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FOREWORD

THE REGIONAL AQUIFER-SYSTEM ANALYSIS PROGRAM

The Regional Aquifer-System Analysis (RASA) Program was started in
1978 following a congressional mandate to develop quantitative appraisals of
the major ground-water systems of the United States. The RASA Program
represents a systematic effort to study a number of the Nation’s most
important aquifer systems, which in aggregate underlie much of the country
and which represent an important component of the Nation’s total water
supply. In general, the boundaries of these studies are identified by the
hydrologic extent of each system and accordingly transcend the political
subdivisions to which investigations have often arbitrarily been limited in the
past. The broad objective for each study is to assemble geologic, hydrologic,
and geochemical information, to analyze and develop an understanding of the
system, and to develop predictive capabilities that will contribute to the
effective management of the system. The use of computer simulation is an
important element of the RASA studies, both to develop an understanding of
the natural, undisturbed hydrologic system and the changes brought about in
it by human activities, and to provide a means of predicting the regional
effects of future pumping or other stresses.

The final interpretive results of the RASA Program are presented in a series
of U.S. Geological Survey Professional Papers that describe the geology,
hydrology, and geochemistry of each regional aquifer system. Each study
within the RASA Program is assigned a single Professional Paper number,
and where the volume of interpretive material warrants, separate topical
chapters that consider the principal elements of the investigation may be
published. The series of RASA interpretive reports begins with Professional
Paper 1400 and thereafter will continue in numerical sequence as the interpre-
tive products of subsequent studies become available.
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CONVERSION FACTORS AND VERTICAL DATUM

Multiply inch-pound units By To obtain metric units
inch (in.) 25.40 millimeter (mm)
foot (ft) 0.3048 meter (m)
square foot (ft%) 0.0929 square meter (m?)
foot squared per day (ft%/d) 0.0929 meter squared per day (m%d)
foot per mile (ft/mi) 0.1894 meter per kilometer (m/km)
acre 0.4047 square hectometer (hm?2)
mile (mi) 1.609 kilometer (km)
square mile (mi®) 2.590 square kilometer (km?2)
cubic mile (mi%) 4,168 cubic kilometer (km®)
foot per second (ft/s) 0.3048 meter per second (m/s)
cubic foot per second (ft3/s) 0.02832 cubic meter per second (m3/s)
acre-foot (acre-ft) 0.001233 cubic hectometer (hm?)
gallon per minute (gal/min) 0.06309 liter per second (L/s)

In this report, temperature in degrees Celsius (°C) can be converted to degrees Fahrenheit C°F) by

the following equation:

°F=18x(°C+32)

Sea Level: In this report, “sea level” refers to the National Geodetic Vertical Datum of 1929
(NGVD of 1929)—a geodetic datum derived from a general adjustment of the first-order level nets
of both the United States and Canada, formerly called “Sea Level Datum of 1929.”
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-~ SUMMARY OF THE SOUTHWEST ALLUVIAL BASINS,

REGIONAL AQUIFER-SYSTEM ANALYSIS, SOUTH-CENTRAL ARIZONA
AND PARTS OF ADJACENT STATES

By T.W. ANDERSON

ABSTRACT

In 1979, the U.S. Geological Survey began the Southwest Alluvial
Basins, Regional Aquifer-System Analysis study to evaluate the avail-
ability of water resources, functioning of the alluvial-aquifer systems,
aquifer properties, water-quality and geochemical characteristics,
and the interrelation of the individual ground-water basins in a
regional hydrologic system. Results of this study were published in

a series of renorte that described (1) the cechvdroloov of the alluvial
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basins, (2) the geochemistry of ground water, (3) the simulation of
ground-water systems in the alluvial basins, and (4) a summary of
the information presented in the other three reports (this report).

The 82,000-square-mile Southwest Alluvial Basins, Regional
Aquifer-System Analysis study area contains 72 basins. Each basin
was grouped into one of five broad categories on the basis of geohy-
drologic character of the aquifer material and total annual downvalley
flow through the basin. The interrelation of these factors and the
response of the systems to pumping stress are similar among basins
of a particular group. The groups are labeled southeast, central, west,
Colorado River, and highland.

Unconsolidated alluvial deposits form the principal aquifers of the
area. In contrast, the surrounding bedrock of the mountains can be
considered impermeable. The basins are filled with alluvial deposits
that range from a few thousand feet to more than 10,000 feet in
thickness. In almost all basins, the general vertical sequence of
sedimentary units includes, in ascending order, pre-Basin and Range
rocks, lower and upper basin fill, and stream alluvium. Each unit
has different physical, geologic, and hydrologic properties largely
because of differences in the depositional environment and source
area of the sedimentary material. In places, the aliuvial deposits
include a range of grain sizes from clay to gravel and can be uncon-
solidated to well consolidated within a basin. The alluvial deposits
are hydraulically interconnected and form a single aquifer system
within each basin.

The alluvial-basin aquifers serve principally as reservoirs for the
storage of water. An estimated 900 million acre-feet of recoverable
ground water was stored in the upper 1,200 feet of alluvial deposits
prior to development. Outflow from one basin as surface flow, ground-
water underflow, or a combination of both serves as inflow to the next
basin downgradient. The quantity of inflow entering and outflow
leaving the basins of the study area annually is estimated to have
been about 2.5 million acre-feet prior to development. The basins are

aligned in a dendritic pattern matching the surface-water drainage.
Large-scale development in one basin could affect inflow to downgra-
dient basins and outflow from upgradient basins.

The chemical quality of ground water generally is suitable for most
uses in much of the area. Dissolved-solids concentrations range from
about 300 to 1,000 milligrams per liter in most basins; locally, dis-

golved-solide concentrationg are from 1,000 to more than 10,000

solved-solids concentrations are from 1,000 to more than 10,000
milligrams per liter. Dissolution reactions and, in a few places, evapo-
transpiration are principal causes of dissolved-solids concentrations
in excess of about 1,000 milligrams per liter. In small parts of several
basins, trace elements are present in ground water in concentrations
that exceed standards for public supply and certain agricultural uses.

Use of water resources in the area has resulted in depletion of
surface flow in several basins and overdraft of ground water in most
developed basins. In places, water levels have declined more than 400
feet because of withdrawals in excess of natural recharge. Water-level
declines of 50 to 200 feet are common in developed basins. From the
time development began through 1980, an estimated 184 million acre-
feet of ground water has been withdrawn. Nearly 50 percent of this
historical pumpage represents net depletion of ground-water storage.
The other 50 percent of this pumpage was supplied by a reduction of
streamflow and evapotranspiration or increases in recharge as a
result of increased infiltration of streamflow and return of excess
irrigation water. The regional flow system was altered as a result of
development. In 1980, discharge exceeded recharge in most developed
basins. Ground-water flow rates and directions have been altered and
the flow direction has been reversed in parts of a few basins. The result
has been capture of part or ail of the former natural discharge. Near
Tucson, selected reaches of formerly perennial streams now flow only
in response to precipitation because of extensive ground-water devel-
opment and associated lowering of the water table. The change in the
basin flow system depends on the gechydrologic setting, which is one
factor incorporated into a system of basin categorization for this study.
The changes associated with water-resources development, therefore,
are predictable and are related to basin category.

Associated with the water-level declines and changes in basin
flow components are ancillary problems of decreasing aquifer pro-
ductivity with depth, variable water quality with depth, and
increased incidence of land subsidence and earth fissuring. Land
subsidence and the occurrence of earth fissures have been
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documented in highly developed parts of central Arizona and are
related to ground-water withdrawal and associated water-level de-
clines. Earth fissures have occurred since about 1927. A fissure
system near Eloy, Arizona, is more than 8 miles long and has had
vertical offset of about 3 feet.

Results of ground-water flow modeling indicate that the effect of
development on the ground-water systems of the individual basins
and the changes in magnitude of individual flow components gen-
erally are predictable for each group of basins. Sensitivity analyses
of ground-water flow models indicate that a relation exists between
basin category and sensitivity of the models to selected properties.

The nronerties are affected bv the deorece of develonment in the
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basin, the geologic setting within the basin, and the magnitude of
predevelopment downvalley flow. Information transfer among ba-
sins of a particular group proved to be applicable and facilitated
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Geochemical models also provided a means of verifying existing
conceptual models of ground-water flow systems and valuable in-
sight into the significance and magnitude of components of the
basin water budgets.

INTRODUCTION

Alluvial basins in south-central Arizona and parts
of adjacent States contain aquifers that store and yield
large quantities of ground water. In many basins, the
aquifers have been the principal source of water to

support economic development, which has been based
predominantly on agriculture. In 1979, the U.S. Geo-

lomcal Survev U QGQ) began a study of the southwest
alluvial basins, as part of its nationwide Regional
Aquifer-System Analysis (RASA) Program, to evaluate
the status of knowledge available to define the extent
and character of the aquifers, to document the effects
of development on the water resources, and to explore
similarities and differences among the many basin-

aquifer systems of the region.

DESCRIPTION OF THE STUDY AREA

The study area includes about 82,000 mi? in arid to
semiarid southern and central Arizona and parts of
California, Nevada, New Mexico, and Mexico (fig. 1).
The study area includes the surface-water drainage of
the Colorado River between Hoover Dam and the in-
Lel‘ﬂaﬂ.f)ndl D()uIl(ldI'y near luma 1ne oan Dernar(uno
and Douglas basins in southeastern Arizona and parts
of several basins in southwestern Arizona also are in-
cluded, although these basins drain to Mexico. Also
included are the Willcox basin in the southeastern part
of Arizona and Hualapai Valley in the northwestern
part (fig. 1), both of which have internal surface-water
drainages. The area contains 72 basins that are virtu-
ally independent hydrologic entities that share common
geologic and hydrologic characteristics. The boundaries
between basins correspond to surface-water drainage

divides, ground-water divides, areas of minimal inter-
basin connection, and, in a few instances, sociopolitical
boundaries.

The area is characterized by wide, gently sloping
plains whose continuity is broken by sharply rising
mountains. The plains are the surface of the alluvial
deposits that fill the basins. The alluvial deposits

thick, include grain sizes from clay to gravel, and can
be unconsolidated to well consolidated within a basin.
The alluvial deposits are hydraulically interconnected
and form a single aquifer system in each basin. The
sediments that fill a basin are considered an aquifer
system in accordance with the definition of Poland and
others (1972). The basin-fill sediments probably in-
clude several permeable beds separated by fine-
grained confining units. In general, all the saturated
sediments were hydraulically connected prior to devel-
opment. As a result of large-scale withdrawals, howev-
er, variable degrees of hydraulic separation between
permeable beds are indicated in some basins on the
basis of differences in hydraulic head. Large quantities
of ground water are stored in these aquifer systems.
The occurrence and movement of ground water are
influenced by the geology, physiography, and climate in
the individual basins, which differ widely throughout
the area.

SOUTHWEST ALLUVIAL BASINS,
REGIONAL AQUIFER-SYSTEM ANALYSIS

The primary purpose of the Southwest Alluvial Ba-
sins, Regional Aquifer-System Analysis (Swab/RASA)
study was to develop a better general understanding
of the extent and workings of the hydrologic systems
of alluvial basins in south-central Arizona and parts
of adjacent States (Anderson, 1980). Goals included
development of quantitative descriptions of the (1)
physical framework of the aquifers, (2) predevelop-
ment ground-water conditions, and (3) aquifer-system
responses to development as reiated to the controi-
iing geoiogic and hydrologic conditions. Numerical
and geuu’lei‘ﬂlcal models were the pi‘liiClpal tools used
in analyzing the geohydrologic systems; the models
also provide predictive capabilities to explore and
evaluate water-resources development options.

An initial hypothesis of the project was that certain
characteristics and relations are common to many ba-
sins or subsets of basins. The strategy was to look in
detail at selected basins that have an extensive data
base and that typify a subset of basins having similar
hydrologic characteristics. Information from basins in
which the geohydrologic systems are well documented
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was transferred to hydrologically similar basins for
which only sparse data are available and evaluated
using numerical or geochemical modeling. This ap-
proach served as an aid to describe and analyze the
geohydrologic systems of all basins. For the most part,
the study used existing data, which were accumulated
from various State, Federal, and local water-resources
agencies. Existing data were supplemented through the

collection of additional water- and rock-chemistry data

and through field application and testing of geophysi-
cal-exploration techniques. Lithofacies maps were com-
piled for many basins to evaluate geologic and lithologic
similarities.

