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Other streams flow only in response to local
precipitation and include the Santa Cruz Wash and
McClellan Wash, which have poorly defined
distributary channels in the western part of the
basin. Intense rainfall along the Santa Cruz River
drainage occasionally produces large flows in the
study area.

The Upper Santa Cruz Basin and Avra Valley
lie to the southeast of the Eloy Basin. The Upper
Santa Cruz Basin encompasses about 2,870 mi? in
northern Sonora, Mexico, and in Pima, Pinal, and
Santa Cruz Counties, Arizona. The Upper Santa
Cruz Basin is bounded on the west by the Tucson
and Sierrita Mountains and Black Mountain; on the
north by the Tortolita and Santa Catalina Moun-
tains; and on the east by the Rincon and Empire
Mountains. The southern boundary is south of the
study area in Mexico. These mountains range in
altitude from about 3,000 ft to about 9,500 ft above
sea level. Within the basin, the valley floor ranges
in altitude from 2,000 ft above sea level near Rillito
and the northwest edge of the basin to 3,500 ft near
the international boundary with Mexico. Annual
precipitation ranges from 11 in. on the valley floor
to about 30 in. in the surrounding mountains.

Avra Valley encompasses about 520 mi? and is
bounded on the south by the Sierrita Mountains
and Altar Valley; on the west by Silverbell,
Waterman, and Roskruge Mountains; on the
northwest by Picacho Peak; and on the northeast
by the Tortolita Mountains. These mountains range
in altitude from about 4,500 ft to 6,000 ft above sea
level. The valley floor ranges from 1,800 ft above
sea level near Picacho Peak to 2,600 ft near Three
Points. Annual precipitation in Avra Valley ranges
from less than 10 in. on the valley floor to about
12 in. in the mountains.

The Santa Cruz River is the major
surface-water drainage in the Upper Santa Cruz
Basin and Avra Valley. Before large-scale
ground-water pumping began in the basin, the
Santa Cruz River was perennial in most of the
study area. As of 1998, the base flow in the river is
effluent and is controlled by three water-treatment
plants. Natural flow is strictly runoff from storms.
Other streams generally flow only in response to
local precipitation and include the Rillito River and
the Cafiada del Oro Wash in Tucson and Brawley
Wash in Avra Valley.

Hydrogeology

Basins in the study area were formed as a
result of crustal extension during the Cenozoic
Basin and Range orogeny. The Basin and Range
orogeny was accompanied by block faulting, the
formation of a horst-and-graben terrain, and the
accumulation of sedimentary basin fill. The
disturbance, which overlaid earlier formed
structural features, transformed the landscape of
the Eloy Basin, Stanfield Basin, Avra Valley, and
the Upper Santa Cruz Basin from an area of
generally moderate relief into one of high relief
characterized by deep structural basins bounded by
high mountain ranges (Anderson, 1987a).

In this report, some published reports from
studies of the Picacho structural basin were used as
references for describing hydrogeologic conditions
within the Eloy Basin because the two basins are
essentially equivalent. Published reports from
studies of the Tucson Basin were used as refer-
ences for describing the hydrogeologic conditions
within the Upper Santa Cruz Basin because Tucson
Basin was the preferred nomenclature for the
north-central part of the Upper Santa Cruz Basin
where the extensometers in this study are located.
Additionally, hydrogeologic conditions in the
Stanfield Basin are considered to be similar to
those documented for the Eloy Basin of which
more detailed studies have been done.

Alluvial deposits that accumulated in the
basins can be grouped into three stratigraphic units
of basin fill on the basis of structural relations. The
oldest unit was deposited before and during the
early phases of extensional tectonism associated
with low-angle faulting and includes the Pantano
Formation in the Upper Santa Cruz Basin and Avra
Valley and the lower hydrostratigraphic unit in the
Eloy and Stanfield Basins. The middle unit was
deposited during the transition from low- to
high-angle faulting and includes the lower Tinaja
beds in the Upper Santa Cruz Basin and Avra
Valley, and the middle hydrostratigraphic unit in
the Eloy Basin. The upper unit is relatively
undisturbed by faulting in comparison to the older
units and includes the upper Tinaja beds and Fort
Lowell Formation in the Upper Santa Cruz Basin
and Avra Valley and the upper hydrostratigraphic
unit in the Eloy and Stanfield Basins. A thin layer
of alluvium was deposited along major drainage
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channels subsequent to the accumulation of basin
fill.

