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ABSTRACT
The Tucson Basin is a semi-arid alluvial basin in southeastern
Arizona in which the Santa Cruz River, an ephemeral stream, flows south
to north with its flows resulting directly from rainfall. The City of
Tucson discharges treated sewage effluent into the bed of the Santa Cruz
and to some irrigated farms. Previous investigations indicate that
sewage effluent is recharging the Tucson Basin Aquifer with the water
18 16
0/ 0 ratios
spreading horizontally in the Fort Lowell Formation. The
determined in water samples by the author support the findings of these
previous investigations. Sewage effluent had an average 6 c 0-18 value of
-7.9

per mil and water samples from the north Santa Cruz wells had an

average S c 0-18 value of -9.3 per mil. Up hydraulic gradient, the

180/160

ratios are lighter indicating that sewage recharge water has mixed with
ground water. In the case of one well in the mixed zone, it is calculated that approximately 70 percent of the water comes from sewage
recharge and 30 percent from normal ground water. Recharge water
spreads horizontally in the Fort Lowell Formation up to two miles on
each side of the river. The

c

0-18

values of water samples from the

south Santa Cruz wells averaged -8.9 per mil and compared closely to the
average S c 0-18 values for summer flows in the Santa Cruz River of -8.2
per mil.

viii

CHAPTER 1
INTRODUCTION
Purpose and Scope
This study seeks to determine whether or not recharge to the
Tucson Basin Aquifer is occurring along the Santa Cruz River and if so
to what extent, using the techniques of stable isotope hydrology.
Accurate knowledge of the extent of recharge from the Santa Cruz River
to the Tucson Basin Aquifer is an important element of basic information
needed for water management. Although this study cannot make a quantitative assessment of recharge, a qualitative assessment can be made as
to whether or not recharge is occurring. In addition, under certain
simplifying assumptions, an approximate calculation of total recharge
rate will be made.
This investigation compares concentration ratios of oxygen and
hydrogen isotopes in the Santa Cruz River water to the ratio of isotopes
in water from wells in the proximity of the river. Water samples were
prepared for analysis using the CO 2 equilibration method and analyzed on
a mass spectrometer. The results were calibrated with respect to the
international reference standard, Standard Mean Ocean Water (SMOW),
through an intermediate laboratory standard. The isotopic ratios in
water from wells along the Santa Cruz River were also compared to the
ratios of water in wells throughout the basin and to the ratios in
1

2
seasonal precipitation. Thus, it was possible to make a statement about
the "origin" of the recharge to the Santa Cruz River wells, where origin
refers to the time of year, temperature, and altitude at which the water
was introduced into the recharge regime.
The Tucson Basin
Location
The Tucson Basin is a broad alluvial valley of about 1,000
square miles (2.6 x 10 3 square kilometers) in the upper Santa Cruz River
drainage basin in southeastern Arizona. The basin is a northwestsloping plain bounded on the north and east by the Tortolita, Santa
Catalina, Tanque Verde, Rincon, Empire, and Santa Rita Mountains and in
the west by the Tucson Mountains, Black Mountain, and the Sierrita
Mountains (Figure 1). The mountains in the north and east range from
6,000 to 9,000 feet (1,800 to 2,700 meters); the mountains in the west
are from 3,000 to 6,000 feet (900 to 1,800 meters) in altitude. The
Tucson Basin is drained to the northwest by the Santa Cruz River and its
tributaries, Rillito Creek, Pantano Wash, and Canada del Oro.
The City of Tucson
The City of Tucson is in the northern part of the basin. Tucson
and its metropolitan area have a population of a third of a million.
This population relies completely on ground water for its water supply
and pumpage in 1970 was 224,000 acre-feet (2.75 x 10 8 cubic meters).
Agriculture and mining are also big ground-water users, pumping 84,000
and 52,000 acre-feet (10.3 x 10

8

7
and 6.39 x 10 cubic meters),

3

Figure I. Santa Cruz River Study Area, Northwest Corner of the Tucson

Basin (Inset).

4
respectively, for the year 1970. The Arizona Water Commission (1975)
reported that the pumpage rate is five times the recharge rate,
resulting in the falling water table in the basin.
Climate
The climate of the Tucson Basin is semi-arid. Gruff and
Thompson (1967) reported the potential evapotranspiration to be about
63.5 inches (161.3 centimeters) per year which is more than two times
the annual precipitation of 11 inches (27.9 centimeters) per year. Precipitation in the mountains surrounding the basin can be as high as 30
inches (76.2 centimeters) per year. The mean annual temperature at
Tucson is 67.3 ° F; the highest mean monthly temperature is in July
(86.1 ° F), and the lowest is in January (50.0 ° F).
Vegetation
The Tucson Basin at 2,000 to 3,000 feet above mean sea level
(600 to 900 meters) is covered with desert vegetation consisting of
mesquite, cactus, creosote, and palo verde bushes. The lower slopes of
the mountains are covered with a chaparral type vegetation which changes
into a pine forest above 6,000 feet (1,800 meters).
Precipitation and Streamf low
Precipitation in the Tucson Basin is extremely variable. Highintensity thunderstorms (convective precipitation) occur locally from
July to September. During September, tropical storms may precipitate
large amounts of rain over southeastern Arizona. Frontal storms produce
widespread precipitation over the entire basin from December to March.

