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ABSTRACT

The Tucson Basin is southeastern Arizona is a semi-arid

alluvial basin. Winter precipitation is derived principally from the

Pacific Ocean, and summer precipitation originates mostly from the Gulf

of Mexico. Previous investigations have noted that the isotopic com-

position of the two rainy seasons and of associated floodflows were

significantly different. Once infiltrated, the bimodally distributed

isotopic waters represent excellent natural tracers for distinguishing

seasonal and areal recharge to the groundwater regime. This study

16	 .examines the distribution of the ratios of 
18

0 / 0 in natural waters

within the Basin and accounts for that distribution in terms of a

possible model of groundwater recharge and circulation. The distribu-

tion of the oxygen-18 isotope is hypothesized to be principally a

function of the location of groundwater recharge zones, and regional

groundwater flow patterns. Active recharge zones are indicated by

high isotopic gradients along the perimeter of the Santa Catalina Moun-

tains and along the Santa Cruz River. The gradients also suggest that

limited transverse groundwater mixing appears to be occurring within

the Tucson Basin Aquifer. On a regional scale, recharge to the Tucson

Basin appears to be predominately derived from winter precipitation.

viii



CHAPTER 1

INTRODUCTION

Scope of Research 

In the Tucson Basin, artificial withdrawals from the ground-

water reservoir have drastically altered the local hydrologic cycle.

Estimates that withdrawal from aquifer storage exceed natural replen-

ishment two to five times (Davidson, 1973 and Arizona Water Commission,

1975, respectively) are based upon average annual declines in ground-

water levels of 2 to 5 feet. Excluding the importation of water, re-

charge is the limiting component within the Tucson Basin aquifer

management scheme.

Several researchers have examined recharge properties along

limited reaches of the Santa Cruz River, the major drainage channel of

the Basin (Davidson, 1973; Burkham, 1970; Laney, 1972; Wilson and

DeCook, 1968; and Schultz et al., 1976; amongst others). Aside from

electric analog and digital hydrologic simulation models, however,

little evidence has been collected to provide a basis for calculation

of recharge properties within the complete drainage Basin. This study

examines aquifer recharge by means of the techniques of stable isotope

hydrology. The distribution of the oxygen-18 stable isotope in ground-

water in the northern portion of the Tucson Basin is obtained and in-

terpreted. Spatial and temporal effects are reflected within the
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distribution and allows a qualitative statement to be made distinguish-

ing which season (summer or winter) and which hydrologic zone (mountain

front or stream channel bottom) contributes major volumes of recharge

to the Basin.

Naturally occurring water contains a small proportion of iso-

topically heavy water molecules. The two most common are HDO

(
1
H
2
H160), and H

2
18

0 (
1
H
1
H
18
0). HDO and H

2
18
0 are non-radioactive

and comprise 0.015% and 0.20%, respectively, of naturally occurring

water (Judy, 1972). This study relates the oxygen-18 ( 18
0) and

deuterium (
2
H) content of groundwater bodies to the location and season

of recharge. The variability in the stable isotope ratios is a func-

tion of elevation, latitude and distance from the vapor source (Gat,

1974).

In the Tucson Basin, a bimodal type of precipitation is found:

winter precipitation is derived principally from the Pacific Ocean,

and summer precipitation originates mostly from the Gulf of Mexico and

sub-tropical Atlantic Ocean. Simpson, Thorud and Friedman (1970), White

(1976), and Bostick (1978) all noted that the isotopic composition of the

two rainy seasons and of associated floodflows were significantly differ-

ent. Once infiltrated, the bimodally distributed isotopic waters

represent excellent natural tracers for distinguishing seasonal and

areal recharge to the groundwater regime.
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The Tucson Basin

Location and Physiography

Situated in southeastern Arizona, the Tucson Basin is com-

prised of a north trending alluvial valley at 2,400 feet altitude

arcuately bounded by rugged mountains along the northern, eastern and

western periphery. The normally dry Santa Cruz River and its major

tributaries, Rillito Creek and Canada del Oro, drain occasional flood-

flows from the 1000 square mile Basin in a northwesterly direction.

The mountains in the north and east are crystalline and range from

6,000 to 9,000 feet in altitude; the westerly mountains are mainly of

volcanic material and range from 3,000 to 6,000 feet (Figure 1).

Withdrawal of Water from the Tucson Basin Aquifer

In 1965, the City of Tucson's entire population of 235,000

people was supplied water from groundwater pumped from the Tucson

Basin aquifer (Davidson, 1973). Municipal withdrawals, at that time,

were estimated by Davidson to be about one half the mean annual re-

charge of approximately 100,000 acre-feet. Population growth pro-

jections for Tucson indicate a doubling in size within the 20-year

span to 1985. Additional stress on the aquifer is exerted by agri-

cultural and industrial withdrawals whose combined pumpage during 1965

amounted to approximately 120,000 acre-feet. The aggregate withdrawal

of groundwater by industrial firms (copper mines) more than doubled

from 18,000 acre-feet in 1965 to 50,000 acre-feet during 1971.
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Climate

Climatic conditions in the Basin generally vary with elevation.

The 30-year (1941-1970) mean annual precipitation at an altitude of

2400 feet was 11 inches (Sellers and Hill, 1975); greater than 30

inches of precipitation is received at the higher elevations of the

Santa Catalina Mountains (Mount Lemmon, 9200 feet). Although snow has

been recorded throughout the drainage area, amounts are negligible on

the desert floor. Normally, temperature varies inversely with eleva-

tion. At The University of Arizona, altitude 2440 feet, the maximum

and minimum temperatures recorded between 1931 and 1972 are 115 and

15 degrees Farenheit, respectively.

Tucson's southerly location and sub-tropical mean annual tem-

perature of 68 degrees Fahrenheit account for potential evapotranspira-

tion of 63.5 inches per year (Cruff and Thompson, 1967), far in excess

of the annual precipitation. The annual class A pan evaporation in

Tucson is approximately 80 to 90 inches per year (Green and Sellers,

1964; Burkham, 1970).

Hydrometeorological Characteristics

Three classifications of storms produce precipitation in the

Tucson Basin: general frontal storms, general convective storms, and

local thunderstorms. The major factors which favor precipitation are

moisture, mountainous terrain, convergence or air flow from the south,

and thermal heating (Sellers and Hill, 1975).
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Two principal pressure systems control weather patterns as felt

in the Tucson area. The Aleutian low pressure system off the west

coast of North America controls winter precipitation events; the

Bermuda high pressure system in the Gulf of Mexico affects summer

storms (Berry, Bollay and Beers, 1973). Sellers and Hill (1975) pre-

sented idealized pressure contour patterns associated with winter and

summer precipitation in Figures 2 and 3. The arrows were added to indi-

cate the probable moisture flow paths to Tucson.

The above factors cause two rainy seasons per year in Tucson.

Approximately 39 percent of the annual mean precipitation falls during

July and August, and 32 percent in December through March (Sellers and

Hill, 1975). This bimodal distribution is shown on Figure 4.

General Frontal Storms

General frontal storms usually occur during the period from

December to March, inclusive. They originate over the Pacific Ocean

as a result of the interaction between polar Pacific and tropical

Pacific air masses and move eastward over the Basin. These storms,

which often last for several days, reflect orographic influences and

are accompanied by widespread precipitation in the form of snow or

rain. As shown in Figure 5, these storms are less intense than summer

storms, but usually are of longer duration -- 3 days or more.

General Convective Storms

General convective storms usually occur during the period from

July to September, inclusive. They are associated with an influx of
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Figure 2. Idealized 500-Millibar Contour Pattern Associated with
The Heaviest Winter Snowfall in Arizona. -- Arrow indi-
cates the probable moisture flow path to Tucson (adapted
from 'Sellers and Hill, 197 5 ).
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Figure 3. Idealized 500-Millibar Contour Pattern Associated with
the Development of Widespread Summer Afternoon Thunder-
storm Activity in Arizona. -- Arrow indicates the prob-
able moisture flow path to Tucson (adapted from Sellers
and Hill, 1975).
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Figure 4. Annual Variation of Mean Monthly Precipitation at The
University of Arizona, Tucson. -- Means for period 1941-
1970. Dashed line indicates the average of the twelve
months. Data from Sellers and Hill (1975).
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Figure 5. Annual Variation of Precipitation Intensity in the Southeast
Section of Arizona. -- The intensity is expressed in terms of
the average precipitation per day with 0.01 inch or more of
precipitation. Data from Sellers and Hill (1975).
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tropical maritime air originating over the Gulf of Mexico or the South

Pacific Ocean and entering the area from the southeast or southwest.

Usually the influx of tropical air is caused by the circulation about

a high pressure area centered in southeastern United States, but

occasionally it is caused by the remnants of a tropical hurricane.

General convective storms are often accompanied by heavy precipitation

over large areas for periods up to twenty four hours, but showers may

continue for as long as three days.

Local Thunderstorms

Local thunderstorms can occur at any time of the year, either

during general storms or as isolated phenomena. However, they are

most common during the period from July to September, inclusive, when

the Basin is frequently covered by moist unstable air originating over

the Gulf of Mexico. These storms cover comparatively small areas and

result in high-intensity precipitation for three hours or less.

Vegeta:tion

Vegetation in the drainage area reflects the distribution of

rainfall. Except in the higher parts of the drainage area, the density

of vegetation is low to moderate.

Below about 3,500 feet the vegetation is typical of the Sonoran

desert, consisting of creosote bush, mesquite bush, various salt

bushes, palo verde bush, and cacti. From 3500 to 6000 feet there are

two distinct types of cover. A chaparral occurs on the more rugged



portions, and a short grass type occurs on the relatively flat areas.

Nearing the summits of the higher bordering mountains, one passes

through pinon-juniper, yellow pine, and lastly through spruce-fur

forests.

11



CHAPTER 2

HYDROLOGY OF STUDY AREA

The major axis of the Tucson Basin trends northerly in typical

Basin and Range Physiographic Province fashion. The Basin comprises

a structural depression that was formed by block faulting. Surround-

ing mountain masses were uplifted during Tertiary time. Erosion of

the mountain rocks and subsequent transport of sediment and detritus

downslope developed the present thick deposit of permeable material

(at least 5000 feet in the central part of the Basin).

The emplaced sediments were later re-worked by fluvial erosion

processes; three terrace levels in the Tucson Basin and a major drain-

age system resulted. The present Santa Cruz River and its tributaries,

the Rillito Creek and the Canada del Oro, drain the 1000 square-mile

Basin in a gently sloping north to northwest direction.

The discussion to follow will address the geologic and hydro-

logic properties of the mountain rock, the basin-fill deposits, and

the recent floodplain alluvium.

