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Simulation of Ground-Water Flow and Potential 
Land Subsidence, Upper Santa Cruz Basin, 
Arizona

By R.T. Hanson andJ.F. Benedict 

Abstract

A numerical ground-water flow model of the upper Santa Cruz basin in Final, Pima, and Santa 
Cruz Counties, Arizona, was developed to evaluate predevelopment conditions in 1940, ground- 
water withdrawals for 1940-86, and potential water-level declines and land subsidence for 
1987-2024. In the upper Santa Cruz basin, the alluvium is made up of upper and lower regional 
units that are saturated at depth and form a complex regional-aquifer system. Analyses of 
steady-state ground-water conditions indicate about 12,900 acre-feet of ground-water inflow, 
15,260 acre-feet of outflow, 53,000 acre-feet of predevelopment pumpage, 7,890 acre-feet of 
evapotranspiration, 29,840 acre-feet of mountain-front recharge, and 34,020 acre-feet of 
streamflow infiltration in 1940. Analyses of transient ground-water conditions indicate a total of 
6.6 million acre-feet of net pumpage and 3.4 million acre-feet of water removed from aquifer 
storage for 1941-86. A difference of 1.2 million acre-feet between estimated and net pumpage is 
attributed to increased recharge from irrigation return flow, mine return flow, and infiltration of 
sewage effluent.

Natural recharge was estimated to be 40 percent of the pumpage for 1966-86 and averaged 
63,860 acre-feet per year for 1940-57 and 76,250 acre-feet per year for 1958-86. The increase in 
recharge after 1958 was coincident with above-average winter streamflow in the Santa Cruz River 
for 1959-86. Return flow from ground-water pumpage was estimated to be 21 percent of the 
pumpage for 1966-86 and averaged 14,590 acre-feet per year for 1941-65 and 39,650 acre-feet per 
year for 1966-86. Increased recharge after 1958 and decreased pumpage after 1975 contributed to 
decreased water-level declines or to recoveries after 1977 in wells near the Santa Cruz River and 
its tributaries.

The results of projection simulations indicate that a maximum potential subsidence for 
1987-2024 ranges from 1.2 feet for an inelastic specific storage of l.OxlO"5 per foot to 12 feet for 
an inelastic specific storage of l.SxlO"4 per foot. The simulations were made on the basis of 
pumpage and recharge rates from 1986 and by using a preconsolidation-stress threshold of 100 
feet. A permanent reduction in aquitard storage can range from 1 to 12 percent of the potential loss 
of 3.9 million acre-feet in aquifer-system storage for 1987-2024. Potential water-level declines 
were largest using the smallest assumed compressibilities. Potential declines for 1940-2024 
ranged from 411 to 438 feet for the maximum and minimum subsidence projections, respectively.

INTRODUCTION Counties, Arizona (fig. 1). The basin, which is
bounded on the east by high mountains and on the

The upper Santa Cruz basin is a 2,870- west by low-lying mountains, consists of a north- 
square-mile alluvial basin in northern Sonora, trending gently sloping alluvial plain that is 5 to 
Mexico, and in Pima, Pinal, and Santa Cruz 20 mi wide (fig. 2). The basin is underlain by an

Introduction 1
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Figure 1. Location of study area (shaded).

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 resulted in widespread 
water-level declines that ranged from 50 to 150 ft 
for 1940-81 (Babcock and Hix, 1982). Declines 
were accompanied by localized compaction of the 
aquifer and subsidence of the land surface 
(Anderson, 1988, fig. 7). Continued withdrawals 
from the aquifer could result in additional water- 
level declines and potential subsidence. Anderson 
(1988) concluded that subsidence, which ranged 
from 0 to 0.5 ft between 1951 and 1980, could 
ultimately exceed 10 ft in parts of the basin. 
Fissuring, which is an extreme consequence of 
subsidence, has not yet occurred in the study area; 
however, fissuring potentially could occur with this 
amount of projected subsidence. Consequences 
from subsidence could include permanent reduction 
of aquifer storage as well as damage to highways, 
railroads, buildings, aqueducts, irrigation systems, 
wells, and sewage systems. Subsidence of as much

as 12.5 ft, water-level declines of 300 ft (Laney and 
others, 1978), and related earth fissures (Carpenter, 
1991) have already occurred in the adjacent Picacho 
basin just north of Tucson. 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 could require 
periodic reevaluation of the effects of compaction 
and subsidence in order to minimize potential 
environmental damage related to ground-water 
development.

In 1979, the U.S. Geological Survey, in 
cooperation with the City of Tucson, began an 
investigation to evaluate the potential for aquifer 
compaction, land subsidence, and earth fissures in 
the central part of the upper Santa Cruz drainage 
basin known as the Tucson basin (Anderson, 1988). 
The study was divided into three phases: a detailed 
hydrogeologic investigation (Anderson, 1988), a 
stress-strain analysis of extensometer data (Hanson, 
1987, 1989), and the development of a regional- 
subsidence model. This report documents the 
results and procedures used to develop a numerical 
simulation of ground-water flow and subsidence of 
the upper Santa Cruz basin. The simulation was 
calibrated through 1986 and was used to evaluate 
the potential for water-level decline and land 
subsidence from 1987 through 2024. The year 2025 
was designated by the Arizona Ground-Water 
Management Act of 1980 (State of Arizona, 1980) 
as the time by which pumpage and recharge must be 
brought into balance. Because any estimation of 
"safe yield conditions" could be affected by ground 
water derived from aquitard storage, these 
projections give some indication of the relative one- 
time contribution from this source of ground water.

HYDROGEOLOGIC SETTING

The upper Santa Cruz basin is in the Basin and 
Range Physiographic Province, which is 
characterized by block-faulted mountains separated 
by sediment-filled basins (Fenneman, 1931). The 
mountains are composed of granitic, metamorphic, 
volcanic, and indurated sedimentary rocks of 
Precambrian through Tertiary age. Sediments of 
the basin consist of unconsolidated to indurated 
gravel, sand, silt, and clay of Tertiary and

2 Simulation of Ground-Water Ffow and Potential Land Subsidence, Upper Santa Cruz Basin, Arizona
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Figure 2. Extent of alluvium and depth to bedrock in the upper Santa Cruz basin.
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Quaternary age. Sediments generally are coarse 
grained along the margins of the basin and grade to 
fine-grained and evaporitic deposits in the central 
downfaulted parts, or grabens, of the basin 
(Anderson, 1989, figs. 2-5).

Sediments are saturated at depth and are part of 
a regional-aquifer system of south-central Arizona 
(Anderson and others, 1990). Water stored in the 
aquifer generally is unconfined to depths of 1,500 ft 
and moves in a northerly direction. Sources of 
water to the aquifer include ground-water inflow, 
mountain-front recharge, infiltration of streamflow 
and sewage effluent, and irrigation and mine return 
flow. Discharge of water from the aquifer includes 
ground-water outflow, evapotranspiration, and 
pumpage. Ground-water pumping has greatly 
altered the natural flow system and has caused 
widespread water-level declines. These declines 
resulted in reductions in evapotranspiration, 
changes in horizontal flow paths, development of 
vertical-hydraulic gradients and perched zones, and 
compaction of the aquifer.

Geology

The upper Santa Cruz basin contains a variety 
of igneous, metamorphic, and sedimentary rocks of 
Precambrian through Quaternary age. Rocks of 
primary interest to this study are sedimentary 
deposits of Tertiary and Quaternary age, referred to 
as alluvium (fig. 2). The mountains are composed 
mainly of relatively impermeable crystalline rocks 
that impede the movement of ground water. Along 
the extreme edges of the basin, bedrock is overlain 
by a veneer of alluvium that generally is less than 
100 ft thick. In the center of the basin, bedrock is 
overlain by more than 11,200 ft of alluvium (fig. 2).

The alluvium consists of several regionally 
extensive sedimentary units of diverse lithology 
(Anderson, 1988). The alluvium is subdivided into 
lower and upper units on the basis of regional 
hydrogeologic characteristics (fig. 3). The lower 
alluvium consists of gravel and conglomerate to 
gypsiferous and anhydritic clayey silt and mudstone 
and is thousands of feet thick. The upper alluvium 
consists mainly of gravel, sand, and clayey silt and 
ranges from less than 100 to about 1,000 ft in 
thickness. Deposits generally are coarse grained 
north of T. 13 S. and fine grained in the south half

of the basin within the central grabens (Anderson, 
1989, figs. 4 and 5). 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 equivalent to the upper Tinaja beds and Fort 
Lowell Formation (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 generally are much more compressible 
compared with those of the lower alluvium and are 
more likely to compact from the withdrawal of 
ground water (Anderson, 1988; Tucci and Pool,
1986).

Compaction environments within the upper 
alluvium include those in playa and alluvial-fan 
subregions and a fluvial zone where fan and 
playa sediments interfinger, herein referred to 
as the interfingered subregion. These zones or 
subregions were delineated on the basis of 
frequency of layering and the thickness-weighted 
average clay and silt content of the upper Tinaja 
beds and the Fort Lowell Formation over the 
saturated thickness in 1979 (Anderson and Hanson,
1987). Fan and playa subregions generally are 
characterized by clay and silt contents of less than 
20 percent and more than 60 percent, respectively. 
The interfingered subregion generally contains 
from 20 to 60 percent clay and silt. This subregion 
was subdivided into two adjacent subregions with 
20 to 40 and 40 to 60 percent clay and silt for 
subsidence evaluation (Anderson, 1988). The 
physical properties and evolution of Cenozoic 
deposits in the upper Santa Cruz basin and adjacent 
alluvial basins are described in more detail by 
Davidson (1973), Eberly and Stanley (1978), Pool 
(1986), Tucci and Pool (1986), Anderson (1987, 
1988, 1989), Hanson (1989), and Anderson and 
others (1990).

Aquifer System

The lower and upper alluvium are saturated at 
depth and form a complex regional-aquifer system 
(fig. 3) that is underlain and bounded on the east and 
west by impermeable bedrock. The aquifer system 
generally is unconfined or partly confined to depths

4 Simulation of Ground-Water Flow and Potential Land Subsidence, Upper Santa Cruz Basin, Arizona



FEET Southwest 

6,000^

5,000- 

4,000 - 

3,000 - 

2,000-

1,000-

SEA 
LEVEL

A' 

Northeast

-1,000
VERTICAL SCALE GREATLY EXAGGERATED

D 5 MILES
Modified from Leake and Hanson (1986)

0 5 KILOMETERS

EXPLANATION

UPPER 
ALLUVIUM

LOWER 
ALLUVIUM

BEDROCK

Holocene alluvium

Basin fill Hachured pattern 
denotes fine-grained facies

Fort Lowell Formation

Tinaja beds (Undifferentiated)

Pre-basin and range deposits  
Pantano Formation

Granitic rocks

Intrusive and sedimentary rocks

       BOUNDARY BETWEEN MODEL LAYERS

      - WATER TABLE

WATER-QUALITY BOUNDARY Below 
the boundary, water contains more than 
500 milligrams per liter of dissolved solids

HIGH-ANGLE FAULT Arrows indicate 
relative movement

Figure 3. Generalized hydrogeologic section of the upper Santa Cruz basin. (Trace of section shown in fig. 2.)

of 1,500 ft (Davidson, 1973; Leake and Hanson, 
1987; Hanson, 1989). Inflow to the aquifer system 
occurs as ground-water underflow and areal 
recharge. Outflow occurs as ground-water 
underflow, evapotranspiration, and pumpage.

Ground-water underflow to the aquifer in the 
study area occurs as inflow through alluvium-filled 
gaps in the bedrock in the upper Santa Cruz basin 
south of Tubac and north of Catalina along Cafiada 
del Oro. Estimates of ground-water underflow 
range from 500 acre-ft/yr at the international 
boundary to 10,575 acre-ft/yr near Tubac (table 1). 
Estimates of ground-water underflow from Cafiada 
del Oro range from 1,000 to 10,000 acre-ft/yr

(table 1). Ground-water underflow is locally 
significant relative to area! recharge in the north and 
south ends of the basin (Burkham, 1970; Anderson, 
1972; Osterkamp, 1973).

Areal recharge to the aquifer includes 
streamflow infiltration, mountain-front recharge, 
irrigation return flow, and sewage-effluent and 
mine return flow. Streamflow infiltration and 
mountain-front recharge from precipitation are the 
primary natural sources of water to the aquifer in 
the upper Santa Cruz basin (table 1). Mean annual 
precipitation is about 15.5 in. for the entire drainage 
basin. Annually, the bottomland of the basin 
typically receives from 11 to 16 in. of precipitation,

Hydrogeologic Setting 5



the western mountains from 16 to 20 in., and the 
eastern mountains from 16 to more than 30 in. 
Natural streamflow generally is of short duration 
and occurs in direct response to summer, fall, and 
winter rainfall. Streamflow can occur for longer 
periods, however, in response to some fall and 
winter rainfall and annual spring snowmelt from the 
northern and eastern mountains. The area is drained 
by the Santa Cruz River and its tributaries  
Sonoita, Tanque Verde, Sabino, and Rillito Creeks; 
Canada del Oro; and Agua Caliente and Pantano 
Washes (fig. 2). Estimates of streamflow 
infiltration in the basin range from 45,000 to 
77,300 acre-ft/yr for predevelopment and develop­ 
ment conditions, respectively (table 1). Previous 
modeling studies, which did not include 
evapotranspiration in the simulations, used 
about 19,000 acre-ft/yr of streamflow infiltration 
(table 1). Recharge by streamflow infiltration was 
the largest during the record flow years of 1978, 
1979, and 1984 (fig. 4) and could increase through 
time from increased discharge and infiltration of 
sewage effluent.

