solution becomes progressively saturated with respect to

secondary clay minerals and then approaches saturation with respect to

the primary silicates (Helgeson et al. 1969b). The reactions paths are

different, however, in that silica activities do not progressively in-

crease.

Tucson basin ground water, as is often the case in natural water,

is oversaturated with respect to quartz but undersaturated with respect

to amorphous silica. It appears from these activity-activity diagrams

that silica activity might be buffered by some phase not shown. Paces

(1973) suggested that dissolved silica concentrations are often con-

trolled by the precipitation of amorphous aluminosilicate phases, rather

than well-crystallized phylosilicates. Perhaps this is the case within

this study area.
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Figure 4-18. The Na20-Si02-Al203-H20 System. Composition of Tucson
basin ground water plotted on a stability diagram in the
system Na20-Si02-Al203-H20 system at 25 0C, 1 atm. (after
Helgeson et al. 1969).
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Figure 4-19. The K20-Si02-Al203-H20 System.	 Composition of Tucson
basin ground water plotted on a stability diagram in the
system K20-Si02-Al203-H20 system at 25°C, 1 atm. (after
Helegeson et al. 1969a).
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Figure 4-21.
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As might be expected. the carbon dioxide-enriched, acidic re-

charge facies is very much undrsaturated with respect to albite and

potassium feldsapar. These minerals and quartz are the dominant phases

comprising the Catalina Gneiss (Sherwonit 1977) - the primary source of

sediment comprising most of the Fort Lowell Formation. As shown on Fig-

ure 4-20, ground water quickly becomes stable with respect calcium-

montmorillonite as pH and calcium ion activity increase. However,

calcium activity likely increases as the result of the dissolution of

calcite.

As shown on Figure 4-18, distal zone water eventually approaches

equilibrium with respect to potassium feldspar although potassium ion

activities increase only slighty with respect to residence time. In

contrast, ground water throughout much of the basin remains undersatur-

ated with respect to albite, as shown on Figure 4-19. This, as pre-

viously stated, is significant in that the dissolution of albite, rather

than or in addition to ion exchange, might be responsible for the high

sodium concentrations which are characteristic of warmer water within

the distal facies. The dissolution of halite as a source of sodium is

not supported by Na/C1 ratios.

The calcite saturation surface shown on Figures 4-19 and 4-20 are

a function of CO2 pressure. The position of these surfaces have been

derived from equation 4-10.

(4-10)

log (Ca)J(H) 2 = log Kcal - logK CO 2 -logKi -logK2 - log pCO2

where

K CO	 = Henry's gas solubility constant
2
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K
1 

K
2 

= First and second disassociation constants for carbonic
acid.

The position of the saturation surface is important because it

is believed, in large part, to control the (Ce 2 )/(e) 2 activity ratio

in Tucson basin ground water. The saturation surface moves vertically

upward, inversely with CO2 pressure. As previously detailed, pCO2 de-

creases in the general direction of ground water flow. Therefore, the

(Cat 2 )/(H 4 ) 2 activity ratio increases accordingly as ground water main-

tains or nearly maintains equilibrium with calcite.

The gypsum saturation surface shown on Figure 4-21 was derived

in a similiar manner as follows:

(4-11)

log (Ce 2 )/(e) 2 = log Kayo - log (H+) 2/(SO4 -2 )

where

log Kgyp = Stability constant for gypsum.

Representative mid-basin pH and sulfate concentrations were assumed

7.75 and 100 mg/1, respectively. It does not appear from this diagram

that Tucson basin ground water approaches saturation with respect to

gypsum.

Figure 4-21 suggests that ground water in the transitional and

distal zones is in equilibrium with calcium and magnesium montmorillon-

ite. Cheng (1984) has shown that this is also apparently the case in

the Catlada del Oro region. Cheng (1984) has also shown that the phase

boundary for the magnesium-calcium exchange reaction upon the surface

of these two ideal silicates parallels the diagnol phase boundary shown

on Figure 4-21. Therefore, either ion exchange and/or the authigenic

formation of smectite might control the observed activity ratios.
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Summary 

Sodium, calcium and bicarbonate are the dominant ions in most

Tucson basin ground water. The dissolution of gypsum results in high

TDS concentrations in the middle and northeastern periphery of the basin.

TDS concentrations throughout most of the study area range between 250-

400 mg/l. pH mosty typically varies between 7.2 and 7.8 although Tanque

Verde Creek recharge is usually slightly acidic.

Calculated carbon dioxide pressures are very high in the recharge

facies and decrease with residence time in the general direction of ground-

water flow. Recharge is undersaturated with respect to calcite and, ac-

cordingly, bicarbonate and calcium concentrations increase in the

general direction of flow as this cement dissolves. Ground water in

the Tucson basin becomes saturated with respect to calcite relatively

quickly during the course of its chemical evolution. pCO 2 decreases and

pH increases most likely as the result of the dissolution of the dis-

solution of calcite and the primary aluminosilicates.

The primary aluminosilicates, with the possible exception of po-

tassium feldspar, are unstable in the Tucson basin aquifer. Given suf-

ficient aluminum activity, ground water quickly becomes stable with

respect to kaolinite and smectite. Ground water begins its chemical

evolution oversaturated with respect to quartz and remains undersat-

urated with respect to amorphous silica. As Cheng (1984) has shown

through computer modeling; calcite, albite, and smectite are the most

important minerals which affect the chemical composition of most Tucson

basin ground water.
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Ground water within this study area evolves from a relatively

dilute, slightly acidic mixed type in the Tanque Verde Creek recharge

area to a still-dilute, slightly basic Ca-HCO3 type in the transi-

tional zone. The key processes involve the dilution effect of in-

fluent stream-bed seepage and the dissolution of calcite cement.

Chemical evolution from the transitional zone to the warmer (deeper?)

distal facies involves the dissolution of gypsum and albite and likely

the precipitation of calcite. Other investigators (e.g. Laney 1972)

suggest ion exchange as the mechanism responsible for the high Na/Ca

ratios which characterize this mid-basin facies. As a result of these

processes, TDS concentrations increase and Tucson basin ground water

evolves towards a Na-HCO3-SO4 or Na-SO4 type.



CHAPTER 5

DISTRIBUTION OF DISSOLVED OXYGEN
IN THE TUCSON BASIN AQUIFER

This chapter describes the distribution of dissolved oxygen in

the accessible part of the Tucson basin aquifer. This represents the

only mapping effort of its kind within this study area. Pertinent as-

pects of molecular diffusion and hydrodynamic dispersion will be dis-

cussed as well. This discussion is mainly hypothetical; however, it

is considered essential to the understanding of oxygen systematics within

this unconfined aquifer. A short disucssion of the relationship between

dissolved oxygen and redox potential within this study area has also been

included.

Field Methods 

Dissolved oxygen concentrations were measured at all sampling

locations previously shown on Figure 4-1. Two analytical procedures

were used at most sampling locations. The more successful of these was

the azide-modified, Winkler-Atzberg, sodium-thiosulfate titration method

described as Standard Method 421B (APHA 1981). An "Orion" dissolved

oxygen electrode was also used at most sampling locations.

Duplicate Winkler-titrations were made and the average values

derived solely from this analytical procedure are reported for each loca-

tion in Appendix A. The reported precision for the Winkler-titration,

under laboratory conditions, varies between 0.02 and 0.06 mg/1 (APHA 1981).

81
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However, under field conditions, the precision is typically less, between

0.1 and 0.2 mg/l.

Samples were allowed to flow directly from the sampling valve of

the production well into a 300 ml Winkler bottle. The bottle was allowed

to overflow in order to displace any air originally present. The bottle

was then stoppered and either treated with MnSO4 to precipitate oxygen

or it was tightly fitted with the dissolved oxygen electrode. Winkler

titrations were then performed at the well-site.

A comparison of the results derived from the two analytical pro7

cedures is shown on Figure 5-1. As a whole, both procedures produced

similar results, as evidenced by the near 1:1 slope (r=0.96). The rela-

tionship between the two data sets, as determined by least squares re-

gression is as follows:

(5-1)

D.O. e = 1.07 (D.O. w) - 0.01

where

D.O. e = Dissolved oxygen concentration determined by the
electrode (mg/1) and

D.O. w = Dissolved oxygen concentration determined by the
Winkler titration (mg/1).

The measurements made with the electrode were consistently lower

than those made with the Winkler titration as oxygen concentrations ap-

proached 8 mg/l. The electrode also completely malfunctioned at many

sampling locations. Due to these malfunctions and for the purpose of con-

sistency, the data acquired from the electrode measurements have not been

used.
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Figure 5-1. Analytical Procedures Comparison. A comparison of measurd
dissolved oxygen concentrations using the Winkler titration
method and a dissolved oxygen electrode. Note the deviation
in the upper concentration range.
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Field precision and/or the day-to-day natural variability at a

given sampling location were tested by making multiple measurements at

two locations (D-37 and B-3). Widely different dissolved oxygen concen-

trations were initially observed at these well-sites which permitted the

possibility of determining deviation about two different means. The

results are shown as a histogram on figure 5-2.

Dissolved oxygen concentrations at sampling location D-37 ranged

between 1.5 and 2.8 mg/1 and the precision and/or natural variability

was +/- 0.8 mg/1 within two standard deviations about the mean. The

mean concentration at sampling location B-3 was 6.9 mg/1 and the precision

and/or variability was +/-0.6 mg/1 within two standard deviations of

this mean. Most of the deviation is believed to have resulted from a

natural variation rather than from experimental errors in that the Wink-

ler titration is fairly easy to perform consistently. In short, dissolved

oxygen concentrations, as measured within this study, are thought to be

significant to approximately +/-0.5 mg/1 at any given sampling location.

A second experiment was designed to investigate temporal varia-

tion. Twelve of the original set of wells were resampled approximately

six months after the initial sampling period. Most of these wells were

located in the northeastern part of the study area where oxygen concen-

trations vary appreciably within relatively short distances. The results

of this experiment are summarized on Figure 5-3.

In 50% of the wells, which were pumped more or less continuously

during the six month interim, the variation was insignificant (0.5 mg/1

or less). The variability was greater than 1.0 mg/1 at only one location

(C-107). Interestingly, this was the only location where the temperature
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Figure 5-2. Dissolved Oxygen Variability. 	 Dissolved oxygen var-
iability at two sampling locations within the Tucson basin

aquifer.



1

N = 12
2-5

3.0

2.0

1.0

86

Figure 5-3. Temporal Variation. 	 Percentage of variation of dissolved
oxygen concentration between two sampling periods separated
by approximately six months. The abcissa represents the
percentage of the 12 wells comprising the sampling popu-
lation. The ordinate represents the absolute difference
in concentration between sampling periods.
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difference (5 °C) was also significant. Recall that this well is very
shallow; therefore, the temperature difference might have resulted from

temperature variance in runoff feeding this well. The oxygen concentra-

tion variability might also have been related to variation within run-

off. However, the relationship between the variation between ground-

water temperature and disssolved oxygen concentration is not exactly

understood.

In summary, dissolved oxygen concentrations were not significantly

different with respect to the two sampling periods. This suggests that

steady-state dissolved oxygen concentrations might be manifest within

this study area. This conclusion, however, is at best tentative in that

the interval between sampling periods was only six months. It seems

to more strongly suggest that oxygen does not act as a random variable

within this aquifer nor were appreciable concentrations of oxygen random-

ly introduced into the samples as a result of ground-water pumping.

A commonly stated concern (e.g. Winograd and Robertson 1982)

when sampling dissolved oxygen from production wells is that air can

become entrained within grains and then mix with ground water as a result

of pumping. However, this problem is not believed to have signficantly

biased the results of this study. As will be subsequently discussed,

a geographically distinct oxygen-saturated and oxygen-deficient zone

were observed within this study area. Well design, pumping rates, and

magnitudes of cones of depression were similar in both these parts of

the basin. Identical sampling procedures were used throughout the study

area. Therefore, it seems unlikely that appreciable concentrations of
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of oxygen were artifically introduced in the oxygen-saturated zone while

not introduced into the low-oxygen zone, which currently has a very high

density of active production wells. This argument is only suggestive

and does not rigorously show that some measure of oxygen was not intro-

duced as a result of pumping air into the area around the well-bore.

Solubility of Oxygen in Water 

Although molecular oxygen (0 2 ) constitutes approximately 21% of

the atmosphere, it has a limited solubility in water. The solubility

of a gas dissolved in a liquid phase is governed by Henry's Law which

is stated as Equation 5-2 (after Stumm and Morgan, 1981):

(5-2)

(02 ) aq	 - KH .p02

where

(0 2 ) aq	 Oxygen concentration dissolved in water (mg/1)

p0 2 	partial pressure of oxygen in the gas phase (atm.)

KH	 Henry's constant or coefficient (mg/l/atm.).

Henry's coefficient is a function of temperature and salinity

of the fluid phase while the partial pressure of a gaseous phase varies

directly with total pressure. The solubility of molecular oxygen is,

therefore, directly related to atmospheric pressure and inversely related

to salinity (the "salting-out" effect) and temperature of water. The

effect of salinity is minimal. Benson and Krause (1984) show that oxygen

solubility decreases from 8.26 to 8.03 mg/1 as salinity increases from

0 to 5,000 mg/1 at 25°C, one atmosphere. In relatively dilute Tucson

basin ground water, the effect of salinity can be neglected in that it

falls within the range of analytical uncertainty.
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Under typical Tucson basin conditions, the maximum solubility

of dissolved oxygen in water at atmospheric pressure would range approx-

imately between 7.5 and 8.5 mg/1, depending upon water temperature and

elevation of the water tabale. More precisely, Benson and Krause (1984)

calculated solubilities ranging between 8.44 mg/1 at 20°C and 610 meters

msl and 7.39 mg/1 at 25°C and 915 meters msl.

