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Multiply inch-pound unit

CONVERSION FACTORS

inch (in.)

foot (ft)

mile (mi)

square mile (mi2)
acre-foot (acre-ft)

cubic foot per second
(ft3/s)

foot per day per foot
(ft/d/ft)

foot squared per day
(ftz/d)

Sea level:

By

25.4
0.3048
1.609
2.590

0.001233

0.02832

0.0929

To obtain metric unit

millimeter (mm) .
meter (m)

kilometer (km)

square kilometer (km2)
cubic hectometer (hm3)

cubic meter per second

(ms/s)

meter per day per meter

(m/d/m)

meter squared per day

(m2/d)

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.



SIMULATION OF GROUND-WATER FLOW AND POTENTIAL LAND SUBSIDENCE,'
AVRA VALLEY, ARIZONA

By

R.T. Hanson, S.R. Anderson, and D.R. Pool

ABSTRACT

A numerical ground-water flow model of Avra Valley, Pima and
Pinal Counties, Arizona, was developed to evaluate predevelopment
conditions in 1940, ground-water withdrawals from 1940 through 1984, and
potential land subsidence from 1985 through 2024. The components of
ground-water inflow and outflow for steady-state simulation used
18,900 acre-feet with negligible amounts of areal recharge in 1940.
Transient state was simulated using 4.4 million acre-feet of pumpage
resulting in 3.4 million acre-feet of water withdrawn from aquifer-
system storage from 1940 through 1984. The net difference of 1.0 million
acre-feet is attributed to increased recharge from irrigation return flow
and infiltration of streamflow and sewage effluent in the north half of
the valley after 1964,

Estimated recharge, which averaged 40,000 acre-feet per year
from 1965 through 1977 and 70,000 acre-feet per year from 1978 through
1984, was the source of 40 percent of pumpage from 1965 through 1984 in
the areas of Townships 11 through 15 South. Increase in recharge after
1977 was coincident with above-average streamflow in the Santa Cruz River
from 1978 through 1984. Increased recharge contributed to decreased
water-level decline rates after 1964 and recoveries after 1977 in the
north half of the valley.

Maximum potential subsidence for the period 1985 through 2024
ranges from 0.9 feet for an inelastic specific storage of 1.0x10-5ft-1
to 14.7 feet for an inelastic specific storage of 1.5x10-¢ft-1 on
the basis of pumpage and recharge rates from 1973 through 1977 and a
preconsolidation-stress threshold of 100 feet. The projections simulated
4.2 million acre-feet of water withdrawn from aquifer-system storage from
1985 through 2024. About 1 to 10 percent of this water will come from a
permanent reduction in aquitard storage.

INTRODUCTION

Avra Valley is a 520-square-mile alluvial basin west of
Tucson in Pima and Pinal Counties, Arizona (fig. 1). The valley, which
is bounded on the east and west by low-lying mountains, consists of a
north-trending gently sloping alluvial plain that is 7 to 15 mi wide.
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Figure 1.--Location of study area (shaded).



3

The area is drained by the Santa Cruz River and its tributaries, Brawley,
Blanco, and Los Robles Washes. Natural streamflow is generally of short
duration and occurs in direct response to precipitation, which averages
about 10 in/yr on the valley floor. The valley is underlain by an
extensive alluvial-aquifer system. The aquifer system consists of a wide
variety of sedimentary deposits that range from gravel and conglomerate to
anhydritic and gypsiferous clayey silt and mudstone. _

Pumping of ground water for agriculture, public supply, and
industry in Avra Valley resulted in widespread water-level declines that
ranged from 50 to 150 ft from 1940 through 1984 (Cuff and Anderson, 1987).
Declines were accompanied by localized compaction of the aquifer,
subsidence of the land surface, and formation of earth fissures (Anderson,
1989). Continued withdrawals from the aquifer system may result in
additional declines, compaction, subsidence, and fissuring. Subsidence,
which ranged from 0 to 1 ft between 1950 and 1985, could ultimately exceed
10 ft in parts of the valley (Anderson, 1989). Potential consequences
include permanent reduction of aquifer storage as well as damage to
highways, railroads, buildings, aqueducts, irrigation systems, wells, and
sewage systems. The aquifer system received sole-source designation by
the U.S. Environmental Protection Agency in 1984 (U.S. Environmental
Protection Agency, 1984). Management of this natural resource (ground
water) may require periodic re-evaluation of the effects of compaction and
subsidence in order to minimize potential environmental damage related to
ground-water development.