Before 1870, streamflow was intermittent and 
about 80 percent of the Santa Cruz River was 
predominantly dry between the towns of 
Continental and Rillito (Betancourt and Turner, in 
press). From the 1870's through the 1890's, 
increased development of canal systems in the 
bottomlands of the Santa Cruz Valley combined 
with cycles of flood and drought promoted 
development of an entrenched main stem river 
channel through related headcut erosion at 
diversion points (Betancourt and Turner, in press). 
Before channelization of the Santa Cruz River in 
the 1890's, short reaches of perennial streamflow 
between Continental and Rillito were largely the 
result of ground-water seepage. The Santa Cruz 
River and its tributaries are now in established 
channels and are restricted largely to these channels 
in urban areas.

The largest sources of mountain-front recharge 
are the Santa Catalina, Tanque Verde, Rincon, 
Santa Rita, and Sierrita Mountains (table 2). These 
mountains are the highest along the basin boundary 
and receive the largest amount of precipitation. 
Mountain-front recharge, which is thought to occur 
generally through minor tributary canyons along 
the ranges bounding the upper Santa Cruz River 
basin, is largest for the Santa Catalina, Rincon, and

Santa Rita Mountains and is least for the Tucson 
Mountains.

Recharge from return flow was estimated to be 
a larger source of water than mountain-front 
recharge after 1965, although estimates of 
mountain-front recharge by different investigators 
are variable (table 2), differing by more than a 
factor of two. Since 1965, areal recharge includes 
less return flow of water applied to fields adjacent 
to the Santa Cruz River and Rillito Creek and 
includes more infiltration of streamflow and 
sewage effluent along the channel and flood plain 
of the Santa Cruz River. Irrigation return flow 
probably will continue to decrease through time 
because of improved methods of irrigation and 
decreased irrigated acreage. Discharge of sewage 
effluent into the Santa Cruz River near Tucson 
began in 1950, averaged 5,600 acre-ft/yr in 1951, 
and increased to more than 49,000 acre-ft/yr by 
1985 (Davis and Stafford, 1966; Dave Esposito, 
Environmental Planning Management, Pima 
County Wastewater Management Department, oral 
commun., 1988). Seepage from tailings ponds was 
a significant source of return-flow recharge during 
the 1960's and 1970's but was substantially reduced 
in the early 1980's as copper mining was largely 
curtailed.

Ground-water outflow from the aquifer occurs 
as underflow through an alluvium-filled gap in the 
bedrock near Rillito and as evapotranspiration 
along the flood plains of the Santa Cruz River, 
Rillito Creek, and major tributaries. Estimates of 
ground-water outflow near Rillito range from 
3,000 to 20,100 acre-ft/yr (table 1). Estimates of 
evapotranspiration were from 15,000 to 55,700 
acre-ft/yr for predevelopment conditions and about 
6,000 acre-ft/yr in the early 1960's (table 1; 
Davidson, 1973). Prior to complete entrenchment 
of the Santa Cruz River channel by 1914 and 
growing agricultural development along the flood 
plain in the early part of the 1900's, infiltration 
along most of the Santa Cruz and parts of the Rillito 
probably was balanced by evapotranspiration from 
mesquite bosques. After 1940, significant water- 
level declines from agricultural pumping and 
related reduction of mesquite bosques resulted in 
less evapotranspiration in the form of additional 
streamflow infiltration to the aquifer system along 
the north-central part of the Santa Cruz and along 
the Rillito (table 1).

6 Simulation of Ground-Water Flow and Potential Land Subsidence, Upper Santa Cruz Basin, Arizona



Direction of ground-water movement generally 
is northward in the southern part of the basin and 
northwestward in the northern part. Movement and 
storage of ground water are controlled by the 
distribution of hydraulic head and by the 
transmissive and storage properties of the aquifer. 
Hydraulic properties of the lower and upper 
alluvium differ considerably from place to place, 
depending on lithologic factors such as sediment 
grain size, sorting, and cementation. In general, the 
lower alluvium is less transmissive than the upper 
alluvium but stores a much greater volume of water 
because of its greater thickness.

Transmissive properties of the aquifer are 
greatest in the upper alluvium along the channel of 
the Santa Cruz River and the major tributaries and 
are least in the mudstone facies of the lower 
alluvium. On the basis of overall aquifer-test data, 
hydraulic conductivity of the aquifer ranges from 
1 to 1,100 fl/d with most values from 10 to 290 ft/d 
and transmissivity ranges from about 330 to 
55,000 ft2/d with most values from 1,000 to 
28,000 ft2/d (G.W. Freethey and W.R. Meyer, U.S. 
Geological Survey, written commun., 1982; 
unpublished data from the files of Tucson Water, 
City of Tucson; Anderson, 1972; Williams, 1987). 
Estimates of hydraulic conductivity ranged from 
1 to 240 fl/d in the lower alluvium, 3 to 425 fl/d in 
most of the upper alluvium, and 300 to 1,100 ft/d in 
the river gravels of the upper alluvium that underlie 
the channel of the Santa Cruz River (G.W. Freethey 
and W.R. Meyer, written commun., 1982; 
unpublished data from the files of Tucson Water, 
City of Tucson). In a model developed by the 
Regional Aquifer-System Analysis program 
(RASA) of the U.S. Geological Survey, estimates 
of transmissivity range from less than 18 to 
40,300 ft2/d in the layer corresponding to the upper 
Tinaja beds and lower basin fill (T.W. Anderson 
and G.W. Freethey, U.S. Geological Survey, 
written commun., 1990). Estimates of hydraulic 
conductivity range from 3.4 to 716 fl/d in the Fort 
Lowell Formation layer. For an analog-model 
study of ground-water flow in the Tucson basin, 
Anderson (1972) estimated composite trans- 
missivities of the lower and upper alluvium in a 
range from 600 to 25,000 ft2/d throughout most of 
the basin with some values in excess of 50,000 ft2/d 
along the Santa Cruz River. Particle-size data from 
wells indicate a nonlinear decrease in mean

hydraulic conductivity from 140 to 20 fl/d with a 
40-percent increase in silt and clay for sediments in 
the Fort Lowell Formation and a nonlinear decrease 
from 110 to 1 fl/d with a 60-percent increase in silt 
and clay for the Tinaja beds (Anderson and others, 
1990, fig. 9).

Storage properties of the aquifer differ from 
place to place and are difficult to determine because 
of the predominance of single-well aquifer tests 
and generally poor test conditions. Estimates of 
aquifer-storage properties are average values 
determined from water-budget calculations and 
model calibrations. Estimates of specific yield in 
the upper part of the aquifer can range between 
0.03 and 0.25 with an average value between 0.12 
and 0.15 (Anderson, 1972; Davidson, 1973; 
Freethey, 1986; Anderson and others, 1990). 
Storage coefficients of water stored below 1,000 ft 
probably average about IxlO"4. The total volume of 
recoverable water stored in the aquifer under 
predevelopment conditions is estimated to be 
52 million acre-ft (Davidson, 1973; Freethey and 
Anderson, 1986).

Ground-Water Development

Ground water in the part of the upper Santa 
Cruz basin in Pima County is withdrawn for 
livestock, domestic, industrial, municipal, and 
agricultural uses. Before 1977, the principal use of 
ground water was for irrigation of crops. The first 
agricultural wells were completed before 1900, but 
the quantity of water used did not become 
significant until after 1920. From 1920 through 
1939, total pumpage was relatively uniform 
and averaged about 34,000 acre-fl/yr; from 
1936 through 1939, pumpage averaged about 
47,000 acre-ft/yr. In 1940, pumpage was 48,300 
acre-ft and the aquifer system probably was in a 
new state of dynamic equilibrium with generally 
constant water levels at a new lower level. After 
1940, pumpage generally increased steadily and 
was about 170,000 acre-ft in 1954 (fig. 5). During 
the next 13 years in Pima County, pumpage 
decreased and increased several times before 
another generally uniform increase started in 1968 
and reached a maximum of about 269,000 acre-ft in 
1975. Annual pumpage generally decreased to 
195,000 acre-ft by 1986 (fig. 5). Of the total

Hydrogeologic Setting 7



Table 1. Summary of estimated ground-water flow components for the upper Santa Cruz basin

[Rates are in acre-feet per year. Dashes indicate that component was not applicable to study)

Inflow Outflow

Time 
period

Mountain- 
front 

Source recharge

Stream- 
flow 
Infil­ 

tration

Additional 
recharge2 

Under- or reduced 
flow1 pumpage Total3

Evapo- 
trans- 
pira- 
tlon

Under­ 
flow

Estimated 
pumpage Total3

Predevelopment

1940 Moosburner 
(1972)

1940-65 Anderson 
(1972)

1940 Turner and (6) 
others (1943)7

t19'000 4l0'000 
550,930 7,800 531,930

413,000        

417,500 47,500 65,000

861,000 1,000 97,500 69,500 1015,000 3,000- 78,000 97,000
4,000

pre-1900 Freetheyand
Anderson 11 
(1986)7

56,300 122,300 0 61,800 j55.700 6,400 62,100

1936-65 Osterkamp 14- 1548.700 14- 1677.520 
(1973) (31,900) 63,020

1940 Whallon(1983) 

1940 Clifton (1981)

20,100

11,450

1940-84 Hanson and
others 
/ 1 QQft\

1940 Steady-state 00 QAn* ll7 29,840 model1 '
, . non 7.500
34'02° 5,430 -

__ __ .. . . _ o 000 - -

    76,790 7,890 15,260 53,000 76,150

1 Top number is inflow from the south boundary along the Santa Cruz River, and bottom number is inflow from the north 
boundary along Canada del Oro. A single number represents total inflow as ground-water underflow.

2 Includes streamflow infiltration, irrigation return flow, sewage-effluent return flow, and industrial return flow. 
Total of estimated inflow or outflow value used by investigator.

4 Simulated value.
5 The value of 50,930 acre-feet per year (Burkham, 1970) was considered an upper limit to streamflow infiltration. The 31,930 

acre-feet per year difference between streamflow loss and infiltration may be related to unmeasured evapotranspiration or to the 
difference between actual and modeled hydrologic parameters used.

6 Budget component was either not estimated or not simulated by investigator or was considered negligible.
7 This study designated the basin boundary as extending to the international boundary. Values from these studies may not be 

directly comparable to this study. All other studies use basin boundaries that either are similar or are within the boundary of this 
study.

8 Streamflow loss calculated for 1941. Turner and others (1943) estimated that 90,000 acre-feet per year was a more 
representative average historical value. Neither value accounts for depletion by evapotranspiration during percolation.

9 Irrigation return flow.
Evapotranspiration from ground-water reservoir only.

11 Estimate includes mountain-front recharge and streamflow infiltration from runoff. 
Value includes underflow from Davidson Canyon area.

13 Estimate represents stream base flow only prior to channelization.
14 Top number is value for upper Santa Cruz basin using investigator's basin boundaries. Bottom number is resolved value 

calculated for present study boundaries.
15 Values based on Anderson (1972).
16 Values based on Burkham (1970).
17 This report.

8 Simulation of Ground-Water Flow and Potential Land Subsidence, Upper Santa Cruz Basin, Arizona



Table 1. Summary of estimated ground-water flow components for the upper Santa Cruz basin Continued

Time
period

Mountain-
front

Source recharge

Stream-
flow
infil­

tration

Inflow

Under­
flow1

Additional
recharge2

or reduced
pumpage

Evapo-
trans-
pira-

Total3 tlon

Outflow

Under- Estimated
flow pumpage Total3

Development

1947-51

1940-65

1940-46
1952-68

1958

1936-63

1970-72

1960-69

1970-79

Johnson 65,000
(1952)7

Anderson ( )
(1972)

B.N. Aldridge 50,700
and S.G.
Brown
(written
commun.,
1971)7

Turner (6)
(1959)25

Davidson is-,, p,  
(1973)27 31l00°

Brown 
(1976)7 48' 10°

Travers and
Mock
(1984)32 32,020

Travers and
Mock
(1984)32 32,150

45,000

21 9,280-

49,930

89,200

15,000

165 1,000

77,300

19,810

19,860

1,000

(20)

23,000

10.000 
7,800

500 
10,000)

10,575

10,575

18 10,000-
20,000

ft

^.OOO-
4,000

"*»*»

31 88,200

18,810

31,680

121,000 12,000

......... (6)

/6\
V /

/6\

117,100 6'00°- 
15,000

214,100 15,500

81,215 (6)

94,265 (6)

194,500 166,000 182,500

2017,500- ft (23)
10,000

O Hfin 26^o nnrvy,uuu /o.yuu     

^lO.OOO 29176,700 202,200

10,000 ^g'3^ 273,800

6,830 135,300 142,130

6,830 206,750 213,580

18 Range results from the uncertainty of percentage of applied irrigation that recharges the aquifer. 
Includes 2,000 acre-feet per year underflow from San Rafael valley into Mexico.

