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FOREWORD

THE REGIONAL AQUIFER-SYSTEM ANALYSIS PROGRAM

The Regional Aquifer-System Analysis (RASA) program was started in 1978
after a congressional mandate to develop quantitative appraisals of the major
ground-water systems of the United States. The RASA program represents a sys-
tematic effort to study a number of the Nation's most important aquifer systems
which, in aggregate, underlie much of the country and which represent important
components 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 geo-
logic, hydrologic, and geochemical information, to analyze and develop an under-
standing 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 of any changes brought about by
human activities, as well as 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 princi-
pal elements of the investigation may be published. The series of RASA interpre-
tive reports begins with Professional Paper 1400 and thereafter will continue in
numerical sequence as the interpretive products of subsequent studies become

available.
A Lot s

Gordon P Eaton
Director
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CONVERSION FACTORS AND VERTICAL DATUM

Multiply inch-pound unit By To obtain metric unit
inch (in.) 254 millimeter
foot (ft) 0.3048 meter
mile (mi) 1.609 kilometer
acre 0.004047 square kilometer
square mile (miz) 2.590 square kilometer
gallon per minute (gal/min) 0.06309 liter per second
foot per second (ft/s) 0.3048 meter per second
foot squared per day (ft2/s) 0.0929 meter squared per day
foot per mile (ft/mi) 0.1894 meter per kilometer
cubic foot per second (ft3/s) 0.02832 cubic meter per second
cubic foot per second per square mile 0.01093 cubic meter per second
[(ft3/s)/mi2) per square kilometer
acre-foot (acre-ft) 0.001233 cubic hectometer

Sea Level: In this report “sea level” refers to the National Geodetic Vertical Datum 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.






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

SIMULATION OF GROUND-WATER FLOW IN ALLUVIAL
BASINS IN SOUTH-CENTRAL ARIZONA AND PARTS OF
ADJACENT STATES

By T.W. ANDERSON and GEOFFREY W. FREETHEY

ABSTRACT

Numerical modeling was used to examine the characteristics of
ground-water flow systems in the alluvial basins of south-central Ari-
zona and parts of adjacent States and to evaluate similarities and differ-
ences among basins. The 72 alluvial basins of the study area were
categorized into five groups that have similar geohydrologic characteris-
tics and similar requirements for model development. Basin categoriza-
tion is based on the relative importance of various components of the
geologic and hydrologic systems. The principal geologic differences
among groups are the presence and extent of fine-grained sediments in
the basin center and the presence of saturated stream alluvium. These
units represent the least and most productive parts of the aquifer,
respectively. The principal hydrologic differences among groups are
magnitude of the component of mountain-front recharge and presence
of a perennial stream in the basin. These groups were termed southeast,
central, west, Colorado River, and highland.

Ground-water flow models of 12 specific basins were developed to
evaluate the utility of transferring hydrologic concepts and property val-
ues within and among groups of basins. In addition, two models repre-
senting generalized basin systems were developed that incorporated
average physical and hydrologic characteristics of the southeast basin
group in one model and of the central and west basin groups in the
other These basin-group models were used, along with the
specific-basin models, to examine the degree of model sensitivity to
changes in basin shape and the values and areal distributions of hydro-
logic properties.

Each model of a specific basin was based on available field data and
previous conceptual or numerical models. Quantitative determinations
of model-data requirements were used where field data were available.
Transferability of information among basins of a particular group was
tested and generally was successful. The properties that were most
important to the successful development of basin models were summa-
rized in groups including hydrologic boundaries, flow components, and
hydrologic properties.

Systematic model-sensitivity analyses were done on all models to
qualitatively evaluate how uncertainties in hydrologic property values
and distributions might affect results of the simulations. Sensitivity anal-
yses indicated that simulations of basins in the same group are affected
most by the same changes in model input. The degree of sensitivity of a
model to a specific property depends on the geologic setting of a basin,

the magnitudes of predevelopment downvalley flow, and the degree of
development that has taken place.

Changes in hydraulic conductivity, natural recharge quantities, and
extent and integrity of confining layers affected computed water levels
mainly in models of southeast basins. Changes in specific yield and loca-
tion and quantity of pumping affected computed water levels the most in
models of central and west basins in which storage depletion is com-
mon, Changes in quantity of water moving between streams and the
aquifer, evapotranspiration, and the return quantity of excess applied
irrigation water affected computed water levels the most in models of
the Colorado River and probably of the highland basins in which the
hydrologic system is dominated by a perennial stream.

INTRODUCTION

The Southwest Alluvial Basins, Regional Aquifer-
Systems Analysis (Swab/RASA), is one of a series of
projects designed to systematically evaluate the Nation’s
major ground-water systems (Bennett, 1979). The South-
west Alluvial Basins study began in October 1978 and was
one of 29 systems included in the RASA Program (see
Foreword).

The Swab/RASA study area (fig. 1) includes about
82,000 mi? and consists of 72 basins, most of which are
virtually independent hydrologic systems. The physical
charactér of the basins is diverse, although similarities
exist in geohydrologic character. Tectonic activity, which
formed the Basin and Range physiographic province
(Fenneman, 1931), was areally variable. Rocks that bound
the individual basins differ areally and are the source of
detrital material that subsequently filled the basins.
Deposition of the alluvial material that constitutes the
aquifer(s) probably was unique in each basin.

The basins of the study area are considered a regional
system for several reasons:
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® Several basins are linked by natural hydraulic connec-
tion in which outflow from one basin represents inflow
to a downgradient basin.

® The hydrologic response to development of the water
resources and water-use characteristics generally have
been similar.

® Ground-water resources of the basins represent a com-
mon element in the economy of the entire region.

This study integrated and explored some of the concepts

used to evaluate individual ground-water systems and to

compare the individual basin characteristics and hydro-
logic properties.

The overall purpose of the Swab/RASA study was to
describe and define the hydrologic systems in the alluvial
basins. The study included quantitative estimates and
qualitative descriptions of the flow systems before and
after development. Numerical models were developed to
simulate ground-water flow in specific individual basins
and in basin systems that represent individual groups of
basins. The study emphasized ground-water flow simula-
tion and was designed to—

1. Simulate ground-water flow in a few representative
basins of the 72 basins in the study area.

2. Analyze findings related to geologic and hydrologic
patterns that exist throughout the study area.

3. Document similarities and differences in basin and
regional geohydrology to support the use of informa-
tion transfer from basins that were modeled to those
that were not modeled.