In 1983, the U.S. Geological Survey, in cooperation with the
City of Tucson, began an investigation to evaluate the potential for
aquifer-system compaction, land subsidence, and earth fissures in Avra
Valley (Anderson, 1989; Cuff and Anderson, 1987). The study was divided
into three phases, a detailed hydrogeologic investigation (Anderson,
1989), a stress-strain analysis of extensometer data (Hanson, 1987;
1988), and the development of an areal-subsidence model. This report
documents the procedures used to develop a numerical simulation
of ground-water flow and subsidence of the study area. The simulation was
calibrated through 1977, with an additional transient simulation through
1984, and was used to evaluate the potential for water-level decline
and land subsidence from 1985 through 2024. The year 2025 was designated
by the Arizona Ground-Water Management Act of 1980 (State of Arizona,
ég?O) as the time by which pumpage and recharge must be brought into
alance. ‘

HYDROGEOLOGIC SETTING

Avra Valley is in the Basin and Range physiographic province,
which is characterized by block-faulted mountains separated by sediment-
filled basins. The mountains are composed of granitic, metamorphic,
volcanic, and sedimentary rocks of Precambrian to Tertiary age. Sediments
of the basin consist of unconsolidated to indurated gravel, sand, silt,
and clay of Tertiary and Quaternary age. Sediments generally are coarse
grained along the margins of the basin and grade into finer-grained
and evaporitic deposits in the central, downfaulted parts of the basin.



Sediments are saturated at depth and form an alluvial-aquifer
system. Water stored in the aquifer system generally is unconfined to
depths of 1,000 ft and moves in a northerly direction. Sources of water
to the aquifer system include ground-water inflow, mountain-front
recharge, infiltration of streamflow, and irrigation return flow.
Discharge of water from the aquifer system includes ground-water outflow
and pumpage. Ground-water pumping has greatly altered the natural flow
system and caused widespread water-level declines, changes in horizontal
flow paths, development of vertical-hydraulic gradients and perched zones,
and compaction of the aquifer system.

Geology

Avra Valley is composed of a wide variety of igneous,
metamorphic, and sedimentary rocks of Precambrian to Quaternary age.
Rocks of primary interest to this study include the permeable sedimentary
deposits of Tertiary and Quaternary age, referred to as alluvium
(fig. 2). The mountains (fig. 2) consist mainly of low-permeability
crystalline rocks that impede the movement of ground water. The bedrock
along the extreme edges of the valley is overlain by a veneer of alluvium
that generally is less than 100 ft thick. In the center of the basin,
bedrock is buried by more than 9,000 ft of alluvium (fig. 2).

The alluvium consists of several regionally extensive
sedimentary units of diverse lithology (Anderson, 1989). In this report,
the alluvium is subdivided into lower and upper units on the basis of
hydrogeologic characteristics (fig. 3). The lower alluvium is thousands
of feet thick, consists of gravel and conglomerate along the basin margins
and in the southern part of the basin, and grades into gypsiferous and
anhydritic clayey silt and mudstone in the north-central part of the
basin. The upper alluvium consists mainly of gravel, sand, and clayey
silt, and ranges from less than 100 to about 1,000 ft in thickness. The
lower alluvium is equivalent to the Pantano Formation, lower Tinaja beds,
and middle Tinaja beds described by Anderson (1987, 1988, 1989) and the
regional lower basin fill of Pool (1986). The upper alluvium is equiva-
lent to the upper Tinaja beds and Fort Lowell Formation of Anderson (1987,
1988, 1989) and the regional upper basin fill and stream alluvium of Pool
(1986). Geologic and geophysical data indicate that the sediments of the
upper alluvium are generally much more compressible compared with those of
the lTower alluvium and are more likely to be compacted as a result of the
withdrawal of ground water (Anderson, 1989; Tucci and Pool, 1986).
Compressible deposits within the upper alluvium include those in playa and
alluvial-fan subregions and a zone where fan and playa sediments inter-
finger, herein referred to as the interfingered-zone subregion (Anderson
and Hanson, 1987). Fan and playa environments are generally characterized
by clay and silt concentrations of less than 20 percent and more than 60
percent, respectively. The interfingered-zone subregion generally con-
tains from 20 to 60 percent clay and silt. This subregion was subdivided
into two adjacent zones with 20 to 40 and 40 to 60 percent clay and silt
for subsidence evaluation (Anderson, 1989). The physical properties and
evolution of Cenozoic deposits in Avra Valley and adjacent alluvial basins
are described in more detail by Davidson (1973), Eberly and Stanley
(1978), Allen (1981), Pool (1986), Tucci and Pool (1986), Anderson (1987,
1988, 1989), Hanson (1988), and Anderson and others (1990).
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Figure 20.--Subsidence projection budget components for Avra Valley model,
1985-2025.

