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ABSTRACT

Ground water in Avra Valley, southeastern Arizona, is used for

irrigation and as part of the City of Tucson municipal supply. The

unconfined regional aquifer consists of about 1,300 feet of basin-fill

sediments that can be subdivided into two lithostratigraphic units. The

upper 300-400 feet of sediments contain permeable sands interbedded

with gravel, silt, and clay. The lower 900-1,000 feet are composed of

silty clay in the northern part of the valley and poorly to highly con-

solidated sands and gravels in the central and southern parts.

Ground water enters Avra Valley as underflow from the south,

flows northerly through the valley, and discharges as underflow at the

northwest end of the valley. Most wells yield water at rates of 500 gpm

or more. Approximately 3.6 million acre-feet of ground water were with-

drawn from the aquifer during 1940-1978, resulting in water-level

declines of more than 140 feet in the central part of the valley.
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INTRODUCTION

The ground-water reservoir in Avra Valley is being developed

as a supplemental source of municipal water supply for the City of

Tucson, Arizona. In addition, it continues to provide a source of

irrigation water for agricultural development in the valley. This report

presents the results of geohydrologic research in Avra Valley and docu-

ments the interpretation of the regional ground-water flow system based

on present knowledge.

Purpose of Investigation 

The purpose of this investigation was to attempt to correlate all

the available geohydrologic data from Avra Valley and to develop a

better overall understanding of the physical extent and working of the

ground-water system.

Location and Physical Setting 

Avra Valley is a north-trending, alluvium-filled basin within the

Basin and Range physiographic province (Fennenman, 1931) about 15

miles west of Tucson in Pima and Pinal Counties, Arizona (fig. 1). The

basin is in the Basin and Range Lowlands water province. The valley

is approximately 40 miles long, ranges from 7 to 16 miles wide, and

covers about 520 square miles. The study area extends from Three

Points on the south to Picacho Peak on the north.

The valley is bounded on the east by the Tucson and Tortolita

Mountains, on the west by Picacho Peak, the Silverbell Mountains, the

1
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Figure 1.--Area of report (shaded) and Arizona's water provinces.
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Waterman Mountains, and the Roskruge Mountains. The Sierrita Moun-

tains lie to the southeast of the study area. The average altitude of

the mountain peaks surrounding Avra Valley is about 4,500, which is

about 2,300 feet above the valley floor.

The valley floor is a relatively smooth alluvial surface sloping

northward from an altitude of about 2,500 feet near Three Points, near

the southern end of the valley, to about 1,800 feet in the northwest

corner of the valley. The surface gradient of the valley floor is about

15-20 feet per mile.

Brawley Wash drains the southern part of Avra Valley. It is

an ephemeral stream, flowing only for short periods after individual

precipitation events of sufficient magnitude to initiate surface runoff.

It flows northeasterly near Three Points and is well entrenched with

8-10-foot high banks. About 5 miles north of Three Points, Brawley

Wash flows northerly and divides into a series of shallow channels,

which spread to over a mile in width. About 20 miles north of Three

Points, south of Avra Valley Road, these shallow channels merge into

two primary channels. North of Avra Valley Road, Brawley Wash flows

northwesterly to parallel the Santa Cruz River, is joined by drainages

from the west, and becomes Los Robles Wash.

The Santa Cruz River enters Avra Valley at the north end of

the Tucson Mountains and flows northwest through the study area.

Sewage effluent from an upstream sewage treatment plant, east of the

study area, flows continuously at an estimated rate of 3-5 cubic feet

per second (CPF) where it enters the study area. The effluent flow

disappears in the study as it infiltrates into the coarse alluvium of the
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river channel. Through most of its reach in the study area and at the

outlet of the study area the Santa Cruz River is ephemeral. The con-

fluence of the Santa Cruz River and Los Robles Wash is near the west-

ern boundary of the study area.

Climate and Vegetation

The climate of Avra Valley is arid and is characterized by low

precipitation, high summer temperatures, and low humidity. The aver-

age annual precipitation is less than 10 inches (Sellers and Hill, 1974).

The climatic conditions allow for evaporation and transpiration of a large

portion of the precipitation falling on the study area. In general, local

intense short-duration thunderstorms occur in the summer, whereas the

winter storms are regional, gentle, and of longer duration.

The lower parts of the valley, where the soil is loamy or

clayey, the native vegetation is sparse and consists almost exclusively

of small mesquite bushes and catsclaw. On the higher slopes of coarse

wash material several other bushes, chiefly creosote and ocotillo, are

common. In these areas, varieties of cacti, including barrel and giant

saguaro, abound (Andrews, 1937). Most native vegetation has been

removed from the gently sloping to flat-lying part of the northern val-

ley floor, and the land has been used for agriculture.

Method of Investigation

The investigation was based on field work and the writer's

interpretation and analysis of recent data, which include drillers' logs,

grain-size analyses, lithologic logs, borehold geophysical logs, surface

gravity data, water-level data, and ground-water pumpage records.
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These data were used individually or in some combination in an attempt

to better define the physical makeup and workings of the geohydrologic

system in Avra Valley. In addition, library research was conducted for

past reports concerning the geohydrology of Avra Valley. This was

particularly useful in helping understand the pre-1965 conditions and

responses of the ground-water system to pumping stresses.

Drillers' logs are difficult to use in attempting areal correlations

because each includes subjective observations by different individuals.

Commonly included are the thickness and depth below land surface of

beds where significant lithologic changes occur. The terminology used

to define a sediment being penetrated by the well is highly diverse.

Drillers' logs do not record grain size, and only a few contain records

of sediment color. The logs, however, are useful in defining gross

changes in lithology and provide a basis for a first approximation in

understanding the composition and character of basin-fill material.

Grain-size analyses and lithologic logs are available for some

wells and are helpful in correlating with descriptions in drillers' logs.