PURPOSE AND SCOPE

The findings of the Swab/RASA study are described in
U.S. Geological Survey Professional Papers 1406-A
through 1406-D, including this report, Professional Paper
1406-D. This report is closely related to Professional
Paper 1406-B (Anderson and others, 1992), which
describes the geohydrology and water resources of the
Swab/RASA study area.

This report describes the modeling approach used in
the study, the design and calibration of the ground-water
models, and the results from specific-hasin and
basin-group models. The models were developed. by using
geologic and hydrologic knowledge of the systems as pre-
sented by Anderson and others (1992) and in other previ-
ous studies. The emphasis of the report is on
documentation of the knowledge gained from the study of
geologic and hydrologic similarities and differences
among the basins of the study area. The models provide a
means of testing the general understanding of the
hydrologic-system function of the basins. The report also
includes a general discussion of the modeling techniques
used to simulate the response of a system or part of a sys-
tem to a specific stress.

The transferability of information and the limitations
of interpretations are discussed, and all facts and assump-
tions on which the interpretations depend are presented.
Possible use of the models for predictive and manage-
ment tools is also discussed, although the models devel-
oped as part of this study generally were not used to
predict possible future conditions.

APPROACH

The general approach to this study was to analyze
available data and develop numerical models of selected
basins for which data were adequate for history matching.
The study rationale assumes that some system functions
are common and that selected information is transferable
among basins or groups of basins. Information transfer
was used as a means of quantitatively defining properties
of the hydrologic systems and was evaluated through the
use of numerical models. The importance of various
hydrologic properties and flow components that define
the ground-water systems also was evaluated for prede-
velopment and development conditions. The information-
transfer approach was used to reduce the need for exten-
sive data collection and to reduce disparities in hydro-
logic-system definition that result from different political
Jjurisdictions and economies.

For studying individual basins as hydrologic units, the
study area was divided into 72 basins. The boundaries
were selected to represent surface-water divides, zones of
minimal interbasin connection, or in some instances, arbi-
trary boundaries through areas of minimum ground-water
development. As defined, the basins serve as the smallest
practical unit for analysis and numerical modeling. Each
basin can be modeled individually with minimal boundary
effects because contiguous areas were not included;
basins can be readily combined to model or analyze larger
areas.

The 72 basins were categorized on the basis of physio-
graphic, geologic, and hydrologic properties and water
chemistry to develop and evaluate information transfer
that could be used to define and describe both the individ-
ual basin systems and the regional system. The effects of
poorly known system properties were explored by using a
range of values in the model and evaluating the effect of
each range of values on model performance. The results
indicated basin conditions for which detailed and accu-
rate values of hydrologic properties are needed and, con-
versely, conditions for which general approximations of
these properties are acceptable.

The basins of the study area were grouped initially into
categories on the basis of discernible surface features—
climate, runoff, geology, altitude, shape, and general
physiography—that were thought to have an influence on
the ground-water hydrology of the basin (Anderson and



























SIMULATION OF GROUND-WATER FLOW IN ALLUVIAL BASINS

changes were within previously established or reasonable
ranges. The basin-group models eliminated site-specific
problems comnonly encountered in the specific-basin
models, and an appraisal of the relative importance of
various properties in simulating basin hydrology of differ-
ent categories could be obtained.

Twelve specific-basin models were developed, and his-
tory matched to a predevelopment or another appropriate
steady-state condition. Ten of the basin inodels were eval-
uated further by using available transient or development
conditions. Transient conditions were not simulated in
the Parker Valley and Mohave basin models because of
the rapid change to a new steady-state condition in
response to development in the Colorado River basins.
For these two basins, two or more steady-state conditions
were simulated in which the magnitude of flow comnpo-
nents and head distributions differed from one steady-
state condition to another.

Basin-group models used average values of physical
and hydrologic properties that were based on actual val-
ues in the basins of the particular group being repre-
sented. These models were used to evaluate the
significance of particular physical and hydrologic proper-
ties and flow components on modeling results and to sys-
tematically explore model sensitivity to variations in data
values used in the models.

MODELING APPROACH

Basins selected for simulation encompassed the ranges
in conditions and hydrologic-property values that exist in
the study area. All modeling was accomplished by 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 two layers. The two layers
represent upper and lower segments of the aquifer that
are connected hydraulically. To allow vertical flow
between simulated layers, this vertical hydraulic connec-
tion is represented by a leakance coefficient, which was
either calculated by the model or assigned to each cell
Data entry to the models included the geographic extent
and thickness of the two layers of the aquifer; water-
bearing properties of the layers, such as horizontal and
vertical hydraulic conductivity; specific yield and storage
coefficient; ground-water recharge and discharge; and
pumpage. The upper layer of each modeled basin was
simulated by using hydraulic-conductivity values to allow
transinissivity to change as water levels changed because
of stress imposed on the system. The lower layer was sim-
ulated by using transmissivity values, which did not
change during transient simulations. The decrease in
transmissivity caused by lowering water levels below the
top of the lower layer was not adjusted because the
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magnitude of change was not considered significant,
although this was not tested as part of a model analysis.
In a few simulations, ground-water withdrawals resulted
in sufficient water-level declines that a secondary
specific-yield value had to be used for the simulated lower
layer rather than the initial storage-coefficient value.
Results of the simulations consist of hydraulic head 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.

Each basin model was developed by using available
data and known geologic and hydrologic concepts devel-
oped by previous investigators. Information transfer also
was used in basins where the geohydrologic systemn was
poorly defined. Measured and reported water levels in
wells were used to develop potentiometric-surface config-
urations. Aquifer-test results yielded values for transinis-
sivity and hydraulic conductivity, and analyses of various
types of well logs were used to define aquifer lithology,
saturated thickness, and aquifer extent in some areas.
Flow-net analyses were used to estimate the quantity and
distribution of recharge along aquifer boundaries where
reliable water-level configurations were available.

For development of models for those basins in which
data were sparse, values of hydrologic properties and
mountain-front recharge were obtained by transferring
values from geohydrologically similar basins and testing
these values during model calibration. Empirical methods
of estimating transmissivity from specific capacity (Theis
and others, 1963) and of estimating transmissivity and
specific yield from drillers’ logs (Davis and others, 1959;
Kisser and Haimson, 1981; Evans and Haimson, 1982)
were used to supplement quantitative data where possi-
ble. For basins in which water-level data near mountain
fronts are unavailable, mountain-front recharge was esti-
mated by using the equation: log @,.;, = —1.40 + 0.98 log P,
where P is volume of annual precipitation in excess of 8
in./yr. Use and limitation of the equation are explained in
Anderson and others (1992).