of 1.0x10-5ft-1 and 10 percent for a value of 1.5x10-¢ft-1. The potential
aquifer-system loss of 1 to 10 percent from aquitard storage is much Tess
than that determined for other subsidence areas on the basis of volumetric
ratios of land subsidence to ground-water withdrawal. Volumetric
estimates of aquifer-system loss from regions with more than 10 ft of
subsidence include 17 to 22 percent in the Galveston-Houston area, Texas
(Jorgensen, 1975), 33 percent in the San Joaquin Valley, California
(Poland and others, 1975), and 21 to 37 percent in the Picacho basin
northwest of Avra Valley. Variations in aquitard-storage loss probably
are related to several factors, such as visco-elastic effects (Bear and
Corapcioglu, 1984), variations in aggregate thickness of compressible
Tayers, formation-dependent preconsolidation-stress thresholds in layered
sedimentary environments, and the general proportion of confined aquifers
within an aquifer system. Simulation results suggest that contributions
from aquitard storage may be smaller from predominantly unconfined aquifer
systems such as Avra Valley and greater from largely confined systems such
as the San Joaquin Valley.
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Distribution of potential ground-water decline and subsidence
indicate that maximum decline and subsidence probably will occur in the
north half of the valley in Tps. 9, 10, 11, and 12 S. (figs. 18 and 19).
Decline probably will be accompanied locally by dewatering of the upper
alluvium. Use of the minimum value of inelastic specific storage results
in larger areas with more than 300 ft of water-level decline and potential
subsidence of less than 1 ft (fig. 18). Simulations using a maximum value
of inelastic specific storage indicate a potential for as much as 15 ft of
land subsidence but the area with more than 300 ft of ground-water decline
is smaller and is restricted to the western part of 7. 12 S., R. 11 E., by
the year 2025 (fig. 19). Maximum subsidence results are comparable to
previous estimates by Anderson (1989) and are similar to conditions in the
Picacho basin northwest of Avra Valley where as much as 12.5 ft of land
subsidence and 300 ft of water-level decline had occurred by 1977 (Laney
and others, 1978). The subsidence projections indicate a high potential
for differential subsidence between the center and edges of the valley
north of T. 13 S. (figs. 18 and 19). These simulations used a single
value of inelastic specific storage for playa, alluvial-fan, and
interfingered-zone subregions. This approach does not account for any
additional differential subsidence that may result if ultimate inelastic
specific-storage values of playa sediments are large in relation to
storage values for deposits within interfingered-zone and alluvial-fan
subregions.

SUMMARY

Avra Valley is a 520-square-mile alluvial basin in southern
Arizona from which ground water is withdrawn for agriculture, public
supply, and industry. Ground-water withdrawals have caused water-level
declines to exceed the preconsolidation-stress threshold of the
alluvial deposits, resulting in aquifer compaction, land subsidence,
and the formation of fissures at the land surface. Because of widespread
water-level declines, the potential for future land subsidence in
Avra Valley is high. The alluvial-aquifer system received sole-source
designation by the U.S. Environmental Protection Agency in 1984. This
report presents the results of the third phase of a long-term
land-subsidence study in Avra Valley.

The alluvium in Avra Valley consists of upper and lower
sedimentary units that are saturated at depth and form a complex
alluvial-aquifer system. The upper alluvium includes playa, alluvial-fan,
and interfingered-zone depositional environments. Deposits generally are
fine grained north of T. 12 S. and coarse grained in the south half of the
valley. Geologic data indicate that the upper alluvium is more likely to
compact from the withdrawal of ground water than the lower alluvium.

