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Abstract

Nineteen ground-water samples were collected from municipal
drinking water wells and private irrigation wells in Avra Valley,
Arizona, for the purpose of identifying ground water that has been
impacted by irrigation return flow. Nitrate concentrations, stable
isotopic ratios of carbon, oxygen, and hydrogen, chloride/bromide
ratios, electrical conductivity, and carbon-14 activity were
evaluated with respect to land-use patterns in order to determine
the effectiveness of using these data to identify irrigation return
water.

An areal plot of nitrate data indicated that peak
concentrations are located in the north-central portion of the
valley, where agricultural activity is the most intense.
Chloride/bromide ratios in ground water of this area are within the
range of natural ground water, indicating that the source of the
nitrate is not effluent recharge along the Santa Cruz River.

Analyses of the stable isotopes of hydrogen and oxygen were
used to identify waters that have been influenced by varying
degrees of evaporation. In a plot of 6D versus 60-18, data points
representing ground water in irrigated areas fell to the right of
the Craig Meteoric Line. Geographically, the distribution of 60-18
values showed trends similar to the distribution of nitrate
concentrations. Deuterium-excess parameters calculated from 60-18
and 6D values were lower in irrigated areas than in areas directly
downgradient from pristine desert.

Carbon-14 analyses indicated that recent recharge has occurred
in irrigated areas in northern Avra Valley where elevated nitrate
concentrations and heavy 60-18 values are found. The 6C-13 values
for Avra Valley ground water appear to be random and are not
influenced by irrigation return water.



INTRODUCTION

Avra Valley is an important agricultural area as well as a

major source of water for the city of Tucson. As in other

agricultural areas of Arizona, withdrawal of ground water has

caused regional water table declines, and raised concerns over the

future dependability of the local water supply. Irrigation return

flow impacts local ground water supplies in several important ways.

First, it may be a significant source of ground-water recharge and

therefore must be considered in ground-water flow models and

estimates of safe yield. Second, it is a potential source of high

nitrates from nitrogen-based fertilizers and increased salinity

through evaporative enrichment; it can also transport pesticides or

other contaminants into the subsurface. Finally, it can produce

perched water tables, which may enhance the lateral transport of

contaminants in the vadose zone.

The purposes of this investigation were to: 1) identify areas

in Avra Valley where irrigation return flow has impacted local

ground water; 2) evaluate the effectiveness of using various

chemical and isotopic data to identify this water; and 3) gain a

better understanding of the natural hydrologic system by

identifying different sources of recharge.

SITE DESCRIPTION

Physical setting and climate 

Avra Valley is a 520-square-mile (Hanson et al 1990) alluvial

basin in the Basin and Range physiographic province. It is located
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approximately fifteen to twenty miles west of Tucson, Arizona, and

includes portions of Pima and Pinal counties. The study area is

delineated as that portion of Avra Valley bounded on the south by

the southern boundary of Township 15 South; on the west by the

Roskruge Mountains and the Silverbell Mountains; on the north by

the Santa Cruz River; and on the east by the Tucson Mountains.

The valley is approximately 40 miles long from south to north,

and varies in width from 7 to 16 miles. Elevations on the valley

floor range from approximately 2,500 feet above sea level in the

south to about 1,800 feet in the northwest. Elevations of the

surrounding mountains average about 4,500 feet (Whallon 1983).

The region is arid to semi-arid, with rainfall averaging

approximately 10 inches annually on the valley floor (Hanson et al

1990).	 The majority of the precipitation is in the form of

localized, intense thunderstorms in late summer, and gentle,

regional rains in winter and early spring. Native vegetation is

sparse, and consists of typical lower Sonoran Desert shrubs and

cacti.

Flooding is common along the Santa Cruz River and Brawley

Wash, the two major drainages in the area, but no natural perennial

surface water exists in Avra Valley. Sustained flow does occur

along the Santa Cruz River channel in the northeastern corner of

the study area, but the source of this flow is secondary 
effluent

discharged from sewage treatment plants in Tucson.

2



Hydrogeology

Two subsurface units have been identified in Avra Valley: an

upper alluvial unit consisting of silt and clay thickly interbedded

with gravel and sand, and a lower alluvial unit consisting of a

coarse-grained fanglomerate facies that grades into a fine-grained,

gypsiferous and anhydritic mudstone facies (Allen, 1981; Hanson et

al, 1990). The fanglomerate facies is present in the south and

along the basin margins; the mudstone facies is present in the

north-central part of the basin. The upper and lower units are

believed to be correlative with the Fort Lowell Formation and the

Upper Tinaja Beds, respectively (Allen, 1981). The upper alluvium

ranges in thickness from less than 100 feet to 1000 feet; the lower

alluvium extends from the contact with the upper unit to thousands

of feet below land surface. Depth to bedrock ranges from less than

400 feet below land surface near the basin margins to greater than

9000 feet below land surface in the central portion of the basin

(Hanson et al, 1990).