Reverse hydraulic rotary well drilling was used for most of the wells

where grain-size analyses were available. The well cuttings used for

the grain-size analyses were collected and analyzed in a uniform man-

ner. Conclusions based on these data are not considered biased by

subjective decisions or individual attention to detail

Borehole geophysical logs were used to define the character of

the lithologic variations and the location of significant lithologic breaks.

The results of a surface gravity survey provided a general interpreta-

tion of the basin shape, depth, and configuration.
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Field work during this study consisted of water-level measure-

ments and field verification of well-site locations and by assisting in

borehold geophysical operations. The writer's involvement in develop-

ing a two-dimensional mathematical model of the ground-water system in

Avra Valley provided additional insight into the data inadequacies,

hydraulic characteristics, and general knowledge of the regional ground-

water system.

Further Investigations 

For the most part, the ground-water resources of Avra Valley

have been described only briefly in previous reports. Reports that

contain some information regarding the ground-water system in Avra

Valley are listed below. Andrews (1937) reported on pre-1940 ground-

water conditions and use in Avra and Altar Valleys. Halpenny and

others (1952) presented available information on the occurrence and

movement of ground water in Avra Valley. Turner (1958, 1959) dis-

cussed available ground-water resources in the Marana area and in the

southern part of Avra Valley. Halpenny and Greene (1965) presented

results of a test drilling program in the southern part of the valley.

White and others (1966) reported on the development of the ground-

water system between 1940-1965 and provided several useful tables that

include well data, well logs, and chemical analyses of ground water.

West (1970) and West and Sumner (1972) presented geophysical inter-

pretation of the volume of water in storage and depth of water-bearing

material in Avra Valley. Moosburner (1972) presented results of an

electrical-analog model of Avra Valley for the period 1940-1965. U.S.
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Geological Survey map series 1-844 A-0 (1973) provide general inter-

pretations of various ground-water and geologic conditions in the val-

ley. Matlock and Morin (1976) described the ground-water resources in

Avra Valley during 1952-1974 with emphasis on changes occurring after

1965. Johnson (1980) offered a predictive analyses on the effects of

future pumping from a northern Avra Valley well field.

Well-numbering System

The well numbers used in this appendix of this report are in

accordance with the Bureau of Land Management's system of land

subdivision. The land survey in Arizona is based on the Gila and Salt

River Meridian and Base Line, which divide the State into four

quadrants. These quadrants are designated counterclockwise by the

capital letters A, B, C, and D. All land north and east of the point of

origin is in A quadrant, the north and west in B quadrant, that south

and west in C. quadrant, and that south and east in D Quadrant. The

first digit of a well number indicates the township, the second the

range, and the third the section in which the well is situated. The

lowercase letters, a, b, c, and d, after the section number indicate the

well location within the section. The first letter denotes a particular

160-acre tract, the second the 40-acre tract, and the third the 10-acre

tract. These letters also are assigned in a counterclockwise direction,

beginning in the northeast quarter. If the location is known within the

10-acre tract, three lowercase letters are shown in the well number.

For example, (D-4-5)19caa is in the NEiNEiSWi sec. 19, T. 4 S., R. 5

E. (fig. 2).
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GENERAL GEOLOGY OF MOUNTAIN AREAS

The mountains bordering Avra Valley range in age and composi-

tion from Precambrian granites and Paleozoic limestones to Mesozoic

sandstones and conglomerates and Cenozoic volcanic rocks (fig. 3).

Age and Composition 

On the west slope of the Tucson Mountains, near the central

and southern parts of the valley, Cretaceous sedimentary sequences

have been mapped consisting primarily of arkosic, fine-grained sand-

stones, and conglomerates. In the northern part of the Tucson Moun-

tains are rock of igneous origin, mainly Upper Cretaceous to lower

Tertiary volcanic flows and granitic intrusive rocks. The Tortolita

Mountains consist mainly of Precambrian granites and related meta-

morphic rocks. Picacho Peak consists of Tertiary to Upper Cretaceous

granitic intrusions and volcanic flows. The Roskruge Mountains are

primarily granitic intrusive rocks and volcanic flows of Late Cretaceous

to early Tertiary age. Between the Silverbell and Roskruge Mountains

are the Waterman Mountains, which are low-lying isolated masses of

Devonian and Mississippian limestones, Cretaceous arkose, and Upper

Cretaceous to lower Tertiary volcanic flows. The northern end of the

Sierrita Mountains consist primarily of Upper Cretaceous to lower

Tertiary granitic intrusions (Wilson, Moore, and Cooper, 1969).

9
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General Structure

The wide compositional range of the mountain masses in part

reflects the structural history of the area. The mountain areas consist

of a series of folded and thrust-faulted Paleozoic and Mesozoic sedimen-

tary rocks, which are intruded and overlain by Upper Cretaceous to

lower Tertiary igneous rocks. Large intrusions and tilting associated

with Tertiary block faulting have added to the complex structure of the

area.



GENERAL BASIN CHARACTERISTICS

Ground water is stored and transmitted in the sediments that

fill the basin and form the hydrologic system. The sediments in Avra

Valley consist of a heterogeneous mixture of irregularly bedded gravel,

sand, silt, and clay deposits. The degree of heterogeneity varies ver-

tically and horizontally throughout the valley depending on the deposi-

tional environment. This heterogeneity will also be reflected in the

local ability of the aquifer to store and transmit water.

Basin Configuration 

The subsurface boundary between the mountains and basin

sediments has been estimated by Oppenheimer (1980). Data from a sur-

face gravimetric survey combined with a computer model provided a

depth-to-bedrock map of the area (fig. 3). The depth-to-bedrock data

depend on the selection of a density contrast between an average den-

sity of the basin sediments in a particular modeled segment of the

aquifer and the assumed uniform bedrock density of 2.67 g/cc. In

general, as the thickness of the basin sediments become greater, the

density contrast between the bedrock and the basin sediments becomes

less because the sediments at depth are generally more consolidated and

more cemented, thus the density is greater than that of the shallow

sediments.