Mountain and Basement Rock Complex 

The mountains which border the Tucson Basin are composed of

predominately metamorphic and igneous intrusive rocks. The Santa

Catalina, Rincon and Tortolita Mountains situated to the east and

12
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north (Figure 1) are composed mainly of low permeability and low

porosity granodioritic gneiss, granite and lesser amounts of low to

high porosity volcanic rocks. The Sierrita, Santa Rita, and Empire

Mountains situated to the south consist of low to moderately permeable

sedimentary, metamorphic and crystalline intrusive igneous rocks. The

largest mass of volcanic and volcanic-sedimentary rocks in the Basin

are found in the westerly Tucson Mountains. A geologic cross-section

of the area is presented in Figure 6.

The crystalline intrusive and metamorphic rocks transmit water

primarily along secondary pore spaces, or fractures. Water conducted

within the fractures of mountain rock masses often is forced to the

surface in the form of springs when flow is restricted at the crystal-

line rock-cemented sedimentary rock contact downslope (Davidson, 1973).

The volcanic rocks found in the western portion of the Tucson

Basin show varying age-dependent hydraulic conducting properties.

Older volcanics in the Tucson and Sierrita Mountains yield small

amounts of water to wells except where locally fractured. A more

vesicular and fractured volcanic rock type is found in the eastern

flank of the Tucson Mountains and on Black Mountain. Limited areal

extent and partial saturation, however, disallows any significant

ground water development of this moderately permeable zone.

Sedimentary mountain rocks have low porosity and permeability

and generally retard the movement of ground water. The Sierrita and

Santa Rita Mountains are largely composed of sedimentary rocks
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DESCRIPTION 
SAND, GRAVEL AND SILT
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Figure 6. E-W Geologic Cross-Section in the Northern Portion of the
Tucson Basin. -- Adapted from Davidson, 1973, and Schultz
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interbedded with volcanic flows and with lesser proportions of sand-

stone, claystone, siltstone, conglomerate, limestone, and crystalline

quartzite (Davidson, 1973).

Sedimentary Deposits in the Tucson Basin 

Three principal lithologic sequences comprise essentially a

single aquifer in the Basin: indurated deposits, basin-fill sediments,

and Recent floodplain alluvium. Researchers attempt to distinguish

the sequences by noting grain size distributions, color, degree of

cementation, and spatial positionings.

Indurated Deposits

Overlying the basement rock complex, the indurated sediments

represent the thickest Basin deposits, being at least 1500 feet thick

in the center of the Basin. Termed the Pantano Formation (Finnell,

1970), the unit is composed of three reddish-brown members with

assorted calcium carbonate cemented conglomerates and siltstones inter-

fingering with mudstone, gypsum, and volcanic material. Well yields

from the Pantano are extremely variable but, in aggregate, are low to

moderate. Additional deeper drilling is needed to more clearly define

the Pantano's hydrologic characteristics (Davidson, 1973). A brief

description of the formations is given in Figure 6.

Basin-Fill Deposits

The basin-fill deposits unconformably overlie the Pantano

Formation and form the principal zones of current water production in
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the Tucson Basin. The upper 500 feet in the central part of the Basin

generally consist of a mixture of gravel and sand, whereas the under-

lying 1000 feet are predominately silt and clay, with minor fingerings

of sand.

The deposits have been stratigraphically mapped and classified

by various workers, most notably Cooper (1960), and Finnell (1970).

However, the nomenclature proposed by Davidson (1973), given below,

is followed in this study.

Tinaja Beds. The Tinaja beds unconformably overlie the in-

durated sediments and, in turn, are unconformably overlain by the

Fort Lowell Formation. The beds were formed by alluvial transport

processes depositing mountain detritus into the block faulted depres-

sion. This mode of deposition resulted in spatial gradation of

materials from sandy gravel at the margins where deposits are thin,

to clayey silt and mudstone at the central part of the Basin where

thicknesses are at least 2000 feet (Davidson, 1973). The beds out-

crop only along the Basin margin.

Although the fine grained deposits are less permeable than

the sandy-gravel material, delayed drainage of their saturated inter-

stices enable the beds to yield significant volumes of water to wells

throughout the Basin. The hydraulic conductivity of the beds ranges

from about 10 to about 400 gallons per day per square foot. The

diversity in the Tinaja sediments makes absolute definition of the

Fort Lowell-Tinaja and the Tinaja-Pantano contacts tenuous in many

places.
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Fort Lowell formation. Overlying the Tinaja beds is the Fort

Lowell Formation, the most productive unit of the sedimentary sequence.

Although the formation is 300 to 400 feet thick in most of the Basin,

its importance as a major source of water is likely to diminish due to

partial saturation and declining groundwater levels. On the other

hand, it is an excellent recharge conduit and, hence, remains a

significant part of the Basin's hydrologic system.

The Fort Lowell crops out extensively only in the Santa

Catalina and Rincon Mountain foothills. The formation is otherwise

concealed by younger alluvium or surficial deposits. The depositional

characteristics of the formation are similar to those of the Tinaja

Beds. The Fort Lowell also grades from a silty gravel near the margin

of the Basin to a silty sand and clayey silt in the central part of

the Basin (Davidson, 1973). Hydraulic conductivity values of the Fort

Lowell (150 to 700 gpd per sq. ft.), however, are greater than the

Tinaja Beds (10 to 400 gpd per sq. ft.).

Surficial Deposits

Recent floodplain alluvium consisting of loosely consolidated,

clean, re-worked sand, silt and gravel, underlies the floodplains and

channels of the existing streams in many places. Where found, these

deposits are very permeable and porous, and offer immediate and rapid

infiltration to floodwaters. The thickness of the alluvium ranges from

a few feet under a trio of bench terraces to 100 feet in the Santa

Cruz River channel (Davidson, 1973). Saturated thicknesses are minor,
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however, with only about 10 to 20 feet of most of the Santa Cruz Recent

deposits being below the water table (Schultz et al., 1976).

Groundwater Levels and Groundwater Flow 

Groundwater flow within the Tucson Basin roughly corresponds

to the surface drainage system. Movement is from south to north toward

the community of Rillito. The altitude of the water table ranges from

3000 feet above mean sea level at the south end of the Basin to less

than 2000 feet at the outlet near Rillito.

Intensive development of the groundwater reservoir since 1940

has caused significant local declines in the water levels. Davidson

(1973) estimated that artificial groundwater withdrawals within the

Basin exceed twice the average annual natural recharge. Although

recent evidence suggests that current declines of 2 to 5 feet per

year may eventually create a closed groundwater basin (Goodoff, 1975),

the present flow pattern is not significantly different than the

pattern of the early 1900s.

As indicated by the groundwater level contour map in Figure 7,

groundwater flow is principally from southeast to northwest. Accord-

ing to Davidson, intra-basin recharge is principally along the moun-

tain fronts and through the stream channel bottoms.

Streamflow 

The Santa Cruz River is the principal channel of the Tucson

Basin and conducts most of the Tucson, Sierrita, and Santa Rita
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Figure 7. Ground Water Level Contours Tucson Basin, Santa Cruz Valley,
Spring 1970. -- Adapted from Matlock and Davis (1972).
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Mountains runoff and associated valley overland flow. Its major

tributaries, the Rillito Creek and the Canada del Oro, drain the

Santa Catalina, Tanque Verde, and Rincon Mountains. In total,

streams in the Tucson Basin drain about 1000 square miles (Davidson,

1973).

Intense rainfall-runoff events have aided in the development

of incised stream channels. Channel dimensions range from 5 to 20

feet in depth and from 50 to 500 feet in width at floodstage (Burkham,

1970). Recent stream alluvium underlies the major channel bottoms at

thicknesses of 30 to 100 feet.

Due to sparse precipitation, the stream channels are dry

throughout most of the year. The Santa Cruz River, Rillito Creek,

and Pantano Wash average 330 dry days per year (Condes de la Torre,

1970). Annual streamflow depletion due to infiltration within the

Tucson Basin is about 70% of the annual inflow (Burkham, 1970).

Streamflow occurs only during periods of flood flow which

usually last less than three days (Davidson, 1973). The character-

istics of the flows are reflective of the type of storm delivering

the precipitation. Intense summer thunderstorms of short duration are

responsible for more than 93 percent of the recorded flood peaks along

the Santa Cruz River. Hydrographs of such runoff events show a rapid

rise to peak discharge followed by a rapid recession of flow. Winter

frontal storms, on the contrary, are of longer duration and lesser,
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but more steady, intensity. Hydrographs of those storm-induced runoffs

show slow ascension to peak, longer peak discharge maintenance, and

slow recession.

Streamflow in the Tucson Basin is quite variable. Table 1

lists streamflow data and average discharges at active U.S.G.S. sta-

tions for the year 1971. Standard deviation for annual flow at many

of the stations approaches or exceeds the arithmetic average (Condes

de la Torre, 1970). Average annual discharge has little relation to

the amount of flow that may be expected per year.

Recharge 

The amount of recharge in any area depends upon two general

phenomena: the amount and distribution of precipitation, and the

intake facilities which are to accept the precipitation. Within the

Tucson Basin, increases in annual precipitation are found at greater

altitudes. This increase in potential recharge volume, however, is

somewhat counteracted by the relative imperviousness of the mountain

rock. Alternately, reduced precipitation in the valley (12 inches

versus 25 inches per annum) is somewhat mitigated by the enhanced

intake capability of the alluvial deposits.

Davidson (1973) examined various components of recharge to

groundwater in the Tucson Basin. Those included streamflow infiltra-

tion and recharge; mountain front recharge; irrigation, sewage, and

industrial return flow recharges.
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Streamflow Infiltration and Recharge 

Ideal recharge conditions are encountered when the avail-

ability of water approximates the infiltration capacity of the stream

bed. Summer thunderstorm induced runoff produces potential inputs

far in excess of streambed infiltration capacities (Davidson, 1973).

Additionally, summer flows carry extremely large amounts of material

in suspension and in traction which may further reduce the opportunity

for infiltration.

Winter storms generally yield flows with lower concentrations

of suspended solids. Winter runoff rates more closely approximate

infiltration capacities of the underlying alluvium. The winter

frontal storms, thus, may be argued to produce superior volume to

volume recharge than the summer thunderstorm.

After streambed soil moisture deficits and evapotranspiration

requirements are satisfied, streamflow may become available for

input to the ground water reservoir. Burkham (1970) and Davidson

(1973) estimated that at least 90 percent of infiltrated runoff

reached the water table. However, Anderson (1972) found that only

about 19,000 acre-feet or about 37% of the estimated average infil-

tration of 51,000 acre-feet was recharged to the groundwater reser-

voir, based on steady-state simulation with an electrical-analog

model of the basin. Table 2 shows the mean annual streamflow deple-

tion volumes of major streams in the Basin.
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Table 2. Mean Annual Infiltration Volumes along the Santa Cruz
River and Its Tributaries, 1936-63. -- From Davidson,
1973.