5

The intensity of winter precipitation is less than that of
summer precipitation but usually of longer duration and produces nearly
the same
total.
Most natural streamflow in the Tucson Basin results from precipitation events. The Santa Cruz River and its tributaries are
ephemeral streams. Only in the mountains are streams fed by ground
water, but these are of small discharge and subsequently infiltrate into
the basin along its margins. Condes de la Torre (1970) stated that 93
percent of the flood peaks occur in July, August, and September. However, for a peak discharge, winter floods have larger flow volumes than
summer floods because winter floods are of longer duration. Because the
natural flows result directly from precipitation, the water quality is
excellent with the water low in dissolved solids, but high in suspended
solids.
Artificial streamflow in the Santa Cruz River results from the
release of the entire discharge of the City of Tucson Roger Road sewage
treatment plant, which amounted to 31,000 acre-feet (38 million cubic
meters) in 1974 (Dye, 1974).
Hydrogeology
The following description of hydrogeology is reported by Schultz
et al. (1976, pp. 463-464):
The Tucson Basin lies within the Basin and Range Province of
the southwestern United States where downfaulted or rifted
blocks, bounded by steeply-dipping normal faults, form the
valleys. The material filling the intermontane basin consists
of locally derived elastic material or alluvium deposited since
the Oligocene (about 40 million years ago). A secondary process
of erosion has formed three terrace levels in the Tucson Basin
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(Davidson, 1973). These are from oldest to youngest the
University, Cemetery, and the Jaynes terraces.
Davidson (1973) divided the sediments comprising the aquifer
in the study area into three major units as shown
in [Figure 2].
The Tinaja Formation, Ts, consists of 200 to 500 feet (60 to 150
meters) of sandy gravel with 10 to 50 percent silt which unconformably overlies the Pantano, Tos. The Fort Lowell Formation,
Qf, unconformably overlying the Tinaja, is the most productive
aquifer in the Basin (Davidson, 1973). In the study area this
formation consists of 50 to 150 feet (15 to 45 meters) of loosely
packed sands and gravels, the thinnest zones underlying the Santa
Cruz River channel. The most common lithology is granite,
gneiss, and locally derived volcanic clasts in a sand and montmorillonite matrix. Overlying the Fort Lowell along the Santa
Cruz River are the Recent stream-channel deposits, Qs, comprised
of clean, reworked sand and sandy gravels which grade laterally
to a thin veneer to sheet flow and alluvial fan sediments. The
thickness of the Recent deposits below the River channel is 40
to 100 feet (12 to 30 meters), averaging about 80 feet (24
meters).
Because most wells in the area are screened throughout the
entire saturated thickness and penetrate into the Tinaja, reliable values of individual formation transmissivities do not
exist. However, Davidson (1973) and others estimated the transmissivities in the study area to be the following: 2500 to 7000
ft 2 day 4 (230 to 650 m 2 day I) for the Tinaja and Fort Lowell,
and 10,000 to 40,000 ft 2 day I (930 to 3800 m 2 day I) for the
Recent channel-alluvium.
-

-

-

The Recent deposits, though very permeable, are dry in most
of the Basin and have only about 10 to 20 feet (3 to 6 meters)
of saturated thickness below the Santa Cruz. Their major
hydrologic significance is as a recharge conduit for flood and
sewage-effluent flows and excess irrigation waters.
The local ground-water flow direction is to the northwest
with a gradient of about 20 feet per mile (3.8 meters per
kilometer) as shown in [Figure 4]. The ground-water outflow of
the study area is constricted by the surface and subsurface
expression of the northern end of the Tucson Mountains. The low
permeability of the volcanic rocks forming the constriction
tends to force the ground water closer to the land surface.

7
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Figure 2. Diagrammatic Cross-Section of the Santa Cruz River Study
Area. -- Adapted from Davidson (1973).
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Previous Investigations
The earliest hydrologic investigation using stable isotopes in
the Tucson Basin was conducted by Simpson, Thorud, and Friedman (1970).
They found that winter precipitation was lighter in deuterium than
summer precipitation. This effect derives from the fact that winter
precipitation is frontal, originating from the Pacific Ocean, undergoing more fractionation through the Rayleigh distillation process,
whereas summer precipitation originates in the Gulf of Mexico and is
basically convective in nature. Simpson et al. proposed that, based on
preliminary isotope distribution data, winter floods are more important
than summer floods in providing recharge to ground water. A second
investigation using stable isotopes was conducted by White (1976). His
18 16
2 1
paper contains both
0/ 0 and H/ H measurements which substantiated
the hypothesis of Simpson et al. (1970).
Laney (1972) found anomalously large concentrations of calcium
bicarbonates, nitrates, and sulfates in the ground water along major
streams. He attributed these to the solution of relic salts, which were
deposited by evaporation along the banks of the streams when the streams
were effluent. Large nitrate concentrations north of Roger Road sewage
plant may be the result of return irrigation water, decayed vegetation
from relic marshes, and sewage effluent. Studies of the chemical
quality of well water in the northern Santa Cruz River Basin were performed by Davis and Stafford (1966), Cluff, DeCook, and Matlock (1972),
Matlock, Davis, and Roth (1972), and Wilson, Herbert, and Ramsey (1975).

9
Each of these studies revealed high concentration of nitrates in
wells
near the vicinity of sewage effluent disposal.
Investigations have been made to determine channel loss rates
for sewage effluent flowing in the channel of the Santa Cruz River.
Intake rates of effluent along the Santa Cruz River were found to be
6 ac-ft/acre/day (18,300 m 3 /ha/day) in a 6-mile (10-kilometer) reach
downstream from the Roger Road treatment plant by Matlock (1966) and
7.0 ac-ft/acre/day (21,300 m 3 /ha/day) in an 11-mile (17.5-kilometer)
downstream reach following a flood flow by Sebenik, Cluff, and DeCook
(1972).
Schultz et al. (1976) report work done with Freon 11, C1 3 CF.
Although Freon concentrations in ground water did not correlate closely
with nitrate concentrations, the presence of Freon 11, an anthropogenic
compound, in the ground water in the wells sampled indicates that
recharge of the Tucson Basin Aquifer by the river has recently occurred.
Schultz et al. found high levels of nitrate to be caused by excess irrigation with sewage effluent rather than river recharge, because the
infiltration capacity of the Santa Cruz River is restricted by fine
materials that plug the channel bed. Analyses of water from wells in
the vicinity of the northern Santa Cruz River, plotted on Piper (trilinear) diagrams, revealed that shallow wells that penetrated only the
Fort Lowell Formation had one water quality type, where deeper wells
that penetrated both the Fort Lowell and the Tinaja Beds had a different
water quality type. They proposed that recharging water mounds up at

10

the interface between the Fort Lowell and the Tinaja Beds, moving more

rapid laterally than vertically.

CHAPTER 2
THEORY OF STABLE ISOTOPE INVESTIGATIONS

Methodology
Environmental isotope hydrology uses isotope variations established in water by natural processes to help solve regional hydrologic
problems. In particular, the isotopic ratios in ground water reflect
the conditions under which the ground water was introduced into the
aquifer. By measuring the differences in isotope ratios and relating
them to a standard, this methodology can be used to provide answers to
questions such as: the origin of ground water, interrelations between
surface waters and ground waters, and possible interconnections between
different aquifers.
Isotope studies can be used only to provide corroborative information. Isotope studies cannot be used to divine the hydrology and
geology of an area, but can serve to test a hypothesis based on the best
available hydrologic information.
cS Notation

The following discussion of notation is necessary to understand
the text. Stable isotope ratios in natural waters are usually expressed
as a relative difference with respect to a standard. The relative
difference, S, is defined by:

11

12
6-

R sample - R standard
R standard

1
where the R's represent 18 0/ 16 0 or 2
H/ H isotope concentration ratios.