The results of the Southwest Alluvial Basins, RASA
study are summarized in this report. Chapters B, C,
and D in Professional Paper 1406 describe detailed
results of the study. Chapter B (Anderson and others,
1992) discusses the geohydrology of the alluvial basins
and presents the general system of basin categoriza-
tion, estimates of predevelopment water-budget com-
ponents of each basin, and a history of ground-water
development and associated effects. Chapter C (Rob-
ertson, 1991) describes the water quality and geochem-
istry of the aquifer systems. Chapter D (Anderson and
Freethey, in press) discusses the numerical models de-
veloped and used to simulate ground-water flow in
selected specific basins and in generalized basins rep-
resenting average physical and hydrologic conditions
for several categories of basins.

In addition to the Professional Paper series, about
50 reports were produced as a result of this study.
All reports produced by the project staff, contractors,
and cooperators are listed in the selected references
of this report.

GEOHYDROLOGY

The Swab/RASA study area is characterized by a
series of alternating horst and graben features that
make up the mountain ranges and basins that typify
the Basin and Range physiographic province. The
mountain ranges consist of nearly straight segments
of consolidated rocks that are more or less parallel,
predominantly trending in a north to northwest di-
rection. The mountain ranges separate the area into
a series of sediment-filled basins, which are the sub-
ject of this study.

PHYSICAL SETTING

The study area includes extensive parts of the So-
noran Desert and Mexican Highlands sections of the

REGIONAL AQUIFER-SYSTEM ANALYSIS—SOUTHWEST ALLUVIAL BASINS, ARIZONA AND ADJACENT STATES

Basin and Range physiographic province as defined
by Fenneman (1931; see fig. 1, this report). The ba-
sins are structural depressions that were subsequent-
ly filled with alluvial material mostly eroded from
the surrounding mountains. Each basin is character-
ized by a gently sloping alluvial plain enclosed or
partly enclosed by mountain ranges. Basins of the
Sonoran Desert section generally are oval shaped
and consist of about 70 percent basin floor and 30
percent mountains. Basins of the Mexican Highlands
section tend to be longer and narrower than those of
the Sonoran Desert section and consist of about 50
percent basin floor and 50 percent mountains. Land-
surface altitude of the basin floors increases from
less than 500 ft above sea level in the southwest to
more than 4,000 ft in the northeast. Altitudes of the
mountains range from about 1,000 ft to more than
10,000 ft above sea level. Precipitation, which in-
creases in direct proportion to land-surface altitude,
ranges from about 3 in./yr near Yuma in the south-
west to more than 30 in./yr in the headwaters of the
Gila, Salt, and Verde Rivers in the northeast (fig. 1).
Average annual evaporation and length of growing
season increase from the northeast toward the south-
west as a function of the trend toward a hotter and
drier climate in the lower altitude, more arid parts of
the area.

As part of the process of evaluating basin similari-
ties and developing basin categories, many physical
and hydrologic characteristics of individual basins
were measured. For all 72 basins, such characteris-
tics as length, width, total area, area of alluvial ma-
terial, average land-surface slope of the alluvial
material, average annual precipitation on the basin,
average predevelopment slope of the water table, and
many others, were measured or calculated. Many de-
rivative characteristics were subsequently calculated,
such as length-width ratios and land-surface and
water-table slope ratios. These data were tested
using a statistical-analysis program to determine if
correlations existed between various properties. In
general, this process proved unsuccessful; it did not
result in significant positive findings and did not fa-
cilitate the categorization process. The only statisti-
cally significant correlation that resulted was
between average annual precipitation and altitude of
land surface.

GEOLOGIC SETTING

The mountains of the study area consist of igneous,
metamorphic, and sedimentary rocks that range in
age from Precambrian to Cenozoic (Dane and Bach-
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man, 1965; Wilson and others, 1969). The rocks are
chiefly granite, gneiss, schist, and volcanic types.
Sedimentary rocks make up a small percentage of
the mountains in the southeastern part of the study
area and near the north boundary. The igneous,
metamorphic, and sedimentary rocks that make up
the mountains also form the lateral and underlying
boundaries of the alluvial-basin aquifers.

only for domestic and stock supplies. A regional
ground-water flow system involving hydraulic inter-
connection through the bedrock does not exist in the
bedrock as it does in the Great Basin section of the
Basin and Range province in Nevada (Burbey and
Prudic, 1991).

Basin subsidence and sediment deposition occurred
at differing rates throughout the area. As a result,

The basins were formed during middle to late Mi-
ocene time Basin and Range structural disturbance.
The structural disturbance occurred between 15 and
10 m.y. (million years) ago in the western part of the

PR T st

area (bnanquuan and others, 1980) and between 12
and 10 m.y. ago in the eastern part (Scarborough and
Peirce, 1978). Movement along high-angle normal
faults downdropped basins in relation to the moun-
tain masses and resulted in a series of generally
north- to northwest-trending basins. Basin subsidence
was a gradual process that was accompanied by depo-
sition of locally derived sediment in internally drained
basins. This closed-drainage environment resulted in
the gradational pattern of coarse-grained sediment
near the mountains and fine-grained sediment near
the basin center exhibited in the basin-fill units. The
depositional centers of the basins typically contain
evaporite deposits, such as gypsum, anhydrite, and
halite, in addition to fine-grained sediment.

On the basis of two-dimensional gravity modeling
results (Oppenheimer and Sumner, 1980), the deep-
est basins are those in the central part of Arizona.
Depth to underlying bedrock may exceed 10,000 ft in
most of these basins, which are part of the “Gila
Low” defined by Peirce (1974) (fig. 1). This area is
characterized by the presence of massive evaporite
deposits in the basin fill and has been a center of
deposition since the time of the Basin and Range
structural disturbance. The area is still the focal
point of a large part of the Gila River drainage.
Major tributaries to the Gila River—the Santa Cruz,
Agua Fria, and Hassayampa Rivers and the Salt
River and its principal tributary, the Verde River
(fig. 1)—all join the Gila River near Phoenix in 1:ne

. Iy

Cenn’al parl: of the Ulla Low. The (.u'dl 1age apov
point includes 86 percent of the total Gila River

drainage and 60 percent of the entire study area.

GEOHYDROLOGIC UNITS

The bedrock that underlies the basins and consti-
tutes the mountains contains usable amounts of
ground water only where extensively fractured or
faulted. Such secondary permeability features may
provide limited amounts of water, generally sufficient

the thickness, areal extent, and grain size of the allu-
vial deposits are highly variable from basin to basin.
The alluvial deposn:s are made up of clay- to gravel-

sized material that may be unconsolidated to well
consolidated in a single basin. The ge‘ieral vertical
sequence of sedimentary units that overlie the bed-

rock consists of (1) pre-Basin and Range rocks, (2)
lower and upper basin fill, and (3) stream alluvium
(fig. 2). The units are distinguishable on the basis of
structural relation, degree of consolidation and defor-
mation, source area of clasts, geologic age, and
water-bearing characteristics, and they reflect differ-
ent conditions and intervals of deposition. Ground
water occurs in the interstitial voids of the alluvial
deposits, and the deposits are hydraulically intercon-
nected and form a single aquifer system in most ba-
sins. Although the geohydrologic setting of each basin
is unique, general spatlal patterns in the character,

e L A b
thickness, and extent of the units can be documented
within groups of basins. This was a major factor
upon which the basin categorization was based

(Anderson and others, 1992).

The pre-Basin and Range rocks consist of moder-
ately to well-consolidated continental sedimentary
deposits that range from clay to gravel and include
some volcanic rocks. The sediments were deposited
prior to the disturbance that formed the general
basin and range topography and are faulted and tilt-
ed similar to the underlying bedrock. The pre-Basin
and Range rocks generally are deeply buried in the
basins and are unconformably overlain by basin-fill
sediment. Although a few wells penetrate the pre-
Basin and Range rocks ne ar the basin edges, httle 1s

ly fractured however t
tities of water to wells.
Basin-fill sediments, which constitute the principal
aquifer system in most basins, were deposited in ba-
sins formed by the Basin and Range structural dis-
turbance. The lower part of the basin fill is
moderately to highly consolidated, has extensive
basin-center fine-grained material, and typically con-
tains evaporite deposits that range from disseminat-
ed gypsum to massive halite beds. Lower basin fill

=

e unit may yield large quan-



A6 REGIONAL AQUIFER-SYSTEM ANALYSIS—SOUTHWEST ALLUVIAL BASINS, ARIZONA AND ADJACEN

=

STATES

was deposited in topographically closed basins. | with the small quantity of flow occurring from basins
Upper basin fill was deposited during a transition pe- | of higher altitude to basins of lower altitude.

riod in which the basin drainage evolved from closed
to integrated. The upper basin fill is less consolidat-

ed, generally is thinner, and contains less fine- GEOPHYSICAL STUDIES
grained sediment than the lower basin fill. Both
lower and upper basin-fill units grade from coarse- Several geophysical methods were used to evaluate
~ grained sediment at the basin margins to fine- | subsurface geohydrologic conditions in basins in
grained sediment near the basin center. southern and central Arizona as a part of the

Stream alluvium consists of unconsolidated clay- to | Swab/RASA project (Tucci, 1989). Surface-geophysical
boulder-size material that was deposited contempora- | methods, including gravity, seismic, and resistivity,
neously with the establishment of the present surface- | were used to provide regional and local subsurface
drainage system. Where saturated, stream alluvium | information. Borehole methods were used to provide
is the most productive part of the aquifers. information on lateral and vertical variations of geo-

The alluvial-aquifer system in most basins serves | hydrologic conditions. The geophysical methods gen-
mainly as a reservoir for the storage of ground water. | erally were applied in areas where additional
The volume of water in storage is large compared | geologic data were available that could be used to
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OF HETEROGENEOUS OF FINE-GRAINED OF HETEROGENEOUS
COARSE-GRAINED SEDIMENT SEDIMENT COARSE-GRAINED SEDIMENT
A Al

4 N

POORLY TO WELL-DEFINED TRANSITION
FROM LOWER TO UPPER BASIN FILL
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Not to scale
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oo °© STREAM ALLUVIUM PRE-BASIN AND RANGE SEDIMENTARY
e
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BASIN FILL—Shows a facies change o e BEDROCK OF THE MOUNTAINS
from coarse grained to fine grained i

1

FIGURE 2.—Generalized section and description of principal hydrogeologic units in basins of the study area.

L NORMAL FAULT—Arrows show
relative vertical movement
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correlate with and to evaluate the results of the geo-
physical methods.

Four general geohydrologic features or targets were
identified for investigation using one or several geo-
physical methods. These targets were (1) basin struc-
ture, (2) basin stratigraphy, (3) hydrologic properties
of the aquifer, and (4) depth to the water table. Struc-
tural targets included depth to the bedrock surface

and shape, it cannot provide information on detailed
subsurface stratigraphy.

Seismic refraction was used northwest of Tucson to
locate the water table and to detect velocity variations
in the sediment that may correspond to different
basin-fill lithologic units. Bedrock was readily distin-
guished, and a buried fault could be inferred. Although
expensive for large-scale regional investigations, this

that defines the boundaries of the main water-bearing
units and the location of buried faults in both bedrock
and sediments. Stratigraphic targets included the con-
tact between the upper and lower basin-fill units and
the location of extensive fine-grained deposits in the
basin fill. Porosity of basin-fill deposits, calculated
from density values, was the hydrologic property
sought from the borehole-gravity study.

Gravity data were used to develop a generalized
depth-to-bedrock map for most of the Swab/RASA
study area (Oppenheimer and Sumner, 1981). The
gravity method was a useful reconnaissance tool in
providing regional information because data collec-
tion is rapid and relatively inexpensive. Although
this method provides useful information on basin size

method can provide detailed subsurface information.