The transmissivity of the Avra Valley aquifer is highly

variable, ranging from less than 2,600 ft2 /day to greater than

13,000 ft 2 /day (Whallon, 1983). The highest transmissivities 
are

along the Santa Cruz River and in southeastern Avra 
Valley; the

lowest transmissivities are in the center of the study area

(Whallon, 1983; Allen, 1981).

The direction of ground-water flow is to the north in the

southern half of the study area, and to the north-northwest 
in the

northern half. Major sources of recharge to 
the Avra Valley
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aquifer are underf low from Altar Valley in the south near Three

Points, underf low from the Tucson basin at Rillito, infiltration of

secondary sewage effluent along the Santa Cruz River, and

irrigation return flow (Moosburner, 1972; Hanson et al, 1990;

Whallon, 1983).

Depths to the regional water table range from greater than 400

feet below land surface along the basin margins in the southern

half to less than 250 feet below land surface in the north-central

part of the study area. The average depth to water in Avra Valley

is approximately 350 feet (Hess and Elder, 1990).

A zone of perched ground water has been identified in the

north-central portion of the study area (Cuff and Anderson, 1987;

Hess and Elder, 1990; and Reeter and Cady, 1982). According to

Reeter and Cady (1982), this perched zone results from partial

damming of irrigation return water by fine-grained beds. Cascading

water in some wells in Avra Valley has nitrate concentrations 
two

to three times the concentration reported for the regional ground-

water system. The source of these nitrates could be the transport

of surface-applied material by irrigation return water 
(Whallon

1983).

Ground-water development 

Ground water has been withdrawn for irrigation in Avra Valley

since 1937. Annual ground-water pumpage was approximately 
12,000

acre-feet in 1940, and had increased to 174,000 acre-feet by 
1975

(Whallon, 1983; Cuff and Anderson 1987). In 1976, the City of
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Tucson began purchasing and retiring agricultural land in Avra

Valley (Whallon, 1983). As a result, annual ground-water pumpage

dropped to 59,000 acre-feet by 1984. Eighty-five percent of the

water withdrawn in 1984 was used for agriculture (Cuff and

Anderson, 1987). Throughout Avra Valley, ground-water development

has caused water-level declines of 50 to 150 feet from 1940 to 1985

(Cuff and Anderson, 1987)

PROCEDURE

In order to identify irrigation return flow and other sources

of ground-water recharge, chemical and isotopic properties of

ground water in Avra Valley were measured and evaluated with

respect to land-use patterns. Attention focused on the types of

data expected to be most useful for this purpose: nitrate

concentrations; chloride/bromide ratios; 6D and 6180 values;

electrical conductivity; 6 13C values; carbon-14 activity; and

tritium activity.

Nitrate concentrations should be elevated in irrigation return

water due to the application of nitrogen-based fertilizers, and

chloride/bromide ratios should be useful in distinguishing this

water from recharged secondary sewage effluent. 6D and 6 180 values

were measured to test the hypothesis that induced isotopic

fractionation would have distinguished return flow from ambient

ground water. Electrical conductivity measurements should indicate

if irrigation return water is causing a buildup of salts in the

ground water. Carbon-14 activity and 6 13C values were measured
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because the isotopic composition of dissolved inorganic carbon in

irrigation return water might be altered through exchange with

soil-zone carbon dioxide. Tritium activity was measured to test

the hypothesis that tritium would be present in irrigation return

water due to isotopic exchange with atmospheric moisture or mixing

with precipitation; in addition, tritium and carbon-14 are useful

in identifying areas of natural ground-water recharge.

Sample collection

Samples of Avra Valley ground water were collected from

fourteen irrigation wells and five municipal wells during August

and September 1990, and from June to August 1991. The well

locations are shown in Figure 1; well construction data are listed

in Table 1. Prior to sampling, municipal wells were pumped at

capacity for a minimum of 15 minutes, and irrigation wells were

pumped overnight. Temperature, dissolved oxygen, pH, and

electrical conductivity were measured in the field for samples from

irrigation wells. The same field parameters for City of Tucson

municipal wells were obtained from Tucson Water's computerized

database.

Samples for anion analysis were collected in 1-liter Nalgene

bottles that were rinsed three times with sample water. Samples

for nitrate analysis were frozen to prevent breakdown by biological

activity; samples for chloride and bromide analysis were stored at

approximately 4 ° C. All samples for anion analysis were filtered

with 0.45-pm membrane filters prior to analysis.