Reach
Length of

reach
(miles)

Mean annual infiltration
Acre-feet
per mile

Total (acre-
feet per year)

Santa Cruz River from the Pima
County line to Continental 10 320 3,200

Santa Cruz River from Contin-
ental to Tucson 28.5 320 9,030

Santa Cruz River from Tucson
to Cortaro and Rillito Creek
from the Tucson gage to the
Santa Cruz River 16.6 480 8,030

Santa Cruz River from Cortaro
to Rillito 5.5 480 2,640

Pantano Wash from Vail to
Rillito Creek 21.5 240 5,160

Rincon Creek from gage to
Pantano Wash 7.8 450 3,500

Tanque Verde Creek from gage
to Sabino Canyon road and
lower reaches of Sabino
Creek and Agua Caliente
Wash 17.5 430 7,540

Rillito and Tanque Verde Creeks
from Sabino Canyon road to
the Tucson gage on Rillito
Creek 9.5 820 7,780

-
Canada del Oro from the Pima

County line to the mouth
of Big Wash 9.2 295 2,710

Big Wash and lower Canada del
Oro from the Pima County
line to the Santa Cruz River 16.8 80 1,340

Total for all reaches 50,930
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Hydrological and chemical evidence has been presented support-

ing the contention that river bottom infiltration contributes locally

to the ground water regime. Laney (1972) theorized that anomalously

high concentrations of calcium, nitrate, and total dissolved solids

in groundwater along the Santa Cruz River and the result of recharge

through the channel bottom. Figure 8 shows a gradational decrease in

nitrate concentration normal to the Santa Cruz River. The high con-

centrations are believed to result from the leaching of relict salts

contained in stream bottom deposits. No dramatic variation in the

nitrate concentration is evident beyond a distance of 1 to 2 miles

from the stream bed. Similar distributions of nitrate were found

by Davis and Stafford (1966) and by Matlock, Davis and Roth (1972).

Schultz et al. (1976) examined the groundwater along the Santa

Cruz River for concentrations of trichlorofluoromethane (trade name

Freon-11). Analogous to bomb tritium, the presence of Freon-11 in

the groundwater indicates recent recharge of the man-made compound.

Evidence of recent recharge along the Santa Cruz River was obtained,

but data were insufficient to calculate volume of recharge.

Wilson and DeCook (1968), using neutron logging techniques,

detected the lateral migration of water infiltrating along a reach of

the Santa Cruz River channel during a maior winter runoff event.

Lateral migration of moisture above the water table was detected at

least 450 feet away from the channel. This moisture required more
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than six months to dissipate, possibly by downward drainage to the

water table.

Davis and DeWiest (1966) cite research by White (1963) which

indicates that unusually heavy rains in the Tucson area contribute

recharge to a relatively small part of the inundated area. White's

investigation considers water level fluctuations as an indication of

recharge.

Hydrological information presented in previously cited papers,

as well as in numerous other uncited documents, generally support the

existence of at least a local streambed recharge phenomenon within the

Tucson Basin.

Irrigation, Sewage and Industrial Return Flows 

According to Davidson (1973), irrigation, public supply, and

industrial pumpage during 1965 accounted for nearly 90 percent of the

total withdrawals from the Tucson Basin aquifer. Approximately 10

percent of the total pumpage was believed to be returned to the

groundwater reservoir. Irrigation withdrawals were estimated to

account for greater than 50 percent of the total pumpage, but only

negligible amounts were returned to the aquifer. Municipal and

industrial withdrawals were said to be responsible for approximately

30 and 10 percent, respectively, of the total pumpage; volumes returned

were approximately 15 and 50 percent of that pumped, respectively.

Using Davidson's pumpage-recharge figures, irrigation was found to be

accountable for about 65% of the total consumptive use, municipal use
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for about 29% of the total, and industrial use for only 6% of the

total. Given an almost certain future increase in water demand by

municipal facilities, irrigation may be expected to decrease according-

ly. In essence, an increase in municipal wastewater discharges coupled

with an overall decrease in the consumptive use factor should allow

for significant increase in return flow recharge volumes.

Approximately 4.1 million cubic feet per day of secondary

treated sewage effluent was discharged to the Santa Cruz River in 1972

(Cluff, DeCook and Matlock, 1972). The surface wastewater stream per-

sists for at least 10 miles downstream from the outfall point, and

during peak releases may persist for up to 25 miles downstream before

completely infiltrating into the channel bottom.

Due to the potential for groundwater recharge from the effluent

discharge, many researchers have examined the intake capability of the

Santa Cruz channel bottom. Results of three recent determinations of

average channel loss are in general agreement. Matlock (1966), Sebenik,

Cluff and DeCook (1972), and Cluff et al. (1972), all found average

5channel, losses of approximately 2.5 x 10 cubic feet per day per mile

of channel reach. Davidson (1973) reported that sewage effluent return

flows in 1965 accounted for less than 10 percent of the total volume

of water recharging the aquifer.

Mountain Front Recharge 

Average annual precipitation in the mountains surrounding

the Tucson Basin may be double the amount received in the Santa Cruz
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River Valley (Sellers and Hill, 1975). Mountain front recharge of

precipitation to the Basin aquifer is by underflow via conduction

through secondary fractures or joints, and through spring- and

snowmelt-fed streams becoming influent where they leave their canyons.

An estimate of the long-term mean annual mountain perimeter

recharge was obtained by Anderson (1972) by calibration of an electric

analog model. The per annum recharge was calculated to be 4,000 acre-

feet along the Sierrita Mountains; 7,400 acre-feet along the Santa

Rita Mountains; 12,600 acre-feet along the Rincon, Tanque-Verde, and

Santa Catalina Mountains; and 4,000 acre-feet along the Tortolita

Mountains. No recharge could be attributed to the Black or Tucson

Mountains. Fogg (1978) noted that a ground water flow net analysis

by Belan (1972) showed similar mountain front recharge rates (46,000

cubic feet per day versus Anderson's 39,000 cubic feet per day) along

a 7 mile segment of the Santa Catalina Mountains southern edge.

Additional insight into the recharge phenomenon can be gained

by studying a water level contour map of the Basin (Figure 7). If

little or no recharge is occurring at a mountain block-alluvium con-

tact, the contours will intersect that zone at, or near, right angles.

Contours parallel with the mountain front imply active recharge. Major

recharge areas may be noted along the southern flank of the Santa

Catalinas and along the western edge of the Tanque Verde-Rincon Moun-

tain zone. The true worth of the information remains uncertain,
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however, in areas where ground water level data is sparse, most

notably along the perimeter of the less permeable mountain formations.

Table 3 shows the summary of the mean annual water budget

for the Tucson Basin presented by Davidson (1973).



31

Table 3. Summary of Mean Annual Water Budget for the Tucson Basin. 1

Flow (acre-
feet/year)

Streamflow
Inflow  	 68,000
Outflow

Surface flow  	 17,000
Infiltration  	 51,000

Total 	 68,000

Aquifer
Inflow
Underflow 	 17,000
Perimeter (mountain front) recharge 	 31,000
Infiltration 	 51

'
000

Irrigation return 	 20
Sewage-effluent return 	 38 , 300 3
Industrial return 	 9,000

Total 	 117,100

Outflow
Underflow 	
Evapotranspiration 	
Irrigation, public supply, and industrial pumpage. 	 .

210,000 215,500
3176,700

Total 	 3202,200

2
Inflow-outflow (storage depletion) 	 -85,100

1 Data from Davidson, 1973.
2
Applicable to early 1960's.

3 Applicable only to 1965.



CHAPTER 3

STABLE ISOTOPE HYDROLOGY: THEORIES AND PROCESSES

There are at least nine known molecular variations of water

resulting from different combinations of the three isotopes of hydro-

1	 2	 3	 .
gen ( H, H, H) with three of the isotopes of oxygen (

16	 18	 17
0,	 0,	 0).

Hydrologic investigators principally focus their research on four of

these: 
1
H
2
16
0, 

1
H
2
H
16
0 (HDO), 

1
H2

18
0, and 

I
H
3
H
16
0 (HTO). (Herein the

superscript denotes the approximate atomic weight of an element, while

the subscript represents the number of a particular atom within a

molecular unit.) The first three molecules are stable (non-radio-

active). The fourth molecule contains 
3
H (tritium) which is radioac-

tive and emits low energy beta radiation. The isotopes differ only

in the number of neutrons in their nuclei and all molecules display

almost identical chemical properties (Dansgaard, 1961).

The stable isotope hydrology method attempts to relate isotopic

compositions of natural waters to the location and season of recharge

and to the nature of the recharging waters (Gat, 1974). This work

examines the distribution of the ratios of 
1
H2

18
0 to 1H 2

16
0 in natural

waters within the Tucson Basin and accounts for that distribution in

terms of a possible model of groundwater recharge and circulation.

32
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Fractionation

Fractionation Due to Vapor Pressures

The chemical properties of the isotopes depend upon the number

and distribution of orbital electrons. The addition or deletion of

neutrons within nuclei, thus, has a small but measurable effect on the

chemical properties of the elements. Thermodynamic differences ex-

pressed through differences in atomic rotational energies are a result

of the altered atomic weight (Dansgaard, 1961). In isotopically dis-

similar water molecules, the different thermodynamic properties are

manifested by vapor pressure and freezing point differences. Isotopic-

ally lighter water molecules have slightly higher vapor pressures at

the same temperature, and higher freezing points than the heavier

water molecules (Friedman et al., 1964).

In a binary system which allows for the coexistence of a

vapor and a liquid phase, the isotopic mixture of both is determined

by the relative tendency of each system to interact with the other.

In a mixture of heavy and light' water molecules, the vapor pressure

differences will cause a slight fractionation to occur when the

processes of evaporation or condensation take place.

In the absence of phase changes, the water vapor content of

the air may be treated analytically as an ideal gas. Its own partial

pressure, i.e., vapor pressure, is independent of expansion or con-

traction of the enclosing air parcel (Eagleson, 1961). As such, a



34

body of water at sea level will fractionate similarly to one at a

greater altitude, given the same temperature and relative humidity.

With the analysis reduced to one principally controlling meteorologic

parameter, temperature, analytical results can be universally

correlated.

Because the vapor pressure of H
2
18
0 is lower than H 2

16
0, the

concentrations of oxygen-18 will be greater in the liquid phase than

in the vapor. Similarly, the concentrations of the heavier water

will be greater in the solid phase than in the liquid phase. Under

equilibrium conditions, the ratio of H 2
16
0 to H2

18
0 in the vapor phase

is equal to the ratio of their respective vapor pressures H 2 160/

pH 2
18
0. By convention, the fractionation factor for the equilibrium

system is denoted by a.

al8 = 
p
H
2
16
0 / 

pH2
18

0

If we let 16	 18
R = NH 2 0 / NH2 0

where N = mole fraction of the component in the liquid,

then	 a = R (liquid) / R(vapor) •

At Standard Temperature and Pressure the ratios of the vapor pressures

between the water molecules H 2
16

0 ' HDO, and H 2
18 are

aD = pH 2
16
0 / HDO = 1.08

a
0
18 

= pH2
16
0 / pH 2

18
0 = 1.009	 (Thatcher, 1967).
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A phase change may be assumed to proceed under essentially equilibrium

conditions when any energy change in the system by heating or cooling

occurs sufficiently slowly.