In Tucson basin and Avra Valley (fig. 1), electrical-
resistivity soundings were used to locate fine-grained
deposits, which are characterized by resistivities of
less than 10 ohm-meters (Tucci, 1984). Shallow bed-
rock also was readily detected, and faults were indi-
cated by displacement of the bedrock. The method
was not successful in locating the water table be-
cause of the heterogeneous nature of the basin fill.
The method generally is less expensive than the seis-
mic method and can provide detailed subsurface
information.

Borehole-gravity data were obtained in six wells in
four basins to determine the density of the basin fill.
Density values calculated from borehole-gravity data

DESCRIPTION OF PRINCIPAL HYDROGEOLOGIC UNITS

Unit Lithology Range in thickness, Range in hydraulic
in feet _properties
Stream alluvium Unconsolidated alluvial deposits along major streams and washes; 0 to more than Only locally saturated.

ranges from boulders and gravel to minor amounts of lacustrine 300
clay; typically consists of well-sorted sandy gravel with some silt.

300 Hydraulic conductivity,
30-1,000 feet per day.

Specific yield, 15-25
percent.

Upper basin fill Unconsolidated to moderately consolidated alluvial deposits. Less than 100 to  Hydraulic conductivity,
Grades from coarse- to fine-grained sediments toward the center 1,000 1-100 feet per day.
of most basins; includes basin-center facies with greater than 60 Specific yield, 3-25
percent fine-grained silt and clay; also includes lake deposits and percent.
basalt flows in a few basins.

Lower basin fill Weakly to highly consolidated gravel, sand, silt, and clay and in Hydraulic conductivity,
places contains interbedded to massive evaporites and volcanic 1-50 feet per day.
rocks. Storage coefficient,

10-5 to 10-1,
» Weakly to highly consolidated fanglomerate and alluvial 0 to 1,000

deposits found on the perimeter of most basins. In some
places grades rapidly into the fine-grained facies near major
basin faults; underlies the fine-grained facies in extensive

areas of many basins.

» Basin-center fine-grained facies, weakly to moderately

SIN-Cenier nne-graimea iacies,

Lo moaerately ) 2,

consolidated silt and clay, generally 55 to 80 percent fine-
grained sediments, contains few evaporite deposits.

P martar Bma_grain

aing mmodarstaly fonan
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and clay, greater than 80 percent fine-grained sediments;
gypsiferous in many places. Includes extensively
interbedded or massive evaporites and interbedded volcanics

in a few basins.

Pre-Basin and Range
sediments and

Moderately to highly consolidated fanglomerate and alluvial
deposits and interbedded volcanics that are structurally

Less than 1,000
to 15,000

Hydraulic conductivity,
1-13 feet per day.

volcanics disturbed. Range in composition from silt, clay, claystone, and Storage coefficient,
limestone to gravel and conglomerate and include interbedded 6x10-5 to 10-2.
volcanics in places.
Bedrock of the Igneous, metamorphic, and sedimentary rocks.
mountains

FIGURE 2.—Continued.



A

[¢¢]
o
q
2

et

Q
7
>
-
>
D
=~

=

g

e
o]

are not significantly influenced by casing, borehole
roughness, or drilling-induced formation damage.
Basin-fill densities ranged from 1.73 to 2.46 grams
per cubic centimeter (Tucci and others, 1983) and are
similar to those obtained by other investigators in
Arizona and Nevada (Healey, 1970; Eaton and others,
1972 Mattlck and others 1973) Basm—ﬁll den51ty

saturated basm fill calculated from the borehole—
gravity data range from 17 to 33 percent. Borehole-
gravity surveys are expensive but can be justified if
detailed basin-fill density data are needed.

An integrated approach incorporating several geo-
physical methods can provide valuable geohydrologic
information before an expensive and extensive pro-
gram of exploratory drilling is initiated in a basin.
Gravity data can be acquired to provide general in-
formation on basin shape and depth. Resistivity data
can be used to aid in determining location, areal ex-
tent, and thickness of fine-grained deposits, particu-
larly near the basin center. Seismic data can provide
additional stratigraphic and water-table information.
All three geophysical methods can provide structural
information near the basin margins. Programs are
readily available for computers and hand calculators
to aid in the interpretation of the geophysical data.

HYDROLOGIC PROPERTIES

Ground-water movement and storage are controlled
by the hydrologic properties of an aquifer or confin-
ing unit. The hydrologic properties are, in turn, relat-
ed to the textural -characteristics, particularly
average grain size of the material. The alluvial sedi-
ments that fill the basins generally can be grouped
into three facies based on their textural character—
(1) the coarse-grained facies, (2) the fine-grained fa-
cies, and (3) the intermediate facies. The vertical
transition from one facies to another is distinct in
some places and difficult to discern in other places.
Laterally, the transition may be distinct and occur
abruptly or may be a gradational change from coarse
to fine over a distance of many miles. The coarse-
grained facies corresponds to stream alluvium (fig. 2),
which is associated with the major surface drainages.
Stream alluvium typically consists of well-sorted
sand and gravel but also includes material ranging
in size from silt to boulders. The fine-grained facies
occurs in the lower and upper basin-fill units and
consists of 55 percent or more of material less than
0.0625 millimeters in diameter. The intermediate fa-
cies also includes sediments of the lower and upper
basin-fill units and is the part of the alluvial deposits

not included in the fine- or coarse-grained facies. The
intermediate facies consists of a heterogeneous, poor-
ly sorted mixture of gravel, sand, silt, and clay. These
three major alluvial facies of significantly different
physical characteristics represent a first approxima-
tion of the hydrologic properties of the aquifers that
control the ground-water flow system within each

Because of its coarse-grained nature, stream alluvi-
um can transmit and store large quantities of water.
Hydraulic conductivity commonly ranges from about
30 to as much as 1,000 ft/d (fig. 3), and specific yield
ranges from 15 to 25 percent (fig. 4). The stream al-
luvium was only locally saturated but was a signifi-
cant factor in the predevelopment flow system.
Although significant dewatering of the unit has oc-
curred in response to development, it remains an
important part of the aquifer system through its
functional role of accepting and storing recharge from
intermittent surface runoff.

The fine-grained facies has a large porosity and
stores large quantities of water; however, wells fin-
ished in this facies have small yields because the hy-
draulic conductivity is small and water is not readily
released from storage. The hydraulic conductivity
typically is less than 10 ft/d on the basis of available
aquifer-test data (fig. 3); specific yield probably rang-
es from less than 1 to 10 percent (fig. 4). The fine-

FACIES AND RELATIVE
GRAIN SIZE

Stream alluvium—coarse

Alluvial deposits—intermediate

Alluvial deposits—fine i

0.1 1.0 10 100 1,000
HYDRAULIC CONDUCTIVITY, IN FEET PER DAY

FIGURE 3.—Approximate range in hydraulic conductivity for the
three alluvial facies differentiated by relative grain size.

FACIES AND RELATIVE
GRAIN SIZE

'basip.

Stream alluvium—coarse

Alluvial deposits—intermediate

Alluvial deposits—fine

SPECIFIC YIELD, IN PERCENT

FIGURE 4.—Approximate range in specific yield for the three alluvi-
al facies differentiated by relative grain size.
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grained facies in the lower and upper basin-fill units
greatly influences the general movement of ground
water. Because of the small vertical and horizontal
hydraulic conductivity, a small quantity of water
moves through the facies. The small rate at which
water moves into and out of the fine-grained sedi-
ment limits well production and recharge rates.
Perched-water zones have developed and overlie
parts of the fine-grained facies and interbedded lens-
es of fine-grained sediment. Where distinct lateral
changes in grain size occur from fine to coarse,
pumped wells that penetrate the coarse-grained ma-
terial may exhibit drawdown responses indicative of
nearby no-flow boundaries. The distribution of the
fine-grained facies influences ground-water quality;
areas underlain by thick fine-grained facies also are
prone to land subsidence, which accompanies drain-
age and inelastic compaction of the sediment.

Regional patterns of the occurrence of the basin-
center fine-grained facies were documented as part of
this study (Freethey and others, 1986). Three distinct
types of fine-grained facies are present. Two types
occur in the lower basin-fill unit and are (1) a silt
and clay facies that consists of 80- to 100-percent
fine-grained material, which includes gypsum, gypsif-
erous mudstone, and massive evaporite deposits, and
(2) a moderately fine-grained facies that consists of
55- to 80-percent silt and clay, which can include
evaporite deposits. The third type occurs in the upper
basin fill and consists of greater than 60-percent fine-
grained sediment in the basin centers; this type does
not contain evaporite deposits.

The alluvial facies of intermediate grain size is the
principal water-yielding facies of the basin-fill depos-
its. This facies includes a range from fine-grained to
coarse-grained material and is much more heteroge-
neous than the other two facies. The hydraulic con-
ductivity ranges from 1 to 300 ft/d (fig. 3), and
specific yield ranges from 5 to 25 percent (fig. 4).

The water-bearing character of the deposits in the
deep part of the alluvial basins is not known because
development of water supplies from great depths has
not occurred. Presumably, low porosity and perme-
ability would physically limit ground-water develop-
ment because of greater compaction and cementation
of sediment at depths of several thousand feet. Infor-
mation to define the water-bearing properties gener-
ally is not available for depths below about 2,000 ft.

CATEGORIZATION OF BASINS

The basins of the study area were categorized on
the basis of similarities in geologic, hydrologic, and

geochemical characteristics. Categorization was a
means of grouping all basins so that the study of a
selected few would provide information that could be
transferred to other basins of the group. Details of the
procedures used for the geohydrologic categorization
are presented by Anderson and others (1992) and for
the geochemical categorization by Robertson (1991).
The two principal factors used for categorization were
(1) the geohydrologic properties of the aquifer materi-
al and (2) the total annual downvalley flow through
the basin. These factors largely control the manner in
which the aquifer system responds to development.
The general response of an aquifer system can be pre-
dicted by recognizing similarities in the controlling
geohydrologic factors and the validity of information
transfer between basins of a particular category. On
the basis of the model results for several specific ba-
sins in each category, information transfer was deter-
mined to be a valid approach to analyzing system
responses, provided that no major differences in geol-
ogy or hydrology exist between the basin being ana-
lyzed and those basins from which the typical
characteristics of the category were defined.

The principal geologic property that controls the
occurrence and movement of ground water is the
grain size of the sediment that makes up the basin-
fill aquifer system. Fine-grained sediments have the
greatest control on the geohydrology because of their
small hydraulic conductivity. The most important hy-
drologic factor in comparing the basin-fill aquifer sys-
tems is the total annual downvalley flow, which
represents the total renewable water resources avail-
able on an annual basis prior to development. On the
basis of areal similarities in grain size and downval-
ley flow, the basins were grouped into five categories:
(1) southeast, (2) central, (3) west, (4) Colorado River,
and (5) highland (fig. 5). The response of a ground-
water system to the stresses of development will be
similar among the basins of a particular category.

The understanding of the functioning of the
ground-water system water—movement and direction
and the response of the system to stresses—in each
type of basin was aided by the development and ap-
plication of ground-water flow models. Two types of
ground-water flow models were developed and used;
these are (1) specific-basin models and (2) basin-
group models of generalized hydrologic systems that
represent average conditions for basins of a particu-
lar category. Models of specific basins of the south-
east, central, west, and Colorado River groups were
developed to simulate actual physical systems and
the documented system responses to historical devel-
opment. Because of the absence of data, no models
were developed of basins of the highland group. Each
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specific-basin model was based on available data and
geologic and hydrologic concepts developed from pre-
vious investigations. A total of 12 specific-basin mod-

els were developed and were history matched to a
predevelopment or an appropriate steady-state devel-
opment condition (fig. 6). Ten of the specific-basin
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FIGURE 6.—Basins for which ground-water flow and geochemical models were developed.



Al2

models were further evaluated using available tran-
sient or development data.

The basin-group models were developed using aver-
age values of physical and hydrologic properties for
groups of basins that have similar geohydrologic envi-
ronments. The models were used to evaluate the sig-
nificance of particular hydrologic properties or flow
components on modeling results and to systematically
explore sensitivity to variations in property values
used in the models. Two basin-group models were de-
veloped, one representing average conditions for the
southeast basin group and the other representing av-
erage conditions for the central and west basin groups.