Samples for SD and 8 180 analysis were collected in 25m1 
glass

6



Figure 1. Map showing locations of sampled wells,
Avra Valley, Arizona.
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Table 1.	 Well Construction information and depth to water.

(a)	 (b,c)	 (c)	 (c)	 (d)
WELL	 LOCATION	 DEPTH	 PERFORATED INTERVAL	 DEPTH TO

	(T-R-S-QQQ)	 (FT)	 FROM	 TO (FT BLS)	 WATER (FT BLS)

MU-1 D151109AAA 660 400 660 357
MU-2 D141122CBB 600 400 600 352
MU-3 D131120DCC 640 N/A N/A N/A
MU-4 D121004ACD 830 500 830 300
MU-5 D111131CBC 650 310 640 275
IR-1 D131132CCC 600 N/A N/A 366
IR-2 D131021AAD 700 340 740 411
IR-3 D131009DDD 800 N/A N/A 374
IR-4 D121032DDD N/A N/A N/A 351
IR-5 D121032DAD 1300 400 1300 351
IR-6 D121119ACC 460 210 460 290
IR-7 D121118DBC 700 428 680 290
IR-8 D121107CDD 606 200 600 283
IR-9 D121012DDA 1155 N/A N/A 283
IR-10 D121012DCD 430 183 405 276
IR-11 D111023DDD 505 230 505 240
IR-12 D111017ADD 500 150 500 243

IR-13 D111008DDD 433 154 430 243

IR-14 D111009DDD 402 N/A N/A 240

(a) - MU refers to municipal wells, IR to
irrigation wells.

(b) - Location is Township-Range-Section -Quarter,
Quarter, Quarter Section.

(c) - Data for City of Tucson wells (MU-1,MU-2,MU- 3
MU-4) from Tucson Water; data for all other wells
from Arizona Dept. of Water Resources.

(d) - Data source is Hess and Elder (1990); data for
non City of Tucson wells are estimates based on
nearby City of Tucson wells.

N/A = Not available.
FT BLS = Feet below land surface.



vials. The vials were rinsed three times with the sample water,

then filled and left to stand for a minimum of fifteen minutes, and

finally rinsed once again before collection. After the samples

were collected, the vials were sealed with hot wax to prevent

evaporation or exchange with atmospheric moisture. The same

procedure was followed for tritium samples, except that 1-liter

glass bottles were used. Tritium, 6D, and 6 180 samples were not

filtered.

Samples for carbon-14 and 6 13C analysis were collected in 50-

liter Nalgene carboys. The sample volume ranged from 100 liters to

200 liters, depending on the expected bicarbonate concentration of

the water and the availability of the containers. The containers

were rinsed once with hydrochloric acid in the lab and twice with

sample water in the field prior to sample collection. The samples

were not filtered.

Analytical methods 

Nitrate, chloride, and bromide concentrations in water from

irrigation wells were measured using ion chromatography at 
the

University of Arizona. The results were calculated based on

standards ranging from 0.125 mg/1 to 4.00 mg/l. 
Nitrate and

chloride samples were diluted by factors ranging from 5 to 100 to

bring the results to within the range of the standards; 
bromide

samples did not require dilution. Anion concentrations for samples

from City of Tucson municipal wells (MU-1, MU-2, MU-4, 
MU-5) were
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obtained from Tucson Water's computerized database.'

Seventeen of the ground-water samples were analyzed for 6D and

6 180 values at the University of Arizona's Laboratory of Isotope

Geochemistry. Water samples for 6 180 analysis were equilibrated

with carbon dioxide in a 25° C water bath for forty-eight hours.

The initial and final 6 180 values of the carbon dioxide were

measured on a VG 602 mass spectrometer to determine the 6 180 value

of the water sample. The analytical precision for this procedure

is +/- 0.2 o/oo.

Water samples for 6D analysis were converted to hydrogen by

reacting the water with zinc at 450°C for thirty minutes. The

hydrogen released from this reaction was analyzed on a VG602 mass

spectrometer to determine the 6D value of the water sample. The

analytical precision for this procedure is +/- 2.0 o/oo.

Four of the ground-water samples were analyzed at the

University of Arizona's Laboratory of Isotope Geochemistry /

Radiocarbon Dating Laboratory for carbon-14 activity. These

samples were pretreated with carbonate-free, saturated sodium

hydroxide solution and barium chloride dihydrate to precipitate all

of the inorganic carbon in the sample as barium carbonate. The

precipitate was reacted with hydrochloric acid to convert all of

the carbonate to carbon dioxide. The carbon dioxide was then

reacted with lithium metal at approximately 500 °C to produce

'The chloride concentration in water from well MU-3, which is owned by 
the

Avra Valley Water Co-op, was measured using a Hach digital titrator. 
Chloride

was the only anion measured, and no anion data were available from 
the well

owner.