Final development of steady-state models was accom-
plished through a trial-and-error process of adjusting ini-
tial values used in the models within an acceptable range.
The mmodel was assumed to be an adequate, although not
unique, representation of the actual system when the
standard error between field-measured and model-
calculated water levels was decreased to an acceptably
small value and the model-calculated ground-water bud-
get components agreed within an acceptable range with
estimates fromn previous studies. The acceptability of the
steady-state model depended on the adequacy of field
estimates and areal distribution of water-level data.

Transient inodels were developed by using the steady-
state model and were used to simulate water-level and
flow-component changes for various simulated pumping
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periods. During the history-matching process, values for
poorly known properties, such as specific yield, were var-
ied within previously established limits of acceptability;
values for the better known properties, such as pumpage,
generally were not varied. This process provided a means
of obtaining representative transient models and also
demonstrated the effect of possible errors in estimating a
poorly known property on simulation results.

Examination of model sensitivity to variations in prop-
erty values used as input data was carried out in specific-
basin models and basin-group models for steady-state and
transient conditions. Properties were tested for sensitivity
by using the simulations developed for basins in the cate-
gory in which that property was thought to be most signif-
icant. A few properties, including transmissivity, specific
yield, and recharge, were tested by using simulations
developed for all categories of basins. Basin-group mod-
els were used mainly to investigate the effect of property
generalization on model results.

SELECTED BASIN MODELS
UPPER SAN PEDRO BASIN

GEOHYDROLOGIC CONDITIONS

Upper San Pedro basin includes 1,650 mi%, of which
about 950 mi? is in the United States. The basin is in a
north-trending structural trough in southeast Arizona
(fig. 7). The sediments that compose the aquifer system
include pre-Basin and Range rocks, lower and upper
basin fill, and stream alluvium. The pre-Basin and Range
rocks occur at depth in most of the basin and are exposed
only near the mountain fronts; they are not considered an
important part of the aquifer (Freethey, 1982, p. 7). The
lower basin fill is the principal water-bearing unit and is
hydraulically connected to the upper basin fill, which is
saturated only in places. Stream alluvium is limited in
areal extent and occurs along the flood plain of the San
Pedro River and major tributaries.

Average annual precipitation ranges from 12 in. in the
valley to more than 25 in. in the mountains that surround
the basin (University of Arizona, 1965; Sellers and Hill,
1974). Recharge to the aquifer occurs as infiltration along
the mountain fronts and along the major stream channels.
Ground water also enters the area from the south as
underflow from Mexico. Ground water generally moves
from the basin margin toward the central axis of the basin
where most ground water is discharged along gaining
reaches of the stream or lost to evapotranspiration by
riparian vegetation. A small quantity of water leaves the
basin as underflow. Estimates for inflow and outflow are
given in figure 8.

The hydrologic system of the upper San Pedro basin is
typical of basins of the southeast group. The upper San
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Pedro basin was one of the initial basins used for ground-
water simulation. The model was used to evaluate sensi-
tivity to generalizations of hydrologic properties. Knowl-
edge about model sensitivity gained in this effort was
transferred to models of other basins in the southeast
group. Inflow to the ground-water system is principally
through mountain-front recharge; however, a significant
quantity of water is recharged through infiltration of sur-
face flow. Under predevelopment steady-state conditions,
outflow occurred through evapotranspiration and dis-
charge to surface flow of the San Pedro River. Basin fill
and stream alluvium are stratigraphically complex. Water
levels in wells drilled in the basin-fill sediments indicate
that ground water in the aquifer is confined in places;
however, ground water generally occurs under uncon-
fined conditions. Only the upper more permeable part of
the aquifer has been drilled and is used for ground-water
withdrawal (Freethey, 1982).

Ground-water resources were developed initially for
agricultural purposes. The first substantial pumping
occurred in the 1940’s, and in 1977 about 13,200 acre-ft of
water was withdrawn (fig. 8). About 70 percent of the
pumpage was for agricultural use; 14 percent was for
industrial use; and 16 percent was for public-supply,
domestic, and livestock uses (Konieczki, 1980). As a
result of increased ground-water withdrawal, surface
flow has decreased, underflow entering the area at the
international boundary has increased, and discharge
through evapotranspiration has decreased (Freethey,
1982).

MODEL CHARACTERISTICS

The conceptual model of the hydrologic system of the
upper San Pedro basin was based on available data and
interpretations from previous studies (Bryan and others,
1934; Heindl, 1952b; Brown and others, 1966; Roeske and
Werrell, 1973). The numerical model was developed to
simulate basinwide ground-water flow and to test the con-
ceptual model. The numerical model developed and docu-
mented by Freethey (1982) used two layers to simulate a
single aquifer system. The upper layer represents the
upper 1,000 ft of the aquifer for which field data are
available; the lower layer represents the aquifer deeper
than 1,000 ft for which few data are available. Hydrologic
properties representing the upper and lower model layers
are given in figure 8. Quantities of recharge and values of
hydrologic properties were adjusted within acceptable
limits during the modeling process to improve the com-
parisons between field data and model results (Freethey,
1982, p. 49).































































































































































SIMULATION OF GROUND-WATER FLOW IN ALLUVIAL BASINS

D65

TABLE 3.— Geohydrologic factors evaluated as part of the modeling process
[ indicates this factor was evaluated in the model]

Southeast Central West Colorado River | Basin group
=) £ = 2
g g = =
Ele 2l sl sls| |25 2] =)48):
gl g | £ | 8| 3| 35| &8|5|~|23|3|3]| 3| 8
Factors ot 2 2 2 ] s 3 8 B > 3 s 2 )
A = A ¢ 9 o = = 3 5 © o g z
s | 2| s| 8| 9| 8| | 5|33 £ 8| %
] 5 ] = ? g 5 E & s S ] 5 <
5 @ 5 S & £ |5 g S S v z =
& B 5 | = | = s | £
=) 3 = 8
Hydrologic boundaries
Water-level configuration . . . . . . . . . . . . . .
Aquifer bottom ° . ° ° . . °
Lateral boundaries . . . .
Flow components
Areal recharge . . . . . . . . . . . .
Mountain-front recharge . . . . . . . . . . . .
Underflow in ) . . . . .
Underflow out . . . . . .
Stream infiltration . ° ° . . .
Base-flow discharge . . . . . .
Drain discharge ° .
" Evapotranspiration . . . . .
Pumping . . . . . . . . . . . .
Hydrologic factors
Hydraulic conductivity . . . ° . . .
Vertical anisotropy . . . . . . . . .
River/drain leakance . . . . . .
Storage coefficient ° . . . . . . . .

model sensitivity. In the situation where a model is insen-
sitive to a property, it is directly transferable to all the
basins of a group. The models developed as part of this
study were used to explore the effects of various geohy-
drologic properties on model results. The properties that
were specifically addressed in each model are indicated
in table 3.