By convention, 6 values are expressed in per mil:

6 o/oo -

R sample - R standard
x 1000 .
R standard

For example, if 60-18 has a value of -10 per mil, the indication
is that
18
16
the sample has an
0/ 0 ratio 10 per mil smaller than the reference
standard. For convenience, small, negative 180 / 16 0 ratios will be
referred to as "heavy" water and large, negative 18 u/ 1 6_, 0 ratios will be
"light" water.
Absolute isotopic ratios are difficult to measure with accuracy
and are generally of little hydrologic importance. Of much greater
hydrologic concern are the relative variations in isotopic ratios among
the samples studied.

Reference Standard -- SMOW
Variations in isotope ratios are related to a laboratory reference standard. The isotope ratios of the samples in this study which
were compared to a reference standard, WST CO

2'

on the mass spectrometer

are designated by the notation 60-18 and 6D. In order to compare the
results of different laboratories which use different laboratory reference standards, the 60-18 and 6D values are related to SMOW, which is an
international reference standard. SMOW (Standard Mean Ocean Water) is a
reference standard for oxygen and hydrogen isotope variations in natural
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waters. It approaches the mean isotope ratio of ocean
water. This
experiment uses the evaluation of SMOW by Craig (1961). Although there
is no actual water sample of SMOW, a water standard
called Vienna-SMOW
has been prepared to match Craig's measurement of SMOW. In this water
standard, the 18 0 content is the same as Craig's measurement of SMOW,
but the D content is 0.2 per mil lower (Gonfiantini, 1976). The relation of d0-18 to SMOW will be designated as SO - . (The subscript c
l8
represents SO-18 values corrected to SMOW.)
SMOW is a logical choice for a reference standard. Oceans contain 98 percent of the earth's water and have isotope ratios which are
reasonably constant in space and time. In addition, the ocean is both
the beginning and end of the hydrologic cycle. The relation of 50-18 to
SMOW gives knowledge of the fractionation and the physical chemical processes which the water undergoes in the hydrologic cycle.
Isotopes in Waters
17
18
Oxygen has three stable isotopes: 16 0,
0, and
0, with

respective abundances of 99.76, 0.04, and 0.20 percent (Mook, 1968). It
is the 18 0/ 16 0 ratio that is of hydrologic importance, since the 17 0/ 16 0
16
seems to vary closely with the 18 0/ 0 and does not necessarily con-

tribute any additional information. The mechanism which causes relative variations in isotope ratios in samples of natural water is
isotopic fractionation. At ambient hydrological temperatures, molecules
of different isotopic composition have different vibrational energy
levels. In physical processes, lighter molecules have higher vapor
pressures. The different translational, vibrational, and rotational

14

energy levels of light and heavy molecules affect the relative
distribution of isotopes in both equilibrium and non-equilibrium processes.
Under equilibrium conditions, a reversible chemical reaction, or a
reversible physical process such as evaporation and condensation, fractionation will take place. The fractionation factor is defined as a and
can be expressed for a reaction in isotopic equilibrium as (Mook, 1968):
A* + B = A + B*

[A]
KA (B) = ŒA(B)= [A* • [B 1 _ [B*]/[B] _ R /R
] • [B]
[A*]/[A]
B A
]

whereby the isotopic abundance ratios of an element in the two substances A and B are denoted by R A and R B . The asterisk indicates the
molecule containing the heavy isotope.
Under non-equilibrium conditions, the isotope enrichment due to
translational, vibrational, and rotational velocities is much more pronounced. Non-equilibrium isotope effects which deal with kinetics or
irreversible physical and chemical reactions are processes such as
evaporation with immediate removal of vapor, adsorption, and diffusion.
During the evaporation of ocean water, a relative depletion in
18

0 of 8 to 10 per mil in the vapor (depending on the temperature)

should occur, according to the fractionation factor under equilibrium
conditions. However, observations show the water vapor to be 13 per mil
lighter than the ocean water, indicating that kinetic fractionation does
take place (Mook, 1968).

15
Isotopic effects in precipitation have been explained by
Dansgaard (1964) using the physical process of Rayleigh condensation:
under this process, successive stages of condensation occur under isotopic equilibrium, causing the condensate to become progressively
18
enriched and the remaining vapor to be progressively depleted in O.
Simpson et al. (1970) found the precipitation in summer storms
in Tucson, Arizona, to be heavier than that in winter storms because
summer storms are mainly convective storms from the Gulf of Mexico and
winter storms are frontal precipitation from the Pacific Ocean. Winter
storms undergo more precipitation events and the precipitation becomes
depleted in heavy isotopes as the storm progresses according to the
Rayleigh condensation process. Also, there is a temperature effect
which favors the relative depletion of 180 in winter precipitation.
Continental surface water tends to vary in isotope abundance,
with depletion in heavy isotopes increasing toward the higher latitudes.
18
This depletion in 0 ranges from 0 per mil on tropical islands to
-7 per mil in more moderate latitudes and even to -50 per mil in
Antarctica (Mook, 1968).
To determine kinetic non-equilibrium influence on samples, it is
0-18 values of the samples against Craig's
c D and 6 c
meteoric line. Craig's meteoric line, a plot of (S cD vs. 6 c0-18 for
possible to plot the

samples in isotopic equilibrium, yields the linear relationship
of
D = 8(5 0-18) + 10 (see Figure 3). If samples trend to the right
c
the meteoric line with the slope reduced from 8 to 3, kinetic
c

16
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Figure 3. 5 c0-18 vs. SO for Duplicate Water Samples from Wells in the
Tucson Basin Plotted against Craig's Meteoric Line.
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fractionation (non-equilibrium conditions), probably resulting from
evaporation, enriched the water more rapidly in 18 0 than in deuterium.

CHAPTER 3
THE ANALYTICAL DETERMINATION OF THE ISOTOPE COMPOSITION
OF NATURAL WATERS USING THE EQUILIBRATION METHOD
Sample Collection
Samples were collected by the author from the Santa Cruz River
and from wells operated by the City of Tucson. Each of the samples was
collected in a glass vial, completely filled, covered with a plastic
top, and sealed with hot wax. Each sample was labeled, giving the date
and the location of the well or sampling point on the river. Only active
City wells were sampled. Wells were allowed to run for 15 minutes
before sampling to obtain water representative of the aquifer. The
samples were not treated chemically but were kept at room temperature
after being sealed. Sixty samples were collected at sites representative of various hydrologic conditions. Wells along the Santa Cruz River
both above and below the sewage plant were sampled. Wells were also
sampled in a line normal to the river at several locations to determine
if a gradient in ratios existed away from the river. In addition, midbasin wells and mountain-front wells were sampled and analyzed by
another worker (Gallaher, 1977) to obtain a regional distribution of
isotopic ratios.
Seven duplicate water samples were sent to the U. S. Geological
Survey Laboratory in Denver to run 6 cD, because the deuterium mass
18