20 Storage-depletion analysis. Predevelopment pumpage and inflow along boundaries were assumed constant and not included 
in the actual simulation. Outflow as ground-water underflow was assumed to decrease linearly from 1940 to 1965.

21 Values were simulated on a yearly basis using Burkham's (1970) streamflow loss values as maximum annual values. 
Simulation values of 50 percent of Burkham's (1970) calculations made the best estimate of the amount of infiltration that reached 
the ground-water reservoir.

Model values were not reported.
23 Reported pumpage minus recharge and reduced pumpage.
24 Recharge from sewage effluent; Nogales treatment plant (1958-64).
25 Basin boundaries extend from south border of T. 18 S. to a line from the west edge of the Santa Catalina Mountains through 

the confluence of the upper Santa Cruz River and Rillito Creek to the Tucson Mountains.
26 Irrigation pumpage was reduced to account for return flow.

Values represent the mean of the yearly values for the time period.
28 Sewage-effluent return flow and industrial return flow.
29 Value for 1965 only.
30 Value for early 1960's.

Irrigation return flow, sewage-effluent return flow, and industrial return flow. 
32 Averaged yearly values.
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Figure 4. Annual streamflow in the Santa Cruz River at Continental, upper Santa Cruz basin, 1940-86.

reported pumpage of 195,000 acre-ft in Pima 
County for 1986,66 percent was public-supply use, 
23 percent was agricultural use, and 11 percent was 
industrial use.

Total withdrawal from the aquifer for 1940-86 
was 7.8 million acre-ft on the basis of reported 
pumpage values (fig. 5). For 1940-86, 52 percent 
of the withdrawal was for agricultural use, 
33 percent was for public-supply use, and 
15 percent was for industrial use. In Pima County, 
peak agricultural use was 140,700 acre-ft in 1954, 
peak industrial use was 80,200 acre-ft in 1980, and 
peak public-supply use was 127,400 acre-ft in 1986. 
Ground-water withdrawals for industrial use 
averaged 46,000 acre-ft/yr for 1966-86. After 
1982, industrial use decreased to pre-1970 rates of 
less than 40,000 acre-ft/yr as a result of reduced 
mining withdrawals.

Before extensive ground-water development, 
the hydrologic system in the upper Santa Cruz basin 
was in approximate equilibrium, and movement 
and storage of water in the aquifer were controlled 
by natural recharge, discharge, and lithologic

relations. Ground-water pumpage in excess of 
recharge greatly altered the natural flow system 
through time. Between 1940 and 1985, water-level 
declines were from 100 to more than 150 ft 
throughout most of north-central metropolitan 
Tucson (herein called the central well field, 
T. 14 S., R. 14 E.) and along the Santa Cruz River 
northeast of Black Mountain, T. 15 S., R. 13 E.; 
north of Sahuarita, Tps. 16 and 17 S., R. 13 E.; 
north of Green Valley, T. 17 S., R. 13 E.; and 
south of Continental, Tps. 18 and 19 S., R. 13 E. 
(Anderson, 1972; Babcock and others, 1987). 
Other effects of pumping include a shift of natural 
ground-water flow paths toward pumping centers, 
increased vertical-hydraulic gradients, develop­ 
ment of perched ground water above the regional 
aquifer in areas underlain by shallow fine-grained 
beds, decreased transmissivity resulting from 
dewatering of permeable Quaternary sediments, 
and increased vertical effective stress resulting in 
compaction of the aquifer system.

10 Simulation of Ground-Water Flow and Potential Land Subsidence, Upper Santa Cruz Basin, Arizona



Table 2. Summary of estimated mountain-front recharge for the mountains surrounding the upper Santa Cruz basin 

[Rates are in acre-feet per year per mile. Dashes indicate that value was not estimated. <, less than]

Source

Anderson (1972)3 .....

Davidson(1973)4 .....

Osterkamp (1973)6'7 . 

Williams (1987)8

Travers and 
Mock (19841

Mohrbacher(1984)9 . 

Belan (1972)9- 11 . ......

Olsen (1982)9 ...........

Merz (1985)9 ............

Thome (1983)...........

This study13' 14 ... ......

Tortolita Santa Catalina 
Mtns. Mtns.1

700 325
 "  180

325 900 <2^si2UO 54^5

270 340 200-400 
'" (200-400) 140 (100-200)

... 80 205
270 

_____ 1024-65

50

"50

lOolll /o OOTV
... /72581 V-^' 6^ 'i

(1,448)

Mountain-front recharge

Tanque Verde Rincon Santa Rita Tumacacori Sierrita Tucson 
Mtns. Mtns. Mtns.2 Mtns. Mtns. Mtns.

180 300 285 _ -   200 0

i so ^nn 9ft^ onn n

250 250 270 110 230 5
(200-400) (200-400) (100-400) (100-200) (100-400) (0-50) 

9RS 900

310 290 240 90 150 0

____ __ 900.400 _ -   __

255[6] 
(2.8091 

195[4] 281[5] 285[7] 129[9] 153[10] 19[11] 
(1,564) (1,969) (4.561) (3,873) (3,830) (326) 

168[8] 
(3,367)

lrFop value is for the values west of Sabino Creek. Bottom value is for the values east of Sabino Creek, 
^op value is for the values north of model row 42 for Santa Rita and Empire Mountains. Middle value is for the values north 

of model row 53 for northwestern Santa Rita Mountains. Bottom value is for the values south of model row 52 for western Santa 
Rita Mountains.

3Values used in electrical-analog simulation. 
4Values from Anderson (1972).
5An estimated 140 acre-feet per year per mile depleted by evapotranspiration.
6Values based on Anderson (1972) and correlations of recharge with precipitation and drainage area in other areas of southern 

Arizona.
Average values determined by dividing estimate of average annual recharge along mountain front by perimeter length. Values 

in parenthesis represent range of estimated values along mountain front.
8Values from Anderson (1972). These estimates used as initial values for modeling a part of the upper Santa Cruz basin. 
9Values estimated using flow nets and water-balance equation. Results based on data collected after 1965 for periods of less 

than 10 years.
10Estimate does not include underflow beneath streams flowing from mountain flanks into regional aquifer.

Belan (1972) considered mountain-front recharge in his study area to be significant only along shoestring aquifers carved in 
low permeability sediments.

Study area includes a part of the Tanque Verde Mountains.
13These are average values for the entire mountain front; actual values vary from cell to cell. Value in parenthesis is total 

simulated recharge for specified mountain front.
14Number in bracket is reach identifier shown in figure 7.
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Figure 5. Annual reported ground-water pumpage in the part of the upper Santa Cruz basin in Pima 
County, 1940-86.

SIMULATION OF GROUND-WATER 
FLOW

A numerical ground-water flow model of the 
upper Santa Cruz basin was developed to simulate 
steady-state conditions for 1940 and transient-state 
conditions for 1940-86 in the aquifer system. 
Model results provided information concerning 
predevelopment hydrologic conditions and 
response of the aquifer system to changes in 
pumping and recharge through time. Simulations 
were made using a three-dimensional finite- 
difference ground-water flow model developed by 
McDonald and Harbaugh (1988). Transient-state 
simulations were calibrated for 1941 through 1986. 
A sensitivity analysis was used to evaluate the 
sensitivity of simulated heads to changes in 
hydraulic parameters. Model results and calibra­ 
tion also provided insight into the limitations and 
need for future refinements of this regional-scale 
model.

Previous models include basin-wide electrical- 
analog (Anderson, 1972) and digital models (T.W. 
Anderson and G.W. Freethey, U.S. Geological 
Survey, written commun., 1990) and subregional 
now models (Fogg, 1978; Williams, 1987). A two- 
layer model developed by the RASA Project was 
the initial framework used by this study (T.W. 
Anderson and G.W. Freethey, U.S. Geological 
Survey, written commun., 1990). The stratigraphic 
basis for layering and the distributions of hydraulic 
conductivity and transmissivity used by the RASA 
model (G.W. Freethey and W.R. Meyer, U.S. 
Geological Survey, written commun., 1982) were 
used for this model. The upper layer used by the 
RASA model does not include the upper Tinaja 
beds, which represent the base of the upper 
alluvium. The upper layer is coincident with the 
saturated areal extent of the Fort Lowell Formation 
and the shallow depths of most early wells. 
Relayering and redistribution of aquifer parameters 
were beyond the scope of this study but could be 
evaluated in future refinements of the regional
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ground-water flow model. An active flow region in 
the upper layer of 379 mi2 (fig. 6) represents the 
saturated part of the stream alluvium and the Fort 
Lowell Formation within the regional upper 
alluvium in 1979. An active flow region in the 
lower layer of 847 mi2 (fig. 6) represents the 
saturated part of the upper Tinaja beds within the 
regional upper alluvium and the Pantano Formation 
and the lower and middle Tinaja beds within the 
lower alluvium in 1979 (fig. 3). The model was 
discretized with uniform grid spacing of 1 mi2 
(fig. 6).

Constant-head ground-water inflow and 
outflow cells were specified at the model 
boundaries for the steady-state simulation along the 
Santa Cruz River, and constant flow cells were used 
at the model boundaries along Canada del Oro. On 
the basis of fairly constant measurements of water 
levels at the inflow boundary along the Santa Cruz 
River, ground-water inflow was specified as head- 
dependent cells with constant boundary heads 
through time for transient-state simulations (fig. 6). 
The ground-water outflow near Rillito also was 
represented as a head-dependent boundary for 
transient simulations. These boundary heads were 
varied through time because of water-level declines 
in adjacent Avra Valley. Ground-water inflow of 
5,430 acre-ft/yr from Canada del Oro was held 
constant for predevelopment and varied through 
time as a general-head boundary for transient-state 
simulation. All mountain-front recharge was 
simulated as a relatively uniform constant inflow in 
boundary cells coincident with minor tributaries for 
steady- and transient-state simulations (table 2 and 
fig. 7). All streamflow infiltration was simulated 
by constant inflow along nine reaches for steady- 
and transient-state simulations (table 3, fig. 6). 
No-flow boundaries were specified for all other 
boundary cells.

Hydraulic conductivity of layer 1, trans- 
missivity of layer 2, storage properties for both 
layers, and vertical leakance between layers were 
specified for the model. Transmissivity of layer 1 
was calculated by the model using model- 
calculated saturated thickness and specified 
hydraulic conductivity. Transmissivity of layer 2 
was specified directly in the model and remained 
constant, thus assuming that no significant changes 
in saturated thickness or hydraulic conductivity 
occurred during the simulated period of historical

development Storage was simulated by specifying 
specific yield in layer 1 and storage coefficient in 
layer 2. The bottom altitude of the upper layer was 
estimated from the hydrogeologic studies of 
Davidson (1973) and Anderson (1987, 1988). 
Vertical flow between layers was simulated by the 
RASA models of southeastern alluvial basins with 
a typical leakance value of about 10~2 (fi/d)/ft and a 
range of 10 to 10'6 (fi/d)/ft (Freethey, 1986). The 
RASA model for the Tucson basin used a uniform 
leakance value of l.OxlO'6 (ft/s)/ft (0.0014 (fi/d)/ft) 
that did not maintain saturated cells for the 1979 
extent of saturated thickness of the Fort Lowell 
Formation. During steady-state calibration of the 
model developed in this study, the leakance was 
reduced to l.OxlO'7 (fi/s)/ft (0.0086 (ft/d)/ft) and 
was indexed on clay-and-silt content with an integer 
multiplier 1, 2, 3, and 4 for each of the textured 
subregions of the Fort Lowell Formation (fig. 8). 
Thus, cells with 60 to 80 percent silt and clay were 
assigned a value of IxlO'7 (fi/s)/ft (0.0086 (fi/d)/ft) 
and cells with less than 20 percent silt and clay were 
assigned a value of 4xlO'7 (ft/s)/ft (0.035 (fi/d)/ft). 
The resulting vertical leakance between layers 
ranged from 3.5xlO'2 to 8.6xlO'3 (fi/d)/ft. These 
vertical leakance values are comparable to the range 
of estimated values-9xlO'2 to 9x10^ (fi/d)/ft-used 
in the adjacent Avra Valley ground-water flow 
model (Hanson and others, 1990).

Steady-state and transient-state simulations 
were calibrated to measured water levels, contours 
of measured water levels, and contours of water- 
level changes that generally represent average 
conditions in the upper 1,000ft of the aquifer 
(model layers 1 and 2). Simulated water levels 
were bilinearly interpolated to the locations of 
measured water levels for point comparisons of 
calibration error. Hydrographs showing point 
comparisons through time also were used 
for transient-state model comparisons. Most 
hydrograph data used for transient comparisons are 
from index wells used by the Arizona Department 
of Water Resources (Murphy and Hedley, 1984) 
and the City of Tucson (Babcock and others, 1987) 
to monitor the aquifer system in the upper Santa 
Cruz basin.
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111°00' COLUMNS 110°45'
iq 12 14 16 IS 20 22 24 | 26  

111°00' COLUMNS 110°45'
32°30'  2 4 6 «  <0| 1? H ;P 18 20 g? ;a | 86

PREDEVELOPMENT DISCHARGE
5 10 MILES 

M ' ' I    ' 

5 10 KILOMETERS

RECHARGE

PREDEVELOPMENT DISCHARGE CELLS 
Evapotranspiration 
Ground-water outflow 
Pumpage, wells active in 1940

EXPLANATION
Model cell is 1 square mile

RECHARGE CELLS

03 Streamflow recharge Number is 
reach identifier (see table 3)

D Mountain-front recharge
^ Ground-water inflow
ffl Mine return flow

BOUNDARY OF MODEL

     Lower layer (2)
        Upper layer (1)

Figure 6. Finite-difference grid with boundary conditions for layers 1 and 2 of the upper Santa Cruz basin 
ground-water model.
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Steady-State Simulation

Simulation of ground-water flow in 1940 
allowed for evaluation of steady-state conditions in 
the aquifer before extensive ground-water 
development. Simulation of predevelopment 
conditions in 1940 results in a steady-state model 
during a period of dynamic equilibrium when only 
about 3 percent of the basin was affected by water- 
level declines from early pumpage (Anderson, 
1972), and when there were numerous water-level 
measurements needed for model comparison. This 
steady-state simulation assumes that no change in 
storage occurs and that inflow is equal to outflow. 
Model calibration started with analog-model 
estimates (Anderson, 1972) of steady-state inflow 
and outflow and estimates of hydraulic conductivity 
and transmissivity from the RASA model. The 
calibration required agreement between measured 
and simulated heads and estimated and simulated 
inflow and outflow.