The average sampling depth, or mid-point of the well casing, was

approximately 60 meters below the water table. At this depth the solu-

bility of 0 2 would be approximately six times the above-stated range be-

cause of the increased hydrostatic or total pressure. However, a source

of oxygen must be present at depth in order for oxygen concentrations

to exceed the maximum solubility at the water table or atmospheric pres-

sure. Such a source is not likely within the Tucson basin. Therefore,

the maximum solubility value at the water table is considered the likely

upper limit upon dissolved oxygen concentrations.

Regional  -Distribution of Dissolved Oxygen 

The regional distribution of dissolved oxygen in approximately

the upper 300 meters or accessible part of the Tucson basin is shown on

Figure 5-4. The contour pattern strongly suggests that the distribution

of oxygen is not random throughout most of the basin. In fact, the pattern

which emerged is seemingly more systematic than the distribution of the

major ions discussed in the previous chapter.

The average concentration of dissolved oxygen in the Tucson basin

aquifer is 5.3 mg/1 and concentrations ranged between 1.3 and 7.9 mg/l.

In comparison, DeWald (1984) observed a range between 4.4 and 7.3 mg/1
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Figure 5-4. Dissolved Oxygen Concentrations. 	 Dissolved oxygen con-
centrations in the upper 45 - 320 meters of the Tucson
basin aquifer.
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in the nearby San Pedro basin. Winograd and Robertson (1982) observed

concentrations ranging between 2.8 and 8.0 mg/1 in five basins in Arizona

and Nevada; although not all of these were valley-fill or surficial

aquifers, and therefore, not directly comparable to the Tucson basin.

In short, the Tucson basin can be considered as an "oxic" environment,

using Berner's (1981) classification scheme. The same designation seem-

ingly applies for many aquifers within the Basin and Range province.

As shown on Figure 5-4, dissolved oxygen concentrations are sig-

nificantly lower in the northeastern part of the study area than elsewhere -

reaching a minimum concentration of 1.3 mg/1 downgradient of the Tanque

Verde Creek. In contrast, dissolved oxygen concentrations approach the

maximum solubility at the water table throughout much of the central part

of the study area. Concentrations are intermediate in the vicinity of

the Santa Cruz River and the downreach of the Rillito, ranging between

4.5 - 6.5 mg/l.

This is somewhat surprising in that the disposal of treated sew-

age and other wastes in the Santa Cruz River bed might be expected to

have created a significant biological demand. Accordingly, lower dis-

solved oxygen concentrations might be expected here than elsewhere in

the study area. Apparently this is not the case. However, dissolved

oxygen concentrations are generally lower in the vicinity of the washes

or recharge areas than within the central basin.

The seemingly systematic distribution pattern, in itself, is con-

sidered notable and by no means could have been assumed a priori. Recall

that DeWald (1984) concluded that dissolved oxygen concentrations did not
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vary systematically in the nearby San Pedro artesian aquifer. Langmuir

(1971), likewise, did not report systematic trends with respect to oxygen

concentration within the carbonate artesian aquifer in central Pennsyl-

vania.

The Low-Oxygen Facies

The region immediately downgradient from most of the Tanque Verde

Creek and the upreach of the Rillito has been designated the "low-oxygen"

zone or facies. "Low-oxygen" as used in this dissertation refers to a

concentration range greater than 1.0 mg/1 but significantly lower than

the maximum solubility of oxygen at the water table. Hence, this term

is not synonymous with "anoxic","anaerobic", nor "reduced" which col-

lectively denote concentrations less than 1.0 mg/1 (Wang, Vielkind, and

Wang 1976 and Matthes 1982) and the presence of dissolved sulfides (Ber-

ner 1981).

Dissolved oxygen concentrations are only less than one order of

magnitude lower in the low-oxygen zone than elsewhere within the aquifer.

Reduced species such as hydrogen sulfide and ferrous iron would not be

appreciably more stable in the low-oxygen zone than within the oxygen-

saturated part of the study area. Therefore, the low oxygen concentra-

tions are not particularly significant in an electrochemical sense, as

can be inferred from phase diagrams (e.g. Garrels and Christ 1965). How-

ever, the processes which have created this interesting basin-wide dis-

tribution pattern are thought to be somewhat geochemically and hydrogeo-

logically significant.
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In discussing the dynamics of oxygen removal within the recharge

area, meteoric water is assumably fully saturated with respect to oxygen.

This assumption was tested in a primitive sense by measuring dissolved

oxygen concentrations in a few samples of rainfall collected during a

storm which occurred in Tucson in July, 1985. Dissolved oxygen concen-

trations ranged narrowly within these samples, between 7.5-7.8 mg/l.

Such a limited set of measurements does not, of course, rigorously

address this problem; however, it does suggest that rainfall is saturated

with respect to dissolved oxygen.

The fact that the low-oxygen zone is immediately downgradient

from a recharge area suggests that oxygen removal occurs as part of the

recharge process. However, the sampling methods employed did not permit

clear distinction to be made between oxygen-uptake (loss) in runoff as

opposed to uptake in the phreatic and vadose zones.

One factor which might complicate the seemingly straight-forward

interpretation of the origin of ground water in the low-oxygen zone in-

volves the possibility of vertical upwelling. Davidson's (1973) geologic

map of the Tucson basin shows that the low-oxygen zone is virtually bounded

by normal faults. Therefore, the possible contribution of deep-water

upwelling should be considered.

The geochemical nature of the low-oxygen facies all but precludes

the possibility of vertical upwelling. This water is very young (in some

cases modern), cool, acidic, overpressured with respect to carbon dioxide,

undersaturated with respect to calcite and the primary silicates, and

relatively dilute. These are all characteristic of an early stage of

chemical evolution within the Tucson basin aquifer. Any contribution
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from the vertical upwelling of anoxic water in this zone is not readily

apparent.

The premise that oxygen-loss occurs at shallow depths is best

evidenced at sampling location C-107. Once again, this well has been

completed only to a depth of 45 meters, within 600 meters of Sabino

Creek - a small mountain-front tributary of the Tanque Verde Creek.

Recall that the total dissolved solids concentration at this location

was only 102 mg/l. Mixing with upgradient poor-quality water or with

deep, upwelled water at this sampling location is considered unlikely

in that the ionic constituency closely resembles runoff. The dissolved

oxygen concentrations of 1.9 mg/1 (observed during the first sampling

period) was one of the lowest recorded within the study area. This

strongly suggests that oxygen-loss occurs during an early stage of chem-

ical evolution of ground water within the Tucson basin.

The above-stated argument illustrates the importance of analyzing

oxygen concentrations within the context of the total chemical system,

even if this is not done in the form of thermodynamic modeling. Inevitably,

controversies arise regarding later and vertical mixing, as well as other

aspects of flow dynamics. These uncertainties can, of course, render the

interpretation of dissolved oxygen systematics meaningless.

The question now arises as to why the lowest oxygen concentrations

observed in this study area occur adjacent to the Tanque Verde Creek area.

This question will be explored in one form or another throughout the re-

mainder of this dissertation. At this point, one simple hydrogeologic

feature of the Tucson basin should be reemphasized. This involves the
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relative position of the water table below the washes, which is thought

to be one of the more important variables affecting dissolved oxygen

concentration within this aquifer.

A cross-section showing 1984 water levels below the Pantano Wash

and Tanque Verde Creek is depicted on Figure 5-5 (after Pashley 1966 and

the City of Tucson 1984). The water table underlying the Tanque Verde

Verde Creek channel is less than 8 meters below grade while it is ap-

proximately 25 meters below grade below the Pantano Wash. The basal part

of the Holocene stream load comprises part of the saturated zone only

below the Tanque Verde Creek. Equivalent sediments are located within

the vadose zone below the Pantano Wash and other ephemeral streams in

the Tucson basin. Recall that the water table, at times, is much higher

in the immediate vicinity of the Tanque Verde Creek area than shown on

Figure 5-5 (Davidson 1973 and Parada et al. 1983).

The position of the water table is significant in two respects.

First, if a reductant such as biotite is present within the young stream

channel sediment, oxidation could occur within the phreatic zone only

below the Tanque Verde Creek. Second, and perhaps more important, the

closer the water table is to grade, the less time would be required for

infiltration to reach the phreatic zone, assuming all other hydrologic

factors are equivalent. In other words, infiltrate would spend less time

exposed to the vadose atmosphere. Therefore, a reductant such as organic

carbon present within the infiltrate would less likely consume oxygen

within the saturated zone where diffusive influx would be lower.
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Figure 5-5. Hydrogeologic Cross-Section. Hydrogeologic cross-
section in the northeastern part of the study area. Note
the relative position of the water table below the Tanque
Verde Creek and Pantano Wash. (Vertical Exaggeration 10x).
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The Oxygen-Saturated Facies and Deeper Ground Water

As ground water flows from the northeastern recharge area to the

transitional zone, dissolved oxygen concentrations increase until oxy-

gen saturation is achieved downgradient of the Pantano Wash. This pro-

cess can be readily inferred from Figures 5-4 and 3-4. This apparent

influx of dissolved oxygen represents one of the most significant facets

of the natural history of this constituent within the study area. The

influx most likely is the result of physical processes rather than from

chemical reactions, in that most oxygen-producing reactions are endothermic

at low temperature (Stumm and Morgan 1981). The physical mechanisms pos-

sibly include molecular diffusion, hydrodynamic dispersion, and/or lat-

eral mixing with another more-concentrated end-member. It will be shown

that hydrodynamic or mechanical mixing represents the only likely source

of influx.

Ground water in the extensive oxygen-saturated zone in the middle

of the basin probably originates from more than one recharge area, and

therefore, represents some type of mixture. The most volumetrically sig-

nificant end-member is believed to originate from the Taupe Verde Creek

and Pantano Wash. A less significant component might originate from the

south as underflow, as can be inferred from Figure 3-4. However, oxygen

concentrations begin to increase in close proximity to the Tanque Verde

Creek/upper Rillito recharge area, itself; as shown on Figure 5-4. There -

fore, this possible mixing dynamic is not believed to signficantly affect

dissolved oxygen concentrations in the middle of the basin.

Neither vertical mixing (from upwelling along faults or within

a well bore) nor lateral mixing (i.e. stream-bed infiltration with underflow)
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can fully saturate ground water with dissolved oxygen. This is true

simply because dissolved oxygen has a finite solubility in water. A

super-saturated end-member would be required to fully saturate the re-

sulting mixture if oxygen concentrations are very low within the second

end-member.

Interestingly, Gutsalo (1971) reported "excess" oxygen pressures

attributed to hydrolysis from alpha radiation in the Dreper-Donets de-

pression in the Soviet Union. However, radioactive decay processes such

as this are very slow and have not been documented in the Tucson basin

nor have supersaturated conditions (with repsect to atmospheric pressure)

been observed. Because a supersaturated end-member does not likely exist,

mixing alone cannot possibly resaturate ground water in the oxygen-saturated

facies.

The oxygen-saturated facies, as shown on Figure 5-4, is far more

extensive than the low-oxygen zone. It corresponds to the downgradient

part of the transitional zone and most of the distal facies. Oxygen-

saturation can well be viewed as the norm within the Fort Lowell Forma-

tion.

Oxygen-saturation can result from two generalized sets of con-

ditions within an unconfined aquifer. First, oxygen-loss or uptake simply

might not occur due to the absence of significant quantities of reductant

within the sediment and ground water. The second possibility is that

biochemical and geochemical reduction does occur but is fully compensated

by diffusive and dispersive influx. This issue will be discussed in some

detail in subsequent parts of this dissertation.
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Deeper Ground Water. Limited evidence suggests that deeper parts

of the Tucson basin aquifer are not oxygen-satured as is the case through-

out much of the Fort Lowell Formation. Dissolved oxygen concentrations

measured at sampling locations SC-18 and the Agua Caliente Spring were

3.2 and 3.7 mg/1, respectively. Recall that these sampling locations

were characterized by the warmest sample temperatures in the study area,

most likely indicative of a deeper origin. DeWald (1984) observed a

concentration of less than 0.1 mg/1 (anoxic water) in an artesian well

in the westernmost portion of the Rincon Mountains just east of this

study area. This location, however, is just outside the boundardy of

the Tucson basin aquifer as defined by Davidson (1973).

The question, therefore, arises as to whether dissolved oxygen

concentration systematically decreases with respect to depth within the

Tucson basin. Due to the sparsity of deep wells (greater than 300 meters),

this question cannot be rigorously addressed. However, ground water in

the oxygen-saturated zone is likely saturated at depths at least approx-

imately equivalent to the well bore which in most cases totalled 110-

240 meters. If vertically stratified dissolved oxygen concentrations

existed within this region, the resultant sample mixture would not have

been oxygen-saturated with respect to atmospheric pressure.

On the other hand, upwelled deep ground water might be anoxic

and mixed to some extent with oxygen-saturated shallow water. This, of

course, would produce intermediate concentrations within the mixture as

observed in the Agua Caliente Spring and at sampling location near the

Santa Cruz fault. Unfortunately, a discrete sample, representative solely

of the deeper aquifer probably has not been obtained.
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Physical Transport of 

Dissolved Oxygen 

Theory

Unlike most other solutes, dissolved oxygen is not transferred

into the liquid phase through mineral dissolution. Instead, dissolved

oxygen originates from the atmosphere and can be transported by the pro-

cesses of molecular diffusion and mechanical or hydrodyanamic dispersion.

In an unconfined aquifer, such as the Tucson basin aquifer, the atmosphere

represents a potentially "infinite" reservoir or supply of oxygen.

Molecular diffusion involves the transport of mass along a con-

centration gradient and obeys Fick's law. Mechanical dispersion describes

solute spreading which results from velocity variation within individual

pore channels and between the pore channels. Mechanical dispersion is

an advective transport mechanism which dominates thermo-kinetic molecular

diffusion as ground water velocity increases (Freeze and Cherry 1979).