Transient conditions are those in which the relative concentra-

tions of H
2
18
0 in the separate phases vary as the phase change con-

tinues. If it is assumed that fractionation occurs under the equi-

librium conditions, the process can be mathematically described by the

Rayleigh distillation formula (Dansgaard, 1961 and Friedman et al.,

1964). The Rayleigh formula states that

R / R
0 =

(a-1)

where

R
o 

= the initial value of the isotopic ratio in the phase

which is being transformed,

R = the value of the ratio in that phase at any stage in the

process,

O 	the fraction of that phase remaining,

a = the fractionation factor appropriate to the conditions.

Fractionation Due to Kinetic Effects

In nonequilibrium processes caused by rapid evaporation and

condensation, the vapor pressure fractionation is complicated by

kinetic velocity increase. According to Thatcher (1967), relative

increases in particle velocity due to the kinetic effects are inverse-

ly related to the water molecule atomic weight. The greatest increases
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in particle velocity were noted in the following order:

H
2
16
0 > HDO > H

2
18

0 .

Hence, a kinetic effect contributing to the fractionation will con-

centrate H2 1800 n the liquid to a higher degree than the lighter HDO.

Numerous researchers mentioned by Dansgaard (1961) have report-

ed a linear correlation between deuterium and oxygen-18 enrichments

at various temperatures occurring under equilibrium conditions.

Craig's meteoric line (Craig, 1961) is a graphical depiction of this

equilibrium linearity, plotting H
2
18
0 / H

2
16
0 vs. HDO / H

2
16
0 as

related to a universal standard (Figure 9).

Influence of the Hydrologic Cycle 

The main source of atmospheric vapor is considered to be the

warm mid-latitudes of the ocean. The ocean may be regarded as an

infinite source of constant stable isotope content. Conversely, the

atmosphere is of finite storage with variable isotope ratios.

On a regional scale, we can follow the changes in the 180 / 
16

0

in the vapor mass. The surface of the ocean absorbs radiant solar

energy and converts it into molecular kinetic energy. When the ocean

water evaporates, a slight fractionation occurs and the vapor mass

migrates with lighter moisture than in the ocean water. The first

condensate to fall from the vapor will be isotopically similar to

ocean water. As explained by the Rayleigh condensation process,
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Figure 9. Deuterium and Oxygen-18 Correlation in Precipitation
and Surface Waters. -- Closed Basin Waters Do Not Fit

the general linear correlation, because of evaporation

(adapted from Craig, 1961).
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however, the precipitation from the vapor becomes progressively iso-

topically lighter as the vapor moves inland.

Mook (1968) and Dansgaard (1961) discussed in detail the

various factors which could, perhaps in combination, have an effect

on the 
18

0 composition of precipitation at a given site.

Latitudinal and Continental Effects

In general, the greater percentage of loss of water from a vapor

mass as it migrates from its area of origin to higher latitudes, the

lighter the remaining vapor is. Precipitation in the polar regions is

very light relative to mid-latitude ocean water.

Altitudinal and Temperature Effects

Considerable fractionation takes place when precipitation occurs

under orographic conditions. The fractionation factor a if greater than

1, increases with decreasing temperature. Progressively lighter pre-

cipitation given off as a storm system moves up a mountain front can be

explained by a combination of decreasing temperature and depletion.

At coastal stations, Dansgaard (1961) noted a linear rela-

tionship between the average annual 
18
0 content in precipitation and

the mean annual temperature.

Exchange Effect

During a rainstorm, the falling rain drops are subject to iso-

topic exchange with the underlying atmospheric moisture. Thatcher (1967)

stated that the effect is a function of drop size, duration 
of rainfall,

and temperature. This effect is somewhat diminished with heavier rainfall.
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Evaporation Effect

This effect is partially detailed in the above subsection

"Fractionation Due to Kinetic Effects." A raindrop undergoing rapid

evaporation as it falls will display kinetic effects. Also, if a por-

tion of the raindrop evaporates before arrival at the land surface, the

remaining water in the drop will be enriched in oxygen-18.

General Description of the Stable Isotope Method 

The 8 Notation

Stable isotope ratios determined for natural waters are usually

expressed in terms of relative difference as compared to an arbitrary

standard. This difference is expressed by:

R
sample 

-R
x 10008( 0/oo) -	 Rstandard

where R, for purposes of this work, represents the H 2
180 / H 2160 or

HDO / H 2
0 concentration ratios. By convention, 8 is expressed in per

mil units, or parts per thousand. If a ground water sample is analyzed

to have an 
180 8°/oo value of -7, this signifies that the sample has a

H2 180/ H 2
160 ratio 7 per mil (0.7 percent) less than the standard. To

simplify notation, 8 18 will be considered to be equivalent to 180 8°/oo.

Standard Mean Ocean Water (SMOW)

Early workers in stable isotope geochemistry expressed isotopic

ratios with respect to the available reference standards. With the lack

of a universally utilized reference standard, 
results obtained through
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a site-specific investigation could not, in all likelihood, be compared

to other studies performed elsewhere.

Based upon a suggestion by Craig (1961), Standard Mean Ocean

Water (SMOW)

standard for

hypothetical

equal to the

The isotopic

imately:

is taken to be the arbitrary international reference

stable isotope investigations. It corresponds to a

water having both oxygen and hydrogen isotopic ratios

mean isotopic ratios of ocean water (Gonfiantini, 1976).

ratios of SMOW were given by Craig (1961) to be approx-

H 2
18
0 / H 2

16
0 = 1 / 500

HDO / H20 = 1 / 6500

A water standard, called VIENNA-SMOW, was synthesized in 1966 for

purposes of physically duplicating the experimentally and statistic-

ally defined isotopic ratios of SMOW. In actuality, VIENNA-SMOW has

the same 180 content as SMOW, but its deuterium content is 0.2 0/00

lower (Gonfiantini, 1976). A sample of VIENNA-SMOW was obtained by

the stable isotope laboratory of The University of Arizona. All

values of 6
18 

given in this report are relative to this sample of

standard water.

Isotopic Measuring Technique 

Precise isotopic determinations were not possible until the

late 1940's when mass spectrometry techniques were refined. Mook

(1968) reported that these techniques allow for the mass spectrometric
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error to be smaller than the standard error due to sample preparation.

For the purposes of hydrologic research, the precision achieved

through these procedures is more than sufficient (Friedman et al.

1964). The overall repeatable precision of the stable isotope analyses

is + 0.1 0/00 for 180 determinations and + 1.0 0/oo for deuterium

analyses (Gonfiantini, 1976).

The oxygen-18 analysis of water is performed by isotopically

equilibrating the sample with gaseous carbon dioxide, of known iso-

topic composition. After equilibrium has been reached, the carbon

dioxide will reflect the 
18

0 / 
16
0 ratio of the water (Mook, 1968).

The isotopic ratios of the gas are measured with a mass spectrometer

with respect to a standard sample.

Carbon Dioxide Equilibration

When a water sample equilibrates with the introduced CO
2 

tank

gas, the mass balance before and after equilibration is:

H
2
0 (liquid) + CO 2(gas)

H
2
0
(liq.) 

+ H
2
0
(vapor)

 + CO
2(gas) + 

(CO2 + HCO
3
 + CO

3 .
2_)

 (dissolved).

According to Mook (1968), the contributions of the water vapor

and of the dissolved bicarbonate and carbonate is less than 0.01 °/oo

for 
18
0 analyses, provided that the ratio of the sample flask volume

to water volume is less than SO. The change in 
18
0 content of the

water sample is therefore simplified to the following reaction:
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C
16

0
2 

+ H
2
18
0 *C 16

0180 + H 2 O

Considering the exchange fractionation factor a:

(
18
0 / 

16
0)	 = a(

18
0 / 

16
0)(CO 2 )	 (H20-1iq.)

At 25 °C, o. = 1.0408 (Gonfiantini, 1976).

Normal sample preparation technique calls for the water to

equilibrate with a volume of tank CO 2 gas at less than one atmosphere

of pressure. Gonfiantini (1976) and Mook (1968) stated that this

isotopic exchange slightly affects the original 180 content of the

water and a correction is therefore needed. This is accomplished

by the following relationship (Mook, 1968):

dw = (1 + aF)6m - ŒFSG

where. = corrected hypothetical value which the CO 2 would have

if equilibrated with an infinite amount of water,

a = fractionation factor,

F = ratio of gram atoms oxygen in the added carbon dioxide

to that in the water,

Sm = mass spectrometrically measured value of the equilibrated

CO2' and

SG = mass spectrometrically measured value of the tank CO 2

gas added for equilibration.
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Mass Spectrometric Measurement of Isotopic Ratios

Equilibrated gaseous carbon dioxide is introduced into an eva-

cuated chamber within the mass spectrometer via a double gas inlet sys-

tem. The inlet system alternately introduces into the mass spectrometer

a working gas standard, usually related to SMOW, and the sample, and

thus rapidly compares sample and standard.

The gas is admitted initially to the ionization chamber of the

mass spectrometer. Within the chamber some gas particles are ionized

by low energy electrons emitted from a heated metallic filament. The

now positively charged gas ions are accelerated by high voltage induce-

ment. The geometry of the ion beam is moderated by narrow focusing

slits and by a permanent magnetic field directed normal to the ion

beam path (Gonfiantini, 1976).

The magnetic field will deflect the ions into a circular path,

the radius of which is directly proportional to the ion mass and

velocity, and inversely related to the magnetic field strength. Varia-

tion of the acceleration voltage and/or the magnetic strength allows

for selection of the isotopic masses which eventually are detected

by means of a double collector system (Mook, 1968).

The collector system generally consists of a charge sensitive

amplifier termed an electrometer. Subtle variations in the electrical

input to the electrometer, however, disallows exact evaluation of the

isotopic ratio of the sample. These deviations, fortunately, are

equal for sample and standard. Absolute isotopic ratios are
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consequently not measured routinely and the results are instead pre-

sented as relative deviations between the sample and a working

reference standard.

Reducing Data Derived From the Mass Spectrometer

When analyzing stable isotopic ratios, the measurement technique

employed must be able to distinguish between light ( 16
0) and heavy (

18
0)

isotopes. The carbon dioxide equilibration method necessitates dis-

tinguishing from three isotopic species of masses 44, 45, and three

species of mass 46 (Table 4).