Computed inflow and outflow balanced within 
about 0.01 percent and were, in part, similar to 
Anderson's (1972) previous estimates and 
distribution of flow (table 1). This simulation, like 
Anderson's (1972), required mountain-front 
recharge and streamflow infiltration (table 1) 
as well as ground-water inflow for satisfactory 
calibration. Outflow components included pre­ 
development pumpage, evapotranspiration, and 
underflow out of the basin to Avra Valley (table 1). 
Unlike previous flow models (Anderson, 1972; 
Travers and Mock, 1984), evapotranspiration was 
explicitly simulated.

About 39 percent of the total computed inflow 
of 76,790 acre-fi/yr, or 29,840 acre-fi/yr, entered 
the basin as mountain-front recharge. The initial 
estimate and distribution of mountain-front 
recharge was based mainly on previous estimates 
(fig. 7, tables 1 and 2). Time-averaged estimates of 
mountain-front recharge were represented as 
constant-flow cells. Minor adjustments in rate and 
redistribution to cells that were aligned with minor 
ungaged tributaries were made in matching 
predevelopment water levels during calibration. 
The largest amounts of recharge were simulated 
along the Catalina, Santa Rita, Sienita, and 
Tumacacori Mountains (fig. 7 and table 2). The 
largest average rates of mountain-front recharge 
were simulated along the Santa Rita, Rincon, and

32°30' -
111°00' COLUMNS 110°45'

6 8 10 12 '-* *6 J6 20 22 24! | 26

MOUNTAIN-FRONT RECHARGE
10 MILES

0 5 10 KILOMETERS

EXPLANATION
Model cell is 1 square mile

MOUNTAIN-FRONT RECHARGE- 
N umber is reach identifier (see 
table 2)

BOUNDARY OF MODEL 
Lower layer (2) 
Upper layer (1)

Figure 7. Finite-difference grid with mountain-front 
recharge for layers 1 and 2 of the upper Santa Cruz 
basin ground-water model.
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Figure 8. Finite-difference grid with average silt and clay contents for layers 1 and 2 of the upper Santa Cruz basin 
ground-water model.
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Tanque Verde Mountains. The simulated average 
rates are generally lower than Anderson's rates 
(1972) because of the redistribution to additional 
cells along ungaged tributaries. The total amount 
was slightly more than Anderson's total (1972) 
because of the small amount of additional recharge 
simulated along the Tucson Mountains and the 
additional recharge south of the analog-model 
boundary in Santa Cruz County (fig. 7).

About 44 percent of the total inflow, 
34,020 acre-ft/yr, occurred as streamflow 
infiltration. Time-averaged estimates of tributary- 
streamflow infiltration were represented as 
constant-flow cells. The estimates for streamflow 
infiltration were based on the streamflow- 
infiltration estimates made for individual reaches 
(table 3) on the basis of average conditions for 
1936-63 (Burkham, 1970, pi. 1). These values 
were reduced by 10 percent to account for the 
moisture depletion required to bring the unsaturated 
sediments beneath the mainly ephemeral washes to 
field capacity (Burkham, 1970). Subsequent 
calibration required that an additional reduction of 
40 percent of Burkham's estimates be made along 
Pantano Wash, Tanque Verde Wash, Rillito Creek, 
and the Santa Cruz River north of the confluence 
with Rillito Creek (fig. 9). Reductions of 33 
to 54 percent of Burkham's (1970) estimates also 
were made for the analog model (Anderson, 1972). 
The additional streamflow infiltration above 
Anderson's estimate (1972) used in the analog 
simulation is offset partly by the smaller ground- 
water inflow (table 3) and includes infiltration south 
of the analog-model boundary in Santa Cruz 
County. Simulated streamflow was distributed 
over all nine reaches (fig. 8) on a cell-by-cell basis 
with a constant infiltration rate, estimated stream 
length per cell, and required balance of inflow and 
outflow between reaches. This yields an average 
yearly inflow with a routed cell-by-cell distribution 
(fig. 9) that is in alignment with the relative inflows, 
outflows, and losses estimated by Burkham (1970).

About 17 percent of the total computed inflow 
occurred as underflow into the basin. Of that 
amount, just less than half, or 5,430 acre-ft/yr, 
entered the basin as underflow through Caftada del 
Oro and was simulated with constant-flow cells in 
layer 2. This quantity represents about 70 percent 
of the inflow used in the analog model (Anderson, 
1972). Constant-head inflow cells were used to

simulate 7,500 acre-ft/yr entering the basin as 
underflow south of Tubac. All the inflow through 
Caflada del Oro and 68 percent of the inflow near 
Tubac occurred in layer 2.

Outflow from the aquifer as pumpage 
accounted for 70 percent of the total simulated 
outflow. Predevelopment pumpage of 47,500 
acre-ft/yr estimated and used by Anderson (1972) 
was distributed among cells in the uppermost active 
layer throughout the model area for the steady-state 
simulation (fig. 6). The steady-state pumping rate 
also includes an additional 6,860 acre-ft/yr of 
agricultural pumpage in the part of the model in 
Santa Cruz County. This agricultural pumpage was 
estimated with an average water requirement of 
3 acre-ft/yr/acre and was distributed on the basis of 
a 1944 survey of irrigated acreage (University of 
Arizona, 1944). The net predevelopment pumpage 
of 53,000 acre-ft/yr was used for modeling steady- 
state conditions, and an additional 1,360 acre-ft/yr 
occurred in the constant-head cells.

Evapotranspiration accounted for about 
8 percent of total outflow, or 7,890 acre-ft/yr, 
which is comparable to the minimum estimate made 
by Davidson (1973) of 6,000 acre-ft/yr for the mid- 
1960's but is less than other predevelopment 
estimates. Simulation of evapotranspiration was 
made on the basis of densities and types of 
vegetation observed on aerial photographs of the 
basin taken in 1936 and 1941. A single extinction 
depth of 25 ft was assigned on the basis of 
published values for mesquite and cottonwood 
(Robinson, 1958). The potential area! distribution 
of evapotranspiration was determined by aerial 
photographs showing natural vegetation and 
predevelopment depth-to-water measurements that 
were less than 25 ft (Smith and Schwalen, 
University of Arizona, written commun., 1940; 
Schwalen and Shaw, 1957). Consumptive-use 
calculations made using the Blaney-Criddle 
formula (Blaney and Criddle, 1949; Blaney and 
Harris, 1951) and Tucson climate data for 1941 
(Sellers and Hill, 1974; Cruff and Thompson, 1967) 
were prorated to a uniform rate for a whole year 
and on the basis of vegetation densities. 
Evapotranspiration was not simulated along 
Cafiada del Oro because predevelopment depth-to- 
water measurements were more than 100 ft. The 
distribution of potential evapotranspiration 
extended throughout most of the Santa Cruz River
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Figure 9. Simulated evapotranspiration (1940) and average streamflow recharge (1941-57) for layers 1 and 2 
of the upper Santa Cruz basin ground-water model.
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and tributary flood-plain areas (fig. 6). The 
restriction of simulated evapotranspiration to the 
Santa Cruz River flood plain south of Continental 
and near Tucson, and to the Rillito, Sabino, and 
Tanque Verde Creeks (fig. 9) may be due, in part, to 
the presence of predevelopment pumpage.

Total simulated outflow as ground-water 
underflow was 15,260 acre-fi/yr near Rillito. About 
85 percent of this outflow was through layer 1. The 
outflow falls in the range of predevelopment 
estimates (table 1), is comparable to the analog 
model outflow (Anderson, 1972), and is about 
50 percent more than the simulated inflow for the 
Avra Valley model (Hanson and others, 1990).

Hydraulic conductivity and transmissivity were 
estimated from available data and analog-model 
distributions. These initial estimates were adjusted 
during calibration to produce the final distributions 
of hydraulic conductivity (fig. 10) and 
transmissivity (fig. 11). The final hydraulic- 
conductivity distribution ranged from 3 to 255 ft/d 
for layer 1. The final transmissivity distribution 
ranged from 19 to 18,600 ft2/d for layer 2. 
Magnitude and distribution of composite 
transmissivity (fig. 12) are similar to those 
determined for the electrical-analog model 
developed by Anderson (1972). Final composite 
transmissivities ranged from 19 to 49,200 f^/d.

In the calibrated steady-state model, head 
differences between layers 1 and 2 were less than 
several feet. However, some upward flow between 
layers was indicated by steady-state simulation 
throughout most of the areal extent of the upper 
layer. The net upward flow to layer 1 was 
42,500 acre-ft/yr, which is about half the total 
simulated flow. Upward flow was greatest 
(35 percent of total upward flow) in the Cortaro 
region where the flow system is constricted 
between the Tucson and Santa Catalina Mountains. 
About 66 percent of the total simulated upward 
flow and 46 percent of the simulated downward 
flow between layers occurred on the boundary of 
the upper layer. This large percentage is in part a 
result of the model configuration that reflects 
vertical flow as well as some lateral flow of 
streamflow infiltration and mountain-front recharge 
across the lateral boundary of the less extensive 
upper layer.

The root-mean-square differences between 
measured and steady-state simulated (fig. 13) water

levels in 73 comparisons for the upper layer and 
36 comparisons in the lower layer were 11 and 
16 ft, respectively. The comparison points were 
almost exclusively along the Santa Cruz River with 
additional points along Caflada del Oro and Rillito 
and Tanque Verde Creeks. The mean errors for 
the upper and lower layers were -0.5 ft and 
-3.0 ft, respectively, with no apparent systematic 
error with respect to altitudes (fig. 13A). The errors 
are approximately normally distributed about a 
median value of-1.7 ft, indicating simulated water 
levels slightly higher than measured values 
(fig. 13B). The largest overestimation of water- 
level altitudes occurred mainly along the Santa 
Cruz River near the southeast edge of the Tucson 
Mountains. Differences between contours of 
measured water levels and lower-layer simulated 
head generally ranged from 0 to 25 ft but were as 
much as 60 ft along the basin margins where the 
uncertainty in aquifer properties and measured 
water levels is the greatest (fig. 14). Water-level 
gradients and contour shapes matched the hand- 
contoured water levels from Anderson (1972) with 
minor differences in the south-central basin 
(Tps. 14 and 15 S., Rs. 14 and 15 E.).

Transient-State Simulation

Simulation of ground-water flow from 1941 
through 1986 allowed for evaluation of the response 
of the aquifer to changes in pumping and recharge 
through time. The transient-state simulations used 
estimated pumpage data, hydraulic characteristics, 
and simulated heads from the steady-state model for 
initial conditions. Calibration required matching 
measured and simulated heads and provided 
estimates of specific yield and changes in head, 
recharge, and water released from storage. 
Transient simulations included monthly time 
steps within eight stress periods 1941,1942-46, 
1947-49, 1950, 1951-52, 1953-57, 1958-61, and 
1962-65 that were in alignment with the changes 
in reported pumpage (fig. 5) and with the stress 
periods used in Andersen's (1972) electrical-analog 
model calibration (table 4). For the remaining years 
of the transient simulation, 1966-86, yearly stress 
periods with monthly time steps were used (table 4). 
All pumpage data for transient simulations were 
distributed cell by cell in the uppermost active layer

20 Simulation of Ground-Water Flow and Potential Land Subsidence, Upper Santa Cruz Basin, Arizona



32°30' - 2
111-001 COLUMNS 110°45'

6 B 1Q 13 14 IS 16 20 22 3« | 86 ~

111 C00' COLUMNS 110°4S' 
32 C30'  £ 4 6 8 Jfr 12 U 15 1g ..M_.j2_gjl 2g_

HYDRAULIC CONDUCTIVITY SIMULATED STEADY-STATE 
SATURATED THICKNESS

10 MILES

10 KILOMETERS

-75- LINE OF EQUAL HYDRAULIC 
CONDUCTIVITY  Interval 
50 feet per day

EXPLANATION 
Model cell is 1 square mile

-50- LINE OF EQUAL STEADY-STATE 
SATURATED THICKNESS  
Interval 50 feet

BOUNDARY OF MODEL

Figure 10. Hydraulic conductivity and simulated steady-state saturated thickness of model layer 1 of the 
upper Santa Cruz basin ground-water model.