19
spectrometer at The University of Arizona was not functioning during the
research period. The USGS Laboratory provided both 6 cD and 6 c0-18
analyses for these samples.
The locations of the wells sampled are depicted in Figure 4 (in
pocket) and the wells are numbered according to the City numbering system.
Theory of Sample Preparation Using the
CO2 Equilibrium Method
A diagram of the sample preparation apparatus is shown in Figure
5 and a step-by-step description of the procedure is given in Appendix B.
A small amount of water, 10 ml, from the sample vial, is put in a glass
container with a stopcock. The glass container is connected to the CO 2
preparation apparatus by glass joints with rubber 0-rings. The water is
frozen with a freezing mixture made of alcohol and solid CO 2 at a
temperature of -70 ° C and the air in the sample container is evacuated.
With the stopcock on the sample container closed, the sample is melted
and refrozen and then evacuated again. This procedure releases air that
is dissolved in the water and entrapped in the ice so that dissolved air
is entirely removed from the water at the end of the process.
Freezing is necessary to avoid water vapor losses during the
pumping for the evacuation of air. These losses would alter the
isotopic composition of the remaining water, because of the isotopic
fractionation occurring between vapor and liquid water (Gonfiantini,
1976).
After the final evacuation, cylinder carbon dioxide, of known
isotope composition, is introduced into the sample container at a

20

C\I

IMMI

21
pressure less than one atmosphere. This pressure
is recorded and used
to calculate S0-18 corrections. The sample containers are
then sealed
off with their stopcocks and completely submersed in a
water bath at

25.0 ± 1 ° C for 24 hours. The isotopic exchange reaction is
(Gonfiantini, 1976):
C 16 0

2

+ H 18 0
2

4_

C 16 0 18 0 + H 16 0
2

An equilibrium time of 24 hours was thought to be sufficient to
allow the isotopic exchange to take place. The sample container was
then removed from the water bath and the CO

2

was transferred into a mass

spectrometer vial. Water vapor was removed from the CO 2 sample by means
of a cold trap and by alternately freezing and thawing the sample in
another mass spectrometer vial with liquid nitrogen and a mixture of
alcohol and CO 2 .
When the sample was free of water, it was run on the mass
spectrometer.
The apparatus for CO 2 equilibration, depicted in Figure 5,
allowed four samples to be reacted simultaneously. Duplicate samples
were run both in different batches and in the same batch with acceptable
precision. Because only four samples could be run in a batch, random
duplicates were run to check for experimental error.
The Mass

Spectrometer

The 18 0/ 16 0 ratio of the CO in the mass spectrometer vial was
2
measured with a V. G. Micromass Model 602 C Isotope Ratio Mass
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Spectrometer (V. G. Micromass Limited, Winsford, Cheshire,
England).
The instrument has a 90 0 sector magnetic field of 6 cm radius created by
a permanent magnet. The mass spectrometer sampling system is constructed of stainless steel with an automatic McKinney type changeover
valve with a digital readout integrator for improved precision.
A mass spectrometer consists of a tube maintained at high
vacuum, with an ion source at one end of the tube and ion collector at
the other end. The middle part of the tube is curved and situated in a
magnetic field.
Two gases are admitted alternately into the ionization chamber
of the mass spectrometer by a stainless steel changeover valve. One gas
is the sample and one is a reference gas. The gas in which the isotope
ratio is to be measured is admitted into the ionization chamber where it
comes in contact with the ion source where it is partially transformed
into positive ions and electrons by impact with electrons emitted by a
tungsten or rhenium filament. The ions are positive and are extracted
from the ionization chamber by a drawing-out plate of lower voltage and
accelerated through collimating slits that define the cross-sectional
shape of the beam.
The accelerated ions enter a magnetic field where the force
lines are normal to their path. Because of the magnetic field, ions
with different mass/charge ratios follow different trajectories and can
be collected separately.
The ions of the lightest species (in this case, the most
abundant) are collected over a charged plate, and the less abundant
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species are collected by a Faraday cage. The measurements are read from
a digital integrator for both the sample and the reference standard.
Ten pairs of sample and reference measurements for the mass 46/44 ratio
and seven pairs of measurements of the mass 45/44 ratio provide information precise enough to calculate 60-18. Values were calculated on a
Texas Instruments SR 52 by a computer program (Long, 1977).
6c0-18 Calculations

The instrumental isotopic ratios, 60-18, obtained from the mass
spectrometer must be corrected to give the ratios with reference to
SMOW. This is done in two stages:

1. A correction is made to relate the instrument values to the
laboratory Wood Standard (WST CO 2 ) that accounts for equilibration of the water with CO 2 gas. This corrected value is
designated 6'0-18.
2. A correction is made to convert the above value to the value
with relation to SMOW. The final value corrected with relation
to SMOW is designated 6 c0-18.
The procedures followed in sample preparation are given in
Appendix B, and the calculations made to go from 60-18 to 6 c0-18 for one
of the water samples are reproduced in Appendix A.

CHAPTER 4
EXPERIMENTAL RESULTS AND DISCUSSION
Results of the 0-18 Study

The data for the oxygen-18 and deuterium analyses are given in
Tables 1 and 2. The seven samples for which both 6 cD and Sc 0-18 results
are available are also plotted on Figure 3, to show their relation to
Craig's meteoric line.

The precision of the 6 c0-18 data was such that the error was
less than ±0.1 per mil, determined by averaging the mean deviations
between duplicates of the same samples run at the same time. The mean
deviation was calculated using the formula

N il
where X. is the sample,

is the average of the samples, and N is the

number of samples. Gonfiantini (1976) states that ±0.1 per mil is an

acceptable mean deviation for S c0-18 sample preparation and mass spectrometer analysis. The U. S. Geological Survey (USGS) Laboratory in

Denver also stated a mean deviation of ±0.1 per mil for the duplicate
c

0-18 samples and ±1 per mil for the 6D samples.

The precision (mean deviation) of 6 c0-18 duplicates of the same
samples run at different times was found to be ±0.5 per mil using the
24
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Table 1. Oxygen-18 and Deuterium Analyses for Wells in the Study
Area.