Table 4. Isotopic Species of Carbon Dioxide, Masses 44, 45, and 46
and Their Relative Abundances. 1

Mass
	

Species	 Percentage of Total Mass

44 or 45

46

1216
C 02

1316
C 02

12- 16 17
_COO

12C160
18

0

13C 160
17

0

1217C 02

98.8

1.1

0.1

99.8

0.2

0.004

Adapted from Gonfiantini, 1976.
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The mass spectrometer collector can only distinguish among

different isotopic masses. When analyzing CO 2 gas, therefore, the

desired isotopic ratio of 
18

0 / 
16

0 cannot be directly be obtained.

By neglecting the 
12

C
17

0 2 species and by measuring the isotopic ratio

of mass 46 to both the mass 44 and 45 species, it is possible to

calculate the amount of interference due to 
13

C and 
17
O. For almost

all working standards, the following equation can be used to trans-

form the measured 6m 
into the desired 6

18
0:

6
18
0 = 1.0014 6m 

+ 0.009 6
13

C	 (Gonfiantini, 1976).

As noted in the Appendix, the amount of interference due to 
13C and

17
0 was approximately 0.03 per mil (compare Calculation A with

Calculation B). For the purposes of this research, this error is

insignificant. None of the data presented herein, therefore, have

been corrected for isotopic interference.

Finally, it is necessary to correlate the 6
18
0 determined by

the working standard to the SMOW standard. Craig (1957) is credited

with developing the conversion equation (Mook, 1968):

6 2 (m) = 6 1 (m) + 6 2 (1) + 6 1 (m) • 6 2 (1) • 10 -3

where the subscripts m, 1 and 2 refer to the sample and the first

and second standard respectively, and where 6 1 (m) is the 6 value of

sample m relative to standard 1, etc. Generally, 
standard 1 signifies

the working standard and standard 2 
represents SMOW. During this
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analysis, however, we will relate the working standard to SMOW-0O 2 .

The scale of SMOW-0O 2 is derived by defining the 6 value of CO 2 which

has been equilibrated with SMOW as zero, rather than the SMOW itself

(Mook, 1968). In essence, 6
18 

SMOW-0O 2 (H 20-0O 2) =
18
SMOW (H 20).

Sample Preparation 

Detailed step-by-step preparation procedures used by the

author are identical to those presented by Bostick (1978). The

reader is referred to that text for specifics.

A small volume of sample water, 10 ml, is pipetted to a volu-

metric flash with stopcock. After freezing the water in a dry ice

alcohol mixture (-70 °C), the flask is evacuated. The sample is

warmed to remove the entrapped gas from the water, frozen and

re-evacuated twice more. At -70 °C the evacuated flask is filled with

tank carbon dioxide, of known isotope composition, to a pressure some-

what less than one atmosphere at room temperature. The pressure is

recorded before closing the flask stopcock and used later in measure-

ment corrections. The sample container is then fully submerged in a

water bath at 25.0 °C + 0.1 °C. With sufficient time, the tank CO 2

equilibrates with the carbon dioxide in the water. The exchange

reaction is (Gonfiantini, 1976):

C
16

02 
+ H2 180	 c 16o18o+ H2

16
0

The time needed for complete equilibration is variable and in

part dependent upon whether the flask is shaken in the water bath.
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Dansgaard (1961) stated that as little as one hour may be sufficient

if continuous shaking of the samples is performed. Mook (1968)

addressed the non-shaking, or static, situation. He indicated that

15 hours in the water bath will result in 99.9% of total equilibration.

Samples analyzed in this research were statically equilibrated for a

24-hour period.

After equilibration, the flask is removed from the water bath,

the water sample is frozen with the dry ice-alcohol mixture, and the

gas is transferred to a mass spectrometer vial. Then by freezing with

liquid nitrogen and dry ice-alcohol, water vapor is removed from the

CO2' The gas is now ready 
for analysis by the mass spectrometer.

Mass Spectrometer 

All isotopic analyses were done with a Micromass model 602C

mass spectrometer, equipped with a double gas inlet system which

allows for rapid comparison between the sample and a reference gas.

The electrical impulses generated by the ions impacting the dual

collector system are synthesized and read from a digital integrator.

Ten pairs of measurements of the mass 46 / 44 ratio and seven pairs

of measurements of the mass 45 / 44 ratio of each sample and reference

gas were required for calculation of l8

Calculation of 6 0-18 

A programmable hand calculator reduces the digital integrator

readings and yields 646 / 44, 645 / 44, 613 / 12 
values which reference
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the sample to the standard. These values are used to calculate 6
0-18

but must be corrected to allow for comparison with SMOW. Two general

steps are followed:

1. The amount of tank CO
2 
gas added to the flask prior to

equilibration, may alter the isotopic composition of the

sample water. A correction accounting for this alteration

is made yielding a precise value with respect to Wood

Standard, i.e., the laboratory working reference gas.

2. Utilizing established correlations between the Wood Standard

gas and SMOW-0O
2 
gas, the sample is algebraically related to

SMOW. This final value is designated S c .

Detailed examples of calculations performed are presented in Appen-

dix A.

The reproducibility of results was checked by analyzing

duplicates of the same samples at the same and at different times.

The mean deviation for 0-18 duplicates run at the same time was + 0.1
-

per mil. This precision compares favorably with Mook's (1968) and

Gonfiantini's (1976) reported levels of acceptable precision (+ 0.05

per mil and + 0.1 per mil, respectively) for the analytical procedure

employed in this work. Samples analyzed by the U. S. Geological Survey

(USGS) were stated to be + 0.1 per mil for the duplicate oxygen-18_...

samples and + 1 per mil for the deuterium samples.

The mean deviation for duplicate samples analyzed at different

times was + 0.5 per mil. Duplicates of samples E-13 and Santa Cruz___
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River at Congress (09-08076) accounted for greater than one half of

the imprecision. These samples were the first to be analyzed and,

most plausibly, precision suffered due to faulty technique that was

later corrected with increased experience. The final oxygen-18

value of -10.0 0/00 for well E-13 is close to the USGS determination

of -10.1 °/oo. Therefore, in the interpretation of the data, only

the later analyses of these two samples will be considered and not

the original values.

The accuracy of the research method was determined by compar-

ing oxygen-18 results analyzed at The University of Arizona with results

of identical samples analyzed by the U. S. Geological Survey (USGS)

laboratory in Denver. The comparison showed the mean deviation to be

+ 0.15 per mil, with the USGS analyses being 0.01 per mil heavier.

Samples for which values of 5 c for both oxygen-18 and deuterium

that were available are plotted against Craig's meteoric line (Figure

10). All samples correspond with the trend line having a slope of 8,

indicating that the water had experienced little, if any, evaporation

subsequent to falling as rain.

Conducting Groundwater Investigations with Stable Isotopes 

The use of stable isotopes in the water molecule to trace

water movement has been advocated at least since the 1940's. The

advantages have been widely discussed and, in part, are listed below:
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Figure 10. Deuterium and Oxygen-18 Correlation for Duplicate Water
Samples from Wells in the Tucson Basin Plotted Against

Craig's Meteroic Line. -- Adapted from Bostick, 1978.
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1. Water is used to trace water; other tracers may be absorbed

or environmentally unacceptable.

2. Once retained within a saturated zone, the stable isotope

content of the groundwater is generally beyond the influence

of further fractionation. For non-thermal conditions, the

amount of isotopic exchange which occurs between the host

material and the circulating groundwater is insignificant

for most studies (Friedman et al., 1964).

3. Comparison of long-term isotopic composition of the pre-

cipitation with that of the groundwater often provides a

basis for outlining regional groundwater circulation patterns.

Gat (1971) discussed the mechanics of ideal regional stable

isotope investigations. Initially, abundant data should be gathered

to describe the long term and seasonal isotopic characteristics of

the precipitation. Individual rainfalls at any site show widely

scattered isotopic compositions due to variable meteorologic condi-

tions accompanying storms; a large data base is therefore needed to

adequately characterize the mean oxygen-18 content of the precipitation.

If the collected data are sufficient, a map of the isotopic

concentrations in the precipitation, either on an average annual or

on an average seasonal basis, is drawn for the research area. Real-

istically, few areas exist where the long term spatial isotopic varia-

tion of precipitation is known. In most situations, the map might
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just indicate the amount-weighted mean isotopic content of precipita-

tion at any site. The precipitation map is subsequently compared to

the spatial and temporal (if available) isotopic distribution in

groundwater. Gat (1971) said that most stable isotope studies employ

two common investigative approaches. Groundwater isotopic compositions

are either matched to that of site-specific precipitation, e.g., an

outcrop zone, or matched to surface water recharge points. This

work will utilize both approaches.

Other uses of stable isotopes in hydrological research include

their use as paleoclimate indicators (Ferhi, Long and Lerman, 1976;

Dansgaard, 1961; and Friedman et al., 1964), evaluators of site suit-

ability for radioactive waste disposal (Lambert, 1978), tracers in snow

hydrology (Meiman, Friedman and Hardcastle, 1972), indicators of man-

made pollution (Kohl, Shearer and Commoner, 1971) and analysis of

natural runoff and associated hydrographs (Mook et al., 1974; Matsui et

al., 1976). These applications are not discussed in this report.



CHAPTER 4

RESULTS AND DISCUSSION

This chapter contains a tabulation and a map showing distri-

butions of the oxygen-18 values in the Tucson Basin obtained by the

author and by previous workers. A hypothesis concerning groundwater

recharge and circulation is developed that accounts for this distribu-

tion and is consistent with known geohydrologic conditions.

Sample Collection and Results of Analyses 

Twenty samples were obtained by the author from the City of

Tucson's municipal wells located in the northern portion of the Santa

Cruz River Valley. A grid type distribution of pumped wells was

selected for samplings including wells near the mountain perimeter and

wells near the mid-Basin. Additionally, occasional floodflows were

sampled along various reaches of the Santa Cruz River drainage system.

The regional coverage of the Basin was completed by utilizing results

concurrently obtained by two other researchers: Bostick (1978) col-

lected and analyzed approximately 30 samples of surface and ground

waters along the Santa Cruz River and Leavitt (1978) analyzed twelve

March 1978 runoff samples collected along Rillito Creek.

All samples were collected in glass vials, completely filled,

covered with a plastic screw cap, and sealed with hot wax. Possible

53
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stagnant water in the well casing was removed by pumping the wells

for 15 to 20 minutes before sampling. Each vial was labeled with

sampling date, well location and identification number, or surface

water collection point. No chemical preservative was added to the

samples. All samples were stored at room temperature prior to

analysis.

The oxygen-18 values of ground and surface waters obtained

by the author and by Bostick (1978) are presented in Tables 5 and 6.