Simulation of Ground-Water Flow 21



32°30' - ' t 4
COLUMNS 110°45'

6 6 1Q 12 14 --6 !8 20 22 34 | 32°30'   2 4
1 1 1 °00' COLUMNS 1 1 0°45'

6 8 1Q 12 14 16 18 ZO 22 24 | 26  

10 MILES

0 5 10 KILOMETERS

EXPLANATION 
Model cell is 1 square mile

 6  LINE OF EQUAL TRANSMISSIVITY  
Interval in thousands of feet squared 
per day. Hachures indicate closed 
area of lower transmissivity

BOUNDARY OF MODEL

32°15'

10 KILOMETERS

EXPLANATION
Model cell is 1 square mile

REGION OF TRANSMISSIVITY FROM ELECTRICAL- 
ANALOG MODEL (ANDERSON.1972), IN FEET 
SQUARED PER DAY Number in parenthesis is in 
gallons per day per foot

< (,340 (<10,000)

1,340 - 6,680 (10,000 - 50,000)

6.680-13,370 (50.000- 100,000)

13.370 - 24,060 (100,000 - 180,000)

>24.060 (>180,000)

Outside analog model

 IS- LINE OF EQUAL COMPOSITE TRANSMISSIVITY FOR 
STEADY-STATE SIMULATION Interval in thousands of 
feet squared per day.

    BOUNDARY OF MODEL

Figure 11. Transmissivity of model layer 2. 

22 Simulation off Ground-Water Ffow and Potential Land Subsidence, Upper Santa Cruz Basin, Arizona

Figure 12. Composite transmissivity of model layers 
1 and 2.
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basin, 1940.

on the basis of irrigated areas, power use, or direct 
estimates of municipal and industrial pumpage. All 
pumpage for 1980-86 was assigned to layer 2 to 
reflect substantial desaturation of the upper layer 
with deeper positioning of pump bowls, drilling of 
deeper new wells, and deepening of many existing 
wells throughout the basin. Mountain-front 
recharge was held constant for the entire transient 
simulation (table 4) as was done in previous models 
(Anderson, 1972; Travers and Mock, 1984).

Transient calibration was done over two time 
periods, 1940-65 and 1966-86. The first time 
period, which was considered to represent a 
storage-depletion system, used stress periods and 
pumpage data developed with the analog-model 
study and allowed for comparison with 
analog-model results (Anderson, 1972). The 
second time period was characterized by different 
pumpage distributions and was affected by an 
increase in irrigation and mine return flow and in 
streamflow infiltration (1958-86). An additional 
transient period, 1987-2025, was included for 
projection of potential subsidence and is discussed 
in the section "Simulation of Potential Land 
Subsidence."

Changes in head through time at the ground- 
water outflow boundary were assumed to be 
relatively similar across the boundary on the basis 
of hand-contoured and simulated water levels in 
Avra Valley (Hanson and others, 1990). For the 
early part of the transient simulation, 1940-52, 
changes in head are based on simulated water-level 
changes from the Avra Valley ground-water flow 
model (Hanson and others, 1990, fig. 15, point J). 
For the rest of the transient simulation, changes in 
the outflow boundary head were based on the 
hydrograph for well (D-12-ll)12bdc from the 
Avra Valley flow model (Hanson and others, 1990, 
fig. 15, well J). The conductances at the outflow 
boundary near Rillito were about 12,600 ftrVd in 
layer 1 and ranged from 96 to 1,750 ft2/d in layer 2. 
Changes in head through time at the ground-water 
inflow boundary along Caflada del Oro were 
assumed to be linear for the early part of the 
transient simulation, 1940-56, and were based on 
the hydrograph for well (D-10-14)29dca for the 
remainder of the simulation. The conductances 
at the inflow boundary along Caflada del Oro 
ranged from 450 to 2,000 ftrVd in layer 2. The 
conductances at the inflow boundary along the
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Table 4. Summary of transient simulated ground-water flow components for the upper Santa Cruz basin model 

[Rates are in acre-feet per year]

Inflow Outflow

Time 
period

1941
1942-46
1947^9
1950

1951-52
1953-57
1958-61
1962-65

1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986

Stress 
period

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)

(10)
(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)
(21)
(22)
(23)
(24)
(25)
(26)
(27)
(28)
(29)

Mountain- 
front 

recharge

29,840
29,840
29,840
29,840
29,840
29,840
29,840
29,840
29,840
29,840
29,840
29,840
29,840
29,840
29,840
29,840
29,840
29,840
29,840
29,840
29,840
29,840
29,840
29,840
29,840
29,840
29,840
29,840
29,840

Stream- 
flow 
infil­ 

tration

34,020
34,020
34,020
34,020
34,020
34,020
46,400
46,400
46,400
46,400
46,400
46,400
46,400
46,400
46,400
46,400
46,400
46,400
46,400
46,400
46,400
46,400
46,400
46,400
46,400
46,400
46,400
46,400
46,400

Under­ 
flow1

14,240
13,760
13,800
13,680
13,850
13,960
14,150
14,190
13,480
13,270
13,590
13,090
12,920
12,810
12,620
12,530
12,470
12,460
12,500
12,430
12,460
12,480
13,530
13,170
13,370
13,580
13,490
13,500
13,430

Additional 
recharge2 
or reduced 
pumpage

4,590
6,650
9,410

12,940
18,850
21,940
14,980
18,580
30,360
38,870
41,000
47,930
45,030
41,690
42,830
47,050
48,500
48,260
53,380
44,200
36,340
43,190
38,940
40,140
31,720
27,280
28,260
30,170
25,560

Total3

82,690
84,270
87,070
90,480
96,560
99,760

105,370
109,010
120,080
128,380
130,830
137,260
134,190
130,740
131,690
135,820
137,210
136,960
142,120
132,870
125,040
131,910
128,710
129,550
121,330
117,100
117,990
119,910
115,230

Evapo- 
trans- 
pi ra­ 
tion

7,850
5,840
3,990
3,420
2,680
1,280
2,110
2,310
2,310
2,430
2,560
2,600
2,580
2,680
2,830
2,690
2,630
2,490
2,240
2,390
2,500
2,530
2,490
2,470
2,530
2,550
2,560
2,510
2,400

Under­ 
flow

15,460
14,190
12,790
13,920
13,170
14,590
15,570
15,510
16,630
17,800
18,310
19,970
18,710
18,850
19,120
18,210
17,000
17,980
18,310
18,150
18,180
14,650
16,140
16,710
16,420
16,440
16,820
16,970
17,100

Estimated 
pumpage

61,370
90,380

120,480
134,620
168,950
177,450
160,580
187,560
117,210
142,450
141,840
157,030
187,590
192,410
196,250
217,400
222,650
232,090
235,950
195,520
168,600
180,010
205,230
226,290
199,660
183,350
185,110
207,970
199,460

Total3

84,680
110,410
137,260
151,960
184,800
193,320
178,260
205,380
136,150
162,680
162,710
179,600
208,880
213,940
218,200
238,300
242,280
252,560
256,500
216,060
189,280
197,190
223,860
245,470
218,610
202,340
204,490
227,450
218,960

Net 
outflow

1,990
26,140
50,190
61,480
88,240
93,560
72,890
96,370
16,070
34,300
31,880
42,340
74,690
83,200
86,510

102,480
105,070
115,600
114,380
83,190
64,240
65,280
95,150

115,920
97,280
85,240
86,500

107,540
103,730

1This value represents total inflow as ground-water underflow.
deludes streamflow infiltration, irrigation return flow, sewage-effluent return flow, and industrial return flow.
TVrtal of estimated inflow or outflow value used in the regional model.

Santa Cruz River were about 8,100 ft2/d in layer 1 
and ranged from 34 to 6,600 tf/d in layer 2. On the 
basis of numerous hydrographs, the boundary heads 
were held constant for inflow along the Santa Cruz 
River. The conductances were based on steady- 
state gradients and flows at the infow and outflow 
boundaries. The conductances of the ground-water 
inflow and outflow boundaries were constant for 
the entire transient simulation.

Storage was simulated as specific yield in layer 
1 to reflect water-level decline in the unconfined 
part of the aquifer system. The initial storage value 
was specified as a specific-yield value where either

layer 1 or layer 2 was the uppermost layer. These 
values were initially indexed on the textural 
subregions (fig. 8) of the Fort Lowell Formation 
and upper Tinaja beds, respectively, with values of 
0.13 for the alluvial-fan subregions, 0.10 and 0.08 
for the interfingered subregions, and 0.05 for the 
playa subregions. A confined storage coefficient of 
IxlO"4 was specified for layer 2 where confined by 
layer 1, and a specific-yield value was specified in 
the rest of layer 2. Where confined, layer 2 was 
treated as convertible and storage values were 
changed from IxlO"4 to a specific-yield value if 
the overlying layer 1 cell was desaturated. The
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specific-yield distribution shown in figure 15 was 
determined primarily by calibration of the storage- 
depletion period ending in 1965. These 
distributions were used for simulation of the entire 
historical period from 1940-85. In this final 
distribution, specific yield in layers 1 and 2 was 
increased to 0.18 along the Santa Cruz River and its 
tributaries similar to the specific-yield distribution 
by the Santa Cruz River in the Avra Valley model 
(Hanson and others, 1990) and to 0.15 in the flood 
plain east of the Santa Cruz River in T. 13S.,Rs. 13 
and 14 E., and north of the confluence with the 
Rillito. Specific yield was decreased to 0.05 in the 
4-square-mile area of the central well field 
(T. 14 S., R. 14 E., sees. 11-14), and is additionally 
surrounded by cells reduced to 0.08. A similar 
reduction was required in the analog model 
(Anderson, 1972). These specific-yield values are 
within the range of previous estimates (White and 
others, 1966; Moosburner, 1972; Anderson, 1972; 
Matlock and Davis, 1972; Davidson, 1973; 
Whallon, 1983; Freethey and others, 1986).

Streamflow infiltration was held constant in 
this model for 1940-57 (table 4), although the 
previous models varied Streamflow infiltration 
annually on the basis of Burkham's (1970) relation 
with discharge (table 3). Burkham's relation is 
based on all floodflows, which include summer 
monsoonal, fall-winter cyclonic, and winter frontal 
storm types. As was required with the steady-state 
simulation, a 40-percent reduction along the 
northern parts of the river system was used in most 
of the first historical period, 1941-57. Keeping 
Streamflow infiltration constant for 1941-57 is also 
consistent with the climatic analysis of Streamflow 
on the Santa Cruz River by Webb and Betancourt 
(1990). Their analysis suggests a cyclic nature to 
the seasonally of storm types with summer 
monsoonal storms dominating the source of storm 
types for 1930-59. Their analysis also indicates an 
increase in cyclonic and frontal storms and a 
potential increase in winter precipitation and 
sustained runoff since 1959. Similarly, Keith 
(1981) showed a substantial increase in the 
percentage of winter flow since 1959. Analysis of 
stable isotopes in ground water (Gallaher, 1979) 
indicated that, on a regional scale, winter storms 
contribute more than summer storms in recharging 
the regional-aquifer system. Since 1959, summer

and winter precipitation contribute equally to the 
Streamflow infiltrated along the Santa Cruz River. 
Infiltration along the Santa Catalina-Rincon 
mountain front was mainly from winter 
precipitation (Gallaher, 1979; Keith, 1981). On the 
basis of this climatic change and spatial 
segregation, Streamflow infiltration was increased 
on the Rillito and its tributaries and on the Santa 
Cruz River north of the Rillito confluence to the full 
estimate made by Burkham (1970) for 1958-86. 
Although increasing the Streamflow infiltration 
to 90 percent of Burkham's estimate appears 
paradoxical, this was considered the best 
conservative increase for the remaining historical 
simulation (1959-86) in lieu of having better 
estimates of Streamflow infiltration segregated by 
storm types and seasonal cycles. The same method 
for distributing the predevelopment cell-by-cell 
infiltration was used for this wetter period (fig. 16). 
The use of a constant average Streamflow and 
reduced ground-water underflow resulted in about 
5,000 acre-fl/yr more recharge than was simulated 
by Anderson's analog model (1972) for 1940-64, 
which is probably within the range of uncertainty in 
estimation of the Streamflow infiltration along most 
of the nine reaches.

Increased recharge resulted, in part, from deep 
percolation of excess irrigation water applied to 
fields, mine return flow, and infiltration of sewage 
effluent along the Santa Cruz River (table 4). 
Irrigation return flow was simulated through the use 
of recharge wells returning water at the estimated 
rate of irrigation return flow. For the storage- 
depletion period (1941-65), estimated analog- 
model pumpage was reduced by Anderson (1972) 
to account for irrigation return flows and problems 
with consumptive-use factors. In the storage- 
depletion period (1941-65), simulated agricultural 
return flows were of the pumpage estimated by 
Anderson (1972) in most areas. An additional 20 
percent return flow in simulated pumpage that may 
represent even higher return flows along the Santa 
Cruz River flood plain in the Cortaro area and south 
of Tucson in the south half of T. 14 S. and Tps. 15 
and 16 S., R. 13 E., was required for 1951-65 for 
this model and the analog model (Anderson, 1972). 
Irrigation return flow was initially assumed to be 26 
percent of the estimated total pumpage for irrigation 
in the late 1960's and 20 percent in the 1970's and
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1980's and were the same rates used in a regional 
model by Travers and Mock (1984).