HYDROLOGIC BOUNDARIES

The most significant hydrologic boundary was the
water-level configuration, which represents the upper
boundary of the ground-water flow system. Accurate
areal and vertical head-distribution data are vital in under-
standing the flow system. In general, because of similari-
ties in hydrologic properties of sediments that make up

the aquifers and the existence of regional similarities or
trends in magnitude of some components of inflow to the
basins, hydraulic gradients are similar in basins of a par-
ticular group. Moreover, the general shape of the
water-level contours can be reliably predicted on the
basis of basin categorization (see section “Results of
Simulation” for the basin-group models).

Explicit definition of the physical limits of the aquifer
in the typical geohydrologic setting of the study area,
including the bottom and sides of the aquifer system, is
least important for steady-state modeling. For transient
modeling, lateral boundaries of the aquifer in close
proximity—within several miles—of pumping centers
need to be well defined because of boundary effects on
the size and shape of a cone of depression. The model for
McMullen Valley was used to evaluate the sensitivity of
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simulated drawdown near an impermeable bedrock
boundary (Poeol, 1987). The location of the bedrock
boundary was varied from one-quarter mile to several
miles from the pumping cell. In this storage-depletion sys-
tem, part of the well field is within a few miles of the lat-
eral boundary of the basin. The size and shape of the cone
of depression are influenced greatly by boundary effects.
Drawdown increases significantly if the pumping center is
within 7,000 ft of the aquifer boundary (fig. 26). The dis-
tance is unique to the specific situation and will change if
aquifer character, geometry, or magnitude and duration of
pumping are changed.

FLOW COMPONENTS

Pumpage estimates are available in most areas or can
be made on the basis of irrigated area. Although pumpage
is the most well-documented flow component in most
basins, it still is poorly known. Data documenting other
flow quantities are, for practical purposes, nonexistent,
and values must be estimated by indirect means. The
other flow components, however, generally are much
smaller than pumpage, so that errors in these other values

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

have less effect on results of simulations than do errors in
pumpage estimates. Modeling is useful in determining the
reasonableness of flow-quantity estimates. Large errors in
estimated quantities are possible because the typical
water-budget method of estimation allows errors to accu-
mulate in the unknown quantities.

In the southeast basins, mountain-front recharge repre-
sents the principal inflow; however, interbasin underflow
and stream-aquifer exchange can be of nearly equal
importance. Evapotranspiration is the main discharge
component, and model results are sensitive to the evapo-
transpiration rates; however, underflow and stream base
flow are important in several basins. Varying the evapo-
transpiration rate within a reasonable range of values in
the model of the upper San Pedro basin (Freethey, 1982)
changed the net discharge by about 40 percent and
resulted in an imbalance of the other flow components.

Results from the upper San Pedro basin model indi-
cated that generalizing mountain-front recharge was fea-
sible (Freethey, 1982) but not recommended if site-
specific water-level matches are a goal. In models for five
other southeast and central basins, the use of generalized
mountain-front-recharge values presented no undue diffi-
culty in calibration.

Other significant flow components were investigated
during model development for specific basins. Results of
simulations of Avra Valley indicate that return of excess
applied irrigation water may be about 30,000 acre-ft/yr
since the early to mid-1960’s (Anderson, 1983). Results
from nine other models also indicate that return of excess
irrigation water to the principal basin aquifer probably is
a significant flow component. Few field data exist with
which to verify irrigation return flow, however, and only
indirect evidence is available with which to quantify the
flow component.

The models of the Colorado River basins were sensi-
tive to the rate of river leakage to the principal aquifer and
the rate of consumptive use by riparian vegetation. The
magnitude of these two components overwhelms other
much smaller components. The value of riverbed lea-
kance controls the quantity of infiltration from surface
flow. Drains have been installed in a few basins, and the
drain leakance is not as great a control on the water bud-
get as is the riverbed leakance (fig. 27), probably because
of the much smaller areal extent of drains. The ground-
water systems of the Colorado River basins are limited in
areal extent, and modeling on a regional scale as in this
study is useful mainly in examining the magnitude of the
water-budget components. Balancing the water budget of
a basin so that all flow components are within a reason-
able range of values was the best method of calibration
rather than relying on head values and configurations.

Models of the Colorado River basins were most sensi-
tive to changes in the evapotranspiration rate (Tucci,
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1982). Increasing the average evapotranspiration rate by
1 (acre-ft/acre)/yr caused about the same increase in river
infiltration in Mohave basin as in Parker Valley—about
60,000 acre-ft/yr (fig. 28). Because of model sensitivity to
changes in evapotranspiration, changes in vegetation type
and density are important considerations for similar
basins in the Colorado River area. Sensitivity to evapo-
transpiration also is expected for models of other alluvial
aquifers traversed by a perennial stream, such as some
basins of the highland and southeast groups.

HYDROLOGIC FACTORS

For a steady-state model, the most significant hydro-
logic factor of a basin is the hydraulic conductivity; for a
transient model, specific yield or storage coefficient is the
most significant property. Vertical anisotropy is important
in basins containing an extensive fine-grained unit that
functions as a leaky confining unit between two layers of
the aquifer system.

Hydraulic conductivity and transmissivity arrays were
developed for most basin models by using specific-
capacity data and flow-net analyses. Hydrologic factors
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were generalized to analyze the adequacy of using a con-
stant rather than a variable distribution of values for areas
where no field data existed. Results from this analysis in
the upper San Pedro basin indicated that the model was
sensitive to generalized aquifer hydraulic conductivity
(Freethey, 1982). Use of a single average value for hydrau-
lic conductivity in the model of the Benson basin proved
unsatisfactory because of the large variability in the
potentiometric-surface gradient created by variations in
the hydraulic conductivity. The greatest disparity
occurred at the basin margins where water levels were
more than 150 ft lower than those in the nongeneralized
simulation; water levels in the flood-plain area were about
30 ft higher than those in the nongeneralized simulation.
In the same test, simulated water-budget values also fell
outside the acceptable range established from field data
and previous studies.