Seven duplicate samples analyzed for 
18

0 and deuterium content by

the U. S. Geological Survey (USGS) Laboratory in Denver are included

with Tables 5 and 6. Deuterium analytical equipment at the University

of Arizona was not operative during this study; only these seven

samples, therefore, will be compared with Craig's meteoric line

(Figure 10). The oxygen-18 values from Leavitt's (1978) study of two

runoff events along the Rillito Creek in March, 1978 are presented in

Table 8, page 66.

The Distribution of Oxygen-18 
Stable Isotopes in the 
Tucson Basin Aquifer 

The delta oxygen-18 values for all groundwater sample points

are shown on Figure 11. Lines of equal isotopic 
concentrations were

drawn, based on a linear distance/concentration 
proportioning between

wells. Areas where isotopic data were scanty are denoted by the

dashed contour lines.
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Table 5. Oxygen-18 and Deuterium Analyses of Water Samples from
Wells in the Study Area.

6c0-18	 6c0-18	 6c0-18	 6D
Initial	 Duplicate	 USGS	 USGS

Collection	 per	 per	 per	 per
Sample
	

Date	 mil SMOW mil SMOW	 mil SMOW mil SMOW

Mountain-Front Wells

B-98	 10-29-76 -11.8
B-105	 10-29-76 -	 9.8
D-56	 10-29-76 -	 9.9 -	 9.4 -67.8
E-13	 10-29-76 -12.2 -10. 0 -10.1 -70.9
D-37	 10-29-76 -10.0
C-106	 10-29-76 -11.5 -11.9
C-92	 10-29-76 -	 9.8
C-104	 10-29-76 -	 9.3
Packard**	 03-28-73 -11.8

Central Basin Wells

B-53	 10-29-76 -	 8.9
D-2	 10-29-76 -	 8.3
A-2	 10-29-76 -	 9.8
C-14	 10-29-76 - 9.4 -	 9.0 -	 8.4 -62.3
C-20	 10-29-76 -	 9.3
C-62	 10-29-76 -	 8.4
C-64	 10-29-76 -	 8.2
E-23	 10-29-76 -	 8.8

South Santa Cruz Wells

SS-I *	 10-22-76 -	 7.8
SS-18*	 10-22-76 -	 8.3
B-85	 10-22-76 -	 8.1 -	 7.9
B-83 *	 10-22-76 -	 7.9
B-84	 10-22-76 -	 8.4
B-86 *	 10-22-76 -10.9
B-87	 10-22-76 -	 7.5
SS-21*	 10-22-76 -	 8.1 -	 7.9 -56.7

B-103*	 10-22-76 -	 7.8
SS-20*	 10-22-76 -	 9.5
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Sample
Collection

Date

6c0-18	 6c0-18	 5c0-18	 6D
Initial	 Duplicate	 USGS	 USGS
per	 per	 per	 per

mil SMOW mil SICW 	 mil SMOW mil SMOW

North Santa Cruz Wells

Z-1	 *
Z-9 *
Z-10*
Z-2 *
Z-13*
Z-11
Z-5 *
Z-6 *
Z-3 *
Private
Well
Wagner**

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

10-22-76
03-28-73

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

-	 8.3
-	 8.2

-	 8.7 -65.5

* Sample analyzed by Bostick (1978).
**Sample analyzed by White (1976).
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As shown in Table 5, groundwater ranged in oxygen-18 concen-

trations from -11.9 per mil at well C-106 to -7.5 per mil at well B-87.

The lightest groundwater was consistently found near the contact

between the Catalina Mountains and alluvium, while the heaviest water

was noted along the Santa Cruz River. Mid-Basin wells reflect waters

within the above extremes.

Isotopic Values of Surface Water Flows 

Stable isotopic values of flood flows determined during this

study are shown in Table 6. The limited data available correspond

to research results of Simpson et al. (1970) in which summer storms

were found to be isotopically heavier than winter storms. A summer

flow in the Santa Cruz River sampled during this study was -8.2 per

mil while earlier winter runoff averaged -11.1 per mil.

Floodflows in Rillito Creek were only sampled during a

January 1977 storm. The results show light water values, averaging

-12.0 per mil. Leavitt (1978) examined oxygen-18 values along the

Rillito Creek drainage system during two March 1978 runoff events.

His results show values of -11 per mil and will be examined later in

this chapter (Table 8, page 66).

Hydrogeologic Interpretation of Results

As discussed in Chapter 2, numerous researchers have 
studied

recharge properties along limited zones within 
the Tucson Basin.
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Some of their results and interpretations are re-examined in this

section.

Laney (1972) reasoned that anomalously high nitrate content

in ground water along the Santa Cruz River channel was attributable

to river bottom recharge (See Figure 8). Additional documentation

for the existence of channel bottom recharge was presented by Wilson

and DeCook (1968), Davidson (1973), and Burkham (1970), amongst

others.

Schultz et al. (1976) found the chemical quality of groundwater

within the Fort Lowell Formation different than that within the less

transmissive underlying Tinaja Beds. They proposed that recharge water

infiltrated into the Fort Lowell Formation, mounded at the contact

with the Tinaja Beds, and then spread more horizontally than vertic-

ally. Little difference in water quality within the formations was

noted beyond the immediate proximity of the river. Recharge, thus, was

interpreted to be a localized phenomenon.

Bostick (1978) examined recharge along the Santa Cruz River

by analyzing for the oxygen-18 concentrations of both ground and sur-

face waters. The presence of the greatest concentrations of the heavy

isotope in groundwater along the Santa Cruz was similarly reasoned to

reflect localized river bottom recharge.

Hydrologists are in general agreement that mountain front

recharge occurs. Assuming that Davidson's water-table contour map
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is reasonably accurate, recharge areas can be identified where the

contours parallel the mountain front. Major recharge areas apparently

exist along the southern flank of the Santa Catalinas, the western

edge of the Tanque Verde-Rincon Mountain zone, and along the northern

portion of the Empire Mountains.

It will be useful to compare groundwater flow paths with

regional isotopic distribution. Using Davidson's (1973) water-table

contour map, generalized flow lines are drawn perpendicular to the

equipotential lines. These are denoted by the arrows in Figure 11.

Groundwater moving from the Catalina Mountains initially flows mainly

south but in 2 to 3 miles changes direction to flow parallel to the

base of the mountain block, or west-northwesterly. The -11 per mil

isotopic contour line closely follows the eastern-most flow line

originating from the Catalina Mountains. The data indicate that the

lightest groundwater found in the Tucson Basin aquifer can be directly

attributed to recharge occurring along the Catalina Mountain perimeter.

Similar analysis indicates that recharge occurring along the Tanque_

Verde-Rincon Mountain westerly flank is slightly heavier being about

-10 per mil concentration. Mid-Basin wells show -9 and -8 per mil

groundwater. Finally, the heaviest isotopes found in the aquifer, the

-8 and -7 per mil concentrations, are located near the Santa Cruz

River.

As groundwater moves to the northwest portion of the Basin,

the flow is constricted by the Tucson and Santa Catalina Mountains.
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The stable isotope distribution in this narrow zone indicates that

the aquifer does not constitute a well-mixed system transverse to the

flow direction. The isotope iso-concentration lines parallel the

groundwater flow lines. Within a one and one-half mile segment taken

normal to groundwater movement, there is a gradational change of 3

parts per mil. Bostick (1978) suggested that this gradational change

was a reflection of relatively heavy water (Flood flow and sewage

effluent) infiltrating along the Santa Cruz River, laterally spreading

as it percolated into the Fort Lowell Formation, and gradationally

mixing with lighter groundwater moving through the Tinaja Beds from

the east. The heavier recharge water appeared to have laterally

spread one to two miles from the Santa Cruz bed (Bostick, 1978).

Examination of the groundwater flow paths (Figure 11) casts

doubt that the lateral spreading interpretation accounts for the

observed gradation. Heavier stable isotopic values located near the

Santa Cruz River indeed support the proposal that river to Basin

recharge is occurring along the Santa Cruz River. However, the 
iso-

topic gradations noted in the northwestern portion of the Basin 
can

be alternatively attributed to the localized flow tube compression

mentioned earlier. That is, light -11 per mil groundwater near the

Santa Catalinas is juxtaposed alongside slightly heavier -10 
per mil

water moving from the Tanque Verde-Rincon Mountain area, 
and that

water parallels heavier -9 per mil water found 
in the central part of
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the study area, which in turn parallels water of -8 per mil water

moving northward in the western part of the study area.

In the vicinity of wells Z-5 and Z-6 (Figure 11), the Fort

Lowell Formation is the surficial formation and is about 130 feet

thick. Well Z-5 is 300 feet deep and hence penetrates the underlying

Tinaja Beds by about 170 feet; well Z-6 is perforated to 215 feet

and hence penetrates the Tinaja Beds by about 85 feet (Table 7). If

the Tinaja Beds were recharged by downward flow from the overlying

Fort Lowell Formation (which in turn are assumed to be recharged by

Santa Cruz river water that spread laterally in the Fort Lowell),

one should expect that the shallower the well, the heavier the water.

In fact, water from both wells have essentially the same isotopic

content, even though one is 85 feet deeper than the other. Although

this observation does not rule out the concept of lateral spreading,

it does not support it.

No large variations in the isotopic content of the groundwater

are evident in immediate proximity to Rillito Creek. This initially

might suggest that channel bottom recharge is not occurring along the

Rillito. Runoff transported by this drainage system, however, is

principally derived from precipitation at the higher altitudes of

the bordering mountains and, consequently, should be isotopically

similar to the mountain perimeter recharge occurring along the Santa

Catalina and Rincon Mountains. The absence of isotopic variability

in this area, therefore, does not rule out the presence of channel



Table 7. Construction Details of Selected Wells Sampled in the
Northwestern Portion of the Tucson Basin and Their
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18 
Values.

Well

Total
Depth
(feet)

Zone of
Perforation

(feet)
cS 18Value

Z-1 500 30-303 -	 8.9

Z-2 444 60-444 -11.6

Z-3 302 not available -	 9.0

Z-5 300 0-300 -	 9.9

Z-6 219 108-215 -10.1

Z-9 no information available -	 7.8

Z-10 d.o. -	 9.2

Z-11 d.o. -	 8.7

Z-13 300 120-280 -	 9.0

Remarks

Driller's log notes
encountering tightly
cemented zone at
depth of 155 feet.

Driller's log notes
color change and in-
crease in volcanic
material in sediments
at 130 feet depth.
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bottom recharge. On the contrary, available data (Table 8) show that

the isotopic content of river water and groundwater are nearly the

same, which would favor long-term recharge. Groundwater temperature

data collected by Supkow (1971) and Martin (1978; Figure 12) clearly

indicate the presence of recent recharge along the Rillito Creek.

Marked isotopic variability noted along the Santa Cruz River

channel strongly suggests the presence of a major channel bottom

recharge zone. Bostick (1978) concluded that the only plausible

explanation for this isotopic variability was recent stream bottom

recharge. Additional evidence supporting Bostick's conclusion is

presented later in this chapter (See tailings pond seepage analysis,

page 76). Recharge occurring along the Santa Cruz River drainage

channel is generally not evident beyond a one mile distance from the

channel. This is in general agreement with that estimated by Laney

(1972) and by Schultz et al. (1976).