Mass transport within a porous medium is often modeled by defining

flux within a fixed differential volume of fluid. If reactive flux is

neglected, the general mass transport equation can be stated in expanded

three-dimensional form as follows (Freeze and Cherry 1979):

(5-3)

(Dx OC/@x) + 	a  (Dy oc/@y)   (Dz DC/ z)a 
Y

- [ 	a  (VxC) + 	0  (VyC) + 	a  (VzC) ] = 	D C 

Y	z D t

where

Dx,Dy, and Dz = Mechanical dispersion coefficient  in the x, y,
and z directions, respectively (L /t)
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C = concentration of solute (M/L 3 )

V = seepage velocity (Lit)

t = time

If ground-water velocity is assumed constant with respect to

space and time, Equation 5-3 can be simplified as follows (Ogata 1970):

(5-4)

(Dx  a 2C 	+ Dy 	2C 	Dz 2C 	) -

2	n 2	
z2x	 y

(Vx  D 2 C 	+ Vy  2) 2 C 	Dz 	-8 2C 	) = 	D C 
	3 Y	 z	 ;) t

The directional dispersion coefficients given in Equation 5-4

describe both molecular diffusion and advective dispersion. A uni-

directional hydrodynamic dispersion coefficient can be expanded as follows

(Freeze and Cherry 1979):

(5-5)

D =V +D*

where

D = hydrodynamic dispersion coefficient (1 2/t)

cK = dispersivity (1)

D* = molecular diffusion coefficient (1 2/t) and

V = seepage velocity (lit)

This analysis will assume the dispersivity of the medium is con-

stant. However, this is not likely the case over geologically meaningful

distances in that dispersivity could well be a function of the scale upon

which it is measured due to matrix heterogeneity (Schwartz 1977). The

average ground-water velocity or seepage velocity of Equation 5-5 is
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given by the following form of Darcy's Law (Freeze and Cherry 1979):

(5-6)

Vi = K/n ( Oh/ -Ox i )

where

Vi = ground-water velocity in the i thdirection

x. =
th 

direction

h = hydraulic head

n = porosity

K = hydraulic conductivity.

In a special case, where advective flux is neglected (V = 0),

Equation 5-4 is reduced to Fick's second law:

(5-7)

D* 	2C 
x j "-- 	Qt

A distinction need be made between molecular diffusion within

an open water body and diffusion within a porous medium such as an al-

luvial aquifer. The molecular diffusion coefficient in the latter case

must be corrected for the tortuosity of the porous medium which is de-

fined as the "length of an actual sinuous diffusion path divided by the

shortest linear measure of that interval" (Keepkay, Cooke, and Bower 1981).

Various methods have been proposed for this correction; however, Lerman's

(1979) and Berner's (1980) treatment are commonly used. The "whole sed-

iment" (Berner 1980) or "effective" diffusion coefficient accounts for

tortuosity as follows:

(5-8)

-2
Ds = D*
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where

Ds = whole sediment or effective diffusion coefficient (1
2
/t)

43- = tortuosity factor (dimensionless)

The tortuosity factor can be estimated by Equation 5-9.

(5-9)

43-
72 

= (n) (f)

where

f	 = formation factor (dimensionless).

The formation factor is a site-specific, empirically determined

term but can be estimated as follows (Berner 1980):

(5-10)

f = n -i

where "j" is a field-determined constant. However, this constant has

been shown to approximately equal two in many sand and sandstone aquifers

(Berner 1980).

Solute transport is complicated by the fact that dispersion also

occurs transverse to the longitudinal direction of flow. This is is true

as long as a concentration gradient is maintained in the transverse or

perpendicular direction. The advection-dispersion equation (5-3) can

be slightly modified to incorporate transverse dispersion in the following

manner (Javendel, Doughty and Tsang 1984):

(5-11) 

2
	D

2C 	ca 
1 	9	

▪

 Dt

	

Ox-	z2

- y gc	 c

where 

a x	 t

D1 = 
longitudinal dispersion coefficient
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= transverse dispersion coefficientDt

x	 = longitudinal flow direction

z	 = transverse flow direction

Equations 5-3 through 5-12 comprise the necessary set of expres-

sions for the subsequent analyses. The analytical solution to Fick's

second law (5-7) is given by Equation 5-12 (after Crank 1975):

(5-12)

where

C(z,t) 
- erfc [Co 	 ]

2 (D-t) 2

z = distance from the interface or source of solute

erfc = error function compliment

C(z,t) = concentration of solute at distance z below the interface
at time t and

Co = concentration of solute at the interface (z=0).

The boundary and intitial conditions are as follows:

1)-The interface - is a - constant source; - or it remains saturated -

with dissolved oxygen throughout time [C(z=0, t 0) = Co = Csaturation]

2) The concentration at the base of the aquifer . (z = infinity,

t> 0) is equal to zero. This condition never truely exists because it

requires an infinitely thick aquifer.

3) Initially, the phreatic zone is assumably anoxic [C(z >0,

t = 0) = 0]

Molecular Diffusion in the Phreatic Zone

As previously noted, recharge becomes saturated with respect to

dissolved oxygen in a relatively short horizontal distance downgradient
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from the low-oxygen zone. This represents one of the most significant

phases in the natural history of dissolved oxygen within the Tucson basin.

The following analysis will demonstrate that oxygen-influx, responsible

for this phenomenon, is not likely to result from molecular diffusion,

alone.

Fick's second law (Equation 5-7) is used, assuming the water-

table interface is saturated with oxygen (Tchobanoglous and Schroeder

1985). This might well be the case in that the water table is so close

to the vadose atmosphere which in turn is in contact with the open atmos-

phere. The tortuosity is determined by assuming an average porosity for

the Fort Lowell Formation is 0.30 (Davidson 1973). The molecular diffus-

ion coefficient for oxygen in deioinzed water at 22°C and one atmosphere

is 2.3 x 10
-5 

cm
2
/sec (O'Brian and Hysop 1979).

Placing these constants in Equations 5-8 through 5-11, the result-

ing effective diffusion coefficient is 6.9 x 10
-6

cm
2
/sec. The diffusion

curves shown on Figure 5-6 represent calculated diffusive influx at three

representative depths, assuming an interface concentration of 8.0 mg/l.

As can be inferred from these curves, over ten thousand years is required

to achieve "breakthrough" (C/Co = 0.5 or in this case 4 mg/1) at even

a relatively shallow depth of 30 meters below the water table. Less than

1.0 mg/1 of dissolved oxygen should influx as a result of pure molecular

diffusion at 60 meters below the water table after 10,000 years.

As previously mentioned, 10,000 years is significantly longer

than the estimated residence time of ground water throughout most of the

upper part of the aquifer. It is undoubtedly orders of magnitude longer

than the interval of time in which the oxygen-influx has occurred.



1

10	 10	 1	 to	 to 7 	i o

TI ME (y rs)

Figure 5-6.	 Diffusive Influx.	 Calculated diffusive influx of dissolved
oxygen at selected depths using hydrologic factors representa-
tive of the Tucson basin aquifer. Curves are representa-
tive of molecular diffusion as the sole transport mechanism.
Ds - 6.9 x 10 -6 cm /sec.	 See discussion for initial and
boundary conditions.
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From Darcy's Law, this is well within 100 years. The estimated interval

from the radiocarbon dates previously shown on Figure 3-8 is approximately

within 500 years.

Hence, molecular diffusion, alone, does not represent a means of

solute transport at significant depth during hydrologically realistic

periods of time. The inherent uncertainties with respect to tortuosity

and effective diffusion coefficient do not alter this conclusion. Other

mechanisms of oxygen-influx must be operative to account for the observed

distribution pattern.

Molecular Diffusion in the Vadose Zone

A potentially large volume of molecular oxygen is available for

chemical reaction within the vadose zone. The principal limiting factor

involves molecular diffusion from the vadose atmosphere into vadose water.

This consideration becomes particularly significant in terms of under-

standing the fate of any readily oxidizable compoent present within in-

filtrating recharge. Particulate organic matter is probably the most

important reductant that is likely to be present as such a "wash-in".

In order to make this assessment somewhat tractable, inorganic

and biochemical reactions will be artificially segregated from the pro-

cess of molecular diffusion. This can be done by assuming that the re-

action rate is either much faster or slower than the rate of diffusive

influx. First, let us assume that the reaction rate is so fast that the

total mass of reductant is consumed during a very early stage of infil-

tration. Furthermore, for simplicity of modeling, the infiltrate becomes

completely anoxic as a result. At this time, molecular diffusion from
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the vadose zone begins. The rate of diffusive influx from the vadose

atmosphere can now be calculated using Fick's second law (Equation 5-7).

The diffusion path length, once again for simplicity of modeling,

is assumably equivalent to the pore radius, which would represent the

maximum distance for interconnected pores. For perfectly spherical,

cubic-closed packed grains, the average pore diameter is given by Equation

5-14.

(5-14)

d = [ (4 - pi) r 2 ] 2 / pi

where

d = pore diameter and

r = grain radius.

The matrix is assumed to be very coarse sand or granules, repre-

sentative of stream bed deposits, with a particle diameter of two milli-

meters. The resulting path length is approximately one millimeter. As-

suming a diffusion coefficient of 6.9 x 10
-6 

cm
2
/sec, only 40 hours would

be required for the initially anoxic pore water to become 95% saturated

with dissolved oxygen. This might be less time than required for most

of the infiltrate to reach the water table. Under these ideal conditions,

recharge should not only be oxygen-saturated, it should be comprised

solely of refractory, or virtually non-oxidizable organic matter.

An opposite scenario might be posed in which the oxidation rate

is orders of magnitude slower than the rate of diffusive oxygen-influx.

In this case, the infiltrate would also likely become oxygen-saturated.

However, under these circumstances, a supply of non-refractory organic
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matter would reach the water table. If the oxidation rate is this slow,

oxidation can begin in the phreatic zone.

Unfortunately, a site-specific description of molecular diffusion

in the vadose zone cannot be provided with the sampling methods used in

this investigation. However, molecular diffusion within the vadose zone

potentially represents an effective means of oxygen transport. Oxygen -

saturation within the vadose zone would most likely result when 1)

reaction rates are extremely fast ( i.e. seconds to minutes), 2) the

water table is at substantial depth and 3) the infiltration rate is low.

A direct relationship between depth to the water table and oxygen

concentration has been observed in the vicinity of the influent streams.

Possibly this relationship is not coincidental. The low dissolved oxygen

concentrations in the Taupe Verde Creek recharge are might result from

less diffusive influx within the vadose zone during those periods when

the water table and infiltration rates are high.

Mechanical Dispersion and the_ Oxygenation of
Tucson Basin Ground Water

The important mechanism responsible for the progressive increase

of dissolved oxygen downgradient of the Taupe Verde Creek recharge area

has not yet been identified. Both molecular diffusion and mixing with

underflow have been ruled out. Therefore, the most likely mechanism of

oxygen transport involves dispersion.

The distribution of dissolved oxygen shown on Figure 5-4 is

such that higher concentrations of dissolved oxygen are generally found

downgradient from the low-oxygen zone. Assuming flow is essentially
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horizontal, longitudinal concentration gradient in most instances is

oriented opposite from the direction of flow. Assuming no chemical

source, a solute which is concentrated less than 4 mg/1 cannot disperse

in the direction of flow and become concentrated greater than 7 mg/l.

This would violate the principle of mass conservation. This is indeed

a rather "peculiar" set of conditions in that most solute transport prob-

lems involve a source of solute (high concentrations of a contaminant)

positioned longitudinally upgradient from the area of interest.

Thus, having excluded longitudinal dispersion, the only means

of solute transport left to consider is transverse dispersion which is

possible if a vertical concentration gradient exists. Such a gradient

might be plausibly developed by the diffusive influx of oxygen from the

vadose atmosphere into the upper part of the aquifer, at or near the water

table. Lower dissolved oxygen concentrations might exist at greater

depth as a result of oxidation which seemingly has occurred during re-

charge. In summary, mass can be distributed downward by random flow

through pore channels in which there exists a vertical concentration

gradient.

If the vertical or transverse component of flow is assumed neg-

ligible, then Equation 5-11 represents a realistic form of the mass trans-

port equation. Furthermore, because the longitudinal gradient is as-

sumably zero, the first and third terms on the left side of this equation

can be eliminated which results in Equation 5-14.

(5-14)
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This differential equation is mathematically analogous to Fick's

second law (Equation 5-7). However, it embodies a hydrodynamic disper-

sion coefficient (D t ) and the most significant component of this term

is the velocity-dispersivity product (Equation 5-5). The velocity vector

is parallel to the longitudinal flow direction and perpendicular to the

direction of solute dispersion if the medium is assumed homogenous and

isotropic (Bachmat and Bear 1964). Therefore, the seepage velocity can

be calculated from the form of Darcy's law given on Figure 5-6, approx-

imating the differential term with the regional hydraulic gradient (z1114. ).

The coefficient of transverse dispersion (D t or Dz ) can be esti-

mated using the following criteria:

1) The transverse dispersivity coefficient (0( T ) for the Tucson

basin can be represented by a value of 0.16 meters which Simpson and

McEligot (1983) estimated indirectly from heat flow.

2) The hydraulic conductivity of the more coarse grained portion

of the Fort Lowell Formation in the northeastern part of the basin can

be represented by a value of 23 m/day (Davidson and City of Tucson,

unpublished data, 1986).

3) The regional hydraulic gradient in the northeastern part of

the basin is 0.008 as calculated from 1984 water table elevations.

4) The average porosity of the Fort Lowell Formation is 0.3

(Davidson 1973).