All modeling was accomplished using the three-
dimensional finite-difference model described by
Trescott (1975) and Trescott and Larson (1976). A
quasi-three-dimensional approach was used in which
the aquifer system is simulated as several layers.
Each layer represented a vertical segment of the
basin-fill aquifer connected hydraulically by a leaky
confining layer, represented by a leakance coefficient,
to allow vertical flow between layers. Information
necessary for the models includes the areal extent
and thickness of the aquifer, water-bearing properties
of the aquifer such as horizontal and vertical hydrau-
lic conductivity, specific storage, ranges and locations
of ground-water recharge and discharge, and pump-
age. Results from the models consist of simulated hy-
draulic heads at specified locations, depths, and
times; a mass balance that represents the summation
of flow into and out of the simulated system; and
simulated change in storage.

The properties that are significant in development
of ground-water flow models are related to (1) hydro-
logic boundaries, (2) flow components, and (3) values
of hydrologic properties. Hydrologic boundaries repre-
sent the physical constraints on aquifer extent and
include water-level configuration, aquifer bottom, and
lateral boundaries. Flow components include re-
charge to and discharge from the aquifer and chang-
es in storage in the aquifer. Hydrologic properties
control the rate of movement and quantity of storage
in the aquifer. The model represents a much general-
ized system that uses average property values for
large segments of the aquifer. The high degree of
spatial variability that exists in the actual system
must be simplified for use in the model. Because of
the differences in geohydrologic setting and because
different properties may be more significant in each
group of basins, numerical models have various lev-
els of data requirements.

Basins of the southeast group for which ground-
water flow models were developed are upper San
Pedro, Benson, lower San Pedro, Willcox, and Douglas

REGIONAL AQUIFER-SYSTEM ANALYSIS-—-SOUTHWEST ALLUVIAL BASINS, ARIZONA AND ADJACENT STATES

basins (fig. 6). These basin aquifers were simulated as
two layers with an intervening leaky confining bed.
Properties of particular significance include specific
yield, interlayer leakance, the relation between evapo-
transpiration and depth to water, and pumpage quan-
tity and location.

Basins of the central group for which ground-water
flow models were developed are Tucson basin and
Avra Valley (fig. 6). Models of the west group of ba-
sins were developed for Waterman Wash basin, Har-
quahala Plain, and McMullen Valley (fig. 6). These
aquifer systems are best simulated using multiple
layers. Recharge and discharge mechanisms are more
important in the central group than in the west
group because of their much larger magnitude. Stor-
age depletion is common in both groups as a result of
development, although some capture of discharge oc-
curs in the central basins during the early phase of
development. Location and magnitude of pumpage
and values of specific yield are critical properties for
use in models of basins of these two groups. Reliabili-
ty of these data will determine the overall reliability
of the simulation.

Basins of the Colorado River group for which
ground-water flow models were developed are Parker
Valley and Mohave basin (fig. 6). Because the hydro-
logic system of these basins is dominated by flow in
the Colorado River, flow and aquifer-system proper-
ties related to shallow water-table conditions are
most important. These properties include riverbed
leakance, relation between evapotranspiration and
depth to the water table, and return of excess applied
irrigation water. Realistic ground-water flow models
of these basins can be developed using a two-dimen-
sional approach. Because of insufficient data, specific-
basin models were not developed for the highland
group, although they are assumed to be scaled-down
versions of the Colorado River basins.

REGIONAL GROUND-WATER FLOW SYSTEM

The Southwest Alluvial Basins, RASA study area is
composed of a series of ground-water reservoirs that
are variably interconnected in a dendritic pattern
closely parallel to that of the regional surface-water
drainage (fig. 7). The surface-drainage network con-
sists of the Colorado River; its principal tributary,
the Gila River; and streams tributary to either the
Colorado or Gila Rivers. Part of the area drains
southward into Mexico, and two basins have internal
surface drainage. Hualapai Valley in the northwest-
ern part of Arizona, for the most part, drains to Red
Lake Playa; the northernmost part of the valley
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drains directly to the Colorado River. Willcox basin in
the southeast corner of Arizona drains to Willcox Pla-
ya. The infrequent surface flow that reaches the
playa areas is discharged by evaporation. The
ground-water system of Hualapai Valley is through-
flowing and discharges into the Colorado River
(Laney, 1979). The ground-water flow system of
Willcox basin is internally drained, as is the surface-
water system. Prior to development, discharge oc-
curred as evaporation and transpiration at Willcox
Playa (Meinzer and Kelton, 1913).

The regional pattern of interbasin flow that existed
prior to development is iliustrated in figure 7. The
degree of interconnection between basins and the
quantity of flow from one basin into the next down-
gradient basin are highly diverse. Interbasin flow oc-
curs as surface-water flow, ground-water flow, or a
combination of surface-water and ground-water flow
(fig. 7, section A-A’). Section A-A’ extends from the
upper Hassayampa basin southward to the Gila
Bend basin. Three conditions, illustrated proceeding
in the downstream direction, include discharge by a
combination of surface-water and ground-water flow,
by ground-water flow only, and by almost entirely
surface flow. No general pattern, such as increased
flow in the downstream direction from one basin to
the next downgradient basin, was found. The major
controls on the geohydrology of individual basins and
groups of basins include the physiographic factors of
altitude and climate and the geologic factors of struc-
ture and lithology of basin sediments. These factors
influence the quantity of flow that occurs between ba-
sins and the mechanism(s) by which it occurs.

OCCURRENCE AND MOVEMENT OF GROUND WATER

Ground water generally occurs under unconfined con-
ditions in the alluvial aquifers. Ground water is con-
fined in some parts of several basins where extensive
fine-grained deposits overlie the principal water-bear-
ing unit. Locally confined conditions are exhibited
where coarse- and fine-grained sediments interfinger.
The extent of the areas exhibiting confined conditions
depends on the lateral extent and continuity of the
fine-grained confining bed. Significant variations in hy-
draulic head with depth indicate upward vertical gra-
dients in some locations and downward vertical
gradients in other locations (Halpenny and others,
1952; Davidson, 1973).

Ground-water levels in the basin-fill deposits range
from above land surface along perennial streams to
more than 600 ft below land surface near the moun-
tain fronts in some basins. In nearly all basins, depth
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to the water table is shallowest near the location of
discharge from the basin, which can range from a
small area at the downstream end of the basin to es-
sentially a line sink along the major drainage
through the length of the basin. The slope of the
water table typically is less than the slope of the
land surface. This difference in slopes results in the
greatest depths to ground water along the mountain
fronts at the greatest distance from the major drain-
age in the basin. This depth generally occurs in the
area from midway to three-quarters of the distance
from the lower to the upper end of the basin, al-
though the exact setting is dependent on the individ-
ual basin characteristics.

Water-level contours indicate the general direction
of ground-water movement in a basin. The shape of
the water-level contours also indicates general areas
of inflow and outflow. In some basins, the water-level
contours are U- or V-shaped, and in other basins,
water-level contours are nearly straight lines perpen-
dicular to the basin axis. Basins in which contours
are U- or V-shaped and nearly parallel to the moun-
tain fronts receive significant quantities of mountain-
front recharge. Ground-water movement is from the
basin boundary toward the basin axis, and signifi-
cant discharge generally occurs along the line sink,
which is the major surface drainage of the basin. Ba-
sins in which contours are relatively straight and
nearly perpendicular to the mountain fronts receive
little mountain-front recharge. Generally, data are
not available to document the exact shape of water-
level contours at the mountain fronts in these basins.
Recharge in these areas is small and sporadic. The
general shape of water-level contours in these basins
may lead to the conclusion that ground-water flow
may be through the entire basin from the upstream
to the downstream ends with only small contribu-
tions from the lateral mountain-front areas. Results
of model analyses are insensitive to the magnitude
and spatial distribution of recharge used in basin
simulations where recharge is small. The rate of
ground-water movement in the alluvial deposits de-
pends on the physical and hydrologic characteristics
of the material and on the hydraulic gradient.
Ground-water movement generally ranges from a few
feet to a few hundred feet per year on the basis of
information on hydraulic gradient, porosity, hydraulic
conductivity, and transmissivity.

PREDEVELOPMENT FLOW SYSTEM

Prior to development of the ground-water and sur-
face-water resources, the regional ground-water flow
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system and the individual basin systems were assumed
to be in equilibrium—Ilong-term recharge was equal to
long-term discharge and no change in storage occurred.
The basis for the assumption that equilibrium condi-
tions existed lies in the absence of major humanmade
impacts on the ground-water systems. Natural varia-
tions probably were occurring as long-term trends or
cyclic variations over decades and centuries. These nat-
ural variations were assumed to be small compared
with the impacts of humans beginning in the early part
of the 20th century.

A conceptual model of the predevelopment hydrologic
system of the entire area was developed as part of this
study (Freethey and Anderson, 1986). The quantities
of recharge and discharge and the volume of water in
storage were estimated from field data, numerical
modeling, and information transfer. The transfer of
information was based on known similarities in phys-
iographic setting and in lithology of the basin-fill sed-
iments between adjacent or nearby basins.

Ground-water inflow to the basin-fill aquifers occurs
primarily through three mechanisms: (1) infiltration of
runoff along the major streams, (2) infiltration along
the mountain fronts, and (3) underflow from adjacent
basins (fig. 8). The total average annual inflow to all
the basins of the study area for predevelopment condi-
tions is estimated to have been 2.5 million acre-ft. In
general, water enters an aquifer at the upstream end
of a basin and along the mountain fronts, flows toward
the basin center, and exits at the downstream end. The
specific flow characteristics in a basin or for a group of
basins are dependent on the hydrologic properties of
the aquifer material and on the total annual flow
through the aquifer.

The estimated quantities of inflow to the study
area before development are summarized in table 1.

UNDERFLOW IN |

INFLOW

TABLE 1.—Estimates of water budget before development, in acre-
feet per year!

Inflow:
Underflow from outside the study area----- 13,000
Mountain-front recharge 800,000
Streamflow infiltration 1,700,000
Total 2,500,000
Outflow:
Underflow leaving the study area ------------ 130,000
Discharge to streamflow 300,000
Evapotranspiration 2,100,000
Total 2,500,000

LAll values are rounded to two significant figures.

Streamflow infiltration was about 68 percent of the
total inflow. More than 80 percent of the streamflow
infiltration occurred along the Colorado River; most
of the remainder occurred in the central and west ba-
sins along the Salt and Gila Rivers. Net recharge
from streamflow infiltration was small in the south-
east and highland basins because of shallow depths
to water and the general presence of perennial flow
in the major streams.

The quantity of mountain-front recharge that occurs
in a basin is approximately proportional to the amount
of precipitation that falls on the entire basin. Mountain-
front recharge was a principal inflow component in the
basins in the southeast and highland groups and ac-
counted for an estimated 25 and 55 percent, respective-
ly, of the area-wide total. Recharge along the mountain

Jii nu\{m v/

~"EVAPO-
" TRANSPI-

STREAMFLOW
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FICURE 8.—Typical predevelopment inflow and outflow components in the alluvial basins.
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fronts was not significant in the Colorado River and
west basins and was of minor significance in the central
basins. Of the basins in these three groups, mountain-
front recharge is largest in the Tucson basin, which is
contiguous with the southeast group. Tucson basin ex-
hibits some characteristics of the basins of the south-
east group and some characteristics of the basins of the
central group and could be included in either group
depending on the particular factors that are being
considered.

Recharge along the mountain fronts is a component
of unknown magnitude in all basins but is important
in steady-state and transient models of the hydrologic
systems. A result of this study was the development of
a relation between precipitation and mountain-front
recharge. The average annual volume of mountain-
front recharge was assumed to be related to average
annual precipitation on the watershed. Average annu-
al precipitation was used because data to document
the quantity are readily available for entire basins.
This component is used in spite of the fact that other
precipitation characteristics, such as intensity, dura-
tion, magnitude, and temporal distribution, probably
have a greater control on the quantity of recharge that
occurs in any year. Other factors, including geology,
land-surface slope, and vegetative cover, also were not
considered but probably greatly influence the amount
and spatial distribution of recharge.