Sample

Date

6 0-18
c
Initial
per
mil SMOW

d 0-18
c
Duplicate
per
mil SMOW

(30-18
c
USGS
per
mil SMOW

SD
USGS
per
mil SMOW

-11.8
- 9.8
- 9.9
-12.2
-10.0
-11.5
- 9.8

-10. 0

- 9.4
-10.1

-67.8
-70.9

- 8.4

-62.3

- 7.9

-56.7

Mountain-Front Wells
B-98
B-105
D-56
E-13
D-37
C-106
C-92

10-29-76
10-29-76
10-29-76
10-29-76
10-29-76
10-29-76
10-29-76

-11.9

Central Basin Wells
B-53
D-2
A-2
C-14
C-20
C-62
C-64
C-104
E-23

10-29-76
10-29-76
10-29-76
10-29-76
10-29-76
10-29-76
10-29-76
10-29-76
10-29-76

-

8.6
8.3
9.8
9.4
9.3
8.4
8.2
9.3
8.8

- 9.0

South Santa Cruz Wells
SS-1
SS-18
B-85
B-83
B-84
B-86
B-87
SS-21
B-103
SS-20

10-22-76
10-22-76
10-22-76
10-22-76
10-22-76
10-22-76
10-22-76
10-22-76
10-22-76

- 7.8
- 8.3
- 8.1
- 7.9
- 8.4
-10.9
- 7.5
- 8.1
- 7.8
- 9.5

- 7.9
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Table 1, Continued.

Sample

Date

6 0-18
c
Initial
per
mil SMOW

0-18
c
Duplicate
per
mil SMOW
6

0-18
c
USGS
per
mil SMOW

SD
USGS
per
mil SMOW

- 8.7

-65.5

(3

North Santa Cruz Wells
Z-1
Z-9
Z-10
Z-2
Z-13
Z-11
Z-5
Z-6
Z-3
(F)1312-1212 nab

10-22-76
10-22-76
10-22-76
10-22-76
10-22-76
10-22-76
10-22-76
10-22-76
10-22-76

- 8.9
- 7.8
- 9.2
-11.6
- 9.0
- 8.7
- 9.9
-10.1
- 9.0

10-22-76

- 8.3
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mean deviation method. If 2 samples that are thought to be badly prepared are discarded, the precision becomes ±0.2 per mil. Acceptable
precision could not be attained by running duplicates at different
times. (See discussion of analytical results for explanation.) The
duplicates averaged 0.9 per mil heavier than the original samples.
Accuracy for the data was obtained by comparing samples run by
the author with duplicate samples run by the USGS. The accuracy was
calculated by the mean deviation method and found to be ±0.15 per mil,
with the USGS samples averaging 0.01 per mil heavier.
As shown on Table 2, the lightest values of 6 c0-18 were -12.4
per mil and -12.3 per mil for flows in the Santa Cruz River on September
27, 1976, and the Rillito River on January 22, 1977. The mountain-front

well E-13 (Table 1) also contained very light water with a 6 c0-18 value
of -12.2 per mil. The heaviest samples were the Roger Road sewage plant
effluent on September 1, 1976, with -7.5 per mil and wells B-103 and
SS-1, south of the city center along the Santa Cruz River with -7.8 per
mil. Mountain-front wells were the lightest group of wells with values
averaging -10.7 per mil. The ground water from wells sampled became
heavier, moving from the mountain front to the Santa Cruz River, with
samples from the central basin wells averaging -8.9 per mil. The south
Santa Cruz wells were the heaviest, averaging -8.4 per mil. Water from
the south
the Z wells in the north Santa Cruz area was lighter than from
Santa Cruz wells, averaging -9.3 per mil.
Santa Cruz River samples were divided into two groups. Discharges that occurred in winter or resulted from Pacific frontal
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precipitation were included in the first group, averaging -11.1 per mil.
Summer discharges that originated from convective precipitation composed

the second group and averaged a much heavier value, -8.2 per mil.
The

5

c0-18 values in sewage flows were variable from the Roger

Road sewage plant. Two samples were close with samples taken on October
22, 1976, and September 1, 1976, having 5 c0-18 values of -7.6 per mil

and -7.5 per mil, respectively. A third sample, taken on May 4, 1977,
was much lighter, measuring -8.8 per mil. This third sample from the

Roger Road plant was heavier than a sample taken the same day from the
Ina Road Aeration Pond. The Ina Road Aeration Pond sample was -9.5 per

mil and a sample taken downstream at the Ina Road Bridge on the same
day was -7.9 per mil, which is substantially heavier than the Aeration

Pond sample.
Well samples become heavier in the direction of decreasing
hydraulic gradient in the Basin. Figure 4 (in pocket) indicates that,

in the northern part of the Tucson Basin, a mountain-front well, B-98,
is much lighter than wells Z-2 and Z-1, having values of -11.8 per mil,
-11.8 per mil, and -8.9 per mil, respectively. The samples from wells
become abruptly heavier in the vicinity of the Santa Cruz River.
D values for the samples which were run by the USGS Laboratory
c
in Denver were plotted against 6 c0-18 values for the same sample to see

if they fell on Craig's meteoric line. The samples all fell on the
meteoric line, indicating that no kinetic fractionation (evaporation)
took place (Figure 3).

30

Discussion of Analytical Results
If a statement concerning hydrologic conditions is to be made
18
from this 0 study, the accuracy and precision of the analytical work
must first be assessed. For duplicate samples run at the same time, the
mean deviation of the analytical results, which is a measure of the precision of the sample preparation and mass spectrometer, was less than
±0.1 per mil. This compares favorably with the precision of ±0.1 per
mil estimated by Gonfiantini (1976) as the best that can be expected.
Sample duplicates run at different times had a mean deviation of
±0.5 per mil. However, two of the results that contribute to this
reduced precision, well E-13 and Santa Cruz River water at Congress
Street, September 8, 1976, were the first samples run, when the
author's experimental techniques were not well refined. Also, some of
these duplicate samples were run by another worker whose analytical
techniques may have differed slightly from the author's. Later, the
sample from well E-13 was redone, giving an accuracy of ±0.05 per mil,
comparing favorably with the Denver USGS duplicate result. This is
evidence that experimental techniques improved.
The precision improved to a mean deviation of ±0.2 per mil with
the two early samples disregarded in the calculation. This precision is
acceptable for making a hydrologic statement because the maximum range
in the cS 0-18 values is 4.9 per mil. The experimental error is thus
c
about 4 percent of the maximum range of values.
The greatest source of error is introduced during sample preparation. Some experimental mistakes which could conceivably cause heavier
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measured isotopic ratios would be: 1) putting sample water into a hot
sample container, 2) not closing a stopcock fully when open to a vacuum,

and 3) not completely collecting the frozen sample with liquid nitrogen.
Leaky stopcocks and cracks in the glass system were frequent problems,
causing air contamination of the sample. Air may have leaked into the

tank CO

2

distribution line, although special care was taken to flush it

before usage. However, each of these sources leads to random error and
probably cannot account for the heavier trend in duplicate samples
measured at later dates.