Placing these values into Equations 5-5 and 5-6, the calculated

dispersion coefficient is 0.1 m
2
/day. This value, at best, only repre-

sents an estimate of the true value(s) which is strongly dependent upon

the hydraulic conductivity of the alluvium. The diffusion coefficient
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in Equation 5-6 has been neglected because it is not significant. Once

again, the interface (water table) concentration (Co) is assumably 8

mg/1 and in fact all boundary and initial conditions are the same as

those previously described for the calculation of diffusive influx in

the phreatic zone. The resulting concentration profiles for selected

depths below the water table are shown on Figure 5-7.

The curves shown on Figure 5-7 suggest transverse dispersive

influx can provide enough oxygen to virtually resaturate the upper 150

meters of the phreatic zone within 500 years, taking into account the

2-4 mg/1 of dissolved oxygen originally present. As previously mentioned,

limited carbon-14 data indicate 500 years represents a reasonable interval

required for the inferred oxygen influx. Darcy's law velocity estimates,

however, suggest that the oxygenation phenomenon occurs within an order

of magnitude less time. This implies that the assumed value for the dis-

persion coefficient might be too low. Nonetheless, transverse dispersive

influx appears to be able to transport significant concentrations of dis-

solved oxygen from the atmosphere to the upper aquifer during a relatively

short period of time.

The dispersive influx shown on Figure 5-8 has been calculated

assuming ground-water velocity within the mid-basin is an order of mag-

nitude lower than within the northeastern basin. This estimate attempts

to account for the finer sediments within the central basin and the lower

hydraulic gradient. As shown on Figure 5-8, under these conditions,

dispersive influx 300 meters or more below the water table is virtually

negligible. This might represent an important factor responsible for
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Figure 5-7. Dispersive Influx- Northeastern Basin.	 Calculated dis-
persive influx of dissolved oxygen at selected depths be-
low the water table. See text for boundary conditions and
hydrologic parameters which are representative of the
northeast part of the Tucson basin.
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Figure 5-8. Dispersive Influx - Mid-Basin. Calculated dispersive
influx of dissolved oxygen at selected depths below the
water table. See text for boundary conditions and hydro-
logic parameters which are representative of the central
part of the Tucson basin.
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for the relatively low oxygen concentrations observed in the warmer and

presumably deeper sodium-bicarbonate-sulfate facies.

Interestingly, dissolved oxygen concentrations (and indirectly,

the state of the electrochemical system) within this unconfined aquifer

are apparently a function of transverse hydrodynamic dispersion. This

mechanism of mass transport is, in turn, highly dependent upon ground

water velocity and dispersivity which are governed by the physical prop-

erties of the hydrologic system.

The preceding analysis at best tested how viable each solute

transport mechanism might be in providing the Tucson basin aquifer with

atmospheric oxygen. The arguments given were only general and based upon

many unproven assumptions. Although transverse dispersion has been in-

ferred, a rigorous transport model was not developed for the following

reasons:

1) Ground water velocity and the dispersivity coefficient are

not precisely known.

2) A three dimensional distribution of oxygen cannot be established

with the sampling methods used.

3) Reactive flux which must be considered simultaneously with

mechanical influx cannot be quantified as part of this study.

4) The oxygen distribution pattern can only be generally correlated

with ground-water flow direction and

5) Oxygen concentrations at the water table (or upper boundary)

are not precisely known.
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Dissolved Oxygen and 

Redox Potential 

As previously mentioned, dissolved oxygen is often regarded as

the oxidant which is most influential in regulating the redox level of

aerobic water (Stumm and Morgan 1981). This most likely is the result

of the biochemical reactivity of oxygen. However, as also previously

discussed, there currently exists a great deal of controversy regarding

the meaning and measurement of the redox potential in natural aqueous

systems.

To reiterate, if perfect electrochemical equilibrium existed

within an aqueous system, activities of all redox couples would be such

that the same Nernst potential could be calculated from any and all couples.

Furthermore, if the electrode potential (Eh) was a valide measure of

redox potential, it too would equal the calculated Nernst potential. In

short, both chemical and electrochemical equilibrium would exist and could

be measured (Hostettler 1984).

In order to determine whether such ideal conditions exist within

the Tucson basin aquifer, redox potentials were measured under the closed-

system conditions described in Chapter 4. This permitted the direct con-

trast between measured redox (or electrode) potential with Nernst poten-

tials calculated from the 02/H 20 
activity ratio.

The Nernst potential is calculated as follows (after Stumm and

Morgan 1981):

(5-15)

0
2 

+ 4 H
+ 

+ 4 e	 = 2 H 20 (1).
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If standard temperature and pressure conditions are assumed, Equation 5-15

can be combined with Equations 2-1 and 2-2 and rearranged as follows:

(5-16)

Eh(02/H20) = 0.059 x [ (log K + log p0 2 - 4 pH) ] / 4

where

Eh(0
2
/H

2
0) = Nernst redox potential (volts)

log K	 = Equilibrium constant for reaction 5-15 at 25°C,
1 atmosphere and

p0 2 	= pressure of oxygen in water (atm) (assumed equal
to fugacity).

The oxygen pressure can be calculated from concentration (stated

as a mole fraction) as follows:

(5-17)

p02 = (k*) (X0 2 ) (Zç)

where

X0
2 

= mole fraction of dissolved oxygen

K* = solubility constant for dissolved oxygen in water [4.3

x 10-4 , Stumm and Morgan (1981) ]

--Ç = activity coefficient [assumed to approach unity, Stumm
and Morgan 1981) ]

From Equation 5-16, the Nernst potential is four times more depen-

dent upon pH than dissolved oxygen concentration. At constant pH, a two

order of magnitude increase in dissolved oxygen concentration (which rep-

resents the measurable range in natural water) results only in a correspond-

ing 30 millivolt increase in the Nernst potential. This difference is

barely greater than the analytical uncertainty of the electrode potential

measurement. Conversely, if oxygen concentrations were held constant, a

two order of magnitude increase in hydrogen ion activity would increase
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the redox potential by 120 millivolts. In summary, the Nernst 0 2 /H2 0

redox potential is much more dependent upon pH (which can vary widely

within a natural system) than dissolved oxygen concentration. For this

reason, it represents an inherently poor measure of the redox potential

of natural water.

The computed redox potentials were all significantly greater than

their directly-measured counterparts as shown on Figure 5-9. Furthermore,

there does not appear to be any relationship between the calculated redox

potentials and those which were measured. The 0
2
/H

2
0- calculated values

ranged between 710 and 820 millivolts while the platinum electrode values

ranged only between 250 and 450 millivolts, as referenced to the Standard

Hydrogen Electrode. The very large difference between these two sets of

values is commonly observed in oxygenated ground water. In Lindberg and

Runnells' (1984) extensive compilation of ground-water redox measurements,

0
2
/H

20 levels were consistently greater than the measured potentials by

300 to 400 millivolts.

Various explanations for this have been offered. Sato (1960)

noted that electrode potentials measured in the oxidizing zone of ore

deposits coincided more or less with H20/02 rather than H 20/02 equilibrium

when plotted upon an Eh-pH diagram. Electrochemical equilibrium between

dissolved oxygen and hydrogen peroxide (H 20 2 ) would result in approxi-

mately a 500 millivolt 1oWer redox potential than equilibrium between

dissolved oxygen and water. However, this observation is only empirical

and this ratio cannot be assumed to control the redox potential of aerobic

water until hydrogen peroxide activities are directly measured and compared

with associated electrode potentials.
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Figure 5-9. Redox Potentials.	 Measured redox potential versus cal-
culated Nernst potential using the 02/H20 activity ratio.
Note that there is apparently no relationship between the
two as can be inferred from the deviation from the 1:1
slope shown in the upper left portion of the diagram.
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Garrels and Christ (1965) have also noted measured electrode potentials

are often as much as 600 millivolts less than Nernst values. They state

"dissolved oxygen does not exert the potential expected if it is func-

tioning at equilibrium; instead it acts like a much weaker oxidizing

agent." These authors suggested that a slow oxidation step of low

potential might determine redox levels in oxygenated water.

Even if the calculated and measured redox potentials somehow

agreed with one another, a basic problem would remain. Recall that

Hostettler (1984) has shown that the activity of the electron on the

electrode surface (Eh) cannot be directly equated with the activity of

the electron in solution (pe - ). Therefore, the traditional approach

used in the preceding analysis would stand upon questionable theoret-

ical ground even if apparent equilibrium conditions were observed.

No thermodynamic significance can be given to the measured redox

potentials or calculated Nernst potentials. No single redox couple is

clearly controlling the redox potential in the Tucson basin aquifer.

Nothing more can be inferred from the measured redox potentials other

than that they are positive and fall within a rather limited range. The

fact that they are uniformly positive suggests that the activity of re-

duced species are exceedingly low. However, this can be more directly

inferred from the ubiquity of dissolved oxygen throughout the study area.

The measured redox potentials do not vary systematically with

respect to ground-water flow in the Tucson basin. As previously shown on

Figure 5-4, dissolved oxygen concentrations do vary systematically through-

out much of the study area. The lack of redox potential trends might be
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due to the presence of dissolved oxygen which keeps the activity of

reduced species so low they cannot exert any influence at all upon the

electrode surface.

The Nernst potentials calculated from dissolved oxygen concen-

trations cannot be assumed to represent the true redox potential of the

system either. These values have not been independently corroborated

by activity ratios of other couples. This, as has been previously men-

tioned, is not readily accomplished in a well-oxygenated system in that

the concentrations of reduced species are typically far lower than most

analytical detection limits. Hence, a thermodynamically meaningful

electrochemical model of Tucson basin ground water is inherently dif-

ficult to achieve.



CHAPTER 6

LOSS OF DISSOLVED OXYGEN FROM WATER

The basin-wide distribution of dissolved oxygen suggests that

the rate of loss of dissolved oxygen (uptake) only exceeds the rate

of dispersive influx in both very young and relatively old ground water.

This chapter discusses some of the biochemical and geochemical oxida-

tion reactions which include microbial and phreatophyte respiration

as well as the irreversible oxidation of organic matter and ferrous

iron.

Organic Uptake 

General Considerations

The microbiologically mediated oxidation of soil and sedimentary

organic matter is conidered to represent the most significant chemical

sink for dissolved oxygen in ground water (e.g. Freeze and Cherry 1979).

The total depletion of dissolved oxygen within a closed-system would

only require the oxidation of approximately 0.25 millimoles of simple

carbohydrate, as represented by the following reaction:

(6-1)

02	 +-	 CH 02 
  CO2	 + H2

O.

Reactive organic matter in sediments consists primarily of poly-

saccharides, lipids, proteins, lignins, cuticles and pigments collectively

termed "biopolymers" (Brooks 1981). These highly organized, large

122
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organic molecules are thermodynamically unstable in natural water and

are believed to decompose during an early stage of diagenesis (Stumm

and Morgan 1981). The degradation of biopolymers which results in the

formation of less organized, but more stable geopolymers, involves a

host of microbiological and non-biological reactions. The most notable

example is the degradation of lignins which form more stable humic and

fulvic acids (Welte 1973).

Many steps within the biopolymer decay scheme involve oxidation

(Welte 1973, Stumm and Morgan 1981). A variety of oxidants are present

in natural systems; however, dissolved oxygen provides the greatest free

energy of reaction and is therefore considered the primary or first-con-

sumed oxidant when present (Stumm and Morgan 1981).

Organic matter is oxidized as part of the microbial metabolic

processes termed "anabolism" and "catabolism". Anabolic metabolism

refers to cellular assimilation while catabolism involves the breakdown

of previously synthesized organic molecules. Catabolism produces the

energy required for anabolism (Berner 1980). An anabolic or assimila-

tion reaction which consumes dissolved oxygen can be represented by

Equation 6-2 (McCarty, Rittman, and Bower 1984):

(6-2)

C6H 1206 4 0.8HCO3 - 4 0.8 NH 4- 4- 2 02

0.8 C5 H7 02N 4- 2.8 CO2 3 5 H2 0.

cell

Dissolved oxygen is more readily consumed by catabolic metabol-

ism than cellular assimilation or anabolism (Berner 1980). The most

significant source of uptake involves aerobic respiration where oxygen
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is the ultimate electron acceptor during the oxidation of the substrate.

Dissolved oxygen is irreversibly reduced to water as part of a long

chain of enzymatic reactions which occur within the mitochondrion of

microorganisms (Harrison 1967). A commonly stated expression of cat-

abolic activity is given by Equation 6-1, although more complex stoich-

iometries have been devised, notably by Redfield (1950).

Organic Content of Alluvial Basin Sediments

Large, active colonies of oxygen-consuming microorganisms require

the presence of organic matter as part of the sedimentary substrate.

The organic content of the Tucson basin subsurface was not measured in

this study. However, as will be subsequently detailed, it can be infer-

red that it is very low. Therefore, the Tucosn basin aquifer most like-

ly does not represent an ideal medium for microbial proliferation.

The highest concentrations of organic matter within a sediment-

ary column might typically be expected in the top soil where plant mat-

ter decays. Organic matter only comprises between 1-2% of modern Tuc-

son basin soils which has been attributed to the lack of moisture in

this semi-arid area (Geldeman 1973). Fuller (1975) reported the organ-

ic content of soils in the Sonoran Desert vary between 0.1 - 1.0% in

contrast to 3-5% in the humid soils of the Midwest.