The quantity of water potentially available for re-
charge is approximately equal to the precipitation
minus evapotranspiration on the watershed. Part of
the precipitation accounts for changes in soil mois-
ture, which are assumed to be small over a long peri-
od. In addition, part of the precipitation leaves the
basin as surface runoff, at least during periods of
greater-than-average rainfall.

A regression equation was established between the
average mountain-front recharge (@) and the total
annual volume of precipitation on the watershed
when the precipitation (P) is in excess of 8 in./yr
(P>8). The equation was initially based on available
previous estimates of recharge in a few basins (Hal-
penny and others, 1952; Anderson, 1972; Freethey,
1982). By using this equation, the average annual
mountain-front recharge to each basin in the study
area was estimated. These estimates were then used
in the water budgets of the individual basins. Adjust-
ments were made to balance the water budgets of the
individual basins and the water budget of the entire
study area. After an iterative process of balancing
and modifying, the resulting mountain-front recharge
estimates were of similar magnitude and, with a few
exceptions, appeared reasonable for basins with simi-
lar physiography and hydrology. The final equation
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used to estimate the mountain-front recharge from
precipitation is

108 @ yech, = —1.40 + 0.98 log P, 1)

where
P = precipitation greater than 8 in./yr.

The equation represents a means of approximating
the total annual volume of mountain-front recharge
to an entire basin. The regression equation is cali-
brated on the basis of recharge values from numeri-
cal models developed during this study (Anderson
and Freethey, 1993), previous estimates of recharge
in a few basins, and water budgets for the individual
basins and the entire study area. No adjustments
were made for variations in geology, vegetation, and
other factors. Flow-model results indicate that simu-
lated water levels are only slightly different using a
uniform distribution of mountain-front recharge com-
pared with intermittently spaced recharge (Anderson
and Freethey, 1993).

Use of the average annual volume of precipitation
that is greater than 8 in./yr on the entire watershed
yielded better estimates of mountain-front recharge
than using the total volume of precipitation (fig. 94,
B). The correlation index (R) for the regression is
0.95 using precipitation rates greater than 8 in/yr
and is 0.85 using the total precipitation. The thresh-
old value below which little or no recharge may occur
was set arbitrarily at the precipitation level of 8
in/yr. Use of this threshold value effectively sub-
tracts an amount of precipitation that is lost to soil-
moisture deficits and evapotranspiration, especially
the localized storms of short duration.

If the water budget of a basin is small, values of
individual flow components also are small. Estimates
of various flow components can be influenced greatly by
the degree of uncertainties of the flow component. For
example, the 95-percent confidence interval of the re-
gression equation diverges rapidly when the mountain-
front recharge is less than 1,000 acre-ft/yr (fig. 9B).
This divergence is due to alack of data and a high degree
of uncertainty associated with a small water-budget
component and small precipitation values.

Mountain-front recharge is independent of ground-
water development in a basin. The only factor that
could affect the quantity of mountain-front recharge
is surficial alterations in the mountain areas that
would result in a change in runoff. Climatic cycles
affect the amount and timing of this recharge. The
regression equation does not include factors such as
geology, land slope, vegetation, and soil type that
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may need to be considered for any future refinement
of mountain-front recharge estimates.

Ground-water outflow from the aquifers occurs
through three basic mechanisms: (1) discharge to
springs and streams, (2) evaporation and transpira-
tion from the water-table zone, and (3) underflow to
adjacent basins (fig. 8). Outflow occurs at the down-
stream end of all basins; in a few basins, outflow also
occurs along a large part of the length of the major
stream that drains the basin as a combination of
streamflow and evapotranspiration. The dominant
mechanism through which outflow occurs depends on
the individual geohydrologic setting within a basin
and is greatly dependent on the physical setting at
the downstream end of the basin.

The dominant outflow mechanism prior to develop-
ment was evapotranspiration along stream channels
(table 1), which consisted of evaporation from open-
water and bare-soil surfaces and transpiration by
riparian vegetation. The quantity of evapotranspira-
tion was estimated on the basis of areal extent of
vegetation determined from aerial photographs taken
in 1935 and empirical values for average annual
evaporation and consumptive use for the various
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MOUNTAIN-FRONT RECHARGE, IN ACRE-FEET PER YEAR

A. TOTAL PRECIPITATION ON THE BASIN

types of vegetation. Discharge along the Colorado
River accounted for about 62 percent of the area-wide
evapotranspiration component.

Downvalley flow from one basin to the next can
occur as surface flow, as ground-water underflow, or
as a combination of surface-water and ground-water
flow. A surface-water component typically exists
where the cross-sectional area of the aquifer is too
small to transmit the total downvalley flow under the
prevailing hydraulic gradient. For this study, ground-
water underflow quantities were estimated with
Darcy’s law using the sparse information available on
cross-sectional areas of flow, hydraulic gradient, and
hydraulic conductivity of the alluvial material.

Discharge to streamflow in the highland basins ac-
counted for about 21 percent of the predevelopment area-
wide component (table 1), with minor amounts occurring
in the southeast basins (8 percent of the total) and west
basins (1 percent of the total). Average discharge to
streamflow was estimated on the basis of available
records, including those of continuous-record gaging
stations or periodic measurements of base discharge.

Ground-water underflow leaving the study area oc-
curred in seven areas on the northwest and south
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O  MOUNTAIN-FRONT RECHARGE VALUE USED
IN NUMERICAL MODEL OF BASIN—Shown
only in B
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IN REGIONAL WATER BUDGET

FIGURE 9.—Relation of estimated mountain-front recharge in a basin to total precipitation on the basin and total precipitation
greater than 8 inches.
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boundaries (Anderson and others, 1992, fig. 12). The
estimated outflow quantity at six of these areas
ranged from 500 to 3,800 acre-ft/yr, and the total rep-
resented less than 10 percent of the total underflow
out of the area. At Yuma, underflow into Mexico was
estimated to be more than 110,000 acre-ft/yr where
the alluvial basin is transected by the international
boundary.

An estimated 900 million acre-ft of recoverable
ground water was stored in the upper 1,200 ft of al-
luvial deposits prior to development (Freethey and
Anderson, 1986). The quantity of water stored in the
alluvial-basin aquifers was hundreds of times greater
than the quantity of water that flowed into and out
of the basin aquifers annually. The ratio of the aver-
age annual inflow to a basin to the estimated volume
of recoverable water stored in the upper 1,200 ft of
that basin ranges from about 1:5 to 1:14,000. The 1:5
ratio represents a basin with a small extent of basin-
fill deposits and therefore a small volume of water in
storage, with a proportionally large annual inflow.
The 1:14,000 ratio represents a basin in which annu-
al inflow is small and the volume of water in storage
is large. The typical range of the ratio for the major
developed basins is from about 1:200 to 1:2,000.

Information used to estimate the volume of ground
water in storage included the predevelopment water-
table map (Freethey and Anderson, 1986), the depth-
to-bedrock map (Oppenheimer and Sumner, 1980,
1981), and available information on the textural and
water-bearing character of the various units in the
aquifer systems (Evans and Haimson, 1982; Freethey
and others, 1986; unpublished data from files of the
U.S. Geological Survey). Specific-yield values as-
signed to the various units of the basin fill and
stream alluvium ranged from 4 to 18 percent. The
various parts of the aquifer system were summed,
and the volume-weighted average specific yield
ranged from 5 to 16 percent for entire basins. The
arithmetic average for all basins was 11 percent.

Brown (1976) estimated the volume of recoverable
ground water in storage for an equivalent area to be
1,300 million acre-ft. The 900 million acre-ft derived
in the Swab/RASA study is assumed to be more real-
istic because of the manner in which the geologic en-
vironment was discretized with variable specific-yield
values assigned to individual units or parts of units
on the basis of textural and water-bearing character.
All other values, including area and saturated thick-
ness, are assumed to be the same.

The quantities of recharge, discharge, and storage
were estimated on the basis of field data or, in part,
from previous studies. In general, for estimation of
predevelopment quantities, the earliest available
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data were used. However, measured ground-water
levels and calculated hydraulic gradients may have
been affected by development that had taken place
when those data were collected. The estimates are
representations of the likely order of magnitude of
these quantities, and inaccuracies in the estimates
must be considered. Although the confidence limits of
these numbers are not known, they are assumed to
be about +25 percent.

DEVELOPMENT FLOW SYSTEM

Development of water resources in the area began
in the late 1800’s, first by diversion of surface water
followed by pumping of ground water. Gradual chang-
es occurred in the regional flow system from first de-
velopment through 1980 and are continuing today.

Changes in inflow components have occurred
through the alteration of streamflow infiltration and
by the addition of recharge from reservoir and canal
seepage and from irrigated fields. No reliable esti-
mates of the gquantities or change in quantities for
these components have been made on a regional
basis. Additional volume within which to store infil-
trated streamflow has been provided in some basins
because of water-level declines, and thus streamflow
infiltration probably has increased locally. In other
areas, however, streamflow infiltration probably has
decreased because of upstream diversions and stor-
age of surface waters.

The other inflow components of the predevelop-
ment water budget are assumed to be unchanged.
Underflow into the study area was a minor quantity,
and any changes will not significantly affect the over-
all budget. Inflow occurs in an area remote from de-
velopment and therefore is assumed to have been
constant. Mountain-front recharge is proportional to
rainfall and, although probably highly variable from
year to year, is assumed to have not changed as a
result of development.

Additional inflow to the ground-water systems has
occurred in conjunction with the spatial redistribution
of surface water and ground water, mainly through the
use of these waters for irrigated agriculture. Recharge
originates from seepage from surface reservoirs and
canals and from infiltration of excess applied irrigation
water. The quantity of recharge that originates through
these sources is not well known and cannot be directly
measured. Quantities have been estimated through in-
direct means such as water-budget analyses and
ground-water flow models.

Increasing evidence is available to document the oc-
currence of recharge from percolation of part of the
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applied irrigation water in excess of plant require-
ments. Areas where ground water is perched above the
regional water table have been documented in at least
three basins (Graf, 1980; Small, 1983; Cuff and Ander-
son, 1987) and anomalously high ground-water levels
have been identified in another (Konieczki and En-
glish, 1979). Within the perched water zone, the aqui-
fer material is saturated and the perched zone is
separated from the regional ground-water system by
an intervening unsaturated zone. The perched water
zone may occur above the historical water level, indi-
cating a change associated with development. Water in
the perched zones typically is of poorer quality than
the applied water because it contains the concentrated
dissolved solids of the total volume of applied irriga-
tion water, additional salts leached from the soil, and
fertilizer and pesticide residue from surface applica-
tions (Schmidt, 1980). Model results also have provid-
ed evidence of recharge from excess applied irrigation
water, although other factors also may be involved.
Ten of twelve specific-basin flow models developed as
part of this study required an additional amount of
recharge in the agricultural areas to improve the
match between observed and simulated heads (Ander-
son, 1983). The most consistent cause-and-effect rela-
tion, although not the only possibility, was that part of
the applied irrigation water recharged to the regional
ground-water system.

Significant changes have occurred in the outflow
from most developed basins. Two major components
of natural outflow—evapotranspiration and discharge
to streamflow—were altered almost immediately in
response to pumping. The major change in discharge,
however, was the start of ground-water pumping in
most basins. During 1915-80, pumpage in the study
area totaled 184 million acre-ft (U.S. Geological Sur-
vey, 1982). The annual distribution of pumpage dur-

ing that period is shown in figure 10. The disposition
of the pumped water was predominantly consumptive
use through evapotranspiration by agricultural vege-
tation; a part of the applied irrigation also percolated
downward past the plant-root zone to become areal
recharge. On the basis of the volume of sediments
dewatered, approximately 50 percent of the total his-
torical pumpage in the area represents a net deple-
tion of ground-water storage (fig. 11). The other 50
percent was replaced through reduction of other dis-
charges, such as streamflow and evapotranspiration
in riparian zones, or increases in recharge, such as

NET GROUND-WATER DEPLETION:
ABOUT 50 PERCENT OF PUMPAGE

\ PUMPAGE,

/—\\ 1915-80:

184,000,000
ACRE-FEET

FIGURE 11.—Volume of water stored in the basin-fill
aquifers to a depth of 1,200 feet below land surface,
total volume pumped in 1915-80, and estimated net
ground-water depletion.
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increased streamflow infiltration and return of excess
irrigation water.