The basin-group model of the southeast basins was
used in a sensitivity analysis of system response to varia-
tions in values of hydraulic conductivity of the upper
layer, transmissivity of the lower layer, interlayer lea-
kance, and riverbed leakance. The results of varying these
properties in terms of average head change and percent-
age change in flow quantities allow a qualitative compari-
son of the general significance of each property (table 4).



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

D68

10° 0 0 * * * * * * * * * * * * * * * 001 » m
10 0 0 * * * * * * * * + 88TF OVE 60€ * * * 01 m
- — — * * * gg’Le 9ge L9% * * * - — — * * * g ®
— — — * % * - —_ — * * * - - — 689 18V a8y <7
- — — 9061 020 €6'1¥ - - — * * * - - - — — — ¥
- - — - - - - - — * * * - - — 9Lg a0y L0V S
- - — 8L¢ 08'L ¥291 696 (AN | el ov'es 199 0992 - - - - - - (4
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
- — — g€- LTe #9186 1IT'9— €671 661 V8- €8¢  €EVI - - — - — - g
- — — - - — - — — * * * — - — §g6'61- oLV 867 5
- - — €I'1 L0€  2E€7T9 — - — * * * - — - * * * qe
— - - * * * o8- L0E €T¢ * * * — - — * * * 4
e - 0 9 * * * * * * * * * 9065~ 16¢C 1972 * * * T
8L 9 {87 * * * % * * % % * * % * % * % 10 m
90c—- 06T 7¥Icy * * * * * * * * * * * * * * * T00° ¢ m
99°0 38'g £€98¢ * * * * * * * * * * * * * * * 10000 ®
Iokey Iakey Iokej Ioke] 194e] IaAe} Jokef 19Ae] 10Ae] 1ofe] 19ke] 1afe]
yoorad ulf 1oddpy | remory pudorsd uy 1oddpy | temo fusoed ull roddn | romoy puedred uy 1oddn | somor pusosed uf yoddpny | samory fusorad ul soddpy | remory
‘Mo Jo ‘MO[J Jo ‘Mo Jo ‘mo[J Jo ‘MofJ Jo ‘mopJ Jo
Amyuenb 99y Ut Amnuenb o Amuenb " Knuenb 1003 Ul Amuenb 1903 U Amuenb 1095 Uy
u 28uey peay u “aBueyd _waua u ‘aueyd v.ao: u ‘a8ueyd peay u ‘a8ueyo “.Eo: u ‘a8ueyd mmoa 1010ey
sBueq | 2njosqe Besany | aBuey) aInjosqe a8e1aay asueyd 2Injosqe a8eraay asuey) 2in[osqe aferaAy auey) Injosqe a8eIoAy a3uey) 2Injosqe ageaAy uoned
-dniny
oouexea] TokepeIu] IaKe] 19MO] 1okef roddn B ——— 2OUERES] PSQIOATY aje1 uonelidsuenodeas
‘ANATSSTUISURI], ‘ANATIONPUOD ST NRIPAH WNWIXe
$1032€J J130[0IpAH syuauodurod Moff

[pa3se) Jou sem 10)oey uoneoNdnMUT Jey]) SRFedPUl — ‘pPIPIDXD SI IFURT I[EUOSET Yey} SIeITPUT 4]

120U ULSDQ ISDIYINOS UL SL010Df 21607104pAY puD spusuodulod moyf o sanpoa ur sabupyd 0} sayIUPNh MOl PUD SPVIY PaIDINIIVI-]PPow Jo fij1a2ISUaS —F T1AV],



SIMULATION OF GROUND-WATER FLOW IN ALLUVIAL BASINS

250 T L} |||II|I T T |l|ll|] T T |||||I| T TTT
\ = = — — Douglas basin model
240 Benson basin model |
=~ Layer 1 A:
50 - Layer 2 -

40

30

20

10}

AVERAGE ABSOLUTE DIFFERENCE IN HEAD BETWEEN FINAL SIMULATION
AND SIMULATIONS RUN FOR SENSITIVITY ANALYSIS, IN FEET

-~

0 1 ||||lm~

0.01 0.1 1.0 10 100

RELATIVE VALUE OF LEAKANCE BETWEEN LAYERS
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The value used for vertical interlayer leakance was found
to have almost no effect on simulation results until the
value was less than 10 (ft/s)/ft. Head differential
between layers increases significantly when smaller
values of vertical leakance are used. Interlayer-leakance
values were varied through several orders of magnitude in
the models for Benson and Douglas basins. On the basis
of well-log data, the basin-center fine-grained facies is
more extensive and thicker and serves more as a confin-
ing bed in Benson basin than in Douglas basin. Accord-
ingly, model sensitivity to variations in interlayer leakance
is greater in the model for Benson basin than in the model
for Douglas basin (fig. 29). Both model responses indicate
an increasing sensitivity as the value of interlayer lea-
kance is decreased. The conclusion is that a model is
most sensitive to interlayer leakance where the fine-
grained sediments form a massive confining bed and the
vertical hydraulic conductivity is small.

In transient models of the upper San Pedro and Dou-
glas basins, a uniform average specific yield was used in
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several sensitivity runs. Results indicate that using a uni-
form average value of specific yield does not change
model results significantly compared with simulations
using a moderately variable array of specific yield. As the
degree of development increases, however, the difference
resulting from the two arrays increases. If the deposits
within the basin area affected by pumping have a large
areal difference in grain size, an average specific-yield
value can result in significant differences in simulated
water levels.

Comparison of maximum drawdowns using average
and variable specific yield in the upper San Pedro model
(fig. 304), in which all other values used in the model are
fixed, indicates that using a uniform average value results
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in a slightly smaller maximum drawdown because the
average value is slightly larger than the variable value in
the cone of depression. In the model of the Douglas basin,
a similar analysis using an average specific yield resulted
in a larger maximum drawdown (fig. 30B). In this area,
the actual specific yield is smaller than the basinwide
average. Use of a basinwide uniform value of specific
yield provides satisfactory results for a general model cal-
ibration, but for site-specific analyses, especially where
the aquifer material is heterogeneous, areally variable
specific-yield values are needed.

The effect of varying hydrologic properties also was
examined by imposing pumping stress on the basin-group
model of the central and west basins in conjunction with
changing specific yield and by altering the location of the
area where vertical leakance is small because of the pres-
ence of a confining layer. First, the basin-group model
was used to examine variations in specific yield and
pumping locations and quantity. The second approach
introduced a fine-grained layer in the basin-group model
to examine the resulting effects on drawdown. Location
and distribution of pumping were varied to approximate
conditions that exist in three of the modeled basins of the
west group—McMullen Valley, Harquahala Plain, and
Waterman Wash basin.