Pumping for copper mining south of Tucson 
also resulted in a recharge component of seepage 
from tailings ponds (fig. 6). Estimates of seepage 
from tailings ponds range from less than 20 to as 
much as 80 percent. Mine recharge was initially 
simulated at 40 percent of pumpage but was later 
reduced to the 20 to 29 percent used by Travers 
and Mock (1984). These percentages produced 
unacceptably high water levels in the mining areas. 
The final calibration used recharge from tailings 
ponds at 20 percent of annual mine pumpages for 
1958-65, recharge that averaged about 34 percent 
of mine pumpages for 1966-79 during the most 
active mining period, and recharge at 20 percent for 
1980-86.

Recharge from municipal sewage-effluent 
treatment plants began in 1950 with significant 
discharge along the upper reach of the Santa Cruz 
River (Tps. 12 and 13 S.) starting in 1951. The 
effluent was varied by stress period and was 
simulated by recharge wells along the river channel 
downstream from points of sewage discharge.

Pumpage was reestimated for the entire model 
area, which includes parts of Pima, Pinal, and Santa 
Cruz Counties, in a combination of well-by-well 
and section-by-section (cell-by-cell) estimates. 
Total estimated and reported pumpage may differ 
for some years because of omission in reported 
pumpage, additional modeled pumpage outside of 
Pima County, potential estimation errors in 
reported pumpage for some years, and different 
sources of pumpage data. Pumpage for the storage- 
depletion period (1941-65) was from data 
compilations of the electrical-analog model study 
by Anderson (1972) for Pima County, estimates of 
agricultural pumpage in Santa Cruz County for the 
full period, and mine pumpage for 1958-65 (data 
from the files of the U.S. Geological Survey). For 
1966-79, model pumpage was compiled from 
Travers and Mock (1984, v. 2) and from data 
provided by the City of Tucson and the Tucson 
Active Management Area office and hydrology 
section of the Arizona Department of Water 
Resources. For 1980-86, model pumpage was 
compiled from data provided by the City of Tucson, 
the Tucson Active Management Area office of the 
Arizona Department of Water Resources, and the 
Cortaro-Marana Irrigation District.

Simulated pumpage was less than estimated 
pumpage throughout the transient simulation 
because of recharge from return flows (table 4, 
fig. 17). For 1940-50, when estimated return flows 
were less than 13,000 acre-fiVyr, pumpage and 
return flow were dominated by agricultural use. In 
the 1950's, estimated return flow increased to more 
than 22,000 acre-ft/yr when pumpage almost 
doubled for municipal and agricultural use. In the 
1960's, more than half the estimated return flow 
came from agricultural use and ranged from 15,000 
to 48,000 acre-ft/yr. Estimated return flows in the 
1970's ranged from 36,000 to 53,000 acre-ft/yr and 
were characterized by almost equal amounts of 
return flow from agriculture and mining. In 
contrast, estimated return flows in the 1980's 
decreased from 40,000 to 27,000 acre-ft/yr and 
were predominantly from almost equal amounts of 
irrigation and sewage return flow. Differences 
between estimated pumpage and the net simulated 
pumpage are simulated as 1.2 million acre-ft of 
return flow to the aquifer for 1941-86 in areas of 
Tps. 12 through 19 S. that generally are coincident 
with irrigated fields, the Santa Cruz River, and 
mine-tailings ponds. This recharge was the source 
of 21 percent of estimated pumpage for 1966-86 
for the entire modeled area and was simulated by a 
corresponding reduction from estimated pumpage 
in the transient simulation. The upper layer 
remained saturated at all active cells through the 
end of 1979. Most of the water derived from 
storage throughout the basin was from interfingered 
subregions where most of the pumping was 
occurring. However, pumpage from the central 
well field is mainly from an alluvial-fan subregion 
and becomes a relatively large part of total 
pumpage after 1965.

The match between measured and simulated 
water-level declines generally was best in the 
central well field on the basis of hydrographs and 
contours of water-level altitude (figs. 18 and 19). 
Differences between measured and simulated water 
levels generally ranged from less than 5 to 30 ft in 
the central well field and from less than 5 to 60 ft at 
wells along the flood plains of Caflada del Oro and 
the Santa Cruz River (figs. 18 and 19). Measured 
hydrograph slopes were matched by simulated 
declines throughout most of the historical 
simulation. Differences in slope that occur between 
measured and simulated hydrographs reflect the
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Figure 17. Estimated and simulated average annual pumpage, by simulation interval, in the upper Santa 
Cruz basin, 1940-86.

recovery that occurred in some wells that were 
adjacent to rivers after 1964 and in most wells 
adjacent to rivers from the mid-1970's through the 
mid-1980's. These differences are attributed, in 
part, to the higher-than-average streamflow 
infiltration. Simulated declines ranged from 1 to 
192 ft through 1986 (fig. 19). Contours of 
measured and simulated water-level altitudes 
generally are similar in shape and distribution 
throughout the upper Santa Cruz basin.

Perched ground water from industrial and 
agricultural activity was identified during a study of 
trichlorethylene contamination (Schmidt, 1985; 
Leake and Hanson, 1986; Babcock and others, 
1987) south of metropolitan Tucson and could 
occur in other areas where cascading water has been 
observed in wells since 1965. A zone of suspected 
perched ground water that was identified in 1985 
(T. 15 S., Rs. 13 and 14 E.) is shown in figure 18 
but was not simulated. These zones, which are

characterized by elevated water levels in shallow 
wells and cascading water in deep wells screened 
over large depth intervals, could be the result of 
mounding of return flow from industrial and 
agricultural pumpage above fine-grained interbeds. 
Wells M-S, M-D, N-S, N-D, P, and J (figs. 18 and 
19) are in proximity to the affected zones where 
some post-1964 water levels were affected by 
development at depth and shallow perching of 
return flow. Water levels in these wells could be 
higher than those in the regional-aquifer system, as 
shown by the hydrographs from wells M-S, N-S, 
and P, if drilled or screened at shallow depths. 
Conversely, water levels in these wells could be 
lower than those in the regional-aquifer system, as 
shown by the hydrographs from deep wells M-D, 
N-D, and J, if wells are drilled and screened only at 
greater depths.

Measured and simulated water levels do not 
match the entire historical simulation at wells U and
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O. In an area of mining and agricultural pumping, 
measured and simulated water levels at well U 
match through 1972; however, water levels 
declined rapidly thereafter and the 300-foot-deep 
well was completely dry in 1975. After 1972, the 
well construction and nearby pumping wells could 
have adversely affected the measured water levels, 
making the validity of the comparison with regional 
simulated decline questionable at this well. The 
rates of decline for measured and simulated water 
levels at well O are similar until 1982 when 
simulated declines indicate a recovery in response 
to a 75-percent local reduction in industrial 
pumping. One possibility for this discrepancy is 
that the water level in well O is not representative of 
the average water level in the lower layer. Another 
possible reason is that the real aquifer system may 
have complexities that are not well simulated with 
a two-layer model If so, future refinements of 
regional ground-water modeling may require 
additional layering of the lower alluvial units to 
adequately simulate ground-water flow in this part 
of the aquifer.

Several of the hydrographs for shallow (less 
than 200 ft deep) wells adjacent to river channels 
(C, J, M-S, N-S, AA, CC, and DD) indicate 
response to sustained streamflow infiltration that 
was not duplicated with the two constant long-term 
average rates of infiltration used in the simulation. 
In contrast to these wells, well B (268 ft deep) 
adjacent to Caftada del Oro did not show 
streamflow effects, although the rate of measured 
water-level decline was greater than the simulated 
rate. This difference may reflect the need to 
simulate reduced transmissivities from reduced 
saturated thickness in the upper unconfined parts of 
the lower layer. Many wells in the central well field 
that are dominated by pumping stresses show no 
fluctuations from return flows or climatic effects 
such as increased streamflow infiltration.

Pumpage and recharge greatly altered water 
levels and flow paths in the aquifer from 1941-86. 
In the transient simulation, head differences 
between layers 1 and 2 were less than several feet. 
By 1986, however, net upward flow was 67 percent 
less than simulated steady-state conditions. A 
reversal in simulated net-vertical flow from 42,500 
acre-ft/yr of upward flow to 89,800 acre-ft/yr of 
downward flow occurred from 1940 through 1986. 
This reversal was, in part, from the assignment of
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pumpage in the lower layer for 1980-86. Upward 
flow remained the largest (34 percent of total 
upward flow) in the Cortaro region where the flow 
system is constricted between the Tucson and Santa 
Catalina Mountains. About 73 percent of the 
simulated upward flow and 35 percent of the 
simulated downward flow between layers occurred 
on the boundary of the upper layer, which in part is 
a result of the model configuration and could reflect 
vertical flow as well as some lateral flow of 
streamflow infiltration and mountain-front recharge 
across the lateral boundary of layer 1. Lateral-flow 
patterns were altered the most in the north-central 
part of the basin where the central well field has 
contributed to a regional cone of depressioa

Simulated net withdrawal of water from aquifer 
storage for 1941-86 was about 3.4 million acre-ft. 
Evapotranspiration at the end of 1986 was 
simulated as 2,400 acre-ft/yr. The distribution of 
simulated evapotranspiration (fig. 16) is consistent 
with observed conditions along the Santa Cruz 
River in the southern part of the model (layer 1) and 
along Sabino and Tanque Verde Creeks in the 
northeastern part of the model (layer 2).

Sensitivity Analysis

Systematic change of selected model-input 
components and boundary conditions allowed for 
evaluation of model sensitivity and potential 
simulation error. Changes relative to the calibrated- 
model components were estimated as the 
percentage of change in total model flow under 
steady-state conditions, as the difference with 
respect to the water levels from layer 2 of the 
calibrated models, as the change in water-level 
difference between layers 2 and 1, and as steady- 
state root-mean-square errors. Sensitivity analysis 
indicated that the model was most sensitive to 
changes in transmissivity of layer 2, streamflow or 
mountain-front recharge, and specific yield of 
layer 1 (table 5). The model was moderately 
sensitive to leakance between layers and was least 
sensitive to changes in hydraulic conductivity of 
layer 1, evapotranspiration rate and extinction 
depth, and general-head boundary conductance 
(table 5). The difference in changing inflow and 
outflow boundary heads from general-head to 
constant-head boundaries in transient simulations

indicated a 4-percent difference in ground-water 
outflow and a 4.4-percent difference in the quantity 
of water released from storage. Thus, the use of 
time-varying boundary heads affected the water 
levels in the boundary region but had less effect on 
the overall water budget. Alternative boundary 
conditions, such as constant-head ground-water 
inflow and outflow in layers 1 and 2 and increased 
restriction of flow between layers by reducing 
vertical leakance several orders of magnitude, 
resulted in large differences between measured and 
simulated head (table 5). A single specific-yield 
value of 0.13 as used in the RASA model improved 
transient simulation in some regions but made the 
fit worse in most areas. This may suggest that more 
detailed simulations of long-term desaturation of 
the regional-aquifer system require continual 
updating of specific-yield values throughout the 
basin to reflect desaturation of different types of 
sediments (for example, within textural facies) at 
the same time within each layer. Evaluation of 
model sensitivity and potential simulation error 
indicate a reasonable choice of aquifer components 
and boundary conditions for simulation of regional 
ground-water flow through 1986.

Model Limitations

Numerical models of ground-water flow are 
useful tools for assessing the response of an 
aquifer-system to changing stresses. Models are 
only an approximation of the actual flow system 
and are based on average and estimated conditions. 
The accuracy with which a model can simulate 
aquifer response is directly related to the accuracy 
of the input data, the amount of detail that can be 
simulated at the scale of the model, and the model 
discretization of time and space. The accuracy of a 
model is inversely related to the duration, 
magnitude, and distribution of pumpage and 
recharge simulated with the model. Thus, better 
estimates of agricultural pumpage and return-flow 
magnitude and distributions could improve the 
simulation of historical development. Additionally, 
the trial-and-error calibration process is inexact 
and is compounded by variable uncertainty 
and sensitivity of the aquifer-parameter and 
boundary-condition estimates.
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Table 5. Summary of sensitivity analysis

[<, Less than; >, greater than; dashes, not applicable]

Calibrated
values

Hydraulic 
component1 Minimum Maximum

Hydraulic conduc- 3 255
tivity layer 1,
in feet per day

Transmissivity of 19 18,600
layer 2, in
feet squared
per day

Vertical-leakance 3xlO'2 9xlO'3
factor, in feet
per day per foot

Evapotranspiration 1.4xlO"3 8.6xlO"3
rate, in feet
per day

Evapotranspiration 25 25
extinction
depth, in feet

Streamflow 1.5x10^ 4.7xlO"3
infiltration
rate, in feet
per day

Mountain-front 864 5.2X104
recharge, in
cubic feet
per mile
per day

Specific yield 0.05 0.18
of layer 1
and layer 2

General-head 34 12,600
boundary
conductance,
infect
squared
per day

Multi­ 
plier

0.67
1.33

.1

.5
1.4

10.0

102
io-2
104

0.5
1.5

0.5
1.5

0.5
1.5

0.5
1.5

n 8U.o

1.2

£.1 Of

1.33

Change 
in head, 
in feet2

Change in 
flow, in 
percent3

-1.4
1.3

-12.5
-3.6
-2.8
65.