The regional flow system was altered as a result of
development. In 1980, discharge exceeded recharge
in most developed basins. Ground-water flow rates
and directions have been altered and the flow direc-
tion has been reversed in parts of a few basins. The
result has been capture of part or all of former dis-
charge components. The change in the basin flow sys-
tem depends on the geohydrologic setting, which is
one factor incorporated into the system of basin cate-
gorization for this study. The changes associated with
water-resources development, therefore, are predict-
able and are related to basin category.

GEOCHEMISTRY

Geochemical information was analyzed to evaluate
the ground-water quality for domestic and agricultur-
al uses and to provide an independent insight into
the hydrologic flow systems. The general chemical
characteristics of ground water were documented,
and geochemical models were developed to evaluate
the reactions and mass transfer responsible for the
evolution of ground-water chemistry. These models
also provided a means of estimating the chemical
character of ground water in undeveloped areas. The
results of the geochemistry research aspect of this
study are presented by Robertson (1991).

DISSOLVED SOLIDS AND OTHER CHARACTERISTICS

The dissolved-solids and trace-element contents of
ground water in most basins are at suitable levels for
most purposes. Water in a few basins, however, con-
tains excessive dissolved-solids and trace-element
concentrations and presents water-quality problems.
Dissolved-solids concentrations range from about 300
to 1,000 mg/L (milligrams per liter) throughout all or
most of many basins but are from 1,000 mg/L to
more than 10,000 mg/L in small parts of a few basins
(Kister, 1973; Daniel, 1981; Thompson and others,
1984). Chemical quality of ground water in the allu-
vial basins varies spatially and with depth and is
closely related to geology, mineralogy, structure, in-
ternal and external drainage patterns, and historical
development.

The areas of lowest dissolved-solids concentrations
in ground water generally are near the mountain
fronts, where recharge from surface runoff occurs.
Concentrations typically range from 300 to 500 mg/L.
Dissolved solids generally tend to increase in the
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downgradient direction as a result of dissolution of
minerals in the sedimentary deposits. Other chemical
reactions, such as ion exchange and precipitation,
also may occur and thus the dissolved-solids content
may vary widely. Dissolved-solids concentrations gen-
erally exceed 1,000 mg/L along part of the lower
reach of the Colorado River and along the Gila River
from near Safford to its mouth near Yuma; in a few
places along the lower Gila River, dissolved-solids
concentrations exceed 10,000 mg/L. (Daniel, 1981).
Dissolved solids in ground water are elevated in
these areas because of dissolution of soluble minerals
within the alluvium or, in a few places, concentration
by evapotranspiration (Robertson, 1986a).

Generally, dissolved solids in ground water greater
than 1,000 mg/L indicate that gypsum, anhydrite,
halite, and other soluble salts are present in the
basin-fill aquifers. In an 80-square-mile area that in-
cludes the Willcox Playa in southeastern Arizona,
ground water contains from 1,000 to as much as
43,000 mg/L of dissolved solids, a result of internal
surface-water drainage and ground-water discharge
unique to the playa. Other localized areas where
ground water contains more than 1,000 mg/L of dis-
solved solids are in the Benson, Douglas, Tucson,
Eloy, Stanfield, Safford, and Waterman Wash basins;
in Verde, McMullen, and east and west Salt River
Valleys; in Ranegras Plain; and along the Colorado
and lower Gila Rivers (Thompson and others, 1984;
Robertson, 1990). Most of these areas are of small
areal extent and probably reflect the dissolution of
disseminated evaporites from within the aquifer
material. Depth and producing interval are not
known for all the wells that were sampled, but well-
construction characteristics may influence dissolved-
solids concentrations measured in water samples.

Dissolved-solids concentrations in some basins in-
crease with depth in the upper 2,000 ft and in other
basins decrease with depth. No statistically signifi-
cant trend can be demonstrated for the entire study
area. In most basins, however, concentrations of mag-
nesium, bicarbonate, and silica decrease with depth,
while pH, temperature, and concentrations of most
trace elements increase with depth.

The temperature of ground water generally ranges
between 15°C and 30°C in recharge areas and in-
creases to as high as 45°C near discharge areas. The
pH values of ground water in recharge areas general-
ly are near neutral but increase in downgradient and
discharge areas to values as high as 9.5. Dissolved
oxygen is near saturation in ground water in re-
charge areas and typically decreases to 50 to 80 per-
cent of saturation near discharge areas (Robertson,
1991).
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GROUND-WATER CHEMISTRY TYPES

The chemistry of water in the basin-fill aquifers can
be characterized by type on the basis of the relative
concentrations of dissolved cations and anions. Gener-
al patterns exist in the distribution of water types. The
mineral composition of the rocks of the mountains and
the unsaturated zone and the rock-water reactions in-

water containing small concentrations of fluoride is
beneficial in the prevention of tooth decay, but large
concentrations can result in mottling of teeth. Concen-
trations of fluoride greater than 6 mg/L are closely
related to the occurrence of rhyolitic and andesitic vol-
canic rocks, which appear to serve as a major source
of fluoride. Where granite and gneiss are the domi-
nant rock types, fluoride concentrations generally are

fluence the chemical type of ground water.

Calcium bicarbonate or calcium sodium bicar-
bonate type ground water is prevalent near the
mountain-front recharge areas of most basin groups.
The ground water evolves to a sodium mixed-anion
type near the center or near the outlet of some basins
or, as dissolved solids increase, to a sodium chloride
or sodium calcium chloride sulfate type. Water that
contains dissolved-solids concentrations of 500 mg/L
or less is a sodium mixed-anion type. Ground water is
a sodium chloride type in the Willcox Playa and in the
east and west parts of the Salt River Valley. In areas
where dissolved-solids concentrations exceed about
1,000 mg/L, such as along the Gila River and the
Colorado River, ground water is predominantly a so-
dium chloride or sodium calcium sulfate type. Ground
water in the alluvial aquifers of the basins in the
highland group is mainly a calcium bicarbonate or
calcium magnesium bicarbonate type, particularly
along the many streams. A caicium sodium bicarbon-
ate or sodium calcium bicarbonate type water also
occurs in parts of the southeast basins where re-
charge occurs along the valley floors.

TRACE ELEMENTS

In several basins, ground water contains concentra-
tions of trace elements that exceed standards for
public supply and certain agricultural uses. Fluoride,
barium, chromium, arsenic, nitrate, mercury, lead,
and boron are known to present environmental prob-
lems in some areas where concentrations exceed the
maximum contaminant level (MCL) established by
the U.S. Environmental Protection Agency (1977) for
drinking water. The sources of these trace elements
are the basin-fill sediments, which were derived from
igneous, metamorphic, and sedimentary rocks of the
surrounding mountains. In general, trace elements
occur in concentrations below the detection level in
the zones of mountain-front recharge, where a large
percentage of the ground water enters the aquifer
system. Concentrations tend to increase in the down-
gradient direction.

In many basins, ground water contains fluoride con-
centrations that exceed the MCL. The ingestion of

less than 1 mg/L but in places may exceed 3 mg/L.
Fluoride concentrations exceed 2 mg/L in small
parts of many basins and exceed 5 mg/L in parts of
the confined basin-fill aquifers of the Benson, lower
San Pedro, and Safford basins and San Simon Valley.
Concentrations also exceed 5 mg/L in large parts of
Ranegras Plain; lower Hassayampa, Waterman
Wash, and Gila Bend basins; and the Sentinel Plain
area west of the Gila Bend basin. The largest fluo-
ride concentration, which was in excess of 200 mg/L,
is in the Willcox Playa and is a result of evaporative
concentration (Robertson and Garrett, 1986).

GEOCHEMICAL MODELS

Geochemical models can be used to simulate chem-
ical reactions that occur between water and rock ma-
terial of the aquifer as the water moves along a flow
path through the hydrologic system. The purpose of
geochemical modeling is to quantify the natural
geochemical processes that control the chemistry of
ground water. Data used in the modeling include the
chemical composition of water in the recharge area,
mineralogy of the rock matrix that makes up the
aquifer, and chemical composition of ground water at
one or more points along a flow path or at a point of
discharge from the basin. These models provide infor-
mation to evaluate reactions occurring in the system
and an independent means of analyzing the hydro-
logic flow system. Geochemical models were devel-
oped for six basins (fig. 6). The model results were
used to verify an existing conceptual model of the
flow system and provided valuabie insight into the
relative significance and magnitude of various flow
components. Robertson (1991) grouped t
the study area into two types—open systems and
closed systems—on the basis of the chemical evolu-
tion as derived from geochemical-model results.

Open systems are those in which additional water
and gases may be added to ground water along the flow
path within a basin. These conditions prevail where
precipitation is greatest, where shallow ground water
occurs, and where no extensive fine-grained unit over-
lies the principal basin-fill aquifer. These conditions
occur in the highland basin group, in the water-table
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aquifers of the southeast basin group, and in parts of
the central basin group. Specific basins of this type
include Willcox, Douglas, upper San Pedro, and Tucson
basins and Avra and Altar Valleys. Open systems occur
in the shallow aquifers that include stream alluvium
along the Gila, Salt, and San Pedro Rivers and San
Simon Creek and in the Big and Little Chino Valleys,
A . . i . .

of the highland basin group. Because of the contributory
effects of additional water and gases along the general
flow path, geochemical modeling and predictability of
open systems are not as reliable as those of closed
systems unless large dissolved-solids concentrations
are present. Large dissolved-solids concentrations
occur mainly from dissolution of halite and gypsum,
and these reactions can be predicted.

Closed systems are those that do not receive addi-
tional recharge or gases along the flow path. Closed-
system conditions exist where depths to ground
water are great and recharge occurs only along the
mountain fronts. These conditions also exist in con-
fined-aquifer systems or where leaky confined condi-
tions occur in which hydraulic head increases with
increasing depth. This type of system occurs in the
west basin group, in most of the central basins, and
in the deep confined aquifers of lower San Pedro,
Benson, San Bernardino, and Safford basins and Lit-
tle Chino and San Simon Valleys. In closed systems,
the chemistry of ground water is determined by the
reactions of the initial recharge water with the min-
erals present in the aquifer matrix as the water
moves downgradient. In such a system, the concen-
trations of major dissolved ions and the occurrence of
some trace elements can be reliably predicted.

The results of geochemical modeling indicate that
the processes that control ground-water chemistry in-
clude weathering of plagioclase, potassium feldspar,
and ferromagnesian minerals; formation of montmo-
rillonite; precipitation of calcite and probably of sili-
ca; and, in some basins, ion exchange (Robertson,
1989a). On the basis of these reactions and the asso-
ciated mass transfer, information transfer was tested
and successfully applied in some basins and is a po-
tentially powerful tool for assessment of water quali-
ty and geochemistry in undeveloped basins.

WATER-RESOURCES DEVELOPMENT

HISTORY OF DEVELOPMENT

Archeological evidence indicates that development
of water resources in part of the area began as early
as 300 B.C. when the Hohokam Indian culture devel-

oped an agricultural-based society and diverted wa-
ters of the Salt and Gila Rivers through a network of
canals to irrigate the flat land adjacent to the rivers
(Haury, 1976; Lister and Lister, 1983). In the middle
to late 1800’s, as part of the westward migration,
early settlers used available surface waters to sup-
port agricultural development. Because of the sporad-
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resources were soon developed to supplement the
highly variable surface-water supply. By 1889, the
total irrigated acreage in Arizona was nearly 66,000
acres (Davis, 1897, p. 54).

The first wells in the area generally were shallow,
hand-dug wells of large diameter. In the late 1800’s
and early 1900’s, most wells were along the flood
plain of perennial streams. Because centrifugal
pumps were the type commonly available at that
time for lifting large quantities of water, pumping for
irrigation generally was in areas of shallow ground
water. In 1915, an estimated 123,000 acre-ft of
ground water was pumped from wells (U.S. Geologi-
cal Survey, 1982), mainly near Florence and Coolidge
in the Eloy basin and near Phoenix in the Salt River
Valley.