Only a very small percentage of the non-refractory organic matter

originally present within desert soils remains unoxidized during thous.-

ands or millions of years subsequent burial. Abd El-Malek et al. (1977)

reported that under controlled field conditions, about one-third of the

organic matter in calcareous soils oxidizes within one year.
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Bacteria Concentrations

Relative concentrations of bacteria in Tucson basin ground water

might provide some indication of whether microbial respiration consti-

tutes the dominant mechanism of oxygen-uptake (loss) in the low-oxygen

zone. Bacterial concentrations were measured in the Tucson basin aqui-

fer between 1980 and 1982 by the University of Arizona Department of

Microbiology. Approximately 200 plate counts were made directly from

well samples (as opposed to distribution system sampling which is also

common). Total bacterial concentrations ranged between 0 and 3.5 mil-

lion cells per liter. The upper limit, however, is a little misleading

in that the concentration in 90% of the samples was less than 8 x 10 5

cells per liter while the median value was only 3.2 x 104 cells per

liter. Bacteria concentrations at an individual sampling point, in

some cases, varied by two orders of magnitude, suggesting a great deal

of natural variability (Sinclair, unpublished data, 1985).

These data have been compiled on Figure 6-1 which shows that

strong spatial trends are not readily apparent. The concentration ranges,

along with the ionic constituency, do however, suggest the low-oxygen

zone is not contaminated. Bacterial concentrations were generally lower

in the low-oxygen zone than elsewhere in the study area. This suggests

that microbial respiration does not represent the primary mechanism of

oxygen removal in the low-oxygen zone. However, these conclusions are

at best tentative in that bacterial concentrations and dissolved oxygen

concentrations were not simultaneously measured.
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Figure 6-1. Bacterial Concentrations.	 Bacterial concentrations in
Tucson basin ground water. Ranges compiled from unpub-
lished plate count data provided by R.A. Sinclair, 1985.
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Oxidation of Organic Matter

Interestingly, ground water in the Tanque Verde Creek recharge

is characterized by both the lowest dissolved oxygen concentrations and

the highest pCO 2 values within the study area. Ground-water recharge,

in general, is commonly characterized by pCO 2 values which are far

greater than the partial pressure of this gas which is in equilibrium

with the atmosphere (Garrels 1967). The source of this carbon dioxide

has often been attributed to the oxidation of organic matter (Equation

6-1) in the overlying soil column or vadose zone (e.g. Freeze and Cher-

ry 1979). Other related biochemical or biologically related oxidation

mechanisms briefly discussed in this section include the oxidation of

ammonium and phreatophyte respiration. Plant respiration, like the ox-

idation of organic matter, produces carbon dioxide as well.

The general dynamics of carbon dioxide production during infil-

tration as detailed by authors such as Freeze and Cherry (1979) is

perhaps more applicable to humid climates than to the semi-arid Tucson

basin. First, as previously mentioned, soils in humid regions repre-

sent a greater potential source of oxygen-uptake due to the greater

amount of organic matter present. DeWald (1984) found no measurable

oxidizable organic carbon in the uppermost alluvium of a wash in the San

Pedro Valley. This suggests that the presence of organic matter cannot

be assumed a priori within alluvial basin recharge areas.

Second, the water table is often only a few feet below land sur-

face in humid regions. This, as has been previously been discussed,

offers less time for diffusive influx within the vadose zone. When a

high water table is combined with high organic content, infiltration
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stands a better chance of becoming carbon-dioxide enriched and deoxy-

genated.

The Recent stream gravel and sand which constitute the recharge

area within the northeastern part of the Tucson basin are predominantly

gneissic sediment. The alluvium, itself, is not believed to consti-

tute an adequate source of organic matter as suggested by DeWald's

(1984) data pertaining to the San Pedro Valley. The source of organic

matter in the Tanque Verde Creek area is believed to be detritus washed

in with runoff, as suggested by Parada et al. (1983).

The high carbon dioxide pressures observed in the unsaturated zone

and calculated in ground water dictate that oxygen must likewise be con-

sumed during the course of infiltration below the Tanque Verde Creek.

However, much of the organic carbon that might be present within the

infiltrate likely oxidizes within the vadose zone. Carbon dioxide can

then diffuse and disperse below the water table while oxygen is re-

plenished within the infiltrate through the same processes. If this is

the case, the relatively low dissolved oxygen concentrations observed

in ground water would be the result of some other chemical reaction and

not the oxidation of organic matter.

In short, the dynamics of oxygen in the recharge process are like-

ly to be quite complex. The observed inverse relationship between pCO2

and dissolved oxygen concentration are possibly, but by no means necessar-

ily, related to one another. More has to be learned about organic matter

oxidation within the phreatic zone of the Tanque Verde Creek recharge area

before this question can be more definitively answered.

Phreatnphyte Respiration. Parada (1981) suggested that the high

carbon dioxide pressures observed within the vadose zone below the Tanque



129

Verde Creek could also be related to phreatophyte respiration. Aerial

photographs reveal that this wash supports a fairly dense strand of

vegetation along its banks which is consistent with the elevated water

table in this area. Phreatophytes, of course, depend upon dissolved

oxygen to respire.

Phreatophyte respiration might conceivably explain the associa-

tion between high carbon dioxide pressure and low bacteria concentra-

tions within the low-oxygen zone. As previously stated, the oxidation

of organic matter is thought in large part to be mediated by micro-

organisms. Since relatively low bacterial concentrations were reported

in this region, it might be more logical to directly attribute the

oxygen-loss to phreatophyte respiration.

The channel bed, itself, does not support appreciable strands of

vegetation. Therefore, any oxygen consumption which might result from

phreatophyte respiration is caused by root-extension from the banks to

the channel bed. Seemingly, runoff could infiltrate during storm events

without being appreciably effected by phreatophyte respiration. However,

the vegetation which grows along the banks of this wash is very signifi-

cant in that it provides a likely source of organic detritus which sub-

sequently oxidizes, as suggested by Parada et al. (1983).

Oxidation Di Ammonium. The final biologicically mediated reaction

mechanism which will be considered involves the oxidation of ammonium and

its reaction product - nitrite. Reduced organic nitrogen comprises pro-

teins, urea and a variety of other compounds. These complex organic mol-

ecules are decomposed by bacterial metabolism and eventually produce am-

monia which in turn hydrolyzes to form ammonium (Sawyer and McCarty 1978).
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Ammonium can be produced by the authigenic decay of organic matter within

an aquifer but can also originate directly from rainfall. Typical am-

monium cncentrations in rainfall in the southwestern United States are

within the order of magnitude of 10
-5 

M (Dawson 1977).

Ammonium, like other forms of reduced organic matter, is unstable

in oxygenated water in that it provides an energy source for microorgan-

isms upon oxidation. The oxidation of ammonium produces nitrate and is

generally expressed as the following two-step, microbiologically mediated,

irreversible reaction (Gaudy and Gaudy 1980):

(6-4)

	+ 	
3/2 02    NO2

-	 +	 2 H +

	

NH4	4. 	 4	 H 2
0

	

NO2 	1/2 0
2 
  NO3—.

The production of one mole of nitrate, therefore, would require

the reduction of two moles of dissolved oxygen. The complete biochemical

reduction of 8 mg/1 (0.25 millimoles/liter) of oxygen would produce 0.125

millimoles/liter (7.75) nitrate. However, such a simple mass balance

scheme is only applicable to a closed-system and not the Tucson basin

aquifer.

The nitrate concentrations measured in this study area are not in

any way stochiometrically related to dissolved oxygen-uptake, assumed

equivalent to the saturation concentration minus the observed concentra-

tion. Nitrate was observed at all sampling locations with .one exception -

C-107. Once again, this represents the shallowest portion of the aquifer

sampled. The fact that nitrate was not present within this sample sug-

gests that nitrification (oxidation of reduced nitrogen) does not rep-

resent the primary mechanism of oxygen-loss within the recharge area.
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Nitrates were not likely produced and then somehow escaped detec-

tion at only this one sampling location. Denitrification, or the reduc-

tion of nitrates, is not likely either, in that dissolved oxygen was

still present. More logically, some other mechanism of oxygen-uptake

has occurred which preceeds nitrification. Of course, any hypothesis

based upon one data point can at best be regarded as tentative.

Oxidation of Ferrous Iron 

General Considerations

Ferrous iron is considered the most significant of the inorganic

reductants within the Tucson basin aquifer. In fact, it is the only in-

organic species considered within this discussion. Other transitional

metals and sulfides which can reduce dissolved oxygen are considered quan-

titatively insignificant with respect to ferrous iron.

Ferrous iron is thermodynamically unstable in oxygenated water

(Stumm and Morgan 1981) and has been observed to oxidize rapidly in the

presence of dissolved oxygen (Sung and Morgan 1980 and Davidson and Seed

1983). Ferrous iron reacts with dissolved oxygen to form a multitude of

ionic species, amorphous ferric hydroxide (Fe(OH) 3 ), and ferric oxyhy-

droxides (Fe0OH).

The oxidation of ferrous iron is usually given as follows (Stumm

and Morgan 1981):

(6-5)

Fe+2	 +	 1/4 02	 +	 H
+ 
	 Fe

+3 
+ 1/2 H

2
O.

The overall reaction involves the direct transfer of a valence

electron from the metal ion to the oxygen molecule (Fallab 1967). This
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reaction is highly exothermic and, therefore, under equilibrium condi-

tions, ferrous ion activity would be exceedingly low in oxygenated water.

In short, any ferrous iron which is transferred to solution from an un-

stable mineral should reduce dissolved oxygen.

The kinetics of ferrous iron oxidation have been well documented

(e.g. Sung and Morgan (1981) and Davidson and Seed (1983). The rate

law for ferrous iron oxidation at or near neutral pH given by Stumm and

Morgan (1981) is as follows:

(6-6)

-d (Fe+2 ) 	K (02 ) (Fe+2 )	 (H+ ) -2

dt

Davidson and Seed (1983) concluded that the rate constant (K) is

more or less the same under a variety of natural and artificial condi-

tions. At neutral pH, the half-life of ferrous iron would be only 36

minutes in oxygen-saturated (p0 2 = 0.21 atm.) fresh water at 22°C.

These conditions very closely resemble those within the Tucson basin aqui-

fer. In short, the kinetics of this reaction are such that the oxida-

tion of ferrous iron should occur very rapidly with respect to ground-

water flow.

Evidence for Ferrous Iron Oxidation

Ferrous iron, once oxidized forms many metastable amorphous and

crystalline oxyhydroxide phases at normal ground-water pH. These phases

provide indirect evidence that the reduction of molecular oxygen has oc-

curred, assuming that ferrous iron was originally present. Commonly

occurring, natural oxyhydroxide phases include x-ray amorphous ferric

hydroxide and the minerals lepidocrocite (gamma-Fe0OH) and goethite
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(alpha-Fe0OH) (Langmuir and Whittemore 1971). Both of these minerals

are unstable with respect to hematite; however, hematite rarely pre-

cipitates directly from solution at low temperature. Naturally-occur-

ring oxidation products are often comprised of a mixture of both oxy-

hydroxide minerals and amorphous phases termed "limonite".

Limonite, with its characteristic yellow-brown or orange-brown

streak was present as a coating or armor upon many of the well cuttings

representative of the study area. Limonite coatings were present upon

both silicic and felsic sediment as well as upon the mafic grains.

This suggests that oxidation has occurred in the aqueous phase as well

as directly upon the solid ferrous mineral surfaces, These "overgrowths"

or armoring products are thought to represent subsurface oxidation or

diagenetic products. However, some of these coatings might have formed

prior to burial or subsequent to drilling.

The granitic gneiss fragments which comprise the Holocene chan-

nel load of the Rillito and Tanque Verde Creek are notably stained with

yellow-brown iron oxide coatings (Pashley 1966). This observation is

significant in that it provides evidence for some measure of nonbio-

logical reduction of dissolved oxygen within the low-oxygen zone, The

remaining portion of this chapter deals with the mass balance of fer-

rous iron oxidation as it might occur within this part of the aquifer.

Oxidation of Substitutional Ferrous Iron in Calcite

Ferrous iron substitution within calcite represents a potential

source of inorganic reductant. The low-oxygen zone, as has been pre-

viously discussed, is undersaturated with respect to calcite and is like-

ly a region where active calcite dissolution occurs. In contrast, ground
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water in the oxygen-saturated facies is also saturated, for the most part,

with respect to calcite. Therefore, the dissolution of calcite can po-

tentially provide a source of reductant in the exact region where dis-

solved concentrations are the lowest.

The question now becomes whether calcite dissolution can provide

enough ferrous iron to account for the estimated oxygen-loss which,

as previously stated, is assumed equivalent to the saturation concentra-

tion (approximately 8 mg/1) minus the observed concentration in ground

water. As this assumption neglects any additional oxygen influx into sol-

ution through dispersion, these calculations represent a minimum value of

oxygen consumption.

The ferrous iron input to solution from calcite dissolution can

be estimated from the aqueous calcium ion concentration and the Fe
+2

/Ca
+2

ratio in calcite. Assumably, the ferrous iron/calcium molar ratio re-

leased to solution through calcite dissolution is equivalent to the molar

ratio within the mineral, itself. This may not be exactly correct in

that ions comprising undersaturated solid phases vary in their affinity

for the liquid phase; but nonetheless, the assumption serves the pur-

pose of this estimate.

The calcium input is assumed equivalent to the total calcium con-

centration minus the calcium input from gypsum dissolution. This, in turn,

is equivalent to the molarity of sulfate. On average, the Fe
+2 /Ca

+2

ratio in limestone is only 0.014:1, as calculated from the compositional

data given by Clarke (1924) which is higher than the percentage of ferrous

iron in caliche (Aristarian 1970).
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The average calcium input from calcite dissolution in the low-

oxygen zone is approximately 3.0 x 10
-4 

M. Based on the previously

given molar ratio, calcite dissolution can contribute only an estimated

4.2 x 10
-6 

moles per liter of ferrous iron to solution. From Equation

6-5, only 1.05 x 10
-6 

moles of oxygen per liter could be reduced. In

other words, the ferrous iron originating from calcite dissolution

could potentially uptake only 0.03 mg/1 dissolved oxygen. This is two

orders of magnitude less than that required to account for the inferred

loss. In summary, the dissolution of calcite is not apparently respon-

sible for appreciable oxygen-reduction within the low-oxygen zone.