In the single-layer model, a simulated pumping rate of
1 (ft*/s)/mi® was used over an area of 88 mi? in the central
part of the modeled area for a 20-year duration. The
resulting water-level declines using six different specific-
yield distributions indicate the model sensitivity to the
absolute value and areal distribution of specific yield
(fig. 31). Using a constant value of 0.12 for specific yield
results in virtually the same water-level decline as using a
random spatial distribution of specific-yield values of
0.06, 0.12, and 0.18. Water-level decline is proportional to
the average value of specific yield in these storage-
depletion systems. Actual ground-water withdrawal in
several west basins is concentrated near the outflow end
of the basin or in more than one pumping center. The
effect of concentrating the pumping is shown by water-
level declines on an axial profile through the basin-group
two-layer model (fig. 32). The increase in decline because
of the presence of a fine-grained facies is also shown. The
magnitude of the increase in water-level decline depends
on the quantity of pumpage in areas where the fine-
grained unit is present. Redistribution of pumpage to
within 2 mi of the basin boundary increased water-level
declines less than 10 percent.

HYDROLOGIC INSIGHTS GAINED FROM
MODELING SOUTHWEST ALLUVIAL BASINS

The degree of ground-water development represented
in the 72 alluvial-basin aquifers in south-central Arizona
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ranges from virtually pristine to being dewatered beyond
the point that results in land subsidence. Development in
many basins began prior to comprehensive data-collec-
tion efforts, thus precluding conceptualization of prede-
velopment hydrologic conditions on the basis of fact.
Results of modeling 12 alluvial basins in various stages of
development aided in more clearly understanding hydro-
logic processes occurring before pumping began. Model-
ing more than one basin in four of the groups has shown
that basins within each of these four groups of basins
have similar hydrologic systems and demonstrate a simi-
lar response to pumping stress. Although no basins in the
highland group were modeled because of a lack of infor-
mation, their geographic and hydrographic environments
suggest that their hydrologic systems are similar to those
of the Colorado River basins; thus, insights about Colo-
rado River basins gained from modeling results are also
considered to apply to the highland basins.

Results of simulations of hydrologic systems of
the southeast group indicated that (1) mountain-front
recharge probably occurs nonuniformly along the mar-
gins of the basins; (2) hydrologic factors such as transmis-
sivity, hydraulic conductivity, specific yield, and confined
storage coefficient are laterally variable; (3) the distribu-
tion of storage coefficient or specific yield is not as criti-
cal as the average value of these properties in determining
the amount of water-level decline caused by pumping;
(4) accurate areal distribution and values of transmissiv-
ity or hydraulic conductivity are critical in determining
the configuration and gradient of the potentiometric sur-
face; (5) variably confined aquifer conditions near basin
margins probably are a result of interlayering of coarse
sediments from the mountains and fine sediments along
the axis of basins originating from lake deposits, and
(6) pumping causes discharge by evapotranspiration and
stream gains to decrease, even if pumping is from sub-
stantial depth in the basin fill.

The model of Willcox basin (closed drainage) indicated
that extensive lacustrine deposits in the center of a basin
can create a boundary condition that will accelerate
water-level declines in nearby pumping wells. The model
of the Tucson basin indicated that postdevelopment
water-level declines can result in a decrease in transmis-
sivity of the principal deep aquifer and that these
decreases are not proportional to the decrease in satu-
rated thickness because the upper basin fill is coarser
grained and more permeable than the lower basin fill. As
the upper basin fill is dewatered, that pért of the aquifer
having larger hydraulic conductivity is eliminated, leaving
only the underlying finer-grained basin fill to transmit
water to wells.

Models of the hydrologic systems of the central and
southeast basin groups indicated that (1) excess applied
irrigation water can eventually percolate down to









SIMULATION OF GROUND-WATER FLOW IN ALLUVIAL BASINS

recharge the aquifer even in basins where the aquifer is
several hundred feet below land surface and (2) the time
required for this water to move through the unsaturated
zone may be several decades.

Models of hydrologic systems in the central and west
basin groups indicated that (1) the direction and rate of
ground-water movement prior to development are
defined primarily by the location of recharge sources,
even though the magnitude of this recharge is small;
(2) after development in the basin, the direction and rate
of ground-water movement are governed primarily by the
location of pumped wells and the amount of withdrawal
occurring at each well or well field; and (3) because
recharge is small and storage depletion is large, water-
level declines near pumped wells can be accelerated if the
cone of depression intersects buried bedrock along the
margins of the basin.

Models of hydrologic systems in the Colorado River
basin group indicated that near-surface hydrologic pro-
cesses, such as (1)stream-aquifer water exchange,
(2) evapotranspiration prior to development, (3) drain-
aquifer water exchange, and (4) recharge from irrigation
after development, are the primary controlling compo-
nents of ground-water movement in these basins.

GENERAL MODELING CONSIDERATIONS

The four principal items that are required in the devel-
opment of a numerical model are as follows:
® Water-level maps that represent the predevelopment

period and subsequent development periods, so that

field-determined potential distribution can be com-
pared to the simulation results;

® Definition of the aquifer boundaries, including informa-
tion to define the size and shape of the basin,

® Areal distribution of aquifer properties, including
hydraulic conductivity or transmissivity and storage
characteristics; and

® Definition of quantities and areal distributions of the

various flow components of the water budget of a

basin.

This study developed information and understanding
of these four essential items throughout the study area.
The steady-state water-level map for a particular basin
can be of fair to poor quality depending on the rapidity of
the initial ground-water development. A representation of
the steady-state flow system throughout the study area
was developed as part of this study (Freethey and Ander-
son, 1986). The process of developing this map included
the use of all available data and information transfer to
extrapolate water-level shapes and gradients to areas of
minimum data.

The steady-state water-level map was used in conjunc-
tion with knowledge of the physical boundaries of the
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basins to develop an areawide synthesis of boundary-flow
conditions. Flow-net analyses of individual basins were
used to develop and refine estimates of location and quan-
tities of boundary flows. Through a process of balancing
and adjusting the flow components of individual basins
and the entire study area, a general synthesis of inflow
and outflow quantities was developed (Freethey and
Anderson, 1986).