10



lithium carbide, which was subsequently reacted with deionized

water to produce acetylene. The acetylene was placed on a catalyst

and converted to benzene, which was analyzed for carbon-14 activity

on a Packard 2250CA liquid scintillation counter. The analytical

precision for these samples ranged from +\- 0.4 to 0.6 pMC and

averaged +\- 0.5 pMC.

Fourteen samples were analyzed for 8 13C values. The inorganic

carbon was converted to carbon dioxide using the procedure

described above and analyzed on a VG 602 mass spectrometer. The

analytical precision for these analyses was +/- 2.7 TU.

Five samples were analyzed for tritium content. The analyses

were performed at the University of Arizona's Laboratory of Isotope

Geochemistry using an LKB Quantulus liquid scintillation counter.

The samples were not enriched prior to the analysis. The

analytical precision for this method at the time these samples were

analyzed was +/- 2.7 TU.

RESULTS AND DISCUSSION

Nitrate concentrations and chloride/bromide ratios 

Nitrate concentrations in ground-water samples collected in

this study ranged from less than 10 mg/1 in the southern half of

the study area to greater than 40 mg/1 in the extreme northwest

near the Santa Cruz River. Nitrate concentrations are listed in

Table 2, and the geographical distribution of nitrate is shown in

Figure 2. Potential anthropogenic sources of nitrate in Avra

Valley ground water include infiltration of secondary sewage

effluent along the Santa Cruz River channel, contamination from

11



Table 2. Field parameters, nitrate, chloride, and
bromide concentrations, and chloride/bromide ratios
in Avra Valley ground water.

WELL TEMP PH	 E.C. D.O. NO3 CL BR	 CL/BR
(1/2C) (iMHO/CM) (MG/L) (MG/L) (MG/L) (MG/L)

MU-1 29.0 7.8	 340 5.6 8.8 8.6 .06 143
MU-2 30.0 7.9	 390 4.6 17.2 15.8 .13 122
MU-3 N/A 7.5	 N/A N/A N/A 16.4 N/A N/A
MU-4 27.1 7.7	 440 4.8 12.3 35.7 .19 188
MU-5 25.1 7.3	 1030 4.2 20.2 121 .70 173
IR-1 32.2 7.1	 360 5.1 6.8 7.1 .12 59
IR-2 30.8 7.6	 400 6.1 5.0 15.0 .09 167
IR-3 30.5 7.6	 N/A 6.2 5.3 11.0 N/A N/A
IR-4 29.8 7.0	 430 6.0 18.5 N/A N/A N/A
IR-5 32.3 7.9	 420 5.6 10.0 20.1 .20 101
IR-6 N/A 7.3	 N/A N/A 17.3 81.7 .66 124
IR-7 28.0 7.3	 1000 6.2 21.5 113 .78 145
IR-8 25.2 7.2	 1300 6.5 40.7 249 2.20 113
IR-9 26.6 7.3	 940 6.4 35.1 171 1.20 143

IR-10 27.2 7.5	 650 5.9 25.6 75.5 .60 126
IR-11 24.3 7.2	 800 6.1 23.2 51.0 .28 182
IR-12 25.7 7.9	 800 6.8 41.9 44.6 .47 95
IR-13 27.5 7.1	 600 7.5 21.0 25.3 .20 127
IR-14 23.5 7.3	 690 4.9 28.0 29.4 .20 147

N/A = Not analyzed or not available.



Figure 2. Nitrate concentrations (mg/1) in
Avra Valley ground water.
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septic systems, and nitrogen-based fertilizers in irrigation return

water.

Previous studies have shown that ground water impacted by the

infiltration of sewage effluent along the Santa Cruz River has an

elevated chloride/bromide ((mg/1)/(mg/1)) ratio (Laney, 1972;

Wilson et al, 1983; Koglin, 1984; Stevens, 1990). Stevens (1990)

reported an average chloride/bromide ratio of 116, with a standard

deviation of 37, for Avra Valley ground water, and an average

chloride/bromide ratio of 295 for ground water near the effluent-

dominated portion of the Santa Cruz River.

The chloride/bromide ratios determined in this study are

listed in Table 2. In northern Avra Valley, some evidence suggests

that effluent discharged upstream has slightly impacted ground

water near the Santa Cruz River. Ground water from well IR-11,

which is less than 0.5 mile from the river channel, has a

chloride/bromide ratio of 182, somewhat higher than the range for

uncontaminated ground water. Additionally, in ground water from

wells IR-12, IR-13, and IR-14, the chloride/bromide ratio increases

steadily (95, 127, 147 respectively) with decreasing distance from

the river bed. However, these values are well within the natural

variations of uncontaminated ground water. Furthermore, ground

water at MU-4, which is approximately 5 miles south of the Santa

Cruz River and thus unlikely to be impacted by effluent, has a

chloride/bromide ratio of 188, higher than any of the values found

in ground water closer to the river.