Hydrometeorologic Interpretation of Results 

As presented in Chapter 3, the hydrometeorologic factors

which could have an effect on the oxygen-18 content of the precipita-

tion at a given site are: Latitudinal and continental effects;

altitudinal and temperature effects; exchange effects; and evaporation

effects. It is important to consider these factors while interpret-

ing the results of this study.

Latitudinal and Continental Effects

In general, the greater percentage of loss of water from a

vapor mass as it migrates from its area or origin to higher latitudes,
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Table 8. 18
0 Values For Samples From Rillito Creek and

Tributaries. -- From Leavitt,	 1978.

Sample
No.

Date
Sampled Location 18

0

1 3-11-78 Agua Caliente tributary -10.7

2 3-11-78 Tanque Verde Wash just before merging
with Agua Caliente Wash -10.7

3 3-11-78 Tanque Verde Wash just before merging
with Sabino Creek -10.6

4 3-11-78 Rillito Creek just before merging
with Pantano Wash -11.1

5 3-11-78 Rillito at Columbus Blvd.	 (11:25 A.M.) -11.5

6 3-11-78 Rillito at Campbell Ave. -11.4

7 3-11-78 Rillito at Columbus Blvd.	 (4:10 P.M.) -11.4

8 3-13-78 Rillito at Swan Ave., north channel -11.3

9 3-13-78 Rillito at Swan Ave., south channel -11.3

10 3-13-78 Rillito at Campbell Ave. -11.6

11 3-13-78 Rillito at 15th Place -11.5

12 3-19-78 Rillito at Campbell Ave. -11.1
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Figure 12. Groundwater Temperature Map of the Northern Portion
of the Tucson Basin. -- From Martin, 1978,
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the lighter the remaining vapor is. Slightly more than one half

of Tucson's average annual precipitation is advected during the

summer from the Gulf of Mexico and sub-tropical Atlantic Ocean,

whereas most winter moisture is advected from the Pacific Ocean.

Winter storms, in passage over western mountain ranges, undergo more

tore Raleigh condensation events than summer storms, as measured

in Tucson.

Simpson et al. (1970) were the first to investigate the

stable isotopes in the Tucson Basin precipitation. Samples of seven-

teen summer and fourteen winter storms were collected during 1968-69

and analyzed for deuterium content. The average amount-weighted

deuterium value for the summer events was -42 per mil, in contrast to

-61 per mil for winter storms. In addition, four groundwater samples

had deuterium contents ranging from -58 per mil to -66 per mil. Based

on this preliminary correlation, Simpson et al. (1970) proposed that

winter storms are more important than summer storms in recharging the

groundwater system.

White (1976) examined the deuterium and/or oxygen-18 contents

of more than 100 precipitation samples collected from 1967 to 1973.

Although there was a large scatter of delta values for the two seasonal

groupings of precipitation, his research showed there were distinct

groupings of values for the two seasons. The oxygen-18 values cluster-

ed around -5 per mil with respect to SMOW in the summer and -10 per
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mil in the winter. Deuterium content was -40 per mil with respect to

SMOW in the summer and -75 per mil in the winter.

Altitudinal and Temperature Effects

The isotopic alterations associated with changes in altitude

and temperature are felt to be of principal importance to the isotopy

of intra-basin precipitation. Vapor pressures at cooler temperatures

decrease, and, consequently, the isotopic fractionation increases with

altitude. Progressively lighter vapor releases as a storm moves up a

mountain front can be explained by a combination of decreasing tempera-

tures and depletion. Rainfall and snowfall, thus, would be expected to

be isotopically lighter in the bordering mountains than in the valley.

Theoretically, recharge waters associated with the Catalina

Mountains should be lighter than recharge waters associated with the

altitudinally lower Tanque Verde Mountains. The isotopic values

determined during this study reflect this effect. Groundwater moving

away from the Catalinas appears to be approximately 1 0/00 lighter

than groundwaters closest to the Tanque Verde-Rincon Mountains.

The results of Leavitt's (1978) work support the existence

of the altitudinal effect. Oxygen-18 values for sites along the

Rillito Creek (Figure 13) were determined during two March 1978

storms. As shown in Table 8, drainage from the Tanque Verde Mountain

area (samples 1 through 3) showed oxygen-18 values of about -10.6 per

mil. The effect of the Santa Catalina Mountain drainage was evidenced
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with the oxygen-18 concentration decreasing to -11.5 per mil after

contribution by Sabino Creek.

Exchange Effects

During a rainstorm, the falling drops are subject to isotopic

exchange with the underlying atmospheric water vapor. Thatcher (1967)

stated that the effect is a function of drop size, duration of rainfall,

and temperature. This effect would be expected to influence the usually

short lived, localized convective summer storms more than the long

lived, aerally extensive, frontal winter storms. Considering the warm

average annual temperatures in Tucson, the net effect should be a

i

	rela-

18
tive enrichment n 0 during the summer precipitation relative to

winter storms.

Insufficient data exists to quantify this effect in Tucson. It

may be noted, however, that White (1976) observed significantly greater

variability in summer rains than in winter events. For the summer

period of July through September, the standard deviation in 
18

0 values

exceeded the mean, whereas for the winter period of October through

April, the standard deviation was only one half that of the mean.

Deviations of (S
D' 

and (S
18 

from Craig's meteoric line also indicated

summer precipitation shows more evaporation effect than winter.

Evaporation Effect

Any ponded water undergoing evaporation will be enriched

in 
180 relative to its original value. Seepage from copper in-

dustry tailings ponds south of Tucson is considered to be the

principal source of evaporationally enriched water in the Basin. The
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effect this recharge has on the isotopic values found for the northern

Tucson Basin will be examined later in this chapter.

It is believed that evaporation will not affect the isotopic

composition of floodflows due to the high infiltration rates found

within the stream channels. The nearly identical values of 
18

0

obtained by Leavitt for samples from various points along Rillito

Creek (Table 8) support this view. Once infiltrated, water is gener-

ally believed to be beyond the influence of further isotopic modera-

tion except by mixing with water of different isotopic content.

Seasonal Recharge Characteristics 

Although there is a large scatter in the isotopic composition

of individual rainfall events, these variations are usually damped

during the percolation to the aquifer (Gat, 1974), that is, samples

of groundwater represent averaged samples of the precipitation. An

estimate of averaged precipitation can be obtained from samples of

stream runoff and springs.

Comparison of Precipitation with Groundwater

The isotopic distribution of precipitation in the Tucson Basin

is bimodal; that is, summer storms show an average oxygen-18 concen-

tration of about -5 per mil with respect to SMOW, while winter storms

yield precipitation of -10 per mil concentrations (White, 1976). Com-

parison of these concentrations with the oxygen-18 values found in

groundwater during this study suggests the following:
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1. On a regional scale, winter storms are more important than

summer storms in recharging the Tucson Basin groundwater

system,

2. Groundwater recharge occurring along the Catalina-Rincon

Mountain front is derived from precipitation received prin-

cipally during the winter months,

3. Summer and winter precipitation are of nearly equal impor-

tance in contributing to groundwater recharge along the

Santa Cruz River.

To test the validity of these interpretations, consideration

must be given to fractionation factors which might alter the isotopic

character of the precipitation from that determined at the University

of Arizona by White (1976). The factors considered applicable to

intra-basin isotopic modification are the altitudinal effect and the

evaporation effect.

As evidenced by the large range in isotopic contents, the

altitudinal effect contributes largely to intra-basin isotopic modifi-

cation. By examining groundwater which is not immediately down

hydraulic gradient from a significantly elevated region, e.g., the

Catalina Mountains, it is possible to separate the altitudinal effect

from the seasonal variations.

Mid-Basin wells D-2 and B-53 (Figure 11) are located down

hydraulic gradient from the topographic gap occupied by Pantano Wash

between the Empire and the Rincon Mountains. These wells are
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predominately withdrawing an admixture of inter-basin underflow passing

through the gap and precipitation recharged along the slightly elevated

bounding flanks of the Empire and Rincon Mountains. The well locations

should, therefore, be hydraulically removed from any significant alti-

tudinal effect. The oxygen-18 values at wells D-2 and B-53 were

found to be -8.3 per mil and -8.6 per mil, respectively.

Based on the few data available, it would be premature to

attempt to quantify the relative contributions of seasonal recharge.

On a purely qualitative basis the interpretation that winter storms

contribute more to the groundwater reservoir than summer storms is

supported by the mid-basin oxygen-18 values discussed above.

Groundwater along the Catalina-Rincon Mountains was found to

be the lightest sampled during this study, ranging from -11 per mil

to -10 per mil. This suggests that the recharge occurring along the

mountain front is principally derived from winter precipitation. How-

ever, it is difficult to determine to what degree the altitudinal

effect may be responsible for the light groundwater, i.e., it may be

summer precipitation which fell in the Santa Catalina-Rincon Mountains

at high altitudes.

Simpson et al. (1970, Table 2) gave S D values for Sabino

Creek for various dates. Assuming that the meteoric equivalence

D - 10
(5 18 - 8
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is valid for these samples, we find that the heaviest water (of those

sampled) occurred September 4, 1968, and

	-57- 10	S
18 

-	 -
8
	8.4

The lightest water occurred March 15, 1968, and

-79 - 10 (5
18 

= 	  -
8
	11.1

Sabino Creek water provides an estimate of the average seasonal varia-

tion in isotopic content of precipitation from about 4,000 feet to the

top of Mt. Lemmon. Hence, the above data would tend to support the

hypothesis that recharge from summer precipitation is negligible

along the Santa Catalina-Rincon Mountain perimeter.

Limited information is available which quantitatively describes

the altitudinal effect. Epstein and Sharp (1959) sampled the H
2
18

0

content in high altitude glaciers in North Greenland and reported the

altitude effect to be -1.8 per mil per 1000 feet. Dansgaard (1961)

examined the 
18

0 depletion when precipitation is given off under

orographic conditions. Using a moist-adiabatic lapse rate of 0.7 ° C

per 100 meters increasing altitude, he calculated an "ideal" altitude

effect of approximately -1.4 per mil per 1000 feet, in reasonable

agreement with Epstein and Sharp (1959).

Dansgaard (1961), however, cautioned against universal utili-

zation of the calculated "ideal" altitude relationship. Analysis of

the altitude effect as found along the Norwegian West coast, for
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example, was found to be only one third of that found at North Green-

land. He proposed that the variations of the height of clouds from

one area to another might vary the altitude effect. As a result, one

should not expect always to find the same altitude effects in a given

region by investigation of individual orographic rains.