Aquifer properties are a function of the sediments that
make up the aquifers, which are geologically complex in
the basins of the study area. In developing a model, the
complexities of the aquifer are generalized through the
use of average values of hydrologic properties to simulate
a small block of the system. In this study, that concept has
been extended to look at generalizations within groups of
basins. The models represent another step in the develop-
ment of a complete understanding of the geohydrologic
systems of the basins. The systems were simulated in
quasi-three-dimensional form. Previous models had simu-
lated the basins as two-dimensional systems, although
evidence documents the existence of head variation with
depth. In most instances, however, the head variations are
small and spatially variable. Head variations are thought
to be local and associated with the presence of fine-
grained facies and faults (Davidson, 1973). In the south-
east basins, however, areally extensive confined ground-
water conditions have been documented. Major deposi-
tional or structural discontinuities in a basin must be con-
sidered in development of a three-dimensional model
because of differences in hydrologic properties. Location
and extent of the fine- and coarse-grained sediments that
make up the aquifers have been described in a general
manner by Freethey and others (1986). These data should
allow the development of first-approximation three-
dimensional models of all basins in the study area.

The values of hydrologic factors for use in a model can
be significantly refined if more field data are available.
Two issues need to be considered, however—(1) the
accuracy of existing estimates of property values and (2)
the sensitivity of the model to variations in those values.
A particular property may not be of equal importance in
all ground-water flow models. Ranking of the properties
by importance is dependent on the geohydrologic envi-
ronment that defines each aquifer system. Properties that
exhibit the greatest influence on steady-state ground-
water flow—hydraulic conductivity, natural recharge
rates, and extent and integrity of confining units—are
most significant in the southeast basins. Properties that
exhibit the greatest influence on transient ground-water
flow—specific yield, pumping rates, and well location—
are most significant in the central and west basins. Prop-
erties that exhibit the greatest influence on shallow water-
table conditions—evaporation and transpiration, stream-
aquifer exchange, and irrigation-return flow—are most



D74

important in those basins in which streamflow is
perennial.

Information needed to adequately simulate a hydro-
logic system that has been stressed by pumping or land-
use changes caused by development will differ between
basin groups. When ground-water withdrawals in a basin
become greater than the natural downvalley flow and
withdrawal is sufficiently widespread, duplication of
stress—strain relations, in terms of matching pumpage and
water-level decline, requires the documentation of actual
withdrawal rates and locations of pumped wells. In a
ground-water overdraft environment such as exists in the
more intensively developed basins, a model may have a
generally coarse grid with the smallest cells being 1 mi?
because the data to simulate the dominant stress, which
is pumping, do not exist in greater detail. Grid sizes of less
than 1-mi width were used in the models of Parker Valley,
Mohave basin, upper and lower San Pedro basins, and
Benson basin, in which the small spacing was required to
simulate the river alignment. In the models for Harqua-
hala Plain and McMullen Valley, smaller grid spacing was
used where a pumping center was close to a poorly per-
meable boundary and image effects greatly influenced the
size and shape of the cone of depression. In most basins,
available data did not warrant the use of small grid
spacing.

Models of the southeast basins need to be multilayered
to allow for vertical flow through leaky confining layers.
Significant head differences may exist where fine- and
coarse-grained deposits are interlayered, and the value of
interlayer leakance may be smaller than 10~ (ft/s)/ft. His-
tory matching in steady-state and transient simulations is
greatly affected by the steep hydraulic gradient at the
basin perimeter; this effect may indicate a vertical compo-
nent of flow that is not being simulated or the presence of
relatively thin, steeply inclined, permeable deposits that
transmit mountain-front recharge into the basin-fill aqui-
fer. Because evapotranspiration is a principal discharge
mechanism in the southeast basins, the mathematical
relation that simulates the evapotranspiration function is
important and will have a great effect on the history-
matching process.

Models of the central and west basins need to be multi-
layered to allow adequate simulation of vertical-flow com-
ponents. Although one-layer models have been developed
and calibrated, their limitations must be recognized. His-
tory matching for transient simulations is most sensitive
to pumping rates and specific yield. Variable recharge,
delayed drainage, and depth-dependent variations in
hydrologic properties are of major importance in tran-
sient simulations because of their variation with time.

Simple one-layer models of the Colorado River basins
can provide satisfactory results for purposes such as
those of this study. The process of matching simulated

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

and measured water levels is sensitive to the evapotrans-
piration rates and riverbed-leakance value. For these
basins, water-budget estimates are of equal or greater
value than a water-table map in providing the data neces-
sary for final model development. The alluvial aquifers in
the highland basins are considered to be scaled-down ver-
sions of the Colorado River group; therefore, properties
critical to model development should be the same. Spe-
cific basin models of this group were not developed
because of insufficient data. Evapotranspiration and
riverbed leakance are presumed to be the principal fac-
tors to which the model history-matching process will be
sensitive.

Simulation of the stream alluvium is important in some
basins, especially in the southeast basins and the Colo-
rado River basins. This upper layer needs to be simulated
in models of some basins because it is integral to the
hydrologic processes of evapotranspiration, stream-aqui-
fer exchange, and vertical movement of ground water to
or from the deeper aquifer being pumped. Transient his-
tory matching for a simulation where storage depletion is
important, such as'those of the west basin group, depends
on accurate values for pumpage and specific yield. With-
out reliable values for pumpage and specific yield, the
range of possible matches between simulated and mea-
sured water levels is large, and the resulting simulation
may provide questionable results. Other factors that
result in time-dependent changes in flow quantities will
be important in the simulation; these factors include
recharge from excess applied irrigation water, delayed
drainage from fine-grained sediments, and the quantity of
water derived from compaction of fine-grained material.

SUMMARY

Numerical modeling was used as a tool to examine and
evaluate regional similarities and differences in ground-
water flow systems within the alluvial basins that occupy
82,000 mi? of south-central Arizona and parts of adjacent
States. The 72 alluvial basins of the study area represent
virtually independent hydrologic units but can be catego-
rized into five groups that have similar geohydrologic
characteristics and similar requirements for model devel-
opment. The groups—southeast, central, west, Colorado
River, and highland—are composed mainly of adjacent
basins that have similar climatic characteristics and alti-
tude ranges. Models of 12 specific basins and 2 basin
groups were developed to evaluate the current under-
standing of the basin flow systems and to explore the
utility and applicability of general information-transfer
techniques. '

The basins are filled with variable thicknesses of allu-
vial deposits that constitute the aquifer system of the
basin. A general sequence of sediments is present in the
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basins and includes pre-Basin and Range rocks, lower and
upper basin-fill units, and stream alluvium. The sediments
that fill the basins generally are interconnected hydrauli-
cally. The part of the aquifer system that includes the
principal water-bearing unit in a basin depends on the
geohydrologic setting, which also influences basin
categorization.