It should be noted that the depth-to-bedrock contour map does

not necessarily depict the depth of water-bearing material of sufficient

12
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production potential to warrant wells being drilled to or near the indi-

cated bedrock surface. The most important facet of the depth-to-

bedrock map is the illustration of the general size and configuration of

the basin.

A series of cross sections showing the generalized depth-to-

bedrock profiles (see fig. 3 for location of sections A-A', B-B', C-C',

and D-D') illustrate the general subsurface basin configuration at

selected locations (fig. 4). Sections A-A' and B-B' are the areas where

ground-water underflow enters the basin near Three Points and Rillito,

respectively, and section C-C' is where ground-water underflow leaves

the basin near the Silverbell Mountains. Section A-A' indicates the

thickness of the alluvial deposits to be about 4,000 feet where ground

water enters Avra Valley from the south. Sections B-B' and C-C'

indicate basin-fill material at these locations to be about 1,000 and 900

feet thick, respectively. The shallow bedrock surfaces, indicated in

sections B-B' and C-C', were once basin divides, and surface-water

drainage systems were internal to the basins. After the basins were

eventually filled with sediments, through-flowing drainage developed

and the present surface-water drainage system evolved.

Section D-D' illustrates the steep-sided, deep structural trough

in the central part of the basin, where, based on the results of gravity

modeling, the alluvial sediments may be as much as 9,600 feet thick.

This cross section illustrates a downthrown block resulting from Basin

and Range faulting. The illustration greatly simplifies the actual struc-

ture, which is probably composed of a wide zone of en echelon faults.

The position of the downthrown block relative to the adjacent mountains
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shows a broad, gently sloping pediment surface on the west side of the

basin and a narrow, slightly downdropped pediment ledge on the east

side of the basin along the west side of the Tucson Mountains.

Another important feature of the depth-to-bedrock map is the

bedrock high indicated in T. 14 S., R. 11 E. This would have the ef-

fect of dividing the basin into two subbasins. The north part of the

basin is aligned north-south and is much deeper than the south part,

which is aligned northeast-southwest.

Depositional Environments 

The mountain ranges bordering Avra Valley and those that bor-

der Altar Valley to the south have been the source of the clastic sedi-

ments filling the basin. The heterogeneity of these sediments reflects

in part the varied composition of the source rocks that range from

sandstone, shale, and limestone to granitic and volcanic rock types.

Complex depositional processes were involved; however, a very general-

ized, nonspecific hypothesis of the process may be developed.

Structural uplifting of the mountains during the Basin and

Range disturbance to heights greater than presently exist, greatly

increased the erosional regime and created an environment for increased

rainfall (Turner, 1959). Rapid rates of erosion and transport of sedi-

ment filled the depressed basin regions with a wide range of clastic

sediments derived from the bounding mountains. Transport and deposi-

tion of these eroded sediments occurred as surface drainage patterns

were established. The uplifting of mountain masses and the subsidence

of the valley floor created discontinuous drainage patterns throughout
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the valley. It is probable that no external drainage existed at that

time. Rapid drainage of rainfall from the mountain carried large

amounts of eroded materials down toward the valley lowlands. Coarse-

grain sediments were deposited near the valley-floor contact with the

mountains and finer grain sediments were carried to the lower central

part of the valley where playa-type deposits and evaporites exist.

Flow-through drainage eventually developed in the basin in re-

sponse to changes in depositional patterns that, in turn, may have been

altered as result of tectonic activity. As rainfall amounts and land

surface gradients changed, transport and deposition of sediments of

widely varying sizes occurred throughout the valley.

In general, the environment of deposition for all the fine-

grained intervals can be summarized as slightly saline, shallow playas.

The coarse-grained sand and gravel intervals are the result of a higher

energy depositional environment. Fluviation was the dominant

depositional process in association with the formation of alluvial fan

deposits.

Analysis of Basin Sediments 

The analysis and interpretation of the basin sediments are re-

stricted to the top 1,300 feet of basin-fill because sufficient subsurface

data do not exist below that depth. A large data base of drillers' logs,

lithologic logs, grain-size analyses, and geophysical logs from files of

the U. S. Geological Survey and the City of Tucson were used in this

interpretation.
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Methodology

Drillers' descriptions of the subsurface material from logs of

irrigation wells were used to construct eight east-west cross sections

and one north-south cross section to illustrate the relative areal and

vertical composition and distribution of the basin sediments. Correla-

tion of drillers' descriptions between nearby wells was poor, due pri-

marily to a lack of standardization and consistency among drillers in

describing the materials encountered during drilling. They reported

only the thickness and depth below land surface of beds where signifi-

cant lithologic changes occur.

The drillers' logs, however, were useful in defining gross

changes in lithology and can be used to provide a first approximation of

the composition and distribution of aquifer material.

Forty-five exploratory wells, averaging 1,300 feet in depth,

have been drilled in Avra Valley by the City of Tucson. The data col-

lected from this drilling program include lithologic logs, grain-size

analyses, and borehole geophysical logs (caliper, electric, nuclear, and

acoustic logs). Data from all these wells were reviewed in detail in an

attempt to generalize the geologic character of the basin fill. Borehole

geophysical logs aided in defining the lithologic character of the aquifer

material. Gamma-gamma and electrical resistivity logs were used as cor-

relative information on the reported occurrences of fine-grained material

from the grain-size analyses. Other available geophysical logs such as

neutron, natural gamma, and acoustic were reviewed to help confirm

patterns of lithologic or hydrologic characteristics inferred from the

logs and grain-size analyses. It is outside the scope of this thesis
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to present detailed geophysical interpretations of the observed patterns

from all the various logs. In general, good agreement was found be-

tween the distribution of particle sizes and the response of the various

geophysical logs. In zones of high percent fines, the electrical resis-

tivity was lower than in zones of coarser material. Gamma-gamma logs

indicated that the densities of the basin sediments generally increased

with depth as expected from increasing overburden thicknesses. The

neutron logs showed greater porosities in the finer units and the acous-

tic logs were helpful in showing zones of partial saturation near the

water-table surface. Representative geophysical logs and grain-size

analyses are presented in the appendix.