Development began at different times in various
basins. As early as 1920, development was mostly in
the east and west Salt River Valley, Eloy basin, and
Stanfield basin (fig. 1). In 1940, nearly 1 million
acre-ft of ground water was withdrawn in the east
and west Salt River Valley; another 0.5 million acre-
ft was withdrawn in Eloy, Stanfield, Tucson, and
Yuma basins. The remainder of the basins were un-
developed or slightly developed until after 1940.

Several factors greatly affected the use and devel-
opment of the ground-water resources. Development
of the deep-well turbine pump in the 1930’s increased
the accessibility of ground water. Availability of
cheap electric power aided in the growth of ground-
water use. Increased demands for agricultural prod-
ucts linked with technological advances resulted in
vast increases in pumpage during and after the
1930’s. During World War II, the most substantial in-
crease was in the acreage of cotton grown in support
of the war effort.

Since World War II, the basin-fill aquifer systems
have been increasingly stressed to support agricul-
tural activities. The estimated pumpage in 1942 was
about 1.7 million acre-ft (U.S. Geological Survey,
1982; fig. 10, this report) and was the beginning of
a period of rapid growth. By 1952, the estimated
pumpage had more than doubled to 3.8 million acre-
ft, and by 1962 pumpage was about 4.8 million acre-
ft. During 1950-80, average pumpage was estimated
to be 4.8 million acre-ft/yr, which is nearly twice the
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average annual recharge into the area. The volume
of pumpage in a basin in excess of recharge repre-
sents withdrawal from storage. Pumpage is estimat-
ed to range from about 2 to more than 200 times
greater than the recharge rate in individual basins.
Total irrigated acreage in the study area in 1980
was about 1.2 million acres; the major crop was cot-
ton, which accounted for about 50 percent of total ir-
rigated acreage. Other extensively grown crops were
grains and hay, which together accounted for 42 per-
cent of the irrigated acreage. In 1980, crop produc-
tion from irrigated agriculture accounted for about 7
percent of the area’s economic income (Valiey Nation-
al Bank, 1983). Agriculture accounted for 88 percent
of the area’s total water use in 1980 (White and
Anderson, 1985; Anderson and White, 1986).

EFFECTS OF DEVELOPMENT

The effects of development of water resources on
the hydrologic systems can be related to basin cate-
gory. The dominant effect, which has occurred in
nearly all basins, is decline of water levels and the
associated depletion of aquifer storage, although
water levels have risen in some basins along the Col-
orado River as a result of irrigation. This effect is
directly measurable through monitoring of water lev-
els. Other attendant effects include alteration of the
natural flow system, which potentially can result in
significant alterations of the natural environment;
changes in water quality; and the occurrence of land
subsidence and formation of earth fissures.

Large quantities of ground water are stored in the
interstices of alluvial sediments that fill the basins.
This water accumulated over thousands of years. De-
velopment has resulted in removal of part of that water
and, where pumping exceeds the natural rate of re-
charge, overdraft or mining of ground water has oc-
curred. Declining water levels and depletion of aquifer
storage are one effect of development and, for a unit
volume of water pumped from an aquifer, part or all
of that volume can represent a net removal from stor-
age. The aquifer response depends on the hydrologic
setting—primarily the potential for capturing addi-
tional recharge or diverting natural discharge. The
magnitude of water-level declines also depends on the
geologic setting—specifically, lithology and texture of
the basin-fill deposits. For a unit volume of pumpage,
water levels decline more near the center of pumpage
in a setting of fine to very fine grained sediment than
in a setting of coarse-grained sediment.

From the time development began through 1980, the
maximum water-level decline in the area was more

than 450 ft in Stanfield basin; during 1923-77, more
than 420 ft of decline occurred southeast of Chandler
in the east Salt River Valley (Laney and others, 1978).
Declines of more than 200 ft occurred by 1980 in Har-
quahala Plain, McMullen Valley, Willcox basin, San
Simon Valley, Eloy basin, and throughout large areas
of the east and west Salt River Valley (fig. 1). The
approximate extent and magnitude of water-level de-
clines in the study area from the time development
began through about 1980 are documented in figure 12
(Anderson and others, 1992, pl. 3).

The greatest alteration of a ground-water flow sys-
tem occurred in Stanfield basin in the central part of
the study area. Ground-water flow through the area
in 1923 was from the southeast toward the northwest
(fig. 13A). The gradient of the water table ranged
from about 5 to 20 ft/mi (Anderson, 1968). By 1977,
more than 450 ft of water-level decline had occurred
and ground-water flow was approximately radial to-
ward a cone of depression centered on the west side
of the basin (figz. 13B). The gradient of the water
table was as great as 100 ft/mi toward the center of
the cone of depression (Konieczki and English, 1979),
and the direction of flow in the northern part of the
basin changed from northwest in 1923 to south or
southwest by 1976-77.

Rates of water-level decline have ranged from less
than 1 ft/yr in areas of slight development to nearly
24 ft/yr as measured at one well in Stanfield basin in
the 1950’s (Anderson and others, 1992, fig. 26A). De-
cline rates generally have been less since the late
1960’s than they were during the 1950’s to mid-
1960’s. The most important factor is decreased pump-
age in areas of maximum decline. This decrease in
pumpage probably is related to increased cost of
power compounded by increased power requirements
per unit of water pumped because of water-level de-
clines. Increased capital investment needed for deep-
ening wells and installing equipment of greater lift
capacity also could be a related influence. Other fac-
tors are increased recharge from infiltration of excess
applied irrigation water and drainage of water from
fine-grained units as a result of inelastic compaction.
Inelastic compaction results in a permanent loss of
ground-water storage. Increased irrigation efficiency
and conversion to crops that require less water could
be locally significant but are not the cause of the gen-
eral, widespread trend of decreased rate of water-
level decline.

The volume of ground-water depletion in developed
basins has ranged from less than 1 percent to as
much as 15 percent of the estimated volume that was
in storage within 1,200 ft below land surface prior to
development. A small increase in ground-water
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storage has occurred in several basins along the Col-
orado River following several feet of water-level rise
under irrigated fields.

As ground water is withdrawn from storage and
water levels decline, additional system adjustments
also occur. Withdrawal and consumptive use in a
basin have resulted in capture of all or part of former
discharges and has increased recharge. Specifically,
evapotranspiration and underflow have decreased in
a number of basins. Recharge from infiltration along
major streams generally has increased, but the areas
where increases have occurred are only along those
streams where a significant part of the base flow has
been diverted, either by upstream withdrawal or by
ground-water pumping. In some instances, underflow
into a basin has been increased, although this de-
pends greatly on development in the upstream basin.
Once development begins, the trend is for outflow to
decrease because of partial capture by ground-water
pumping. The overall result can be a change in envi-
ronment, particularly in the riparian zone. A stream-
flow regimen change from perennial to intermittent
will result from upstream diversion and ground-
water pumping and is the most readily observed ef-
fect. This change has occurred throughout the reach
of the Salt River from Granite Reef Diversion Dam to
near the confluence of the Salt and Gila Rivers west
of Phoenix. Extensive reaches of the Gila River be-
tween Safford and Yuma have undergone major
changes in flow regime because of upstream diversion
and storage. Near Tucson, selected reaches of the
Santa Cruz River and Tanque Verde and Rillito
Creeks no longer contain perennial flow because of
extensive ground-water development and associated
lowering of the water table.

Riparian habitat has been severely altered as
ground-water levels are drawn down below the root
zone of the riparian vegetation. Extensive mesquite
bosques have died because of this change in the hy-
drologic system. Instances where this has occurred
are documented along the Gila River near Coolidge
in Eloy basin, west and southwest of Tucson along
the Santa Cruz River, and along the Salt River east
of Phoenix. Decreases in acreage of riparian vegeta-
tion and annual consumptive use from 1952 to 1967
were estimated to be 120,400 acres and 435,000 acre-
ft, respectively, as a result of ground-water develop-
ment (Arizona Water Commission, 1975, p. 107).

In some areas, effects of ground-water mining have
been lessened by the capture of additional recharge
or natural discharge. Opportunities for this capture
to occur generally were of minor significance or insig-
nificant in the west basins, and were moderately sig-
nificant in the central basins, especially after flows of
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the major rivers—the Gila, Salt, Verde, and Agua
Fria—were diverted or stored in upstream reservoirs.
Opportunities for significant capture existed in the
southeast and highland basins. Almost total capture
has occurred in Willcox and Douglas basins. In all
other basins of the southeast and highland groups,
natural discharge by evapotranspiration and stream-
flow continues, although reductions in these flow
components have occurred. The hydrology of the Col-
orado River basins is dominated by surface flow in
the river, which acts as a source or sink for water in
the basin-fill aquifers. Capture of discharge is affect-
ed by the rapid establishment of a new equilibrium
condition following an increase or decrease in
ground-water pumping—nearly all the change in the
flow system involves the quantity of ground-water
flow to or infiltration from the river.

Water-level declines reflect the change from saturat-
ed to unsaturated conditions in the aquifer material
and are accompanied by increases in the intergranular
loading in the sediment because of the removal of the
buoyant effect of the water. The result is slight elastic
compaction of the coarse-grained aquifer material and
greater inelastic compaction in the fine-grained sedi-
ment owing to reduction of the volume of pore space.
The degree of inelastic compaction is related to thick-
ness and inelastic compressibility of the fine-grained
sediment contained in the aquifer system. In basins
where the aquifer system includes thick sequences of
compressible fine-grained sediment, land subsidence
can occur in response to dewatering of the sediment or
decline of artesian head in the deeper, confined parts
of the system. Because the basins are surrounded and
underlain at variable depths by consolidated rocks and
the subsurface lithology is not uniform, vertical sub-
sidence does not occur uniformly over large areas. Ten-
sional stresses are created near the perimeter of areas
of large water-level decline and land subsidence (Laney
and others, 1978). The result is the occurrence of earth
fissures in these areas of greatest tensional stress.

Land subsidence and the occurrence of earth fis-
sures, which are related to ground-water withdrawal
and associated water-level declines, have been docu-
mented in highly developed parts of central Arizona
(Schumann and Poland, 1970). Near Eloy, subsidence
measured at one bench mark during 1952-77 was
12.5 ft (Laney and others, 1978). In Eloy and Stan-
field basins, more than 120 mi? are known to have
subsided at least 7 ft during 1952-77 (Laney and
others, 1978), and more than 1,000 miZ are known to
have subsided at least 3 ft (Poland, 1981). During
1937—74, more than 5 ft of subsidence was document-
ed at one bench mark about 8 mi northwest of
Willcox, and 4.6 ft of subsidence was measured dur-
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ing 1952-74 near Bowie in San Simon Valley (Holzer,
1980). Earth fissures have been mapped at various
times since they were noted in 1927 (Leonard, 1929),
and a recent study (Schumann and Genualdi, 1986)
documented earth fissures in southern Arizona. Fis-
sures start as narrow linear features and increase in
width and length as additional ground movement
and erosion occur. Vertical offset may occur across
the earth fissure. A fissure system near Eloy (fig. 14)
is more than 8 mi long and has had vertical offset of
about 3 ft (Winikka and Wold, 1977).

The principal effect of subsidence on basin hydrole-
gy is the permanent loss of aquifer storage. The vol-
ume of lost storage in the aquifer is equal to the
volume of land subsidence, which in the Eloy basin
alone is nearly 1 mi® or about 3.4 million acre-ft of
water. Generally, inelastic compaction of fine-grained
sediment continues for a long time following a reduc-
tion in pumping. On the basis of one-dimensional
compaction modeling, Epstein (1987) estimated that
the sediment near Eloy would continue to compact
for more than 300 years even if withdrawals ceased.
Expulsion of additional water that does not discharge
through gravity drainage accompanies compaction of

the fine-grained sediment. This water of compaction
contributes to the decreased rate of water-level de-
cline observed since the late 1960’s.