The Oxidation of Biotite

Biotite most likely represents the principal source of ferrous

iron within the northeastern part of the Tucson basin aquifer. Pyrite

was not observed within the well cuttings but might be present with other

sulfide minerals in trace amounts. Hornblende is present within volcanic

sediments which are more abudant in the western and southern part of the

basin, closer to the Tucson Mountains. This discussion, however, is

limited to the Tanque Verde Creek area where the most significant re-

duction of dissolved oxygen has been inferred.

The principal source of sediment in the low-oxygen zone is the

Catalina Gneiss which on average is comprised of 7%, by volume, biotite

(Sherwonit 1977). Biotite in metamorphic rocks, in turn, consists of

between 8.5 - 35% and on average 20% ferrous iron, by weight (as derived

from 16 chemical analyses listed in Deer, Howie and Zussman (1966)).

Assumably, oxygen reduction is limited to the upper portion of

the aquifer; as dictated by the observed oxygen concentration in the
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very shallow sampling well (C-107). More exblicitly, the Recent stream

gravel is considered the most important source of ferrous iron. The

stream gravel is the youngest sediment and probably contains the highest

proportion of Catalina Gneiss of any sedimentary unit within the basin.

As previously detailed, the lower half of the Tanque Verde Creek

channel permantly lies within the phreatic zone, The Tangue Verde/

upper Rillito bed is also the exact location where the most notable degree

of ferrous iron oxidation has been independently observed (Pashley

1966). It seems almost as if a "ferrugenous hard pan" has been deposited

at the top of the aquifer, similiar to many soil columns.

Reaction Mechanism 	The ferrous silicates are formed in magma

chambers or at great depths within the crust where oxygen fugacities are

very low. Hence, they are inherently unstable in oxygenated environments

on or near the earth's surface (White and Yee 1985). Biotite is one of

the least stable of the primary silicates; especially when subjected to

carbonic acid attack (Garrels 1967). Ferrous iron, in turn, is one of

the least stable cations within the biotite structure; easily replaced

with hydrogen during weathering (Siever and Woodford 1979).

The oxidation of biotite begins when water penetrates its cleavage

planes. Limonite coatings have been observed to precipitate directly

upon these planes (Walker 1949). Ferrous iron oxidizes early during

weathering, long before the destabilization of mica flakes upon the loss

of potassium. Nearly total oxidation of ferrous iron has been observed

in biotite grains in certain soils (Walker 1949).

Recently, White and Yee (1985) have identified a new reaction

mechanism governing the reduction of oxygen which results from the surface
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oxidation of the ferrous silicates, Dissolved oxygen is consumed as

part of a reaction termed "coupled-electron-cation transfer" which is

described as follows:

(6-7)

+3
(Fe+2 , 1/z MI-z ) + 1-1 4- + 1/4 0

2 
	 Fe	 + 1/z M

+z

silicate surface	 + 1/2 H
2 

0

where "M" represents a surface cation of charge "z". The ferric iron

produced is unstable and eventually hydrolyzes. White and Yee (1985)

give the overall stoichiometry for this thermodynamically feasible re-

action as follows:

(6-8)

Fe
+2	

+ 1/4 0
2 

+ 3/2 H
2
0 	  Fe0OH + 2 H

+

The experimental value for uptake given these authors is approx-

imately 1.1 x 10
-6 

moles of dissolved oxygen per gram of biotite per

liter of solution at pH values rangin- between 7.4 - 8.0.

Mass Balance Considerations 	The purpose of the following mass

balance analysis is to investigate the feasibility of long-termed oxygen

uptake, or reduction, within the saturated part of the Tanque Verde Creek

channel. This analysis is structured in the form of the following four

questions:

1) How well does the calculated uptake compare with the experi-

mental results given by White and Yee (1985)?

2) Is enough iron present within these sediments to sustain long-

termed oxygen reduction in ground water?

3) Is fresh surface area created in order to sustain prolonged

oxygen-uptake?

4) Will the oxidation reaction become inhibited by its own products?
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The loss or uptake of dissolved oxygen is calculated in terms of

moles of oxygen consumed per liter of solution per gram of biotite. This

is accomplished by estimating the volume of biotite in contact with one

liter of solution as follows:

(6-9)

Vb = (1,000 cm
3 

x (1-n)/n ) x f

where

Vb = volume of biotite in contact with one liter of solution

n = porosity

f =	 fraction of biotite within the sediment, by volume.

Uptake can now be calculated by Equation 6-10:

(6-10)

q = moles of 0
2 
consumed per liter per gram of biotite

SG = specific gravity of biotite

nO2 = moles of 02 consumed per liter of ground water =

saturation 0
2 
concentration - observed 0

2 
concentration.

The value for these parameters are estimated as follows:

n = 0.33 (the mid-range for unconsolidated gravel (Davis 1969)

f = 0.07 (the average percentage of biotite in Catalina Gneiss

Sherwonit (1977); assuming the stream gravel is com-

prised totally of gneiss)

SG = 3.00 g/cm3 (average specific gravity of biotite ; Hurlbut

and Klein (1977) ) and

nO
2 = 1.88 x 10

-4 
moles/liter (inferred oxygen-loss in the low-

zone).

The resulting uptake (g) is 4.5 x 10 -7 moles of 0
2 per gram of

biotite per liter of solution. This compares reasonably well with White
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and Yee's (1985) experimental value of 1.1 x 10 -6 . This, of course,

does not prove that biotite oxidation is the operative mechanism of

uptake within the low-oxygen zone. The similarity between the exper-

imental and calculated values might be merely coincidental.

The above-estimated rate of uptake is based upon oxidation

within one pore volume of recharge. The second question posed seeks to

determine whether an irreversible reaction such as this might be able to

sustain itself for geologically significant periods of time. If the

reaction is occurring today; it probably occurred similarly in the past

as well. For modeling purposes, 5,000 years is assumed to represent a

geologically realistic interval in that this is approximately half the

age of the oldest stream gravel.

The fundamental unit in the following set of mass balance equa-

tions is one square meter of river bed. This unit area is multiplied by

the saturated thickness below the river to calculate the volume of sat-

urated sediment and eventually to estimate the amount of ferrous iron

available for oxidation. The input of water and dissolved oxygen is

estimated by assuming that the volume is equivalent to the modern infil-

tration rate; recognizing that there have been periods of greater rain-

fall and runoff during the past. For purpose of estimation, only today's

infiltration rate will be used.

Finally, it is assumed that flow through the uppermost section

of the saturated zone, directly below the influent stream, is predomin-

antly vertical. Therefore, the flow rate is assumed equal to the infil-

tration rate as shown in Equation 6-11.
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(6-11)

Q/A = I/W

where

Q/A = annual volume of infiltration per square meter of

section of recharge area

I = annual volume of infiltration per unit length of river bed

W = average width of the river bed.

Equation 6-11 is necessarily stated in these rather clumsy units because

published infiltration rates are reported in terms of unit-length rather

than unit-area of stream bed.

Knowing the influx of water; the amount of iron which can be ox-

idized during a given period of time is given by Equation 6-12:

(6-12)

n Fe
+2 

= (t) x (Q/A) x (n0 2 ) x (b/a)

where

n Fe
+2 

= total moles of ferrous iron consumed during time t

nO
2	

= uptake of dissolved oxygen (moles/liter) (same as Eq.

6-10).

a	 = stoichiometric coefficient of 0 2	and

= stoichiometric coefficient of Fe
+2 

.

The total amount of iron which is present within the water-satur-

ated column of Holocene alluvium per unit area of stream bed can be es-

timated as follows:

(6-13)

nFeT = Axdx(1-n)xfx( (SG b
 x f* )/MWFe)

where
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total moles of ferrous iron within 1m2 column of al-

luvium

depth of the saturated water column

unit area (1 m2 )

proportion of biotite, by volume

specific gravity of biotite

f* = proportion of biotite, by volume and

MW Fe	 molecular weight of iron.

The parameters used for Equations 6-12 and 6-13 which have not

been previously defined are as follows:

= 450 acre-feet per mile (as estimated by Burkham (1970)

for the infiltration rate below the Tanque Verde Creek)

= 600 meters (estimated from the cross section of Pashley

(1966) ).

t	 = 5,000 years

b/a	 = 4/1 (from Equation 6-5)

d	 = 10 meters (from the City of Tucson' (1984) water table

elevation map. )

f*	 = 0.20 (from Deer, Howie, and Zussman (1966) ).

MW
Fe 

= 55.85 grams

Placing these parameters in Equations 6-12; after 5,000 years, ap-

proximately 560 moles of iron would be consumed, given today's infiltra-

tion rates and inferred oxygen consumption. This represents 11% of the

ferrous iron calculated to be present within the sedimentary column.

This suggests that a rather large percentage of the total ferrous iron

need be oxidized within this period of time. It seems especially large

nFeT =

d =

A =

f =

SGb =
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in that the posed reaction mechanism involves surface reaction. However,

there appears to be enough ferrous iron present to potentially sustain

long-termed oxygen consumption, recognizing the many uncertainties inher-

ent within these calculations.

Since the posed reaction mechanism for the oxidation of biotite

is an irreversible surface reaction, it seems that fresh surface area need

be created in order for the reaction to perpetuate itself (Question #3).

This naturally requires some measure of biotite dissolution; which in

turn requires Tucson basin ground water to be undersaturated with respect

to this mineral phase.

This question cannot be rigorously answered in that aluminum and

iron activities and the chemical composition of the biotite present in

the sediment are not known. However, it can be assumed that Tucson basin

ground water is undersaturated with respect to annite (ferrous biotite)

in that ferrous iron activities are likely exceedingly low due to the pre-

sence of dissolved oxygen. The average total iron concentration in the

11 samples analyzed was only approximately 0.018 mg/l. In short, biotite

is most likely unstable, as most of the primary silicates are, in carbon-

dioxide-enriched, oxygenated recharge. However, the kinetics of dissolu-

tion would control the contribution of ferrous iron to solution.

The rate of biotite dissolution can be significantly retarded by

the presence of surface coatings which are a reaction product of ferrous

iron oxidation. Siever and Woodford (1979) have noted that the precip-

itation of stable ferric oxyhydroxide coatings can inhibit the dissolu-

tion of the primary silicates. The rate-limiting step involves the dif-

fusion of hydrogen ion through the surface coating.
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It can be shown that prolonged consumption of oxygen through fer-

rous iron oxidation could produce goethite coatings which are thousands

of angstroms thick; thereby forming a very significant diffusion barrier.

Furthermore, WATEQF indicates that goethite (the assumed oxidation pro-

duct or surface coating) is very stable in Tucson basin ground water

and even ground water in the low-oxygen zone is supersaturated with

respect to this phase.

However, a few factors mitigate against the formation of this pro-

tective armor. First, with total iron concentrations in the micromolar

range, it reportedly requires thousands of years for crystalline oxyhy-

droxides to precipitate in natural water (Langmuir and Whittemore 1971).

Therefore, it is seemingly possible for a percentage of the oxidized

iron to be transported downgradient prior to precipitation as goethite

and lepidocrocite armor. Second, oxidized iron does not in all cases

directly form a solid mineral phase. A substantial proportion of ferric

iron can remain in solution as amorphous colloidal matter (Langmuir

and Whittemore 1971).

Despite these mitigating factors, some measure of surface armoring

has in fact coated the channel sediments as evidenced by Pashley's

(1966) description. It is not known how effective this armor is in in-

hibiting the dissolution of biotite and subsequent ferrous iron oxidation.

However, these coatings plausibly comprise an effective surface barrier

which limit oxygen-loss. If this is the case, then the limonite deposits

evidence only a "fossil" reaction and not modern oxygen-uptake.



CHAPTER 7

SUMMARY AND CONCLUSIONS

Dissolved oxygen concentrations were measured using the azide-

modified Winkler titration method at 46 sampling locations in the Tuc-

son basin aquifer. The sampling network consisted predominantly of mill-

slotted production wells completed within the upper 150 - 300 meters of

Pleistocene or late Tertiary alluvium (basin fill). Major ion chemical

evolution was also studied to facilitate a better understanding of oxy-

gen dynamics within the study area.

Dissolved oxygen was present in measurable concentrations at all

sampling locations. Concentrations ranged between 1.3 - 7.9 mg/1, sim-

iliar to the range reported by DeWald (1984) and Winograd and Robertson

(1982) in other aquifers within the Basin and Range. Alluvial aquifers

might, therefore, be regarded as protype "oxic" sedimentary environments

(characterized by the presence of oxygen and absence of sulfide) using

Berner's (1981) geochemical classification scheme. The apparent univer-

sal presence of dissolved oxygen within this hydrological regime might

be attributed primarily to two factors.

First, the sediments which comprise the Tucson basin and other

alluvial aquifers within the Basin and Range were typically deposited in

semi-arid, well-oxygenated basins. Such an environment is hostile to the

long-term preservation of reducing organic matter (Winograd and Robert-

son 1982 and De Wald 1984). Second, the aquifer in this study area is

unconfined. Therefore, under some circumstances, direct	 oxygen influx

144
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from the vadose atmosphere is possible. The most significant controls

upon oxygen concentration in such aquifers are oxygen's limited solubili-

ty in water and the dispersive properties of the system.

Dissolved oxygen is irreversibly consumed as the result of both

biologically mediated and geochemical oxidation reactions. Conversely,

it is not thermodynamically feasible for most naturally occurring react-

ions to produce this gas. Therefore, it might be expected that oxygen-

saturated, atmospherically-derived recharge would become progressively

deoxygenated within the subsurface.