Interpretation

Throughout Avra Valley, the top 300-400 feet of basin-fill show

a very heterogeneous layering of sediments. Fine sediments, ;5 0.062

mm in diameter, with interbedded lenses of sand and gravel of irregular

thickness and lateral extent characterize this upper zone. The fine

sediments are reported to be primarily a buff- to tan-colored clay or

mudstone with varying amounts of fine sand. The coarser interbedded

sands and gravels are volcanic and granitic and are moderately well

sorted.

Underlying the top 300 to 400 feet, the pattern of particle size

distribution depends on location within the basin. In the northern part

of the valley, material with a high percentage of fines, as much as 95

percent, occurs in the underlying 900 to 1,000 feet of sediments, with

only minor lenses of coarser granitic and volcanic material. The fine
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material is reported to be buff to reddish-brown mudstones and clay-

stones containing small white nodules of gypsum. The gypsum content

generally increases with depth. The presence of gypsum suggests that

a playalike environment encompassing at least the northern part of Avra

Valley may have existed in the past. Lack of significant external

drainage from the area and the highly evaporative climatic conditions

similar to that existing at present could account for the observed thick

sequence of fine gypsiferous material in northern Avra Valley.

In the central and southern parts of the valley, this lower zone

is characterized by only a small amount, on the order of 10 to 15 per-

cent, of fine material, and there is no report of gypsiferous material in

any sequence. The lithology of this lower zone is predominantly vol-

canic gravels and quartz sands with varying amounts of fine material

reported as caliche. Cementation of the coarser material in this lower

zone is apparently highly variable, as evidenced by the range from

strong to no reaction when tested with 10 percent hydrochloric acid.

Sorting of the sediments is generally poor.

Caliper logs yield supporting evidence of the character of the

material and the contrast between the north and south parts of the val-

ley. Logs of wells in the northern part of the valley show large wash-

out intervals that frequently indicate the hole diameter may be as much

as double the drilled diameter of the well. The dominance of fine mate-

rial, particularly fine sand, in the entire sequence of sediments larger

than 0.625 mm, is noted on most lithologic logs in the northern part of

the valley. Wells drilled through such material are commonly reported

as having weakened borehole wall stability, which is apparent in caliper
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logs. This particular lithology is not reported in logs of wells in the

southern and central parts of the basin where caliper logs indicate

practically no washout intervals.

In summary, the basin sediments were found to be quite hetero-

geneous in the upper 300 to 400 feet, consisting of irregular thick-

nesses of coarse and fine material, with the fine material less than or

equal to 0.0625 mm being the dominant sediment size. Two distinct

lithologic patterns were noted below this upper zone. In the northern

part of the valley the lower zone is almost entirely fine-grained sedi-

ments. A playalike depositional pattern is suggested, with fine gypsif-

erous sediments dominating. In the central and southern parts of the

basin, coarse sediments greater than 0.0625 mm compose about 85

percent of the lower zone. The sediments range from loosely consoli-

dated to strongly cemented, with caliche coating some of the gravel-size

particles. A higher energy depositional environment is evident from the

sediment size distribution in the central and southern parts of the val-

ley. The distinct change in sediment size patterns from the northern

to the central and southern parts of the basin suggests that fluvial

deposition may have been dominant in the central and southern parts.

The area of the bedrock-high feature indicated in T. 14 S., R.

11 E. on the depth-to-bedrock contour map (fig. 3) may have been an

effective obstruction to a north-trending drainage system, resulting in

low-gradient surface drainage patterns toward the north that would

transport the fine sediments but deposit the medium- to coarse-grained

material. This would allow continuous drainage from the area to pre-

vent any significant secondary deposition of evaporative material.
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Caliche was reported in a few lithologic logs from the central and

southern parts of the valley, but no significant occurrence of evap-

orites was reported.



HYDROLOGY

Ground water is the only dependable source of water in Avra

Valley. A large volume of water is stored in the basin-fill sediments,

which are hydraulically connected and form a single aquifer. Historic

withdrawal and consumptive use of ground water have caused substan-

tial water-level declines in most of the basin, indicating that recharge

to the basin is small relative to the annual draft from the system.

General Hydrologic Setting 

Ground water flows from south toward north and northwest

through Avra Valley. Ground water enters and leaves the basin as

underflow from or to adjacent basins. Water may also enter the system

as areally distributed recharge, as mountain-front recharge, or as

infiltration of surface water along major areas. The hardrock moun-

tainous areas along the southern, western, and eastern extent of the

basin are essentially impermeable and constitute the lateral boundaries

of the ground-water system. The northern boundary of the basin,

near the town of Red Rock north of the Pima—Pinal county line, was
'

selected parallel to the direction of ground-water flow and no ground

water moves in or out of the basin at this boundary (Moosburner,

1972).

Ground water enters Avra Valley as subsurface underflow and

flows north-northeast at Three points, then the flow trends to the

north through the central part of the basin. Additional ground water

22



23

enters the basin at Rillito and represents discharge from the Tucson

basin. Flow in this area parallels the Santa Cruz River. All the

ground water then flows northwesterly through Avra Valley toward the

area of discharge from the basin between the Silverbell Mountains and

Picacho Peak. Available data indicate that the basin sediments are

hydraulically interconnected throughout the basin, at least to a depth

of about 700 feet, and form a single water-table aquifer (White and

others, 1966). More recent data indicate that the aquifer is a single

continuous system to a depth of at least 1,300 feet. Local areas of

perched water may be present in the pediment areas along the fronts of

the Roskruge, Silverbell, and Tucson Mountains where a thin layer of

alluvium overlies the bedrock.