The aquifer system generally is unconfined to depths of
1,000 ft and is bounded by impermeable bedrock at depth and on the east
and west boundaries. Ground-water inflow occurs near Three Points and
Rillito, and outflow occurs south of Picacho Peak. Inflow and outflow
were about 18,900 acre-ft/yr in 1940 before significant ground-water
development began. Combined recharge from infiltration of streamflow,
irrigation return flow, and mountain-front recharge averaged less than
15,000 acre-ft/yr from 1940 through 1964, about 65,000 acre-ft/yr from
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1965 through 1977, and about 86,000 acre-ft/yr from 1978 through 1984.
Movement of water in the aquifer system generally is south to north in the
southern part of the valley and southeast to northwest in the northern
part. Transmissivity ranges from 1,500 to 40,000 ft2/d in the upper
alluvium and 1,000 to 50,000 ft2/d in the Tower alluvium. Simulated
specific yield generally is 0.12 and ranges from 0.10 in Townships 13
and 14 South to 0.18 along the Santa Cruz River.

Annual ground-water pumpage increased from 12,000 acre-ft in
1940 to 174,000 acre-ft in 1975; pumpage in 1984 was 59,000 acre-ft for
the part of Avra Valley in Pima County. Of the 4.2 million acre-ft of
water withdrawn from 1940 through 1984 in Pima County, 96 percent was used
for agriculture and the rest was for public supply and industry.
Ground-water pumping has altered the natural flow system. Flow paths have
shifted toward pumping centers, perched aguifers have developed above the
aquifer system, transmissivity has decreased, and the vertical effective
stress has increased, resulting in compaction of the aquifer system.

A numerical ground-water flow model of Avra Valley was
developed to simulate predevelopment conditions in 1940, ground-water
withdrawals from 1940 through 1984, and potential subsidence from 1985
through 2024. Simulations indicate a substantial increase in recharge
from irrigation return flow and streamflow infiltration after 1964
resulting in smaller declines and some recovery of water levels. Recovery
was greatest from 1978 through 1984 during a period of above-average
streamflow in the Santa Cruz River from sewage effluent and floodflows.
Recharge from irrigation return flow and streamflow from infiltration was
more than 1 million acre-ft and the source of 40 percent of estimated
pumpage from 1965 through 1984 in the areas of Townships 11 through
15 South. Simulated ground-water declines were as much as 188 ft by 1978
and 157 ft by 1984. The simulated net withdrawal from aquifer-system
storage from 1940 through 1984 was about 3.4 million acre-ft and was
derived largely from interfingered-zone subregions where most pumping
occurs.

Potential land subsidence was simulated from final transient-
state model results. Two potential scenarios of ground-water decline and
subsidence were simulated—a minimum subsidence projection that used 1985
estimates of inelastic specific storage of 1.0x10-5ft-! and a maximum
projection that used a potential ultimate inelastic specific storage of
1.5x10-4ft-*. Simulated subsidence in the upper alluvium was assumed to
occur after a ground-water decline of 100 ft from predevelopment
conditions. The two simulations indicate a range in potential maximum
subsidence of 0.9 to 14.7 in the playa and interfingered-zone subregions
of northern Avra Valley. Simulated ground-water declines ranged from 190
to 220 ft from 1985 through 2024 and were greatest for the least potential
subsidence. Projections indicate a potential maximum net withdrawal from
aquifer-system storage of 4.2 million acre-ft. The permanent loss from
aquitard storage ranges from 1 to 10 percent of total water withdrawn for
these two scenarios. The maximum projected subsidence is comparable to
estimates made by Anderson (1989) and to field conditions in 1977 in the
Picacho basin northwest of Avra Valley (Laney and others, 1978).

Simulation results indicate that the use of combined ground-
water and subsidence modeling help to improve the understanding of the
hydrologic framework of the alluvial-aquifer system. Combined modeling
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can also be useful to those who must make decisions regarding development
of the aquifer system by demonstrating the effects of subsidence and
irreversible loss of storage. Transient-state simulations indicate the
need for better estimates of areal recharge, extent of perched aquifers,
and distribution of vertical head through time. Subsidence projections
indicate the need for refined estimates of inelastic specific storage, the
vertical and areal distribution of aquitards, and active management of
ground-water withdrawals to minimize the effect of subsidence. A periodic
postaudit of the flow model would help to refine estimates of the
hydraulic components and boundary conditions of the aquifer system as they
change through time.
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