In other words, it might be reasonable to expect that dissolved

oxygen concentrations should continuously and progressively approach zero

with respect to residence time of ground water within an aquifer. The

history of dissolved oxygen in the Tucson basin cannot be described by

such a simple, orderly model. However, the spatial and implicitly,

temporal distribution of oxygen, in many respects, is believed to be

systematic rather than random within this study area.

The lowest dissolved oxygen concentrations in the Tucson basin

aquifer were somewhat surprisingly observed in very young ground

water, immediately downgradient from the Tanque Verde Creek/upper Ril-

lito. This constitutes the principal recharge area in the northeastern

part of the basin. This very limited part of the aquifer has been des-

ignated as the low-oxygen zone. Ground water in this location is not

anoxic but 02 concentrations are significantly less than saturation or

the maximum solubility limit of 7.5 - 8.5 mg/1 at the elevation of the

water table. Dissolved oxygen concentrations approach 1.0 mg/1 in the

low-oxygen zone.
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Ground water becomes progressively and rather quickly saturated

with oxygen downgradient from the recharge area. Apparently little net

02-flux 
occurs in the extensive central part of the study area or the

north-central part of the Tucson basin. Ground water remains nearly

saturated with oxygen throughout most of the upper part of the aquifer

(the Fort Lowell Formation) and hence, the north-central region has

been designated as the "oxygen-saturated" zone. Thus two distinct oxygen-

facies have been mapped within the Tucson basin aquifer. In other lo-

cations, notably in the vicinity of the Santa Cruz River, dissolved oxy-

gen concentrations are intermediate.

Dissolved oxygen concentrations are also significantly less than

the saturation-limit in the warmest (presumably deepest) ground water

sampled. If this water represents a mixture (and it is not certain that

it does) with overlying oxygen-saturated water, very deep water in the

Tucson basin might be anoxic. The relationship between dissolved oxygen

and estimated residence time has been summarized in schematic form on

Figure 7-1.

The above-stated description of the history of dissolved oxygen

within this basin has been based upon very simple assumptions regarding

flow dynamics. It has been assumed that ground water originates as in-

fluent seepage below the ephemeral stream beds and flows perpendicular to

the hydraulic gradient into the central basin. This oversimplified inter-

pretation is generally corroborated by radiocarbon age estimates and in-

directly corroborated by the chemical evolution of ground water within this

study area.

The low-oxygen facies can be considered chemically as "model"
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Figure 7-1. Evolution of Dissolved Oxygen.	 Schematic summary of the
natural history of dissolved oxygen in the Tucson basin
aquifer.
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recharge within the Tucson basin.	 It is relatively cool, acidic, en-

riched with carbon dioxide, relatively non-alkaline and dilute. One of

the lowest oxygen concentrations was observed in the shallowest sampling

location characterized by TDS concentrations of approximately 100 mg/l.

The ionic constituency of this sample more closely resembles runoff than

most ground water in the Tucson basin. This strongly suggests that oxy-

gen reduction occurs in a very early stage of chemical evolution within

the Tucson basin aquifer.

The oxygen-saturated zone is associated with a later but still

relatively early stage of chemical evolution. As ground water flows

downgradient from the recharge area, oxygen concentrations increase

concurrently as pH increases and pCO2 decreases. As a result of cal-

cite dissolution, Tucson basin ground water becomes a distinct calcium/

bicarbonate type during this stage of its chemical evolution. This

region downgradient from the Pantano Wash has been designated as the

"transitional" facies.

The final stage of chemical evolution identified in this study

area produces a "mature" sodium-bicarbonate-sulfate facies. This ground

water is also relatively old, warm, basic and depleted with respect to

CO
2' 

Since this water is is so chemically distinct from the cooler water,

and apparently so isolated from appreciable recharge; it has been desig-

nated as the "distal" facies. Oxygen concentrations in this facies are

relatively low, indicating that net uptake or loss is renewed during this

later stage of chemical evolution.

One hydrogeologic detail has been identified as possibly posing

a significant control upon dissolved oxygen concentrations within this
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study area. This involves the relative elevation of the water table be-

low the influent stream beds. The lowest 02 concentrations have been

observed where the water table is closest to land surface - adjacent to

the Tanque Verde Creek/upper Rillito channel. It is possible that runoff

in this recharge area is provided with the highest concentrations of

organic matter from plant detritus‘ This portion of the basin supports

a dense strand of trees presumably because the water table is so close

to grade.

However, the elevated position of the water table might also be

significant in that it can decrease the amount of time non-refractory

organic matter spends in contact with oxygen in the vadose zone. Under

these conditions, influent organic matter is better able to "survive" the

recharge process and consume oxygen within the phreatic zone. Because

oxygen cannot diffuse through water as readily as through air, it is less

likely replaced below the Tanque Verde Creek than below the Santa Cruz

River and Pantano Wash where the water table is 20 meters below grade or

deeper.

Oxygen-uptake might also occur on Recent gneissic sediments which

comprise the channel beds. The Tanque Verde Creek is the only recharge

area in the basin where the basal channel load comprises the upper part

of the phreatic zone. These conditions could simultaneous foster oxida-

tion (by providing a reducing agent in the form of the ferrous silicates)

and hinder oxygen transport (by creating an aqueous diffusion barrier).

These conclusions, however, have not been substantiated by experimental

evidence.
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Two possible irreversible reaction mechanisms have been suggested

for oxygen-uptake or reduction within the recharge area. These were the

oxidation of influent organic matter and the oxidation of ferrous iron

within biotite. These reaction mechanisms are indirectly evidenced by

the presence of their respective reaction products - CO2 gas and ferric

oxyhydroxide surface coatings upon the stream gravel.

The highest pCO2 values (approximately 10-15atm,1 within the

Tucson basin aquifer have been calculated within the low-oxygen facies.

However, it is possible that much of this carbon dioxide diffused be-

low the water table from the overylying vadose zone. Accordingly, oxy-

gen-loss would have occurred above the water table as well . If all the

influent organic matter oxidized prior to reaching the water table,

then some other reducing agent is likely responsible for uptake within

the vadose zone.

Simple mass balance estimates suggest that there could be enough

ferrous iron present within the saturated portion of the stream bed to

consume oxygen for geologically significant periods of time, The esti-

mated rate of oxygen consumption agrees reasonably well with the exper-

mental value of White and Yee (1985). However, the reaction product -

limonite - which coats some of the gravel can potentially inhibit the

dissolution of biotite. Therefore, the oxidation of organic matter and/

or phreatophyte respiration is considered more likely to have reduced

dissolved oxygen in the low-oxygen zone.

A very generalized consideration of transport phenomena concluded

the likely mechanism responsible for saturating Tucson basin ground water

with oxygen is transverse mechanical dispersion. Transverse dispersion
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results from a vertical oxygen concentration gradient, a constant source

of oxygen within the vadose atmosphere, and random flow through pore

channels. The rate of transverse dispersive influx is primarily a func-

tion of longitudinal ground-water velocity. Hence, oxygen influx should

be greatest in the northeastern part of the basin where the hydraulic

gradient is steepest and the sediments are coarser, and presumably more

permeable. Transverse dispersive influx and low concentrations of re-

ductants within the aquifer are responsible for limiting the extent of

the low-oxygen zone to the recharge area.

Transverse dispersive influx as well as all other mechanisms of

atmospheric influx are most likely negligible in deep part of the aquifer

in the central basin. This is in part due to the lack of appreciable

recharge within this area. Because a large part of the distal zone in

the central basin is oxygen-saturated, the rate of oxygen-consumption by

bacteria and other reducing agents is considered minimal throughout most

of the study area.

The observed distribution of dissolved oxygen is not considered

thermodynamically significant in that all ground water measured was oxygen-

ated to some extent. Reduced aqueous species such as ferrous iron and

hydrogen sulfide would not be appreciably more stable nor concentrated

within the low-oxygen facies than within the oxygen-saturated part of

the basin. Oxygen concentrations would have to be orders of magnitude

lower, or unmeasurable, for reduced species to be analytically detectable.

The ubiquity of dissolved oxygen, therefore, seriously besets ana-

lyzing Tucson basin ground water within the context of an equilibrium re-

dox model. The activities of reduced species are too low to permit the
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routine calculation of multiple Nernstian redox potentials. Therefore,

this study could not determine whether electrochemical equilibrium

exists within this system. Measured electrode potentials do not offer

any substantially worthwhile corroborative data.

Although the distribution of oxygen is not electrochemically sig-

nificant, it is believed to be hydrogeologically interesting. There are

few other aquifers on record where such a seemingly orderly distribution

of dissolved oxygen has been established. This study, if it has shown

nothing else, demonstrated that dissolved oxygen can represent a system-

atic, rather than a random, variable in around water. The oxygen concen-

trations are believed significant within approximately +1 -0.5 mg/1 at any

given sampling location. Furthermore, limited evidence suggests that

these concentrations remain constant at most sampling locations with re-

spect to time.

Electrochemical and biochemical models which assume progressive

reduction of ground water with respect to time and distance along a

flow path do not apply to the Tucson basin aquifer. In unconfined, al-

luvial basin aquifers the role of dispersive influx need be considered

as important as the loss of oxygen through geochemical and biochemical

reactions. It is possible for ground water to become more oxygenated,

rather than reduced, during the course of its chemical evolution.



APPENDIX A

CHEMICAL DATA

CHEMICAL DATA

Part 1: Locations used for designation of hydrochemical facies

Well (a)	 B-27	 C-3	 C-15	 C-32	 C-36

Location	 (b)

Date Sampled

Total	 Casing Depth	 (m)

13-14-35
add

7-15-85

190

14-14-29
aaa

7-6-85

225

14-14-28
dad

7-6-85

152

14-14-11
ccb

7-17-85

90	 .

14-14-15
cdb

7-17-85

250

Temperature	 ( ° C) 22.0 31.0 28.0 28.5 29.0

pH 7.20 7.30 7.40 7.55 7.75

Dissolved Oxygen	 (mg/1) 3.2 7.4 7.9 7.5 7.3

Eh	 (mV) 350 380 400 380 350

IDS	 (mg/1) 244 404 413 252 343

Calcium	 (mg/1) 31 39 53 26 39

Magnesium	 (mg/1) 1.6 5.3 8.2 2.6 4.6

Sodium (mg/1) 23 , 57 46 26 39

Potassium (mg/1) 1.4 2.7 2.0 1.4 2.4

Bicarbonate	 (mg/1) 119 158 164 136 157

Sulfate	 (mg/1) 14 87 79 9 39

Chloride	 (mg/1) 17 19 20 16 19

Nitrate (mg/1)	 - NA NA 6 NA 4

Silica	 (S102 mg/1) 36 32 31 33 34

Total	 Iron (mg/1) NA 0.008 NA	 . NA NA

Charge Balance	 (+/- %) -1.2 -8,8 +7.2 -7.8 -13.4

Log pCO2 -2.14 -2.57 -2.17 -2.39 -2.53

Del	 0-18	 (c) NA NA -8.29 NA -8.69

Del	 H-2(c ) NA NA -57.70 NA -61.20

Carbon-14 (pmc)	 (d) NA NA 49.0 NA 44.4

(a) City of Tucson production well #	 (h) see Appendix B (c) Relative

to SMOW	 (d) percent modern carbon	 NA = not analyzed
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APPENDIX A--Continued 

CHEMICAL DATA

Part 1: Locations used for designation of hydrochemical facies

WELL (a)	 C-51	 C-56	 C-69	 C-75	 C-82

Location (h) 14-14-11
aac

14-14-1
dda

15-14-8
ddd

14-15-2
dda

14-15-6
ccb

Date sampled 7-16-85 7-21-85 7-5-85 6-27-85 7-15-85

Total	 Casing Depth	 (m) 238 187 213 190 107

Temperature ( ° C) 27.0 27.0 28.0 21.0 23.5

pH 7.65 7.75 7.40 6.60 7.00

Dissolved Oxygen	 (mg/1) 4.6 3.5 6.6 4.8 1.3

Eh	 (mV) 340 310 350 390 350

TDS	 (mg/1) 296 288 485 298 281

Calcium	 (mg/1) 38 32 70 24 26

Magnesium (mg/1) 3.5 2.9 14.1 5.1 4.1

Sodium	 (mg/1) 28 34 44 43 39

Potassium (mg/1) 1.8 1.6 2.8 1.7 1.8

Bicarbonate	 (mg/1) 150 141 180 103 120

Sulfate	 (mg/1) 21 24 102 65 36

Chloride	 (mg/1) 20 18 34 23 24

Nitrate	 (mg/1) 3 NA 6 NA NA

Silica	 (5102 mg/1) 28 32 26 32 29

Total	 Iron NA NA NA NA NA

Charge Balance (+/- %) -3.4 -5.0 +2.6 -4.0 +0.0

Log pCO2 -2.46 -2.59 -2.13 -1.61 -1.91

Del 0-18	 (c) -9.05 NA NA -9.23 NA

Del H-2	 (c) -66.10 NA NA -64.00 NA

Carbon-14 (pmc)	 (d) NA NA NA 115.20 NA

(a) City of Tucson production well 0	 (b) see Appendix B	 (c) relative
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to SMOW	 (d) percent modern carbon	 NA - not analyzed