History of Ground-water Development

The primary use of ground water in the area has historically

been for irrigation of agricultural lands. In 1937, six irrigation wells

were drilled in the Marana area to augment irrigation water that was

being transported from the Tucson basin. This imported water was

used for irrigation of about 6,000 acres of land near Marana. In 1940,

these six Marana wells were estimated to pump about 12,000 acre-feet of

water (White and others, 1966).

By 1954, more than 100 irrigation wells were being pumped in

the northern and central parts of Avra Valley and provided about

90,000 acre-feet of water to about 30,000 acres of farmland (White and

others, 1966). In the southern part of the valley, near Three Points,
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less than 5,000 acre-feet of water per year has been used for irrigation

since the early 1950s.

In 1954, evidence was presented at a public hearing that indi-

cated that the large-scale pumping of the ground water for irrigation in

Avra Valley was sufficiently in excess of the natural rate of replenish-

ment to the ground-water reservoir to cause declines in the water level.

Concern over large-scale ground-water declines caused the entire Avra

Valley area to be declared a critical ground-water area under the

Arizona Revised Statues (45-313C and 45-314A) on October 15, 1954

(White and others (1966, p. 9). The intent of these statues was to

prohibit construction of new agricultural wells, except for replacement

purpose, in an attempt to stabilize the rate of water-level decline.

Since 1954, however, even though the amount of land under cultivation

remained essentially the same, the amount of ground water pumped

annually gradually increased from 90,000 acre-feet in 1954 to 145,000

acre-feet in 1961 (Babcock, 1977). This was due partly to the adoption

of double-cropping methods (White and others, 1966).

Other uses of water in the area in recent decades include in-

dustrial and municipal. Since the middle 1960s, about 2,600 acre-feet

of water per year have been pumped by American Smelting and Refining

Company for their mining operations in the Silverbell Mountains. In the

Early 1970s the City of Tucson began buying Avra Valley farmland and

retiring some of the land from further agricultural use. To date, the

City of Tucson has purchased and retired about 14,500 acres of

farmland. Also, during the early 1970s, the City of Tucson began

pumping and transporting an average of about 8,000 acre-feet of water
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per year from near Ryan Field into Tucson's municipal water supply

system.

Annual withdrawals of ground water from Avra Valley, estimated

from power consumption records, are illustrated in figure 5 for the

period 1940-78. After 1940 there was a gradual increase in ground-

water pumpage from about 12,000 acre-feet in 1940 to about 145,000

acre-feet in 1961. During the period 1961-75, ground-water pumpage

fluctuated from year to year, ranging from a low of about 95,000 acre-

feet in 1966 to a high of about 159,000 acre-feet in 1975. Federal

farm-subsidy programs were in force during some of the period, which

resulted in ground-water usage fluctuating in response to limits on

acreage planted. A significant decrease in ground-water withdrawals,

beginning in 1976 and continuing to the present, is due largely to the

retirement of some agricultural lands through purchase of the land by

the City of Tucson.

The total volume of ground water estimated to have been with-

drawn from the aquifer in Avra Valley from the beginning of develop-

ment through 1978 exceeds 3.6 million acre-feet (U.S. Geological Sur-

vey, 1981). This withdrawal has resulted in water-level declines

throughout the basin. The largest decline exceeds 140 feet in the

Marana area.

Steady-state Flow System

When a ground-water system is in a condition of steady state,

the water moving into the basin is approximately equal to the amount

leaving the basis; that is, there is no net change in the volume of
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water in storage. A 1940 water-level contour map (fig. 6) was con-

structed based on measurements of water levels prior to any significant

amount of ground-water development. The slope of the water table, as

indicated by the contours, conforms in shape to the general slope of

the land surface and the trend of the main surface drainage.

Depth to water in 1940 in the valley ranged from about 150 feet

at the inflow areas (Rillito and Three Points) and at the outflow area

and from 200 to 250 feet in the northern and central parts of the valley

south of the Santa Cruz River. Depth to water at this time was great-

er than 500 feet along the sloping bajada north of the Sierrita Moun-

tains.

Estimates of ground-water underflow at the inflow and outflow

areas of the valley were made to determine the possible flow through

the system under steady-state conditions. The estimates were made

using Darcy's equation, Q = KA dh/d1 (see Table 1 for definition of

terms). Available field information provided data on the hydraulic

gradient (dh/dl) of the water table and the depths to bedrock at the

inflow and outflow areas were used to estimate the A, cross-sectional

areas of flow. Estimated ground-water underflow at Three Points and

Rillito were 16,600 and 20,100 acre-feet per year, respectively. The

estimated discharge leaving the basin near the Silverbell Mountains was

34,700 acre-feet per year. These estimates are thought to be accurate

within a range of plus or minus about 50 percent, with the least relia-

bility being in the value of hydraulic conductivity. The difference

between the estimated underflow entering and leaving the basin is less

than 6 percent, well within the expected accuracy of estimates of the
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terms in Darcy's equation. Table 1 summarizes prior estimate of

ground-water underflow into and out of Avra Valley. Moosburger's

(1972) estimates are average values for the model period 1940-65.

Recharge

Ground-water recharge during steady-state conditions was pri-

marily from underflow into the aquifer at Three Points and Rillito.

Other possible sources of recharge include infiltration of precipitation

falling on the area and infiltration of streamflow along the mountain-

front area and along the major drainages in the area.