-0.1
-0.3
-2.9

-0.6
0.3

-0.9
0.7

-21.
21.

1.6
18.

Difference 
in head, 
in feet

Layer 2

-270 to -1
-128 to 89

-900 to 1
-900 to 3
-114 to 190
-445 to 713

-7 to 79
-182 to 75
-989 to -8

-41 to 75
-2 to 81

-51 to 73
-167 to 85

-223 to 89
-128 to 73

-254 to 232
-173 to 54

-72 to 48
-27 to 10

-20 to 41
-72 to 0

Layer 2 
minus 
layer 1

<!
<1

<1
<1

-Itol
<l

-lto<l
-4 to 21

128 to 562

-Itol
Otol

-Itol
-Itol

<!
<1

<!
-Itol

Oto-3
Oto-2

Oto-3
Oto-2

Root-
mean-

square- 
error, 

in feet4

67/101
25/35

>1, 000/729
74/146
22/31

145/251

11/17
38/61

> 1,000/669

12/17
16/25

16/21
34/49

50/66
31/46

73/85
23/34

1 All hydraulic components except specific yield are evaluated for the steady-state simulation. 
2Change in head with respect to calibrated, steady-state head surface over active pan of model grid. 
3Percent of calibrated steady-state total model flow. 
4First number is steady-state error for layer 1 and second number is steady-state error for layer 2.
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This model was calibrated to simulate long- 
term regional trends in head throughout the 
saturated extent of the upper alluvium. The model 
simulates heads fairly accurately over long periods 
of time in the areas with the largest amounts of 
pumpage (figs. 13, 14, 18, and 19). In areas of the 
basin where hydrogeologic data are sparse or 
absent, however, the accuracy of the model is more 
uncertain. Data are particularly sparse along the 
basin margins, where better estimates of aquifer 
properties and of time-varying streamflow 
infiltration and mountain-front recharge are needed. 
Data are sparse at depth in the areas of greatest 
production along the Santa Cruz River and Rillito 
Creek and within the central grabens such as the 
central wellfield. Data also are sparse at depth 
along graben faults, such as the I-10 fault, that 
probably affect the flow of water in the lower parts 
of the aquifer system. Observation wells and 
piezometer nests in these areas would help 
determine if model parameters, such as vertical 
conductance, are reasonable and would help with 
future refinements of the model structure. 
Additional isotope data and streamflow data 
collected on a regular basis would also help 
delineate the distribution of area! recharge and 
better define the mechanisms of streamflow and 
mountain-front recharge. Shallow seismic surveys 
could better define the saturated thickness along the 
basin margins. Temporal-microgravity measure­ 
ments could provide better areal estimates of 
changes in storage in the unconfined parts of the 
aquifer system as well as additional specific-yield 
estimates. Refinements to the model could include 
annual streamflow variation with streamflow 
routing, treatment of the lower layer as several 
layers, and the ability to resaturate desaturated parts 
of the aquifer system. Resaturating cells could 
allow simulation of artificial-recharge projects that 
may become a significant source of water in the 
future.

The ability to simulate accurately time-varying 
streamflow infiltration will need to incorporate the 
effects of climatic cycles and El Nino-Southern 
Oscillations (ENSO) on natural recharge and will 
need to include the effects of changing 
stream-channel conditions. Relations developed by 
Burkham (1970) and by B.N. Aldridge and S.G. 
Brown (U.S. Geological Survey, written commun., 
1971) do not hold for nonstationary processes, such

as streamflow infiltration, as suggested by the 
analysis of streamflow duration segregated by 
climatic cycle and storm types (Webb and 
Betancourt, 1990). Time-varying runoff and 
recharge will need to address the effects of 
increased urban runoff; channelization; soil 
cementing along the major river beds; loss of 
flood-plain vegetation on some reaches from 
declining water levels, urbanization, and large 
floodflows; and increased vegetation in areas of 
perennial sewage-effluent infiltration. Better and 
more regular measurements of streamflow also will 
be required for realistic streamflow routing. 
Modeling of time-varying streamflow will require 
getting better ratings at stream gages located on 
shifting alluvial channels, better control of 
measurements of low flow on the major tributaries, 
the continuous gaging of all major and minor 
tributaries, and accurately estimating overbank 
floodflows. Simulation of stream routing (Prudic, 
1989) with time-varying channel properties will be 
required to yield more detailed simulations of 
streamflow infiltration in future studies.

More model layers representing the lower parts 
of the aquifer system that are combined in layer 2 
would allow for a more detailed simulation of the 
upper Tinaja beds. More layers could also improve 
the ability to simulate the regions represented by 
deep wells such as well O (fig. 18). Relayering 
would also allow for an unconfined simulation of 
the peripheral parts of the upper Tinaja beds, which 
could improve the simulation in regions such as 
Canada del Oro (well B, fig. 18) by allowing for 
reduced transmissivities with reduced saturated 
thickness. Another limitation of this model in its 
present form is constant hydraulic conductivity or 
transmissivity within these broad regional layers. 
The aquifer material probably changes with depth, 
where it becomes more dense, less porous, and finer 
grained and exhibits changes in thickness and 
layering frequency of aquifers and aquitards. Thus, 
as dewatering occurs, hydraulic conductivity and 
porosity could decrease, resulting in lower 
transmissivities and specific yields than simulated 
by this model. Additional layering could improve 
control over this aspect of the aquifer-system 
simulation. Finally, additional layering would help 
with more realistic subsidence simulations and 
would help explore the cause of vertical-head 
gradients that are present over different depths in
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different parts of the aquifer system (Hanson, 1989, 
fig. 4).

The ability to resaturate parts of the aquifer 
system could help facilitate future simulations that 
would include new forms of artificial recharge from 
reclaimed sewage or imported water from the 
Central Arizona Project. This would also help to 
simulate cells withunconfined conditions along the 
mountain fronts that could saturate and desaturate 
with climatic or seasonal precipitation cycles. 
Resaturation of desaturated cells also could help to 
simulate the development of perched ground-water 
mounds already present in parts of the basin 
(fig. 19).

SIMULATION OF POTENTIAL 
LAND SUBSIDENCE

To simulate potential land subsidence, the 
ground-water flow model was coupled with a 
numerical-subsidence routine developed by Leake 
and Prudic (1991). The subsidence routine 
computes the ultimate compaction caused by water- 
level decline. When water-level decline exceeds 
the preconsolidation-stress threshold, compaction 
becomes inelastic and nonrecoverable (Poland and 
others, 1972; Hanson, 1989). When decline is less 
than the stress threshold, compaction is elastic and 
recoverable. Elastic and inelastic compaction of 
fine-grained aquifer-system interbeds, herein 
referred to as aquitards (Poland and others, 1972), 
results in vertical drainage of pore water from the 
aquitards into adjacent coarse-grained aquifers. 
Thus, the contribution to withdrawals from aquitard 
storage and subsequent reduced water-level 
declines in the aquifer system from this additional 
source of water are estimated implicitly through this 
coupled approach to subsidence simulation.

Two potential possibilities of water-level 
decline and subsidence that could occur from the 
continued withdrawal of ground water are 
presented in this report. A minimum subsidence 
estimate was based on the assumption that aquitard 
inelastic compressibility will remain at a constant 
value within the range of values for 1986 
determined from calibration of one-dimensional 
compaction simulations (Hanson, 1989). A 
maximum subsidence estimate was based on the

assumption that rates of compaction will increase to 
potential ultimate inelastic compressibility early in 
the stress period (Anderson, 1988) and remain 
constant at this larger ultimate value. Subsidence 
projections, which reflect large inherent 
uncertainties related to the determination of 
aquifer-system compressibility, stress thresholds, 
and future pumpage, are intended only to show the 
relation between potential subsidence and specified 
features of the flow model. Refinement of results, 
however, could be achieved through periodic 
recalibration of the model to measured data from 
existing subsidence- and compaction-monitoring 
networks (Anderson, 1988; Hanson, 1987, 1989; 
Schumann and Anderson, 1988).

Simulation of potential subsidence through 
2024 was started from transient-model heads of 
1986 using aquifer properties from historical 
calibration and constant pumpage and recharge. 
Subsidence projections used model-estimated 
pumpage and recharge values from 1986, 
which were characterized by average pumpage of 
199,460 acre-ft/yr and average recharge of 
25,560 acre-ft/yr. Simulations included yearly time 
steps from 1987 through 2024. Simulation of 
compaction was restricted to the upper alluvium 
(Anderson, 1988), which represents the upper layer 
(Fort Lowell Formation) and the upper part of the 
lower layer (upper Tinaja beds).

The effects of compaction in the lower 
alluvium; inelastic timelag; subsidence before 
1986; and lateral changes in sediment layering, 
sorting, cementation, and density were evaluated 
indirectly. Compaction in the lower alluvium was 
considered unlikely on the basis of probable stress 
ranges and geologic characteristics, such as a 
moderate to high degree of consolidation 
(Anderson, 1988). Inelastic timelag (Hanson, 1987, 
1989) was considered small in relation to the 
projection stress period of 38 years. Before 1986, 
measured subsidence ranged from 0 to 0.5 ft in 
the north half of the basin along the Southern 
Pacific Railroad and Interstate 10 Highway 
(Strange, 1983), was not measured elsewhere in the 
basin (Anderson, 1988), and was assumed small 
compared to maximum subsidence projections. 
Sediment heterogeneities were simulated indirectly 
on the basis of assignment of inelastic storage 
values (Anderson, 1988; Hanson, 1989) and 
determination of average aquitard thickness from
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composite clay and silt distributions (fig. 8). In 
general, average aquitard thickness increases and 
layering frequency decreases with increasing clay 
and silt content (Anderson and Hanson, 1987; 
Hanson, 1989).

Other investigators have estimated (Helm, 
1975, 1976), aquitard inelastic specific storage can 
be as large as about LSxlO^ft" 1 for lacustrine and 
playa sediments (Ireland and others, 1982; Hanson, 
1987; Epstein, 1987) and at least 1.0x10'% l for 
interfingered and alluvial-fan deposits (Hanson,
1987). Maximum and minimum elastic and 
inelastic aquitard storage coefficients for the upper 
layer in each cell were the product of the saturated 
thickness for 1986, average percentage of clay and 
silt of the Fort Lowell Formation (fig. 8), and 
assumed constant elastic and inelastic specific 
storage (Poland and others, 1972; Ireland and 
others, 1982; Anderson, 1988; Epstein, 1987; 
Hanson, 1989). Similarly, the elastic and inelastic 
aquitard storage coefficients for the lower layer in 
each cell were the product of the saturated thickness 
part of the lower model layer represented by the 
upper Tinaja beds for 1986, the average percentage 
of silt and clay content of the upper Tinaja beds 
(fig. 8), and the assumed constant elastic and 
inelastic specific-storage values. Elastic specific 
storage was specified as S.OxlO^ft" 1 for the 
minimum case (Helm, 1975, 1976; Ireland and 
others, 1982; Epstein, 1987; Hanson, 1987, 1989) 
and l.OxlO^ft' 1 for the maximum case (Anderson,
1988). Aquifer storage was reduced by the aquitard 
elastic storage in both layers except for the confined 
part of the lower layer where the previous value of 
l.OxlO^ft" 1 was assumed to represent only the 
storage in the coarse-grained interbeds (aquifers) of 
the aquifer system. Inelastic specific storage was 
specified as l.OxlO^ft" 1 for the minimum case 
(Hanson, 1989) and l.SxlO^ft"1 for the maximum 
case (Helm, 1975, 1976; Ireland and others, 1982; 
Anderson, 1988; Epstein, 1987). Minimum storage 
values were derived from the calibration of 
historical extensometer data (Hanson, 1989) using a 
one-dimensional compaction model (Helm, 1975, 
1976). Because of the small net compaction of less 
than 0.14 ft between 1984 and 1986, minimum 
storage values could represent transition from 
elastic to inelastic compaction of the aquifer system 
(Hanson, 1989). Maximum storage values were 
derived from calibration of extensometer data from

alluvial basins where inelastic compaction is in 
excess of several feet using one-dimensional 
compaction models (Helm, 1975,1976; Ireland and 
others, 1982; Epstein, 1987).

Transition between elastic and inelastic 
compaction occurs when the water level in a 
sedimentary layer falls below a critical head. 
Water-level decline from predevelopment 
conditions to the critical head is defined as the 
preconsolidation-stress threshold (Hanson, 1989). 
The preconsolidation-stress threshold can range 
from 50 ft in some well-sorted, fine-grained 
sediments that have had minimal sedimentary 
loading or lithification to 150 ft in some lithified, 
compressed, poorly sorted, or coarse-grained 
sediments (Holzer, 1981). In the upper Santa Cruz 
basin, water-level declines required for the onset of 
inelastic compaction probably averages about 
100 ft (Anderson, 1988). Data were not sufficient 
to determine spatial variations in the 
preconsolidation-stress thresholds for use in the 
subsidence projections. The preconsolidation- 
stress threshold was assigned maximum decline 
values for each cell. If the transient-simulated 
water-level decline was greater than 100ftinl986, 
this decline was used; otherwise, the value of 100 ft 
of water-level decline was used (figs. 18 and 19). 
These maximum water-level declines were used for 
cell-by-cell estimates of critical head in each layer 
for 1987. Water-level declines ranged from 1 to 
165 ft throughout much of the north half of 
the basin through 1986 (figs. 14, 18, and 19). 
Subsidence data were not available to determine 
if water-level declines since predevelopment 
conditions in this area were greater than 
preconsolidation-stress thresholds for initial 
simulation time steps.