The chloride/bromide ratios in ground water throughout the

14



rest of the study area are generally within the range of

uncontaminated ground water reported by Stevens. As Figure 3

shows, no correlation was found between high nitrate concentrations

and elevated chloride/bromide ratios. For example, ground water

with the lowest concentration of nitrate, 5.0 mg/1, had a

chloride/bromide ratio of 167, and ground water with the highest

concentration of nitrate, 41.9 mg/1, had a chloride/bromide ratio

of 95. It is therefore concluded that effluent recharge along the

Santa Cruz River is not the source of the elevated nitrate

concentrations found in this study.

Figure 2 shows distinct spacial trends in the nitrate

concentrations; these trends appear to be correlated with the

geographical distribution of irrigated land (Figure 4). West of

Brawley Wash, the amount of nitrate in the ground water increases

steadily from south to north. The concentration of nitrate in this

area is therefore higher in ground water with larger areas of

irrigated land upgradient; the lowest nitrate concentration is in

ground water with the least amount of irrigated land upgradient.

Samples from two wells, IR-4 and IR-12, had higher concentrations

of nitrate than samples from upgradient and downgradient wells.

These wells are located near occupied homes and may be contaminated

by septic systems.

In the southeastern quarter of the study area, an increased

concentration of nitrate was found in ground water from well MU-2,

which is north of retired farmland. However, a relatively low

concentration of nitrate appeared in ground water from well IR-1 to

15



Figure 3. Chloride/Bromide ratios vs. nitrate,
Avra Valley ground water.
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Figure 4. Map of irrigated areas, Avra Valley, Arizona.
(after U.S. Dept. of Agriculture and AZ Water Commission,

1973; and Reeter and Cady, 1982)
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the north, which is downgradient from another area of retired

farmland.

In northern Avra Valley, a zone of elevated nitrate

concentrations extends from the western half of T12S,R11E to the

northwestern extent of the study area. This region has the highest

aerial percentage of actively-irrigated farmland in the study area.

The location and orientation of the zone of elevated nitrates match

the location and orientation of the zone of perched water

identified in previous studies (Cuff and Anderson, 1987; Hess and

Elder, 1990) and attributed to irrigation return flow (Reeter and

Cady, 1982).

The reason the concentration of nitrate is so much higher in

this area than in other irrigated areas to the south is not known.

One possible explanation is that a greater percentage of the

agricultural land in other areas has been purchased by the city of

Tucson and removed from production. On a regional scale, those

areas have therefore been receiving smaller quantities of

fertilizers over the past twenty years, and it is likely that the

concentrations of nitrates from past applications of fertilizers

have been reduced through denitrification. Another possible reason

is that the depth to water in the high-nitrate zone averages about

100 feet less than the depth to water in the rest of the study

area. Thus it is likely that a greater volume of irrigation water

reaches the water table and that a smaller quantity of nitrate is

removed through sorption in the unsaturated zone. This

interpretation is supported by the observation that the trend of

18



the high nitrate zone appears to parallel the surface drainages of

the area, where one would expect the water table to be the most

shallow.

Stable hydrogen and oxygen isotopes 

6 180 values for the ground water sampled in this study range

from -8.3 o/oo SMOW in southwestern Avra Valley to -5.1 o/oo SMOW

in north-central Avra Valley. 6D values range from -58 in the

northwest to -48 in north-central Avra Valley. The data are listed

in Table 3. 6D values were plotted versus 8 180 values in Figure 5.

Two data points representing ground water samples fell slightly to

the left of the Craig meteoric water line; these samples were from

wells IR-2 and MU-1, which are downgradient from unirrigated desert

rangeland. The rest of the data points fell to the right of the

Craig meteoric water line.

Figure 6 shows the areal distribution of 6 180 values for Avra

Valley ground water. Trends in 6 180 values are similar to trends

in nitrate concentrations. West of Brawley Wash in R10E,T12-13S,

ground water is increasingly enriched in 180 from south to north.

The highest 6 180 values are located in the north-central part of

the study area, in the western half of T12S,R11E and the eastern

half of T12S,R10E; this area is within the zone of high nitrates

and perched ground water discussed in previous sections. Ground

water from well MU-2, which is downgradient from retired farmland

in the southeastern quarter of the study area, is enriched in 180;

however, ground water to the north of MU-2 is depleted in 180.