Climatic conditions allow for evapotranspiration (ET) ' of a large

percentage of the precipitation falling on the area. Thornthwaite (1948)

devised a method for computing potential ET based on the temperature

and latitude of a particular weather station. For Avra Valley, data for

three stations along the valley were averaged and used to compute

monthly rates of potential ET (White, Matlock, and Schwalen, 1966).

These rates are shown in figure 7 in comparison to the average monthly

precipitation in the valley. Precipitation is in excess of potential ET

only in January and December, and even than the total excess is less

than two-thirds inches--much less than the amount of potential ET in

excess of precipitation during the rest of the year. The amount of

precipitation available for recharge to the ground-water system or for

beneficial use by crops in Avra Valley is so small that it is assumed to

to represent negligible recharge to the ground-water system.

Infiltration of surface flow in the area is a potential source of

recharge. No reliable estimates of this quantity can be made, but it is
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Table 1. Comparison of estimates of ground-water underflow in Avra
Valley

Estimated Ground-water Underflow
in acre-feet per yeari

Source of Data Rillito Three Points
Silverbell
Mountains

Moosburner (1972) 2

Anderson (1972) 3

Turner (1959) 4

This thesis

13,000

17,500

20,100

9,000

14,700

16,600

22,000

34,700

lEstimates in Moosburner (1972) and Anderson (1972) are those re-
quired in model analysis. Estimates in Turner (1959) and this thesis
are calculated from Darcy's equation: Q = KA dh/dl, where Q =
discharge, K = hydraulic conductivity, A = cross-sectional area of flow,
and dh/d1 = hydraulic gradient.

2Average values for period 1940-65.

3 1940 underflow.

4 1958 underflow.



EXP LANA TION

Potential evapotranspiration

in excess of precipitation

Precipitation in excess of
potential evapotranspiration

Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.

Mean monthly precipitation for February through
November: mean monthly evapotranspiration
for January and December

Figure 7.--Precipitation and potential evapotranspiration, Avra Valley.
(From White, Matlock, and Schwallen, 1966)
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expected to be small. The only available information on volume of sur-

face flow •near the area is for the Santa Cruz River at Cortaro, at a

point about 5 miles upstream of where the Santa Cruz River enters

Avra Valley. The average annual flow at this point, based on 7 years

of records between 1939 and 1946, was 17,300 acre-feet (U.S. Geological

Survey, 1954). Most of this flow occurs during short-duration peak-

flow periods, and the amount of water reaching the water table in

response to such events is doubtlessly small.

The conclusion as to the source of recharge to the

ground-water system in Avra Valley is that it originates principally as

underflow from adjacent basins. Infiltration of surface flow is a

possible source, but the quantity is small. The flow in and out of the

system, as calculated using Darcy's equation and as determined in the

analog model study of the area, are in close agreement. This implies

that if some component of recharge originates within the system it is

either small enough to be within the range of error of the estimates or

is balanced by a discharge within the system.

Hydraulic Properties of the Aquifer

The potential degree of ground-water development in a basin

such as Avra Valley is, in part, a function of the hydraulic properties

of the aquifer material, namely transmissivity and specific yield.

Transmissivity of the basin sediments is a measure of the ability of the

aquifer material to transmit water. Specific yield is a measure of the

volume of water available to be withdrawn from storage within the

aquifer material.
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Transmissivity

Transmissivity is defined as the rate at which water of prevail-

ing kinematic viscosity is transmitted through a unit width of the

aquifer under a unit hydraulic gradient (Lohman, 1979). The units of

transmissivity are in ft 2 /day.

In Avra Valley, values of transmissivity, as determined from

aquifer tests, range from less than 1,000 to more than 44,000 ftz/day.

The zones of higher transmissivity are located along a narrow strip in

the south part of the valley northeast of Three Points and along a

broad section of the north part of the valley paralleling the "course of

the Santa Cruz River. This large area of high transmissivity along the

flood-plain region of the Santa Cruz River corresponds with the down-

stream continuation of the extremely permeable alluvium found along

parts of the Santa Cruz River in the Tucson basin as reported by

Davidson (1973) and is its continuation. Electrical analog model-derived

results reported in Anderson (1972) and Mooseburn.er (1972) for the

Tucson basin and Avra Valley, respectively, also indicate very high

transmissivity along the Santa Cruz River. Zones of lower transmissiv-

ity are located in the central part of the valley south of the Santa Cruz

River and north of the Sierrita Mountains (fig. 8). The area of low

transmissivity coincides with the area having a high percentage of fine-

grained material.

Figure 8 was developed using data from three sources and

represents the distribution of transmissivity in the top 300 to 500 feet

of saturated material; aquifer test data in the area were from wells

that penetrated only the top 600 to 700 feet of sediments. In parts of
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the valley, transmissivity values were estimated from aquifer tests per-

formed by the City of Tucson during the 1970s on selected municipal

and retired farm wells and from three transmissivity values reported in

White and others (1966) in the Three Points area. The transmissivity

distribution north of T. 12 S. is from Moosburner's (1972) pattern of

regional transmissivity used in the analog-model analysis. Moosburner's

general pattern of transmissivity in the central and southern parts of

the valley (Moosburner, 1972) compares reasonably well with available

aquifer test results, being only slightly higher than the City of Tucson

data; however, Moosburner's distribution represents an average for

the modeled period, 1940-60. The saturated thickness over a large part

of the area was greater than when the aquifer tests were conducted.

Ground-water withdrawals during the past 14 years have lowered the

water table in Avra Valley an average of about 40 feet. Moosburner's

transmis sivity distribution also reflects modification of transmis  sivity

values where necessary to enable the electrical analog model-derived

water-level data to match the field data (Moosburner, 1972).