The basins are interconnected in a dendritic pattern
much like the surface-drainage system and form an inte-
grated regional-flow system. Individual basin-aquifer sys-
tems serve mainly as reservoirs for the storage of ground
water with only small areas of interconnection and a
small quantity of flow that occurs from basins of higher
altitude to those of lower altitude.

Basin categorization is based on the relative impor-
tance of various components of the geologic and hydro-
logic systems. The principal geologic differences between
groups are the presence and extent of fine-grained sedi-
ments in the basin center and the presence of saturated
stream alluvium. These units represent the least and most
productive parts of the aquifer, respectively. The principal
hydrologic differences between groups are (1) magnitude
of the component of mountain-front recharge and (2)
presence of a perennial stream in the basin.

Ground-water modeling provides a means of improving
the understanding of the geohydrology by allowing evalu-
ation of alternative property values and distributions.
Representative basins from each category were analyzed
by using numerical models to test the concepts of catego-
rization. Each model of a specific basin was developed on
the basis of available data and previous conceptual or
numerical models. Initial property values used in the
models were based on available field information or,
where no field data were available, were transferred from
a basin or basins within the same geohydrologic category
for which data were available.

Of the 12 basin models developed, all 12 were history
matched to predevelopment steady-state conditions, and
10 were history matched to transient development condi-
tions. The history-matching procedure for steady-state
models depended on the most reliable data available.
Models of basins having plentiful predevelopment water-
level information were history matched by reducing the
standard error between observed and model-calculated
water levels to an acceptably small value. Model-
calculated ground-water budget values were compared
with corresponding budget values from previous field
investigations where the measured values were available.

Hydrologic-property values derived from steady-state
simulations were used subsequently in the transient mod-
els. Transient models were used to simulate water-level
and flow-component changes for various periods of
pumping stress; they also served as a means of evaluating
the consistency of property values determined from
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steady-state history matching. The least-known values,
such as specific yield, were varied within acceptable lim-
its; the best-known values, such as pumpage, were not
varied.

Among the specific topics investigated by ground-
water simulation were (1) magnitude and distribution of
mountain-front recharge, (2) spatial distribution of
hydraulic conductivity and specific yield of the aquifer
material, (3) relation between pumping and capture of
natural discharge, and (4) recharge from deep percolation
of excess applied irrigation water. Both specific-basin and
basin-group models were used to analyze the significance
of these topics to the local hydrologic setting and their
effect on system response to development.

Because mountain-front recharge is a major water-bud-
get component in the southeast basins, these models
were used to test the general relation between precipita-
tion and recharge that resulted from the regional water-
budget analysis of all basins. The specific-basin models
and basin-group model for the southeast basins were fur-
ther used to analyze the effect of using a uniform spatial
distribution of mountain-front recharge. The empirical
relation between precipitation and recharge proved ade-
quate for estimating the magnitude of mountain-front
recharge, but because recharge does not occur uniformly
along the basin margin, this approach to spatially distrib-
uting the recharge is not recommended. The quantity of
mountain-front recharge in the west basins is small; there-
fore, models are insensitive to the exact magnitude and
spatial distribution used in the simulation.

All basin models can be used to evaluate the effect of
poorly defined spatial distributions of hydraulic conduc-
tivity and specific yield. Simulation results indicate that
aquifer properties are highly variable laterally and that
limited generalization is acceptable for modeling pur-
poses. The relatively large magnitude of water-budget
components in the southeast and Colorado River basins
results in significant long-term capture of natural dis-
charge by pumping. The components of evapotranspira-
tion and discharge to springs and streams are most
affected by capture.

The need to include recharge from deep percolation of
excess applied irrigation water in simulations is indicated
in 10 of the 12 specific-basin models. Such recharge
becomes important after a lag time of a few years to sev-
eral decades following initiation of irrigation. The overall
result has been a change in the stress-strain relation over
time; a decreased rate of decline has been documented in
recent time in most basins, although the pumping rate has
remained nearly uniform.

Basins of the southeast group for which ground-water
flow models were developed are upper San Pedro, Ben-
son, lower San Pedro, Willcox, and Douglas basins. These
basin aquifers were simulated as two layers connected
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through a vertical-leakance value that represented the
effects of anisotropy of the basin-center fine-grained
facies. The most important properties used in the models
of the southeast group include specific yield, interlayer
leakance, the relation between evapotranspiration and
depth to water, and pumpage quantity and location.

Basins of the central group for which ground-water
flow models were developed are the Tucson basin and
Avra Valley. Models of the west basins group were devel-
oped for Waterman Wash basin, Harquahala Plain, and
McMullen Valley. These aquifer systems are most effec-
tively simulated by using multiple layers. Recharge and
discharge mechanisms are more important in the central
group than in the west group. Storage depletion is com-
mon in both basin groups as a result of development,
although some capture of discharge occurs in the central
basins during the early phase of development.

Basins of the Colorado River group for which ground-
water flow models were developed are the Parker Valley
and Mohave basin. Because the hydrologic system of
these basins is dominated by streamflow in the Colorado
River, hydrologic properties related to shallow water-
table conditions are most important. These include river-
bed leakance, the relation between evapotranspiration
and depth to the water table, and return of excess applied
irrigation water. Adequate ground-water flow models of
these basins can be developed by using a two-dimensional
approach. Because of insufficient data, no specific-basin
models were developed for the highland group, although
these basins are thought to be scaled-down versions of
the Colorado River basins.

Systematic model-sensitivity analyses were done on all
models to qualitatively evaluate uncertainty in the defini-
tion of values of hydrologic properties and the effect on
model results. A direct relation exists between basin cate-
gory and sensitivity of the developed model to selected
hydrologic properties. The specific properties depend on
the degree of development, the geologic setting, and the
magnitude of predevelopment downvalley flow. The
transfer of information among basins of a particular
group proved generally successful. The properties that
are important to adequate modeling of the basins can be
summarized into three groups—hydrologic boundaries,
flow components, and hydrologic factors. Properties in
the hydrologic-boundaries group represent the physical
limits of the aquifer system, those in the flow-components
group include recharge to and discharge from the aquifer,
and those in the hydrologic-factors group control the
movement and storage of water in the aquifer.
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