This is exactly the trend that was seen in nitrate concentrations
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Table 3.	 Stable isotopic data for
Avra Valley, AZ ground water.

WELL d018	 dD d PARAMETER

MU-1 -8.0	 -53 11.0
MU-2 -7.2	 -51 6.6
MU-3 -7.7	 -54 7.6
MU-4 -7.2	 -51 6.6
MU-5 -7.7	 -56 5.6
IR-1 -7.6	 -54 6.8
IR-2 -8.3	 -54 12.4
IR-3 -7.6	 -54 6.8
IR-4 N/A	 N/A N/A
IR-5 -7.5	 -56 4.0
IR-6 -6.2	 -48 1.6
IR-7 -5.6	 -50 -5.2
IR-8 -6.2	 -50 -.4
IR-9 -5.1	 -57 -16.2
IR-10 -7.0	 -51 5.0
IR-11 -7.7	 -57 4.6
IR-12 -7.3	 -58 .4
IR-13 N/A	 N/A N/A
IR-14 -7.8	 -57 5.4

All units o/oo SNOW
d parameter = dD - 8d018



Figure 5. Stable isotopic composition of Avra Valley
ground water.
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Figure 6. Delta 0-18 (o/oo SMOW) values for
Avra Valley ground water.
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in this area.

At the northern end of the study area, ground water from wells

near the Santa Cruz River channel has a lower average 6 180 value

than ground water from wells located several miles to the south.

These wells are located along a broad zone of high transmissivity

that extends from Rillito to northwest of Red Rock (Whallon, 1983).

Authors of previous investigations have reported that a major

source of ground-water recharge in Avra Valley is underf low from

the Tucson basin at Rillito (Moosburner, 1972; Hanson et al, 1990;

Whallon, 1983), and it is likely that the major conduit for the

underf low is along this high transmissivity zone. Consequently,

ground water near the Santa Cruz River in northern Avra Valley is

probably a blend of ground water from the Tucson basin and ground

water from southern Avra Valley. In contrast, the zone of 180-

enriched ground water in T12S, R10-11E is south of the high-

transmissivity zone and south of the northern limit of the Tucson

Mountains, which separate Avra Valley from the Tucson basin.

Ground water in this area is thus less likely to receive underf low

from the Tucson basin. Studies of ground water in the Tucson basin

(Bostick, 1978; Gallaher, 1979) indicate that 6 180 values for

Tucson basin ground water are significantly lower than the 6 180

values for Avra Valley ground water found in this study, and it is

concluded that the comparatively low 6 180 values found along the

Santa Cruz River reflect background values that are lower than the

background values for ground water to the south.

Throughout Avra Valley, the 6 180 value for ground water
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appears to be related to the geographical distribution of irrigated

farmland. West of Brawley Wash, the 6 180 value increases steadily

with an increasing percentage of upgradient irrigated land. In

most cases, ground water directly downgradient from irrigated

cropland has lower 6 180 values than ground water directly

downgradient from unirrigated desert rangeland. For example,

ground water from well MU-2, which is downgradient from retired

farmland, has a 6 180 value of -7.2, while ground water from well

MU-1, which is upgradient from the same retired farmland and

downgradient from pristine desert, has a 6 180 value of -8.0.

The distribution of 6 180 values in Avra Valley ground water is

similar to the distribution of deuterium-excess parameter values

("d" values), shown in Figure 7. The d values, which relate the

stable composition of water samples to the Craig meteoric water

line, were calculated from the following equation (IAEA 1981):

d = 6D - 86180.

The average d value for meteoric water, globally, is

approximately 10; d values are generally lower in water that has

undergone partial evaporation (IAEA 1981). Ground-water samples

from MU-1, MU-3, and IR-12, which are the only wells that are

downgradient from pristine desert, have the highest d values:

11.0, 7.6, and 12.4, respectively. Samples from the rest of the

wells, which are within or downgradient from irrigated areas, had

lower d values. The lowest d values are in north-central Avra

Valley, in a zone corresponding to the zone of 180-enriched ground

water. The nearly identical trends in 6 180 and d values indicate
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Figure 7. Deuterium excess parameters ("d" values) for
Avra Valley ground water.
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that the high 6 180 values found in this study are the result of

evaporative enrichment. The clear correlation of these trends to

the geographical distribution of irrigated lands is strong evidence

that irrigation return flow is the source of 180-enriched ground

water in Avra Valley. This interpretation is supported by the

correlation of nitrate concentrations with d parameter values

(Figure 8.)

As with the nitrate results, the 180 values are much higher in

north-central Avra Valley than in other irrigated areas to the

south. The 6 180 values for ground water in this area are

significantly higher than the values found for ground water from

the Tucson Mountains (Thorne, 1983) and for surface water and

sewage flows in the Tucson basin (Bostick, 1978; Gallaher, 1979).