Data to quantify the altitude effect within the Tucson Basin

are not yet available. Lacking such essential information, the inter-

pretation that recharge occurring along the Catalina-Rincon Mountain

front is principally derived from winter storms cannot yet be fully

verified.

Relatively heavy groundwater noted in the aquifer bordering

the Santa Cruz River might result from isotopically enriched copper

tailings pond water (due to the evaporation effect) percolating and

mixing with indigenous groundwater moving to the north. Hydrologic

consultants have estimated that from 50 to more than 90 percent of

groundwater withdrawn by the several copper mining companies is

returned to the aquifer system through seepage. This return flow of

25,000 to 45,000 acre-feet per year to the groundwater reservoir

might be a significant source of isotopically heavy water. However,

a calculation of travel time, based on Darcy's law, seems to rule out

this possibility.

The average velocity of groundwater is determined by the

formula:

n
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where	 V = velocity

K = hydraulic conductivity

i = hydraulic gradient

n = effective porosity.

Employing data from Davidson (1973) and Johnson (1967), the average

velocity of groundwater moving from the northern most tailings pond

(ASARCO Pond 2) to the southern-most well sampled (C-62) is approxi-

mately:

(50 ft/day)(150 ft/8 miles)(1 mile/5280 ft) 
.15

0.177 ft/day 
.15

= 1.2 ft/day .

Assuming a constant input of seepage for thirty years (most

ponds are less than 15 years old), the seepage front will have

traveled an average distance of about:

d = (1.2 ft/day)(30 years)(365 days/year)

= 13,140 feet

= 2.5 miles

This calculation does not take into account the travel time through

the unsaturated zone between the pond bottom and the water table.

Hence, this analysis examines the worst case situation.
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It can consequently he stated that seepage from copper tail-

ings ponds located near Green Valley, probably is not responsible for

the isotopically heavier groundwater found along the Santa Cruz River,

eight miles to the north.

Another possible source of the heavier water may be mountain

front recharge along the Tucson Mountains, west of the Santa Cruz

River. Davidson (1973) and Anderson (1972) state that this recharge

is minimal. Groundwater flow lines constructed from Davidson's (1973)

water-level contour map indicate that recharge, if any, along the

Tucson Mountains would not influence the majority of the wells sampled.

Precipitation in the large Santa Cruz River drainage area

theoretically should be lighter than the precipitation at the Univer-

sity of Arizona, as analyzed by White (1976). The limited isotopic

values determined for natural flows in the Santa Cruz River indicate

a depletion in oxygen-18 content from that determined for the

University precipitation. Winter frontal storm runoff averaged -11.1

per mil while a summer flow showed -8.2 per mil. A similarity exists

between the oxygen-18 values of the south Santa Cruz wells and the

summer flow. Also, the historical runoff record shows that most flow

in the Santa Cruz River occurs during the summer months. However,

further sampling of floodflows must be performed before any statistic-

ally based statement on the seasonal recharge characteristics along

the Santa Cruz can be made.



CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS FOR
ADDITIONAL RESEARCH

Groundwater in the Tucson Basin aquifer exhibits a large range

in oxygen-18 stable isotope content. The lightest groundwater (i.e.,

water having the least oxygen-18 content) is found along the perimeter

of the Santa Catalina Mountains, while the heaviest groundwater is

noted along the Santa Cruz River drainage channel. Central-Basin wells

sampled show isotopic values between the above extremes.

The pattern of isotope-isoconcentration contour lines (Figure

11) suggests the following:

1. The distribution of the oxygen-18 isotope in the Tucson

Basin is principally a function of the location of ground-

water recharge zones, and regional groundwater flow patterns.

2. High isotopic gradients suggest active recharge zones along

the Santa Catalina/Tanque Verde/Rincon Mountains perimeter

and along the Santa Cruz River. However, recharge water may

be isotopically similar to the indigenous groundwater and,

therefore, the absence of a high isotopic gradient does not

necessarily exclude the existence of an active recharge zone.

3. The isotopic gradation noted in the northwestern portion of

the Basin, appears to be principally a result of constriction

79
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of regional groundwater flow paths between the Santa

Catalina Mountains and the Tucson Mountains.

4. Limited transverse groundwater mixing appears to be occurring

within the Basin, as evidenced by the high isotopic gradient

in the constricted zone noted above.

S. Isotopic ratios in groundwater, attributable to possible

recharge from the Santa Cruz River, extend about one mile

transverse to the River channel.

Simpson et al. (1970) and White (1976) analyzed samples of

precipitation collected near the University of Arizona and found that

summer precipitation was significantly isotopically heavier than winter

precipitation. Comparison of the isotopic values in the groundwater

system with the average isotopic values in Tucson's precipitation sug-

gests that on a regional scale, recharge to the Tucson Basin appears

to be predominately derived from winter precipitation.

Isotopic values found in groundwater along the Santa Catalina/

Tanque Verde/Rincon Mountains perimeter approximate average isotopic

values in winter precipitation. Although all available data tends to

support the hypothesis that recharge from summer precipitation is

negligible in this area, this cannot be definitively demonstrated as

yet. Data must be collected to distinguish isotopic characteristics

due to seasonal fluctuations from those due to altitudinal fractiona-

tions.
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To further refine the hypotheses and interpretations presented

in this paper, the following research is suggested for consideration:

1. A sufficient number of samples should be collected and

analysed to make possible a calculation of the altitude effect

on isotope concentrations for all seasons of the year. This

should remove most of the uncertainty in estimating the im-

portance of season in producing recharge to groundwater.

2. A dense network of wells should be sampled in the areas of

high isotopic gradient. In particular, this should be done

transverse to the groundwater flow lines near the confluence

of Rillito Creek with the Santa Cruz River, and in the region

near Sahuarita. The results of such sampling should throw

light on the role of runoff in the Santa Cruz River as a

source of groundwater recharge.

3. Future sampling to determine isotope distributions should be

closely correlated with sampling to determine distributions

of dissolved ions and of water temperature.

4. Wells in the areas of high isotopic gradient should be sampled

at multiple depths to determine if the aquifer is isotopic-

ally stratified. This might give additional insight to the

extent of channel bottom recharge occurring in these areas.

5. Additional sampling should be conducted in the vicinity of

the copper tailings ponds located near Green Valley. Ground-

water recharged from ponded water which had previously
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undergone partial evaporation, should show a different

deuterium/oxygen-18 ratio than that of Craig's meteoric line

(see Figure 9). Future groundwater samples from this region

should be analyzed for both deuterium and oxygen-18 and, if

possible, samples should be obtained from the existing tail-

ings ponds for similar analyses.



APPENDIX

SAMPLE CALCULATIONS

Sample B-53

6
46 

= - 0.4859

6
45 

= 16.3150

6 /3 = 4.02

Temperature During Equilibration = 25 °C + 0.1 °C

Holder Number 1 Used During Equilibration

Calculation A

1. No correction for other isotopic species, i.e., 13
C, 

17
O.

2. Assume no instrument corrections.

3. Assume no vacuum condition corrections.

4. Correct mass-spectrometrically measured 6 value of sample

because the amount of oxygen introduced by the CO 2 added to

the system is not negligible.

6
w 

= (1 + aF)6
M 

- aF6
G
	 (Mook, 1968)

where 6w = corrected hypothetical value which the CO 2 would have

if equilibrated with an infinite amount of water,

a = appropriate fractionation factor for the exchange between

CO
2 

and the water,

= ratio of gram atoms oxygen in the added carbon dioxide

to that in the water,
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(180 / 160)
H20 liq.

= 1.048 @ 25 °C (Gonfiantini, 1976)

a. Determine a

(180 / 160)
CO2 gasc=

84

= mass-spectrometrically measured value of the equilibrated

CO 2'

and	 SG = mass-spectrometrically measured value of the tank CO 2 gas

added for equilibration

b. Determine F

Let N = number of moles 02 in H20 before equilibration.

N = (10 ml H
20) (1 ml H 20)	 (18 grams H 20) (32 grams 0 2 )

= 0.28 moles 02

Let n = number of moles 0 2 in CO2 added for equilibration. According

to the ideal gas law,

PV
n = ii

where p	 pressure o f gas	05	 Hg)	 0.59 atm.,

ml-atm.R = Ideal gas constant = 82.05
degree K-mole

V = Volume occupied by the gas = Volume of the holder - volume

of the water = 115.1 ml - 10 ml = 105.1 ml,

T = Temperature (Degree-K') of gas = 25 °C + 273.16 ° = 298.16 ° K.

(1 gram H 20)	 (1 mole 0
2 )(16 grams 0)



Substituting values,

(0.59 atm.) (105.1 ml) 
(82.05 ml-atm.) (298.16 degree K 

degree K-mole

= 0.025 moles 0
2 '

F =

0.025 mole
s 

0
2

0.28 moles 0
2

= 0.009

c. Determine 6

Because there is no correction for other isotopic species

6
M 
= 6

46 
= -0.4859.

d. 6
G 

= -7.18

Hence,

(Sw = (1 + aF) S m - aFS G

= (1 + (1.0408)(0.009)) (-0.4859) - (1.0408)(0.009)(-7.18)

= 0.4905 + 0.672

= 0.4233
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Finally, it is necessary to correlate the 6 18 determined by

the working standard to the SMOW standard. Mook (1968) gave the

following conversion equation:

6 2(m) = 6 1 (m) 4- 6 2( 1) 4- ( 6 1(m))( 6 2( 1 ))( 10 3 )

where the subscripts m, 1 and 2 refer to the sample and first and

second standard respectively, and where 6 1 (m) is the value of sample m

relative to standard 1, etc.

Let m = sample

1 = wood standard

2 = SMOW-0O
2 

standard.

a. 6 1 (m) = 6 w = -0.4233

b. 6 2 (1) = 6 18 (wood standard) - 
6 18 ( 5M°W-C° 2 )

= 32.23 - 40.73	 (Lerman, 1978)

= -8.50

c.	 6
2
(m) = 6

1
(m) + 6

2
(1) + (6

1
(m))(6

2
(1))(10 -3 )

= -0.4233 - 8.50 + (-0.4233)(-8.50)(10 -3 )

= -8.92

= -8.9 = 6
18 

(SMOW)

Calculation B (Correction for isotopic speci	 13c,C,	 0)

1. Assume no instrument corrections.

2. Assume no vacuum condition corrections.
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3. Correct for the amount of oxygen introduced by the CO 2 added

to the system.

4. Correct for other isotopic species, i.e., 
13
C, 

17
O.

To account for the other isotopic species, the following

equation can be used for almost all working standards to transform

the measured 6
m 

into the desired 6
18

6	 = 1.0014 6
m 

+ 0.009 6
180
	13C

(Gonfiantini, 1976).

= (1.0014)(-0.4859) + (0.009)(-4.02)

= 0.5227

Performing the remainder calculations as detailed in Calculation A,

the final corrected 6 18 
value = -8.95.
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