The laboratory standard for 0-18 measurements was Wood Standard
(WST CO ) reference gas. This standard was changed several times during
2
the time analyses were made (a period of approximately 6 months).
was recalibrated each time it was changed, a small
2
error may have been introduced. Lerman (1977) believes that variations

Although WST CO

in the WST CO

2

used were insignificant in affecting the 0-18 results.

Also, samples that contain insufficient CO 2 pressure or small amounts of
water caused mass spectrometer measurements to wander.

CHAPTER 5
HYDROLOGIC INTERPRETATION OF RESULTS
Previous investigations provide a description of the hydrogeology of the Tucson Basin. Let us review the description of the
hydrogeology to determine if stable isotopes substantiate the earlier
conclusions.
In the Tucson Basin, water is probably recharged from mountainfront streams and bedrock fractures and enters the Tucson Basin Aquifer
along the mountain front (Davidson, 1973). This recharge water moves
down the hydraulic gradient in the aquifer and eventually out of the
basin to the northwest. Lines of equal hydraulic head are parallel to
the mountain fronts, indicating that the source of the recharge water is
along the mountain front (Figure 4, in pocket). However, mountain-front
recharge is not the only source of recharge to the Tucson Basin Aquifer.
There may also be recharge occurring from the Santa Cruz River to the
Tucson Basin Aquifer.
The Santa Cruz in the 1800's was essentially a perennial stream,
but is now an ephemeral stream and the potentiometric surface of the
ground water is 50 to 150 feet below the land surface. The pumping of
ground water has lowered the potentiometric surface so that it is permanently below the streambed and ground water no longer contributes to
streamflow. Presently, river flow results from rainfall, except in the
32
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northern Santa Cruz well area where sewage
effluent is discharged into
the river bed from the City of Tucson sewage plant.
Natural river
waters are low in total dissolved solids and are
moving relic salts that
were previously deposited along the river bank back into the aquifer
(Laney, 1972). The direction of movement of the
relic salts seems to
indicate recharge from the Santa Cruz River to the Tucson Basin
Aquifer
is now taking place.
The Fort Lowell Formation overlies the Tinaja beds and has a
higher transmissivity. Recharge water is thought to infiltrate into the
Fort Lowell Formation and spread more horizontally than vertically
(Schultz et al., 1976). Deep wells which draw water only from the
Tinaja beds and shallow wells that penetrate only the Fort Lowell Formation exhibit two different water quality types. Because deep and
shallow wells located away from the Santa Cruz River show no such distinction in water quality types, recharge water has not reached beyond
the proximity of the Santa Cruz River.
Simpson et al. (1970) found that average

6

c 0-18

values for

winter precipitation were similar to ground-water 6 c 0-18 values then
available. They attributed ground-water recharge to winter precipitation because both winter precipitation and ground-water samples proved
light. The spatial distribution of S C O-18 values for wells in the
Tucson Basin is light (Figure 4, in pocket; Table 1). However, near the
Santa Cruz River the well 5 0-18 values become heavier. Such an anomaly
c
in S 0-18 values cannot be accounted for by isotopic exchange because
c

once the water enters the aquifer its isotopic ratios remain constant,
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assuming no mixing occurs. Evaporative fractionation in the Santa Cruz
River when the river was a perennial stream could not account for the
heavier 5 c0-18 values in the vicinity of the river, because this water
would be discharged from the aquifer. The anomalously heavy6 c0-18
values of wells in the vicinity of the Santa Cruz River when compared to
wells distributed throughout the basin seem to indicate recharge.
Transcepts of wells up hydraulic gradient from the Santa Cruz
River reveal that 5 0-18 values for well samples become abruptly lighter
c
at a distance of about two miles from the river (Figure 4, in pocket).
This effect is seen in the line between the "SS" wells and well E-13 in
the southern Santa Cruz well area and the line between wells Z-1, Z-2,
and B-98 in the northern Santa Cruz well area.
A difference in 5 c 0-18 values between wells near the river and
basin wells does not substantiate by itself that recharge is occurring
from Santa Cruz River to the Tucson Basin Aquifer. TheS c 0-18 values of
the river must be compared to those of the wells near the river and
throughout the basin. A similarity in 5 c0-18 ratios between flows in
the Santa Cruz River and the wells in the vicinity of the river will
indicate possible recharge. A decrease of ratios away from the river
will indicate mixing with other aquifer formation water. Markedly different values of well and river ratios in the vicinity of the river
would indicate no recharge.
the Roger
Sewage flows in the Santa Cruz River come mostly from
from -7.5
Road plant. The flows sampled average -7.9 per mil and range
same day become heavier
per mil to -8.8 per mil. Samples taken on the
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downstream from the sewage source along
the Santa Cruz River, probably
the result of evaporative fractionation.
According to the hypothesis that river to basin recharge
is
occurring along the Santa Cruz River, the well
values in this reach of
the river should be approximately -7.9 per mil
However, this is not
the case; well values in the north Santa Cruz wells are
heavier than the
mountain-front wells but lighter than the sewage effluent flows.
Water from the City of Tucson Roger Road sewage plant appears to
be recharging the Fort Lowell Formation by return irrigation and river
bed infiltration. The isotopic ratios of the well samples are a mixture
of water from the Fort Lowell Formation in the immediate vicinity of the
Santa Cruz River and water from the Tinaja beds. This is the reason
that the average of the north Santa Cruz well samples is much lighter
than expected. The heavier recharge water seems to have spread
laterally about one to two miles from the Santa Cruz River bed. The
limit of the spread is defined by light water from wells Z-2 and Z-10.
Schultz et al. (1976) proposed that recharging water in the Fort
Lowell Formation forms a mound and spreads more horizontally than vertically. Wells that penetrate only the Fort Lowell Formation had a different water quality than those wells that penetrated both the Fort
Lowell and the underlying Tinaja beds. The north Santa Cruz wells, or
"Z" wells, deep wells which penetrate the Tinaja beds, tend to have
light isotope ratios (Table 3). The wells with light isotope ratios are
all deeper than 200 feet, indicating that they penetrate the Tinaja beds
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Table 3. 6 c 0-18 Values and Well Depths for Wells
in the Study Area.
d c 0-18
Well

per mil SMOW

Depth
(feet)

North Santa Cruz Wells
Z-13
Z-5
Z-6
Z-3
Z-2

- 9.0
- 9.9
-10.1
- 9.0
-11.6

300
300
219
301
444

South Santa Cruz Wells
SS-1
SS-18
SS-20
SS-21
B-83
B-84
B-85
B-86
B-87

- 7.8
- 8.3
- 9.5
- 8.1
- 7.9
- 8.4
- 8.1
-10.9
- 7.5

330
202
302
320
260
300
410
260
300
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which lie 200 feet or more below the land surface. The
deepest well,
Z-2, had the lightest value of -11.6 per mil.
Taking a (3 0-18 value for average sewage flow of
-7.6 per mil
c
and a value of -11.8 per mil for ground water from the
Tinaja beds,
represented by well B-98 and a well representative of
mixed ground water
(for example, Z-1, with a value of -8.9 per mil), a first
approximation
can be calculated of the amount of recharge represented (see Appendix C).