The general transmissivity pattern matches well with the litho-

logic analysis of the basin-fill material. In general, the low transmis-

sivity zone corresponds to the area of extensive fine-grained material

and moderate to high transmissivities coincide with the areas of minimal

fine-grained material. The high-transmissive zone coincides with the

coarse, well-sorted river gravels.
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Specific Yield

Specific yield is a measure of the water-yielding capacity of an

unconfined aquifer and is expressed quantitatively as the percentage of

the total volume of material occupied by the ultimate volume of water

released from or added to storage in a water-table aquifer per unit

horizontal area of aquifer and per unit decline or rise of the water

table (Walton, 1970, p. 34). Specific yield data do not exist for Avra

Valley and therefore were estimated on the basis of the ratio of the

volume of ground-water withdrawn to the volume of aquifer material de-

watered. This technique, although crude, is the only one available at

the present time. Aquifer tests are not adequate for determining spe-

cific yield because of the effects of delayed drainage, which violates the

basic assumption of instantaneous release of water from storage as asso-

ciated with aquifer-test theory.

A water-level decline map for the period 1940-65 (fig. 9) was

used to estimate the specific yield of the material dewatered by with-

drawal of 1.7 million acre-feet of ground water during this 25-year

period. This resulted in an estimated specific yield of about 0.12. In

a report by White and others (1966) a water-level decline map for the

period 1955-64 was used to estimate the dewatered volume. The pump-

age for that 10-year period was 1.2 million acre-feet. The specific

yield computed from these data was about 0.16 (White and others, 1966,

p. 36). Moosburner's (1972) electrical analog of Avra Valley used a

specific yield of 0.13 in calibrating the model for the period 1960-64.

The average specific yield from these estimates is about 0.14, which is

considered a reasonable value for an unconfined aquifer.
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EFFECTS OF GROUND-WATER DEVELOPMENT

From the late 1930s through 1978, an estimated 3.6 million acre-

feet of ground water were pumped in Avra Valley; over 97 percent of

the water was used for irrigation of agricultural lands. The effect of

these withdrawals was the removal of ground water from storage and

subsequent lowering of the water table. Additional effects include the

alteration of flow components into and out of the basin and an apparent

change in the recharge regime of the basin.

For the period 1940-64 an estimated 1.7 million acre-feet of

ground-water were withdrawn primarily for irrigation of agricultural

lands. These withdrawals were centered in the north and central parts

of the valley, coincident with the irrigated land and the areas with the

greatest density of irrigation wells. Ground-water withdrawals during

this 25-year period resulted in an average net decline in water levels

valleywide of about 70 feet (White and others, 1966).

Water-level measurements, used in constructing the 1940 steady-

state water-level map (fig. 6) and the 1965 water-level map (fig. 9),

were used to map the change in water levels during this time period

(fig. 9). These data show large water-level declines in the Marana

area and at the outflow boundary near the Silverbell Mountains. The

greatest amount of pumping had occurred near Marana. This pumping

created a large cone of depression that resulted in a lowering of water

levels by more than 100 feet in the area. The water-level decline in

the area near the outflow boundary was due, at least in part, to
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large-scale pumping outside of the study area northwest of the Silver-

bell Mountains. Northwest of Marana, water-levels had declined only

about 60 feet. Water-level declines in the central part of the valley,

southwest of Marana, were slightly less than those in surrounding

areas. Withdrawals in this area were moderate, relative to those in the

northern part of the valley. Data for the southern part of the valley

show moderate to small declines in the water-table resulting from smaller

ground-water withdrawals over the period. A small cone of depression

formed at Three Points due to localized pumping.

Ground-water withdrawals during 1940-64 did not significantly

change the ground-water underflow into and out of the valley during

the period. At Three Points the inflow was unchanged within limits of

measurement of the hydraulic gradient and the saturated thickness dur-

ing this 25-year period. At Rillito the hydraulic gradient remained

essentially unchanged; however, decline in water-levels at this inflow

section resulted in approximately a 10-percent reduction of the 1940

saturated thickness. At the outflow boundary near the Silverbell Moun-

tains the hydraulic gradient nearly doubled during 1940-64 from about

20 feet per mile in 1940 to about 35 feet per mile in 1965. The satu-

rated thickness was reduced during the period by about 40 percent

from a 1940 estimate of about 250 feet. As a result of these changes,

the discharge across this area was estimated to have increased only

about 5 percent. This increase was primarily due to the effects of

large ground-water withdrawals northwest of the outflow area.

During the period 1965-78, an estimated 1.9 million acre-feet of

water were pumped from Avra Valley. About 95 percent of this was for
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irrigation of agricultural lands; municipal and industrial withdrawals

account for about 3 and 2 percent, respectively, of the total. The

location of ground-water withdrawals during the period remained about

the same as during the 1940-64 period. Retirement of some agricultural

wells in the southern and central parts of the valley by the City of

Tucson and construction of about 25 municipal supply wells in the

southern part of the valley slightly changed the locations of ground-

water withdrawals in the latter part of the 1965-78 period. Ground-

water withdrawal over this 14-year period resulted in an average

decline in water levels of about 40 feet throughout the basin.

Water-level measurements used in constructing a 1965 and 1979

water-level map (figs. 9 and 10) were used in mapping the change in

water levels between 1965 and 1979 (fig. 11). Approximately 20 feet of

water-level decline were indicated at Rillito and Three Points and about

40 feet of decline occurred near the Silverbell Mountains. The greatest

declines range from about 60 to less than 80 feet along the west-central

part of the valley. Ground-water withdrawals during 1965-78 slightly

reduced ground-water underflow into the valley both at Rillito and

Three Points and slightly increased ground-water underflow leaving the

valley near the Silverbell Mountains. The inflow at Three Points has

been affected by about a 10-percent reduction in the effective saturated

thickness; the hydraulic gradient has been unchanged within measur-

able limits. Inflow at Rillito has been reduced about 5 percent from the

combined effects of about a 15-percent increase in the hydraulic gradi-

ent and about a 20-percent reduction in the saturated thickness. The

outflow from the valley has been increased by about 5 percent due to
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about a 30-percent increase in the hydraulic gradient and about a 25-

percent reduction in saturated thickness; these changes are due pri-

marily to the effects of large-scale pumping northwest of the outflow

area. The net effect of ground-water withdrawals during this 14-year

period has been a continued removal of ground water from storage, a

reduction of about 5 percent in ground water entering the basis, and

increase of about 5 percent in ground water leaving the basin.