The geohydrologic environment in the alluvial ba-
sins is conducive to the occurrence of land subsidence.
Because of the common presence of extensive fine-
grained sediment in the center of most basins, ground-
water depletion and the attendant increase in applied
system stress will result in inelastic compaction of the
sediment after a threshold value of water-level decline
is exceeded. This threshold value varies as a function
of geologic environment but is typically on the order of
150-200 ft. Land subsidence is a problem in several
basins and is a potential problem in all basins where
ground-water withdrawals will result in water-level
declines greater than about 150 ft.

Development of techniques to simulate land subsid-
ence has been ongoing as a followup to the current
RASA study. A compaction simulation program has
been developed, tested, and documented as part of
that followup study (Leake and Prudic, 1988). Simula-
tion and model calibration were conducted using data
from the Eloy basin and have proved successful. The
ability to simulate and predict subsidence will become

FIGURE 14.—Earth-fissure system more than 8 miles long, near Eloy, Arizona.
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increasingly important as an adjunct to successful
management of ground water. Additional work is need-
ed to monitor actual land subsidence and earth fissur-
ing in the most extensively developed basins and to
collect detailed information on the basin lithology in
order that subsidence can be included as an integral
part of future simulation studies.

The physical effects of land subsidence and earth
fissuring are of economic importance in developed
basins. Changes in land-surface slope, especially
along the outer area of subsidence, have resulted in
damage to irrigation systems, sewer systems, pipe-
lines, streets, roads, interstate highways, and rail-
roads. A common problem caused by compaction is
the collapse of well casings. More extensive flooding
from surface runoff may result from changes in the
channel slope because of subsidence. In a few places,
effects of land subsidence and earth fissuring have
necessitated rerouting the Central Arizona Project
canal, which is used to import water from the Colo-
rado River to the central part of Arizona. Monitoring
and investigations of subsidence are essential to de-

velop methods of predicting the cccurrence and mag-

nitude of subsidence and earth fissures.

A general trend exists in most basins in which the
sediments are more consolidated and more strongly
cemented with increasing depth. The result generally
is decreased well yield with depth. Ground-water qual-
ity also is variable with depth in many basins and
reflects the variable composition of basin-fill sediment.
In areas where evaporites are present, dissolved solids
in ground water may increase severalfold in the down-
gradient direction and water type likely will change
from a calcium bicarbonate or sodium bicarbonate type
to a sodium chloride or sodium calcium sulfate chloride
type.

A major effect of development on water quality is
associated with the migration of chemicals from land
surface to the water table with accompanying adverse
effect on the quality of ground-water supplies. Chemical
contaminants have been detected in the unsaturated
zone, in perched water zones, and in the saturated zone.
The chemicals include a broad array of agricultural
fertilizers and pesticides, industrial solvents and trace
metals, and chemicals associated with municipal and
industrial waste. Both nonpoint and point sources have
contributed to ground-water contamination. The com-
mon means for chemicals to reach the water table has
been by leaching through the unsaturated zone follow-
ing surface application or shallow burial. Contamina-
tion has occurred by rapid movement of chemicals
through well boreholes and through preferential flow
paths such as animal burrows, plant-root holes, small
vertical cracks, or more permeable zones that occur
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naturally in the alluvial deposits. Earth fissures also
represent a means of solutes reaching the water table
with little or no attenuation.

The extent of degradation of the ground-water
quality attributable to the percolation of chemicals
from the land surface depends on the volume and
rate of flow through the unsaturated zone. Few data
are available to document the rate of flow. In unde-
veloped basins, moisture content in the thick unsat-
urated zones is small. Therefore, the thickness of
unsaturated material and the difference between
moisture content of the sediment prior to develop-
ment and at field capacity will determine the amount
of infiltration necessary and the time required before
recharge will occur at the regional water table.

Stream alluvium along the major surface drainages
in the area serves as efficient natural recharge areas.
The physical nature of the alluvial material has
aided certain adverse effects of development. The un-
consolidated, surficial materials are easily mined,
and the well-sorted sand and gravel fulfills a broad
range of construction-related uses. Sand- and gravel-
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of natural sediment transport in streams during
major runoff events. In addition, the large open pits
that result from gravel mining are attractive loca-
tions to bury municipal and industrial wastes. Lig-
uids readily move through the stream alluvium, and
contamination of ground water has occurred because
leachate has drained from these waste-disposal sites.
Chemicals in the landfills also may be dissolved and
flushed through the material by water that infiltrates
during flood events. Present and future activities in
these major recharge areas may have a significant ef-
fect on regional water quality.

CONSIDERATIONS FOR FUTURE DEVELOPMENT

The responses of the ground-water systems to devel-
opment have been documented and follow a systematic
pattern related to the gechydrologic characteristics of
the five basin categories defined previously. The general
relation between increased pumpage and changes in
the principal water-budget components for each basin
category is shown in figure 15.

The relation between magnitude of pumpage and
net volume of water withdrawn from storage is illus-
trated in figure 15A. An extreme condition occurs in
the west basins, where pumpage of almost any mag-
nitude will result in storage depletion; the relation is
virtually linear. The other extreme is represented by
the Colorado River basins. Only a small volume of
water can be withdrawn from aquifer storage as



A. VOLUME OF GROUND WATER
FROM STORAGE

pumpage increases from aquifers of this basin group
as long as surface water in the Colorado River is
available to infiltrate into the ground-water system
and replace the withdrawn water. When water is
pumped from a well, the gradient from the river to-
ward the well is increased and additional infiltration
of river water results. The typical response of the
other basin groups range between these two ex-
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FIGURE 15.—Generalized relation between increasing pumpage
and changes in water-budget components.

tremes, depending partly on the rate at which cap-
ture of other discharge and recharge components
occurs.

Evapotranspiration by native vegetation typically
decreases as nearby pumping increases and water
levels decline. The general system response for each
basin group is illustrated in figure 15B. A small
change occurs in basins of the Colorado River group,
and conversely all natural discharge by evapotranspi-
ration is captured soon after pumping is initiated in
the basins of the west group. Similarly, changes in
discharge to streamflow in response to pumping are
illustrated in figure 15C. The Colorado River group is
again representative of one extreme, indicating only
a small change in aquifer discharge to streams. Be-
cause no stream base flow generally occurred in the
west basins, except for what occurred in the lower
Gila River prior to development, no change can occur
in the typical west basin. In basins of the central
group, the small quantity of water that discharged to
streams was rapidly and totally captured following
the start of pumping. These two system responses—
decreases in natural evapotranspiration and dis-
charge to streamflow—are functionally related.
Ground-water development near the stream flood
plain eventually will result in capture of part or all
of these flow components, which will alter the natu-
ral riparian environment.

Development through 1980 depleted from less than
1 to about 15 percent of ground water in storage in
the alluvial-basin aquifers; a much larger volume re-
mains in storage. The degree and rate at which fur-
ther depletion occurs will be controlled by economics.
As in the past several decades, future growth proba-
bly will occur at the expense of agriculture.

Although the magnitude of the available ground-
water supply will not be reduced as contamination
occurs, the expense of treating contaminated waters
may serve that effect. Additional studies and moni-
toring are needed to determine the effects of areal
application of chemicals and burial of wastes. Alter-
natives to present disposal techniques need to be
found. Various conservation and public-education
campaigns presently are being pursued.

The Arizona Groundwater Management Act of
1980, which was enacted to reduce the long-term
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overdevelopment of ground-water resources, will sig-
nificantly affect future development. As a result of
this act, use of water for agriculture will be system-
atically reduced and financial constraints will be
used to encourage efficiency in water use. Manage-
ment alternatives will look at increasing the water
supply through various augmentation schemes and

and water-use pricing. The long-term goal in three
areas of greatest overdraft is to reach a

“gafe ‘nn]ﬂ”

condltlon, in which withdrawal is balanced by re-
charge, by the year 2025 (Arizona Groundwater Man-
agement Study Commission, 1980).

The inequality of supply and demand resulted in
ground-water mining from 1940 to 1980 and contin-
ues today (1993). In an attempt to bring the supply
side of the equation into better balance with the de-
mand side, water from the Colorado River has been
imported to the central part of Arizona since 1985.
Other methods of augmentation are being studied
and include increasing natural recharge, artificial re-
charge, watershed management, and cloud seeding.
At the same time, decreasing the demand side of the
equation is being pursued. Approaches being studied
include increased irrigation efficiency, including
growing crops that consume less water, and the use
of level-field and drip irrigation; conservation mea-
sures; and reuse of sewage effluent and other water
of impaired quality by industry and the public.
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ability of water. quality of water, and use of water.

Circulars present administrative information or important scien-
tific information of wide popu ar interest in a format designed for dis-
t
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Water Resource Investigations Reports are papers of an
interpretive nature made available to the public outside the formal
USGS publications series. Copies are reproduced on request tinlike
formal USGS publications. and they are also available for public
inspection at depositories indicated in USGS catalogs.

Open-File Reports include unpublished manuscript reports, maps.
and other material that are made available for public consultation at
depositories. They are a nonpermanent form of publication that may
be cited in other publications as seurces of information,

Maps

Geologic Quadrangle Maps are multiolor geologic maps on to-
pogiaphic bases in 7 Y- or 13-minate quadrangle formats {~cales mainiy
£:24.000 or 1:02.5001 showing bedrock. surfictal. or engineering geo!-

ogy. Maps generally melude breef texty; some maps include structure
and columnar sections onh

Geophysical Investigations Maps are on topugraphic
ric bases at various scales) they show results of
geophysicdl techmigues, sueh as gravin
u hich reflect subsurtice siructures i are of economic oF geo-
significance Muny maps inciude correlanons with the geviegs.

Misceflaneous Investigations Secies Maps are on planimetriv o
lopographic bases of reguin and irrepular droas at varions sclest they
present a wide variety of biect natter. The series abw
ncludes 7 'e-minute qu

hases that show ae \iﬁgm

or planie:-
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also includes maps of Mars ind the Moon
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tion for certain oil and gas fields and other areas having petroleum
potential.

Miscellaneous Field Studies Maps are multicolor or black-and-
white maps on topographic or planimetric bases on quadrangle or ir-
regular areas at various scales. Pre-1971 maps show bedrock geology
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nineral-deposit problems; post-1971
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maps are primarily black-and-white maps on various subjects, such as
environmental studies or wilderness mineral investigations.
Hydrologic Investigations Atlases are multicolor or black-and-
white maps on topographic or planimetric bases presenting a wide range
of gechydrologic data of both regular and irregular areas; principal
scale is 1:24.000, and regional studies are at 1:250,000 scale or smaller.

Catalogs

Pamanent catalogs, as well as some others, giving comprehensive
listings of U.S. Geological Survey publications are available under the
conditrons indicated below from the U.S. Geological Survey, Books
and Open-File Reports Sales. Federal Center, Box 25286, Denver, CO
80225 ¢Sce latest Price and Availability List.)

“Publications of the Geological Survey, 1879-1961" may b

v s1n

chased f‘\ maii and over the counter in p erback book

“Publicatmm of the Geological Survey, 1962-1970" may be pur-
chased by mail and over the counter in paperback book form and as a
set of microfiche.

*Publications of the Geological Survey, 1971-1981" may be pur-
chased by mail and over the counter in paperback book form (two
volumes, publications listing and index) and as a set of microfiche.

Supplements for 1982, 1983, 1984, 1985, 1986, and for subse-
quent vears since the last permanent catalog may be purchased by mail
and over the counter in paperback book form.

State catalogs, "List of U.S. Geological Survey Geologic and
Water-Supply Reports and Maps For (State).” may be purchased by
mail and over the counter in paperback booklet form only.

“Price and Availability List of U.S. Geological Survey Publica-
tions,” issued annoally, is available free of charge in paperback book-
fet form only

Neiected copies of a monthly catalog "New Publications of the
U S Ceodogical Survey™ are availabie {ree of charge by mail or may
b obiained over the counter in paperback booklet form only. Those
s.w_;hmn‘ 4 tree subscription to the monthly catalog “"New Publications

(1S, Geological Survey” should write to the U.S. Geological
582 National Center, Reston, VA 22092,

icha
¢ne.

Note-~Prices of Government publications listed in older catalogs,
amoune ments, and pablications may be incorrect. Therefore, the prices
ed may differ from the prices in catalogs. announcements, and

publicatons.
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