Therefore, the greater 180 enrichment in north-central Avra Valley

relative to other parts of the valley cannot be explained by

mountain-front recharge or infiltration of flood waters or sewage

flows. Instead, it is concluded that the increased 180 enrichment

is caused by a greater volume of return flow reaching the water

table as a result of the shallower depths to water in the area.

Electrical conductivity

Electrical conductivity (EC) values for ground water sampled

in this study ranged from 340 micromhos in the south to 1300

micromhos in north-central Avra Valley (Table 2). The trends in EC

are roughly the same as the trends in nitrate and 0-18, except that

the areal distribution of the highest EC values seems to be more

closely correlated with the zone of perched ground water. As with
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Figure 8. Nitrate vs. d value, Avra Valley ground water.
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the 0-18 and nitrate data, EC tends to be lowest in areas

downgradient from unirrigated land, and it generally increases with

an increasing percentage of upgradient irrigated land.

The association of high EC values with high 6 180 and d

parameter values suggests that high EC is the result of evaporative

enrichment of dissolved solids. This interpretation is supported

by Figure 9, which illustrates the correlation between EC and d

parameter values for the ground-water samples collected in this

study. However, the natural dissolution of aquifer materials could

also be responsible for increasing EC in Avra Valley ground water.

The close correlation between trends in EC and the presence of

perched ground water supports this interpretation. The perched

aquifers are most likely caused by the presence of fine-grained,

low-hydraulic-conductivity beds that may contain highly-soluble

evaporite minerals.	 As perched ground water percolates down

through the beds, these minerals dissolve, causing increased

salinity. Nevertheless, the EC distribution still supports the

conclusion that irrigation return flow impacts ground water in

north-central Avra Valley, whether the high EC values are due to

evaporative enrichment or dissolution of evaporite beds.

Carbon isotopes and tritium

6 13C values for ground-water samples collected in this study

are listed in Table 4; they ranged from -9.0 o/oo PDB t -11.6 o/oo

PDB. The lowest values were in ground water along the Santa Cruz

River at IR-11 and IR-14. The source of the 13C depletion in this

area may be recharge along the Santa Cruz River and the associated
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Figure 9. Electrical conductivity vs. d value,
Avra Valley ground water.
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Table 4.	 Carbon isotope and tritium
data for Avra Valley, AZ ground water.

WELL	 dC13	 C-14	 Tritium
(o/ooPDB)	 (pMC)	 (TU)

MU-1 -9.9 37.7 N/A
MU-2 -9.6 38.5 N/A
MU-3 -9.7 N/A <	 2.7
MU-4 -10.0 N/A N/A
MU-5 -10.1 76.0 N/A
IR-1 N/A N/A < 2.7
IR-2 -10.0 N/A N/A
IR-3 N/A N/A N/A
IR-4 N/A N/A N/A
IR-5 -10.8 N/A N/A
IR-6 -9.1 N/A N/A
IR-7 -9.8 53.3 9
IR-8 N/A N/A N/A
IR-9 -9.0 N/A N/A
IR-10 -10.4 N/A N/A
IR-11 -11.6 N/A 19
IR-12 -10.7 N/A N/A
IR-13 N/A N/A 5
IR-14 -11.1 N/A N/A



transport of accumulated organic material, which has a 6 13C value

of -20 o/oo PDB or less (Craig 1953). The rest of the values

appear to be distributed randomly throughout Avra Valley. No

correlation was found between 6 13C values and the other parameters

measured in this study, and the distribution of 6 13C values does

not appear to be correlated with the distribution of irrigated

land.

Carbon-14 activity was measured in ground water from four

wells in Avra Valley. In southern Avra Valley, the carbon-14

activity in ground water from wells MU-1 and MU-2 was 37.7 PMC and

38.5 PMC, respectively. MU-2 is approximately 3.5 miles

downgradient from MU-1; between the wells is an area of retired

farmland. The carbon-14 activity in a system isolated from recent

recharge should decrease along the flow path. Therefore, the

slightly higher carbon-14 activity downgradient from former

agricultural land might support 180 and nitrate evidence that

return flow from past irrigation has recharged the aquifer here.

However, the increase is well within the range of analytical and

collection error, and thus it is not concluded that irrigation

return water has affected the carbon-14 activity of ground water in

this area.

In northern Avra Valley, the carbon-14 activity in ground

water from wells MU-5 and IR-7 is 76.0 PMC and 53.3 PMC,

respectively, indicating that recent recharge other than underf low

from the south has occurred in these areas. Ground water at MU-5

is within the high transmissivity zone along the Santa Cruz River,
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and is probably recharged by underf low from the Tucson basin and

possibly by floodwaters as well. Thus the high carbon-14 activity

in this ground water cannot with any certainty be attributed to

recharge by irrigation return flow.