APPENDIX A--Continued 

CHEMICAL DATA

Part 1: Locations used for designation of hydrochemical facies

WELL	 (a) C-83 C-107 D-1	 D-7

14-14-25	 14-15-32
baa	 bbb

D-21

Location	 (b) 14-15-4
baa

13-15-28
dcc

14-15-7
dbd

Date Sampled 6-28-85 7-11-85 7-3-85 7-4-85 7-16-85

Total Casing Depth (m) 122 46 213 207 168

Temperature ( °C) 21.0 16.0 30.0 28.0 27.0

pH 6.60 7.20 7.80 7.40 7.55

Dissolved Oxygen (mg/1) 4.5 1.9 7.7 6.5 6.8

Eh	 (mV) 350 270 430 430 390

TDS (mg/1) 242 102 264 252 297

Calcium (mg/1) 24 12 29 28 41

Magnesium (mg/1) 4.5 2.4 2.8 3.1 4.6

Sodium	 (mg/1) 30 9 25 25 26

Potassium (mg/1) 3.1 1.3 1.4 2.4 1.7

Bicarbonate (mg/1) 101 50 141 139 154

Sulfate (mg/1) 26 11 10 7 17

Chloride	 (mg/1) 24 4 16 14 17

Nitrate	 (mg/1), NA trace 8 3 10

Silica	 (Si02 mg/1) 29 15 28 28 26

Total	 Iron	 (mg/1) NA 0.069 0.022 NA NA

Charge Balance (+/-%) +3.0 +5.8 -11.0 +4.2 +0.0

Log pCO2 -1.61 -2.54 -2.62 -2.23 -2.35

Del 0-18 (c) NA -9.81 -9.88 -9.73 NA

Del	 H-2	 (c) NA -68.70 -68.60 -71.30 NA

Carbon-14 (pmc)	 (d) NA NA 63.20 NA NA

(a) City of Tucson production well #	 (h) see Appendix B	 (c) Relative

to SNOW 	(d) percent modern carbon	 NA = not analyzed
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CHEMICAL DATA

Part 1:	 Locations used for designation of hydrochemical facies

WELL	 (a)	 D-30	 D-35	 D-37	 D-46b D-47

Location (h) 14-15-20 14-15-10 14-15-10 13-15-35 14-15-9
bab cca aac ddc bdd

Date Sampled 7-2-85 7-1-85 6-30-85 6-27-85 7-1-85

Total	 Casing Depth	 (m) 320 152 151 265 195

Temperature (°C) 28.0 27.5 24.0 22.0 25.0

pH 7.',0 7.90 6.70 6.60 7.10

Dissolved Oxygen	 (mg/1) 7.4 4.4 1.6 3.6 3.5

Eh	 (mV) 430 410 360 390 410

TDS (mg/1) 366 309 300 276 297

Calcium (mg/1) 52 40 27 23 38

Magnesium (mg/1) 4.6 4.1 4.7 6.1 3.6

Sodium (mg/1) 27 24 38 38 32

Potassium	 (mg/1) 1.9 1.7 1.8 2.0 1.7

Bicarbonate	 (mg/1) 185 159 121 125 146

Sulfate	 (mg/1) 23 19 36 34 24

Chloride	 (mg/1) 19 18 27 19 20

Nitrate	 (mg/1) -15 5 10 NA NA

Silica	 (Si02 mg/1) 34 32 36 34 24

Total	 Iron (m411) NA NA 0.008 NA NA

Charge Balance	 (+/..%) -4.2 -7.0 -7%6 +0.0 +0.0

Log pCO2 -2.11 -2.68 -1.62 -1.52 -1.93

Del	 0-18	 (c) -9.80 -9.76 -9.65 NA NA

Del	 H-2	 (c) -68.00 -66.40 -69.00 NA NA

Carbon-14	 (pmc)	 (d) 78.40 NA 106.20 NA NA

(a) City of Tucson production well# 	 (h) see Appendix B 	 (c) Relative to

SMOW	 (d) percent modern carbon	 NA = not analyzed
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CHEMICAL DATA

Part 1: locations used for designation of hydrochemical facies

WELL	 (a) D-48 D-60 E-15 E-19 E-23

Location	 (h) 14-15-9
ada

13-15-35
dbd

14-15-23
cbc

14-15-14
bbc

14-16-7
cca

Date Sampled 7-13-85 7-8-85 6-30-85 7-2-85 6-29-85

Total Casing Depth (m) 183 90 262 107 110

Temperature ( °C) 25.0 26.5 26.5 27.0 25.0

Dissolved Oxygen	 (mg/1) 1.8 5.3 6.4 7.7 3.7

pH 7.50 7.30 7.20 7.60 7.10

Eh	 (mV) 330 330 430 410 350

TDS	 (mg/1) 300 288 332 273 401

Calcium	 (mg/1) 32 22 56 34 38

Magnesium (mg/1) 3.6 3.8 2.6 4.0 1.4

Sodium (mg/1) 33 35 22 22 33

Potassium	 (mg/1) 1.7 1.6 1.7 1.7 NA

Bicarbonate	 (mg/1) 141 123 181 146 186

Sulfate	 (mg/1) 29 21 16 19 35

Chloride	 (mg/1) 24 19 14 19 36

Nitrate	 (mg/1) NA- 15 NA 3 NA

Silica	 (mg/1	 Si02 ) 34 46 52 30 49

Total	 Iron (mg/1) NA NA NA NA 0.053

Charge Balance (+/-%) -8.0 +0.0 -4:0 -5.0 -3.2

Log pCO2 -2.35 -2.20 -1.94 -2.42 -1.83

Del	 0-18 (c) NA -9.92 NA -9.68 NA

Del	 H-2	 (c) NA -68.50 NA -68.50 NA

Carbon-14 (pmc)	 (d) NA NA NA 76.80 NA

(a) City of Tucson production well #	 (h) see Appendix B	 (c) relative to

SNOW	(d) percent modern carbon	 NA = not analyzed
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APPENDIX A--Continued 

CHEMICAL DATA

Part 1: Locations used for designation of hydrochemical facies

WELL (a)	 E-24	 SC-I8 	SC-21	 SC-33 	ACS (e)

Location	 (b)

Date Sampled

Total	 Casing Depth	 (m)

15-14-13
bcc

7-10-85

152

15-14-18
bbb

6-20-85

305

16-14-21
ccb

6-20-85

183

16-14-25
aaa

7-9-85

240

8-5-85

spring

Temperature	 ( ° C) 26.5 35.0 27.0 31.0 31.0

pH 7.60 8.40 7.60 7.70 7.50

Dissolved Oxygen (mg/1) 6.5 3.4 5.2 5.6 3.7

Eh	 (mV) 370 390 360 360 350

TOS (mg/1) 530 330 401 321 537

Calcium (mg/1) 80 7 38 22 24

Magnesium (mg/1) 1.7 1.0 4.6 5.3 2.7

Sodium	 (mg/1) 44 84. 62 52 139

Potassium (mg/1) 2.4 1.8 3.6 2.2 5.4

Bicarbonate (mg/1) 157 94 147 152 144

Sulfate	 (mg/1) 160 66 74 37 108

Chloride	 (mg/1) 25 29 23 18 43

Nitrate-(mg/1) 7 3 14 1 15

Silica	 (mg/1	 Si02 ) 32 36 31 27 54

Total	 Iron	 (mg/1) <0.005 <0.005 NA 0.020 NA

Charge Balance (+/-%) +0.0 +6.0 +0.0 +0.0 +22.0

Log pCO2 -2.41 -3.36 -2.45 -2.48 -2.31

Del	 0-18	 (c) NA -9.09 -7.57 -8.60 NA

Del	 H-2	 (c) NA -63.00 -54.00 -58.30 NA

Carbon-14 (pmc)	 (d) NA NA NA NA NA

(a) City of Tucson production well # (h) see Appendix B (c) relative to SMOW

(d) percent modern carbon (e) Agua Caliente spring NA = not analyzed
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APPENDIX A--Continued 

CHEMICAL DATA

Part 2: Other wells

WELL (a)	 A-24	 A-36	 A-55	 B-3	 B-42

Location	 (b)

Date Sampled

Total	 Casing Depth (m)

13-13-34
cdc

7-22-85

143

13-13-25
abb

6-26-85

98

13-13-14
cad

6-26-85

122

14-14-7
dda

7-12-85

170

14-14-5
dac

7-12-85

190

Temperature ( °C) 25.0 25.0 21.0 29.5 29.5

pH 7.30 7.50 7.00 7.15 7.15

Dissolved Oxygen	 (mg/1) 4.4 5.4 4.6 6.8 5.6

Eh	 (mV) 250 390 330 360 390

TDS (mg/1) 818 370 277 343 320

Calcium	 (mg/1) 108 49. 38 38 26

Magnesium (mg/1) 10.5 5.4 3.3 2.9 7.8

Sodium (mg/1) 134 38- 33 46 46

Potassium	 (mg/1) 2.3 2.1 1.6 2.5 1.8

Bicarbonate	 (mg/1) 213 176 130 146 147

Sulfate	 (mg/1) 200 29 17 46 46

Chloride	 (mg/1) 110 30 17 17 17

Nitrate	 (mg/1) NA 6 NA 7 NA

Silica	 (mg/1	 5i02 ) 34 30 37 34 34

Total	 Iron	 (mg/1) 0.017 NA NA NA NA

Charge Balance (+/-%) +11.4 +4.8 +4.0 +5.6 -12.6

Log pCO2 -1.99 -2.10 -1.90 -1.96 -1.96

Del	 0-18	 (c) NA NA NA -8.13 NA

Del	 H-2	 (c) NA NA NA -59.92 NA

Carbon-14 (pmc)	 (d) NA NA NA NA NA

(a) City of Tucson production well fl (h) see Appendix B (c) relative to SMOW
(d) percent modern carbon	 NA = not analyzed
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APPENDIX A--Continued 

CHEMICAL DATA

Part 2: Other wells

WELL (a)	 B-75	 B-83	 D-46a 	SC-6	 SC-16

Location	 (h)

Date Sampled

Total Casing Depth	 (m)

13-14-35
add

7-15-85

152

14-13-36
bcd

7-7-85

162

13-14-35
ddc

6-27-85

82

15-14-31
ebb

7-8-85

122

16-14-6
bbb

6-18-85

258

Temperature (°C) 25.5 26.5 22.0 25.0 24.0

pH 7.80 7.60 6.60 7.20 7.40

Dissolved Oxygen (mg/1) 6.9 6.9 6.4 7.0 5.0

TOS (mg/1) 329 439 247 468 510

Calcium (mg/1) 36 33 16 74 74

Magnesium (mg/1) 4.3 9.3 6.1 10.6 9.5

Sodium (mg/1) 35 73 34 38 55

Potassium (mg/1) 1.8 3.0 2.1 3.3 3.4

Bicarbonate (mg/1) 167 144 103 214 195

Sulfate (mg/1) 19 110 30 60 97

Chloride (mg/L) 16 35 21 28 29

Nitrate (mg/1) NA NA NA NA NA

Silica	 (mg/1	 Si02) 32 29 33 35 42

Total	 Iron	 (mg/1) NA 0.027 NA NA NA

Charge Balance (+/-%) -3.6 +0.0 -3.2 +11.2 +8.0

Eh (mV) 380 320 '360 360 370

Log pCO2 -2.57 -2.43 -1.60 -1.88 -2.12

Del	 0-18 (c) NA NA NA NA -7.99

Del H-2	 (c) NA NA NA NA -55.00

Carbon-14 (pmc)	 (d) NA NA NA NA NA

(a) City of Tucson production well # (h) see Appendix B (c) relative to SMOW

(d) percent modern carbon	 NA = not analyzed
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APPENDIX A--Continued 

CHEMICAL DATA

Part 2:	 Other Wells

WELL 	(a)	 SS-I2 SS-23 SS-24 Z-2

13-13-16
dda

Z-15 CC	 (e)

Location	 (b)	 14-13-35
cab

15-13-2
bda

14-13-35
bab

13-13-6 13-14-27
ddd	 cda

Date Sampled	 6-19-85 7-7-85 7-17-85 6-24-85 6-24-85 6-24-85

Total Casing Depth	 (m)	 62 100 100 135 82 98

Temperature	 ( ° C)	 22.0 24.5 26.0 24.0 25.0 21.0

pH	 7.10 7.50 7.30 7.60 7.10 7.40

Dissolved Oxygen (mg/1) 	 4.7 6.4 5.7 4.2 6.5 5.2

Eh (mV)	 360 330 380 380 350 320

US (mg/1)	 571 666 549 534 749 295

Calcium (mg/1)	 60 91 68 72 149 45

Magnesium (mg/1)	 14.6 20.0 7.3 9.4 1.8 1.8

Sodium (mg/1)	 69 84	 , 68 57 65 26

Potassium (mg/1)	 3.6 3.9 2.9 2.5 4.4 1.7

Bicarbonate	 (mg/1)	 265 239 235 224 212 139

Sulfate (mg/1)	 83 136 99 64 164 21

Chloride	 (mg/1)	 31 47 29 53 91 19

Nitrate	 (mg/1)	 NA NA NA 13 NA 8

Silica	 (mg/1	 Si02 )	 39 38 35 33 37 30

Total	 Iron (mg/1)	 NA NA NA <0.005 NA NA

Charge Balance (+/-%)	 t1.6 +19.0 +2.4 +0.0 +21.2 +16.2

Log pCO 2	-1.70 -2.13 -1.93 -2.27 -1.79 -2.28

Del	 0-18 (c)	 -7.47 NA NA -9.16 NA NA

Del	 H-2	 (c)	 -55.40 NA NA -62.40 NA NA

Carbon-14 (pmc)	 (d)	 NA NA NA NA NA NA

(a) City of Tucson production well # (h) see Appendix B (c) relative to SMOW

(d) percent modern carbon (e) University of Arizona well # NA = not analyzed
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APPENDIX B

EXPLANATION OF WELL COORDINATES

The coordinates used in this dissertation are in accordance

with the Bureau of Land Management's system of land subdivision, as

shown on Figure B. The land survey in most of Arizona is based on the

Gila and Salt River meridian and base line, which divide the state into

four quadrants. This study area is in quadrant D. The first digit of

the coordinate listing indicates the township, the second the range,

and the third the section in which the well is situated. The lower-

case 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 a 40-acre tract, and the third a 10-acre

tract. These letters are assigned in a counterclockwise direction,

beginning in the northeast quarter (from Davidson 1973).
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