During the entire period 1940-78, water levels declined by as

much as 140 feet in the northern and west-central parts of the valley

(fig. 10). These areas have been the most heavily pumped regions of

the valley.

For the entire period of development from 1940-78, flow into

and out of Avra Valley has been altered only slightly. The underflow

into the basin at Three Points may have been reduced by as much as 10

percent; underflow at Rillito has been reduced by nearly 15 percent.

The combined effect of development on inflow into Avra Valley is about

a 10-percent reduction. This is a result of development outside the

study area and a depletion of flow into the study area. Outflow from

Avra Valley has been increased by about 10 percent as a result of de-

velopment outside the study area to the northwest. These changes are

small in relation to the estimated annual flow through the basin.

The area of less decline in the central portion of Avra Valley

may be influenced in recent years by irrigation return flow reaching

the regional water table. Cascading water from approximately 20 to 30

feet above the water table has been observed entering several wells.

Water samples from this cascading zone were taken in three wells and
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field tested for nitrates by the City of Tucson and U.S. Geological

Survey personnel in the spring of 1979. The nitrate concentrations

reported were two to three times the concentration reported for the

regional ground-water system. Due to a lack of well construction

detail, any hypothesis as to the source of the nitrate would be specu-

lative at this time, but one possibility is from the movement of excess

applied irrigation water downward through the unsaturated zone and the

associated transport of surface-applied material.

A water-level decline map for the period 1965-78 was used to

estimate the volume of material dewatered in this later time period

resulting from a withdrawal of about 1.9 million acre-feet of ground

water. This resulted in an apparent specific yield of the dewatered

material of about 0.20, significantly higher than the value of 0.12

estimated from similar data for the period 1940-64. It is not reasonable

to expect such an increase in specific yield from the dewatering of

deeper material, which would typically be more consolidated and ce-

mented. One would expect the specific yield to decrease as depth

increases. One would also not expect the components of the volume

analysis to be significantly different in accuracy from one period to

another. This result could indicate an additional source of water other

than from aquifer storage. Recharge to the ground-water system form

irrigation return flow is the most reasonable explanation for the

difference in apparent specific yield with time.

The difference in the estimated values of specific yield based on

information over two time periods can serve as an indication of the pos-

sible magnitude of irrigation return flow. If the specific yield of 0.12
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as estimated from the 1940-64 data is assumed to be more representative

of the actual specific yield than is 0.20, the volume of dewatered

material would have to be in error by about 40 percent. This implies

that recharge from irrigation return flow may be as great as 40 percent

of the applied volume.



SUMMARY

The only source of water in Avra Valley is from the ground-

water reservoir. The primary use of ground water is for irrigation of

agricultural lands. The ground-water system is recharged primarily

from ground-water underflow entering the basin at Rillito and Three

Points. The basin encompasses a 520-square-mile area that receives

only about 10 inches of precipitation annually. Because of the arid

climate, most of the precipitation is evaporated or transpired by plants

and does not represent a significant source of water for agricultural or

other uses. The area is drained by numerous mountain-front washes

that empty into Brawley Wash, a tributary of the Santa Cruz River in

the northern part of the valley. All surface drainages are ephemeral

and flow only in response to rainfall events.

The top 1,300 feet of basin-fill sediments compose an upper

300- to 400-foot zone of permeable gravels and sands interbedded with

silt and clay. The composition of the lower 900 to 1,000 feet ranges

from a silty clay in the northern part of the valley to silty sands and

sandy gravels, which are loosely consolidated to strongly cemented in

the central and southern parts. The aquifer in Avra Valley is a

single, hydraulically interconnected, unconfined system.

The depth to water in Avra Valley in 1940 rangesb from about

150 feet below land surface at the inflow area of the basin near Rillito

at the east and near Three Points at the south to greater than 500 feet

below the land surface in the southern part of the basin north and east
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of the Sierrita Mountains. The hydraulic gradient of the water table

through the valley indicates movement toward the northeast in the

southern part, toward the north through the central part, and to the

northwest in the northern part of the valley. Total movement through

the basin was estimated to be in the range of 35,000 to about 37,000

acre-feet per year.

Transmissivity values range from about 1,000 to 44,000 ft 2 /day.

Most wells yield water at rates of 500 gpm or more; some wells yield as

much as 3,500 gpm.

About 3.6 million acre-feet of ground water were withdrawn

from the ground-water system during the period 1940-78, resulting in

water-level declines of greater than 140 feet in some places. Ground-

water withdrawals greatly increased after 1950 and have continued to

the present at an average rate of about 100,000 acre-feet per year.

As a result of ground-water development both in and outside

the basin, the reduction in ground-water underflow entering the valley

from 1940 to 1979 is estimated to have been about 10 percent, and the

ground-water underflow leaving the valley is estimated to have in-

creased by about 10 percent. These changes are due to ground-water

withdrawals in Avra Valley and in adjacent hydraulically connected

ground-water basins to the east and northwest. Significant recharge

may be moving downward through the unsaturated zone as a result of

the application of quantities of irrigation water in excess of plant

requirements. Although the data are not definitive, both water-quality

information and water budget data provide evidence to support this

hypothesis.



APPENDIX

PARTICLE-SIZE ANALYSIS AND GEOPHYSICAL LOGS
CITY OF TUCSON TEST WELLS
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