Ground water at IR-7, on the other hand, is not likely to be

influenced by these sources. Nitrate, chloride/bromide, 180, and

EC data, as well as hydrogeologic and land-use information,

indicate that irrigation return flow is the major source of

recharge in this area. Therefore it is concluded that irrigation

return flow is the source of the increased carbon-14 activity at

IR-7, and that carbon-14 analysis can be an effective technique for

identifying irrigation return water derived entirely from local

ground water. Additional data are needed, however, to determine

how reliable this technique is.

Tritium data for the ground-water samples collected in this

study support the carbon-14 evidence for recent recharge in

northern Avra Valley. The tritium activities in ground water from

wells MU-3 and IR-1 in the southern half of the study area were

below the detection limit of 2.7 TU while ground water from wells

in northern Avra Valley had tritium concentrations as high as 19

TU. The tritium data are listed in Table 4.

MU-3 is downgradient from unirrigated desert, and the absence

of measurable tritium in ground water here suggests that recent

recharge has not occurred in unirrigated areas of Avra Valley.

Additional data are needed to verify this, however. IR-1 is

adjacent to Brawley Wash and is located within an area of actively-
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irrigated farmland where nitrate, EC, and stable hydrogen and

oxygen isotope data indicate that irrigation return flow has not

impacted ground water. The lack of measurable tritium in the

sample from IR-1 supports these data. In addition, it indicates

that Brawley Wash is not a significant recharge area.

In northern Avra Valley, the tritium activities in ground

water from wells IR-7, JR-11, and IR-13 were 9 TU, 19 TU, and 5

TU, respectively. Due to the proximity of the Santa Cruz River and

the associated possibility of natural recharge by floodwaters, one

cannot conclude with any certainty that the source of the tritium

in ground water at IR-11 and IR-13 is irrigation return flow.

Nevertheless, the tritium in these samples supports the evidence

for recharge by irrigation return water in this area.

Ground water at IR-7, on the other hand, probably receives

recharge only from irrigation return flow. Therefore, the tritium

in the sample from this well indicates that irrigation return water

is enriched in tritium due to isotopic exchange and/or mixing with

precipitation. This suggests that in areas where no other sources

of recent recharge exist, tritium can be used to trace the impacts

of irrigation return water that is derived entirely from local

ground water supplies. The presence of tritium at IR-7 also

strengthens the support that the tritium data for JR-11 and IR-13

give to the other evidence of irrigation return flow in those

areas.
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SUMMARY AND CONCLUSIONS

The results of this study indicate that irrigation return flow

has impacted ground water throughout Avra Valley, and that ground

water in north-central Avra Valley (Township 12 South, eastern

Range 10 and western Range 11) has been impacted the most

significantly. The impact is less in southern and western Avra

Valley due to greater depths to water and smaller percentages of

actively-irrigated farmland.

Of the data studied, the 6 180 parameter appears to be the most

directly related to the distribution of irrigated land; it is a

very effective tool for identifying irrigation return flow. It is

especially effective when used with the 6D value to calculate a

value for the deuterium excess parameter, which verifies that high

6 180 values are the result of evaporative enrichment. In addition,

the stable isotopes of water are very useful for identifying

natural sources of ground-water recharge, particularly underf low

from the Tucson basin.

The concentration of nitrate in ground water is also closely

related to the distribution of irrigated land in Avra Valley, and

is an effective means of identifying irrigation return flow. In

northern Avra Valley, however, it is necessary to study nitrate

concentrations in conjunction with chloride/bromide ratios to

determine whether the source of the nitrate is irrigation water or

sewage effluent. The concentration of nitrate is not useful for

identifying sources of natural recharge in Avra Valley.

Carbon-14 and tritium data provide convincing evidence that
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recent recharge has occurred in the north-central part of the study

area, and in the extreme northern part of the study area along the

Santa Cruz River. Carbon-14 and tritium are not useful in

determining the source of recent recharge, although this study has

shown that they might be useful tools in identifying irrigation

return water in areas where no other sources of recent recharge

exist. Additional data are needed to verify this, however.

Carbon-13 is not an effective tool for identifying irrigation

return flow, but it might be useful for identifying natural

recharge along the Santa Cruz River.

The evidence from this study suggests that elevated electrical

conductivity in ground water of Avra Valley is due to evaporative

enrichment of dissolved solids. However, due to the variety of

natural sources that can contribute to salinity in ground water,

electrical conductivity cannot be used with any certainty to

identify irrigation flow. It is useful in support of other

methods, however.
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