In well Z-1, approximately 30 percent of the water comes from ground
water and 70 percent from the Santa Cruz River.

The results of the author's experimental work substantiate the
hypothesis that natural flows in the southern Santa Cruz River area
recharge the Tucson Basin Aquifer. A similarity exists between the
cS

C

O-18 values of the south Santa Cruz wells and summer flows in the

Santa Cruz River; the south Santa Cruz wells averaged -8.0 per mil and
summer flows in the Santa Cruz River averaged -8.2 per mil. Flows from
winter storms, in contrast, averaged -11.1 per mil. The major source of

recharge in the Tucson Basin Aquifer appears to be summer flows in the
southern Santa Cruz River area.

The Santa Cruz is an ephemeral summer stream with most of its
peak flows derived from violent convective summer storms. The discharge

of the Santa Cruz River was compared to the S c 0-18 value for each flow
(see Table 2). Most winter discharges were small, between 0.1 and 1.0
cubic feet per second (cfs). However, a large discharge of 578 cfs
occurred on September 26, 1976, with a very light S c 0-18 value of -12.4

38
per mil. A summer flow on August 22, 1976, had a
heavy 6 c 0-18 value of
-8.2 per mil and a discharge of 63 cfs.
The period of sampling of this investigation was
short and,
since precipitation is erratic in the southwest, it is difficult to make
a definitive statement with sparse records.
To complicate matters, a
frontal storm may occur in summer, causing flows of light 6 c0-18
values.
The distribution of heavy 6 c0-18 values for the south Santa Cruz
wells agrees favorably with the map of nitrate distribution drawn by
Laney (1972) (Figure 6). Laney found that relic salts, deposited by
evaporation along the Santa Cruz River when the river was a perennial
stream, are currently moving back into the Tucson Basin Aquifer as river
flows recharge the ground-water system.
The distribution of heavy S c0-18 values for the south Santa Cruz
wells extends two miles on either side of the Santa Cruz River as do
also the high nitrate concentrations. Central Basin wells and mountainfront wells present a contrast and are markedly lighter than the south
Santa Cruz wells. The only plausible explanation for the heavy 6 c0-18
values in the south Santa Cruz wells is recharge from the Santa Cruz
River.
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CHAPTER 6
CONCLUSIONS

General
1. In the Santa Cruz Basin waters, isotope ratios have enough
range so that isotopes may be used as a recharge tracer.

Experimental
1. Experimental precision requires that duplicates of the same
sample be run at the same time with strict adherence to a
specified procedure.
2. A period of 24 hours is sufficient to equilibrate samples with
cylinder CO 2 .
North Santa Cruz Wells
1. Recharge is occurring, but sewage effluent recharge via the
river channel and via excess irrigation are difficult to
distinguish.
2. Water spreads horizontally in the Fort Lowell Formation to a
distance of about one to two miles from the river.
in the
3. Mixing between two water types occurs with recharge water
Fort Lowell Formation and water from the Tinaja beds. For the
particular case studied, 70 percent of the water comes from the
Santa Cruz River and 30 percent of the water from the Tinaja beds.
40
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4. Well water becomes lighter in 0-18 up hydraulic gradient in the
aquifer and away from the river with an abrupt change in
isotopic concentration taking place about two miles from the
river.
5. Water from north Santa Cruz wells averaged -9.3 per mil and
ranged from -7.8 per mil to -11.6 per mil.
South Santa Cruz Wells
1. Summer floods in the Santa Cruz River recharge both the Fort
Lowell Formation and Tinaja beds.
2. Well water sampled becomes heavier up hydraulic gradient in the
aquifer.
3. Well samples averaged -8.4 per mil, ranging from -7.5 per mil to
-10.9 per mil.

Santa Cruz River
1. Sewage effluent averaged -7.9 per mil and ranged from -7.5 per
mil to -8.8 per mil.
2. Sewage effluent becomes heavier downstream, indicating evaporative fractionation.
3. Natural summer flows averaged -8.2 per mil.
4. Natural winter flows averaged -11.1 per mil.
5.

0-18 values for summer flows are similar to well water samples,
c
substantiating the hypothesis that summer flows are recharging

the Tucson Basin Aquifer in this location.

APPENDIX A
SAMPLE CALCULATIONS
Sample S-1
46/44 = .70669
Pressure = 23.5 mm Hg
Volume of container Holder #3 = 116.1 ml
1. Assume no instrument corrections.
2. Assume no vacuum condition corrections.
3. No correction for other isotopic species.
4. Correction for equilibration with CO 2 -- results from the fact
that the amount of oxygen introduced by the CO 2 into the system
water -- CO

2

6 G ° = (1
where n = 0
N = 0

2
2

is not negligible.

a)

6 G - a Ir\11-6 G i(Gonfiantini, 1976)

moles in CO •
2'
moles in H 0

2 '

a = 1.0408 fractionation factor (Gonfiantini, 1976),
6 c = mass spectrometer 60-18 value of sample,
G

= mass spectrometer 60-18 value for equilibration gas -7.1782,
and

6 o = '0-18.
G
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N = (10 ml H 0)
2

(1 gram H 0) (16 grams 0 )
(1 mole 0 )
2
2
2
(1 ml H 0) (18 grams H 0) (32 grams 0 )
2
2
2

= .27 moles
atm)
where P = (45 mm Hg) x (1
(76 mm Hg) - 31 atm,
R = 82.05

ml-atm
degree K-mole

V = 116.1 ml,
n =

PV

(.31 atm)(116.1 ml)
(82.05 mi-atm) (298.16 degree K)
(degree K-mole)

n=

- .00147118 moles CO

2

n = .00147118 moles 0 .
2

00147118
P0-18 = [1 + 1.0408(
. )](.70669)
.27
- (1.0408)(

.00147118
)(-7.1782)
.27

= .7514062083
R

SMOW H 0 = 0.0019973

(Craig, 1961)

2

RWST CO
P0-18 vs. 5 0-18 = 32.23 - [

R

c

- R

2

SMOW H 0
2

SMOW H 0
2

6'0-18 vs.