Simulation results indicate that an 
order-of-magnitude difference in potential 
subsidence and tens-of-feet difference in potential 
water-level decline are related to the range of 
assumed inelastic specific storage (figs. 20 and 21). 
Maximum simulated subsidence for an inelastic 
specific storage of l.OxlO^ft" 1 was 1.2 ft compared 
to 12 ft for an inelastic specific storage of 
1.5xlO-4ft4 . For 1987-2024, maximum simulated 
water-level decline ranged from 245 to 273 ft and 
was greatest for the smaller value of inelastic 
specific storage. The difference in simulated water- 
level decline is a result of the irreversible release of
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Figure 20. Potential water-level decline, 1940-2025, 
and minimum land subsidence, 1987-2025, in the 
upper Santa Cruz basin.

Figure 21. Potential water-level decline, 1940-2025, 
and maximum land subsidence, 1987-2025, in the 
upper Santa Cruz basin.
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water from aquitard storage. Although potential 
decline could be less for larger inelastic specific 
storage and subsidence, the lesser decline will be 
accompanied by greater permanent reduction of 
aquifer-system storage and greater drawdowns 
during pumping.

Simulated drawdowns indicate a potential for 
continued dewatering of the upper alluvium for 
1987-2024. This dewatering could be accom­ 
panied by greater pumpage and dewatering of the 
lower alluvium than»was simulated (fig. 22). The 
potential contribution from aquitard storage 
appears to be small and almost constant for the 
minimum case but increases over most of the 
projection before becoming relatively constant for 
the maximum case (fig. 22). With pumping rates 
and distributions for 1986, the projections indicate 
the potential of additional desaturation between 
160 and 190 mi2 of the Fort Lowcll Formation

during the 38-year projected simulation period. 
Alternative distributions of pumpage were not 
simulated but probably would have resulted in 
greater water-level declines, especially if industrial 
pumpage related to mining and power production 
resumed to pumping rates prior to 1982.

Simulations indicate a potential maximum net 
withdrawal of water from aquifer-system storage of 
3.9 million acre-ft for 1987-2024 for the assumed 
pumpage and recharge. Irreversible loss of storage 
could be about 1.1 percent from aquitard storage for 
an inelastic specific storage of l.OxlO^ft" 1 and 
about 12 percent for an inelastic specific storage of 
LSxlO^ft" 1 . The potential aquitard-storage loss of 
1 to 12 percent is much less than estimates 
determined for other subsidence areas on the 
basis of volumetric ratios of land subsidence to 
ground-water withdrawal. Volumetric estimates of 
aquitard-storage loss from regions with more than
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Figure 22. Subsidence projection budget components for the upper Santa Cruz 
basin, 1987-2025.

40 Simulation of Ground-Water Ffow and Potential Land Subsidence, Upper Santa Cruz Basin, Arizona



10 ft of subsidence include 11 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 
(Hanson and others, 1990). Variations in aquitard- 
storage loss probably are related to several factors 
such as visco-elastic effects (Bear and Corapcioglu, 
1984), aggregate thickness of compressible layers, 
nonuniform distribution of preconsolidation-stress 
thresholds in multilayered sedimentary environ­ 
ments, and the general proportion of confined 
aquifers in an aquifer system. Simulation results 
suggest that contributions from aquitard storage 
could be smaller from predominantly unconfined 
aquifer systems, such as the upper Santa Cruz basin 
and Avra Valley, and greater from largely confined 
systems, such as the San Joaquin Valley, because of 
smaller differences between specific yield and 
inelastic storage coefficients.

Distribution of potential water-level decline 
and subsidence indicate that maximum decline and 
subsidence probably will occur in the north half of 
the basin in the central well field (figs. 20 and 21). 
Decline probably will be accompanied, in places, 
by partial dewatering of the upper alluvium. 
Projected declines of 438 ft and dewatering will be 
greatest for minimum inelastic specific-storage 
values and potential subsidence of less than 1.2 ft 
(fig. 20). Simulations using maximum inelastic 
specific-storage values indicate a potential for as 
much as 12 ft of land subsidence and more than 
411 ft of water-level decline in the central well field 
and a potential subsidence of 4 ft occurring in the 
Santa Cruz well field by the year 2025 (fig. 21).

Maximum subsidence results are comparable to 
previous estimates by Anderson (1988, fig. 9) in the 
northern part of the basin and are similar to 
observed 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). In the 
southern part of the basin where pumping mainly 
for agriculture and mining was reduced in 
the 1980's, maximum subsidence projections 
are different in magnitude and distribution 
from Andersen's projections (1988, fig. 9). 
Anderson (1988) projected an additional 6 ft of 
subsidence in the southern part of the basin. One 
reason for this difference may be that the analysis

by Anderson (1988) did not consider reductions in 
water-level decline from water flowing out of 
compacting aquitards. Other reasons for this 
difference may be his use of larger pumpage for 
1970-78 when mining and agriculture were more 
active and from 5 additional years of projection. 
Regardless of the difference in projections, this area 
still has a high potential for subsidence and 
differential subsidence within the clay-rich 
sediments of a fault-bounded graben in the south- 
central part of the basin if pumping were to again 
increase to pre-1980's rates as noted by previous 
investigators (Davidson, 1973; Anderson, 1988).

Konikow (1986) suggested that differences 
between measured and predicted water levels may 
be caused by a combination of factors, such as large 
error in assumed total pumpage during the 
prediction period, two-dimensional representation 
of a three-dimensional system, and the lack of 
consideration of land subsidence. The difference 
between model projections for the upper Santa Cruz 
basin indicates the potential uncertainty of long- 
term projections with dynamic changes in water 
usage, pumpage, artificial recharge, and any new 
potential imported water sources, such as the 
Central Arizona Project. Maximum subsidence 
projections indicate a high potential for differential 
subsidence between the center and edges of the 
basin (figs. 20 and 21) northeast of T. 15 S., Rs. 13, 
14, and 15 S., and the 1-10 fault (Hanson, 1989, 
fig. 2). These simulations do not account for the 
differential subsidence that could result if ultimate 
inelastic specific-storage values of playa sediments 
are larger than storage values for deposits within 
interfingered and alluvial-fan subregions. This 
potential relation is suggested by extensometer data 
in Avra Valley and the upper Santa Cruz basin 
(Hanson, 1987,1989).

SUMMARY AND CONCLUSIONS

The upper Santa Cruz basin is a 2,870-square- 
mile alluvial basin from which ground water is 
withdrawn for agriculture, public supply, and 
industry. Ground-water withdrawals in the basin 
have exceeded natural recharge for several decades, 
resulting in widespread water-level declines, 
aquifer compaction, and land subsidence. The 
potential for land subsidence exists in parts of the
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upper Santa Cruz basin but is less than in basins 
with larger playa deposits, such as the Picacho 
basin. This report presents the results of the third 
phase of a multiple-year land-subsidence study in 
the upper Santa Cruz basin.

The alluvium in the upper Santa Cruz consists 
of upper and lower regional units that are saturated 
at depth and form a complex regional-aquifer 
system. The upper alluvium consists of 
alluvial-fan, playa, and interfingered depositional 
environments. Deposits generally are coarse 
grained north of T. 13 S. and fine grained in the 
south half of the basin within the central 
grabens. Geologic and geophysical data indicate 
that the upper alluvium is more likely to compact 
from the withdrawal of ground water than is the 
lower alluvium.

The aquifer system generally is unconfined to 
depths of 1,500 ft and is bounded by impermeable 
bedrock on the east and west boundaries and at 
depth. Ground-water inflow occurs south of Tubac 
and north of Catalina, and outflow occurs north of 
Rillito. Ground-water inflow was about 12,900 
acre-ft/yr and outflow was about 15,260 acre-ft/yr 
in 1940 before significant ground-water develop­ 
ment began. Increase in recharge after 1958 was 
coincident with above-average winter streamflow 
in the Santa Cruz River and its northern tributaries 
for 1959-86. Combined recharge from infiltration 
of streamflow and mountain-front recharge 
contributed an additional 63,860 acre-ft/yr for 
1940-57 and about 76,250 acre-ft/yr for 1958-86. 
Irrigation return flow, mine return flow, and sewage 
effluent contributed significantly to area! recharge 
from the 1950's through the 1980's. Movement of 
water in the aquifer generally is south to north in the 
southern part of the basin and southeast to 
northwest in the northern part. On the basis of 
aquifer-test estimates and previous model 
calibrations, transmissivity ranges from 18 to 
55,000 ft2/d in the lower alluvium and hydraulic 
conductivity ranges from 3 to 1,100 ft/d in the upper 
alluvium. Estimates of specific yield range from 
0.03 to 0.25 and average 0.12 to 0.15.

Annual reported ground-water pumpage 
increased from 48,300 acre-ft in 1940 to 269,000 
acre-ft in 1975; pumpage in 1986 was 195,000 
acre-ft for the part of the upper Santa Cruz basin in 
Pima County. Of the 7.8 million acre-ft of reported 
pumpage for 1940-86, 52 percent was used for

agriculture, 33 percent was used for public supply, 
and 15 percent was used for industry. In 1986, the 
largest use of ground water was for public supply. 
Ground-water pumpage in excess of recharge has 
altered the natural flow system. Natural flow paths 
have shifted toward pumping centers, perched 
ground-water systems have developed above the 
regional system, transmissivity has decreased, and 
the vertical effective stress has increased, resulting 
in some compaction of the aquifer system.

A numerical ground-water flow model of the 
upper Santa Cruz basin was developed to simulate 
predevelopment conditions in 1940, ground-water 
withdrawals for 1941-86, and potential water-level 
declines and subsidence for 1987-2024. Estimated 
natural recharge, which averaged 63,860 acre-ft/yr 
for 1940-57 and 76,240 acre-ft/yr for 1958-86, 
represents 40 percent of the pumpage for 1966-86. 
The increase in recharge after 1958 was coincident 
with above-average winter streamflow in the Santa 
Cruz River for 1959-86. Artificial recharge 
averaged 14,400 acre-ft/yr for 1941-65 and 
39,650 acre-ft/yr for 1966-86. Increased recharge 
after 1958 and decreased pumpage after 1975 
contributed to decreased water-level declines or 
to recoveries after 1977 in wells near the Santa 
Cruz River and its tributaries. Water-level declines 
continue throughout most of the basin through 
1986. The largest declines occurred in the central 
well field in the north-central part of the basin.

Simulations indicate a substantial increase in 
recharge from irrigation return flow after 1965 and 
an increase in streamflow infiltration after 1958. 
Recharge from irrigation return flow, sewage 
effluent, and mine return flow was about 
1.2 million acre-ft and was the source of 21 percent 
of estimated pumpage for 1966-86. Simulated 
water-level declines were as much as 192ft by 
1987. The net withdrawal in aquifer storage for 
1941-86 was about 3.4 million acre-ft and was 
mainly derived from interfingered subregions 
where most pumping occurs. On the basis of model 
calibration, transmissivity ranges from 19 to 
18,600ft2/d in the lower layer and hydraulic 
conductivity ranges from 3 to 255 ft/d in the upper 
layer. Simulated specific yield was 0.10 to 0.08 for 
the interfingered subregions but ranges from 0.18 
along the Santa Cruz River and its tributaries to 
0.05 in the playa facies and in T. 14 S., R. 14 E., 
sees. 11-14.
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The starting point for potential land subsidence 
was simulated beginning with historical transient- 
state model results from 1986. Two potential 
scenarios of water-level decline and subsidence 
were simulated a minimum subsidence projection 
that used estimates of inelastic specific storage of 
l.OxlO^ft" 1 for 1985 and a maximum projection 
that used a potential ultimate inelastic specific 
storage of l.SxlO^ft"1 . Projections simulated 
subsidence in the upper alluvium with inelastic 
compaction occurring after a water-level decline of 
100 ft from predevelopment conditions. The two 
simulations indicate a range in maximum 
subsidence of 1.2 to 12 ft in the central well field in 
the northern part of the upper Santa Cruz basin. 
Simulated water-level declines ranged from 411 to 
438 ft between 1940 and 2025 and were greatest for 
the least potential subsidence. Projections indicate 
a potential maximum net withdrawal from aquifer- 
system storage of 3.9 million acre-ft. The loss from 
aquitard storage ranges from 1 to 12 percent of the 
total water withdrawn for these two scenarios. The 
maximum projected subsidence is comparable to 
estimates made by Anderson (1988) and to field 
conditions observed 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 conceptual 
framework of the aquifer system. Combined 
simulation can also help to understand the 
development of the aquifer system and help 
formulate development decisions that could 
minimize the adverse effects of irreversible loss of 
storage from compaction. Transient-state simula­ 
tions 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 and the 
vertical and areal distribution of aquitards. The 
projections also indicate the need for active 
management of ground-water withdrawals to 
minimize the effect of subsidence. A periodic 
postaudit of the flow model combined with 
additional data collection would help to refine 
estimates and to identify changes in the hydraulic 
components and boundary conditions of the aquifer 
system through time.
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