RWST CO
2
- 1.03223
0-18 + 1 - R
c
SMOW H 0
2

:i 1000
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RWST CO

= ( 1 . 03 223)(.0019973) = .0020617
2

R

x

CO

VO-18 = [

- RWST

2

CO

RWST

Solving for R

x

CO

2Rx CO 2
] 1000 -

r'
.0020617

-I

1000

2

CO '
2

6'0-18
751406283
.
x CO 2 =00206171 [ + 1000 ] - .0020617(1 +
1000
= .0020632491

According to the fractionation factor:
R
R

x

CO

x

H20

2

- 1.0408

So:

CO 2_

x
R

x H2O

=

R
c

0-18 = [

-

.0020632419

1.0408

1.0408

x H2O

R

- R

- .0019823685

SMOW H 0

2

] 1000

SMOW H 0
2

.0019823685 - .0019973
.0019973

= -7.4758232
= -7.5 per mil

) 1000

1

APPENDIX B
SAMPLE PREPARATION PROCEDURE
The following is the description of the CO 2 equilibration sample

preparation procedure used by the author. Numbers mentioned below refer
to Figure 5. The procedure is quite lengthy, requiring four
to five
hours for complete preparation of four samples.
Record the volume of the sample holder and label it with a tag.
This information is necessary to make corrections for d 0-18. The
c
author found these volumes to be:
115.1 ml for holder #1
114.8 ml for holder #2
116.1 ml for holder #3
114.9 ml for holder #4
Pipette 10 ml of the sample into the bottom of the sample

holder. Clean the pipette by filling it with sample water before using.
Place the top on the sample holder, securing it with the clamp (5) and
close the stopcock (4). Fasten either four or eight samples to the

sample preparation apparatus with clamps (3).
Making sure that stopcocks of the sample container are closed,
turn on the diffusion pump (rotary vacuum pump runs continuously). Open
stopcocks (13) and (2) and (12) and allow the sample preparation
apparatus to evacuate for a half hour. During this period, a mixture of
45

46
dry ice and alcohol should be prepared in a Dewar
flask and the samples
should be frozen with this mixture at a temperature
of -70 ° C.
When the samples are frozen, the
sample holders can be evacuated
by opening the sample holder stopcocks. Each sample should be evacuated
separately and reclosed afterward. The
sample is fully evacuated when
the Pirani gauge indicates 0 microns. After all the
sample holders are
evacuated and reclosed, the water samples should be thawed by placing
them in a bath of warm water. The aforementioned process from freezing
to thawing should be repeated until no measurable air is released from
the water in the sample holders.
The CO 2 line must be flushed, evacuating the line with stopcocks
(1), (2), (7), (12), and (13) open. After evacuation is complete, close
stopcocks (2), (7), and (13) off to the vacuum. Open the CO

2 tank valve

until a pressure of 1/2 to 3/4 of an atmosphere is read on the mercury
manometer scale. The CO

2

may be introduced into the sample holder while

the sample is still frozen, saving the extra step of thawing. Open each
of the stopcocks to the sample holders, allowing the CO 2 to enter the
sample holders. Record the pressure registered on the mercury manometer.
The pressure should be less than one atmosphere, usually between 20 and
50 cm read on the gauge. Now close the sample holder stopcocks.
Removing the sample holder clamp (3), place the sample holder in
the water equilibration bath and make sure that the temperature is kept
constant at 25 ° C. The author found that duplicates of the same sample
which were equilibrated at both 24 hours and 48 hours had a mean deviation of ±1 per mil, indicating that 24 hours is sufficient for an
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equilibration time. The sample holder should be completely immersed
in
the water equilibration bath so that no condensation
is observed in the
sample holder. If condensation occurs, part of the
water in the sample
holder is equilibrating at another temperature, and the condensation
prevents complete extraction of the water from the CO 2 .
After the equilibration period is completed, remove the samples
from the equilibration bath, attach with the sample holder
clamp (3) to
the sample preparation apparatus along with the corresponding number of
mass spectrometer vials (9). Freeze each of the sample holders with a
mixture of alcohol and dry ice and put a Dewar flask with the same mixture over the cold trap (a). Open stopcocks (7) and (8) and establish a
vacuum in the system and all the mass spectrometer vials. Then close
the system off to the vacuum with stopcocks (2) and (12) and transfer
the CO

2

from the sample holders into the mass spectrometer vials, using

liquid nitrogen in a Dewar flask placed under the mass spectrometer
vials. After each sample is transferred, a vacuum must be reestablished
in the system.
Next place the Dewar flask with dry ice and alcohol mixture
under cold trap (b). Freeze the mass spectrometer vial with the mixture
of dry ice and alcohol. When a vacuum is established in the system,
close stopcocks (8) and (12) and transfer the CO 2 from the frozen mass
spectrometer vial to the fixed mass spectrometer vial, using liquid
nitrogen placed underneath the fixed mass spectrometer vial.
After cooling the fixed mass spectrometer vial with liquid
nitrogen, if the Pirani gauge does not return to zero microns, evacuate
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system by opening stopcocks (12) and (11), keeping the CO 2 in the fixed
mass spectrometer vial frozen. This procedure will remove air contaminants. When the Pirani gauge registers 0 microns, close stopcocks (11)
and (12) to the vacuum and heat the fixed mass spectrometer vial with a
blow dryer. After the frozen mixture becomes vaporized, the fixed mass
spectrometer vial is cooled with a mixture of dry ice and alcohol, and
the aforementioned transfer process between mass spectrometer vials is
repeated until the CO

2

frozen with liquid nitrogen reads zero microns on

the Pirani gauge. Then it will not be necessary to evacuate the frozen
CO
CO

2
2

gas after transfer. When the condition of 0 microns is reached, the
is closed off in the mass spectrometer vial and ready for transfer

into the mass spectrometer.

APPENDIX C
CALCULATION OF RECHARGE RATIOS

Sample6c0-18

Value

Sewage at Sunset Rd., 10-22-76

- 7.6 o/oo

Ground water, well B-98, Tinaja beds

-11.8 o/oo

Ground water, well Z-2 (mixed Fort
Lowell and Tinaja bed water)

- 8.9 o/oo

= E x.6.
1

(Gonfiantini, 1976)

1 1

where n = number of different waters, and x i = fraction of water having
isotopic composition, 6 i . Fraction contributed by ground water = x.
Fraction contributed by sewage = 1-x.
x(-11.8) + (1-x)(-7.6) = 1(-8.9)
x = .30 or 30%
1-x = 70%
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