The Eloy and Stanfield Basins are two of
several basins in central Arizona that are known
collectively as the Gila Low (Peirce, 1974). The
Gila Low, which is a region of closed drainage
formed during the early stages of the Basin and
Range structural disturbance, contains more than
10,000 ft of basin sediments and evaporites within
three major basins (Oppenheimer and Sumner,
1981). The sediments of the Eloy and Stanfield
Basins consist primarily of continental basin sedi-
ments that accumulated during the Cenozoic Era
under restricted or closed drainage. Fine sand, silt,
clay, and evaporites were deposited in playas or
ephemeral lakes in topographic low regions. Areas
around the topographic lows were dominated by
alluvial deposition of interbedded sand, gravel, silt,
and clay.

The sediments of the Eloy Basin are divided
into lower, middle, and upper stratigraphic units.
The units are divided on the basis of apparent
water-bearing characteristics inferred from sub-
surface lithologic and physical-property informa-
tion; therefore, these units are referred to as hydro-
stratigraphic units (D.R. Pool, hydrologist, USGS,
written commun., 1995). The lower unit consists of
an alluvial facies that is primarily conglomerate
and a playa facies that includes mudstone and
evaporites. Much of the lower unit is disturbed by
normal faults, and the degree of deformation
increases with depth. The unit overlies bedrock
throughout the basin and is as much as several
thousand feet thick. The middle unit is composed
largely of playa deposits, may be structurally
deformed near the major normal faults in the basin,
and is as much as 1,500 ft thick. The upper unit
generally is flat lying but may be deformed near the
major graben-bounding faults. The upper unit is
primarily alluvial deposits of interbedded sand,
gravel, silt, and clay that generally range in
thickness from 500 to 1,500 fi. In general, the basin
sediments become increasingly fine grained with
depth in the basin center and increasingly coarse
grained with depth on the basin margin (D.R. Pool,
hydrologist, USGS, written commun., 1995).

The principal aquifers in the Eloy Basin are the
conglomerate of the lower unit and the sand and
gravel interbeds within the alluvial facies of the
middle and upper units. The principal confining

units are the crystalline rocks that underlie the
basin sediments; the playa facies of the lower unit,
middle, and upper units; and silt and clay interbeds
within the alluvial facies of the middle and upper
units. Most ground-water flow occurs in aquifers of
the middle and upper units, which are more
permeable than the deeper aquifers (D.R. Pool,
hydrologist, USGS, written commun., 1995).

The major sources of recharge in the Eloy
Basin are streamflow infiltration, mountain-front
recharge, and underflow from the south. The Gila
River is the largest river in the basin; McClellan
Wash and the Santa Cruz River also provide
recharge. The main underflow to the area occurs
between Picacho Peak and the Silverbell
Mountains from areas south of the Eloy Basin.

The Upper Santa Cruz Basin and Avra Valley
are north- to northwest-trending alluvial basins
bounded by block-faulted mountains that consist of
igneous, metamorphic, and sedimentary rocks of
Precambrian to Tertiary age (Wilson and others,
1969). Three sedimentary units of Cenozoic
age—the Pantano Formation of Oligocene age, the
Tinaja beds of Miocene to Pliocene age, and the
Fort Lowell Formation of Pleistocene
age—compose the alluvial aquifer system
(Davidson, 1973; Allen, 1981; Anderson, 1987a,
1987b, 1989; and Hanson 1989). The three
sedimentary units of the Upper Santa Cruz Basin
and Avra Valley are correlative with the lower,
middle, and upper hydrostratigraphic units of the
Eloy Basin (fig. 2).

The Pantano Formation consists of conglom-
erate, sandstone, mudstone, and gypsiferous mud-
stone as well as megabreccia, tuff beds, and inter-
bedded volcanic flows (Anderson, 1987a). The
Pantano Formation was deposited before and
during the early stages of extensional tectonism
associated with low-angle faulting. The lower
Tinaja beds were deposited during the transition
from low to high-angle faulting, consist of gravel
and conglomerate to clayey silt and mudstone, and
are hundreds of feet thick. The middle Tinaja beds
consist of gravel conglomerate to gypsiferous and
anhydritic clayey silt and mudstone and are
hundreds to thousands of feet thick. The upper
units generally are undisturbed by faulting in
comparison to the older units and include the upper
Tinaja beds and the Fort Lowell Formation. The
upper Tinaja beds are gravel to clayey silt and are
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Figure 2. Correlation of local and regional-basin
sedimentary units.

hundreds to thousands of feet thick. The Fort
Lowell Formation consists of gravel to clayey silt
and also includes thin surficial alluvial deposits of
late Pleistocene and Holocene age. The Fort
Lowell Formation ranges in thickness from several
feet to several hundreds of feet (Anderson, 1987a).

The aquifers in the Upper Santa Cruz Basin
and Avra Valley consist of the Pantano Formation,
the Tinaja beds, and the Fort Lowell Formation
(Davidson, 1973). The Pantano Formation and
Tinaja beds yield small to moderate amounts of
water to wells. The Fort Lowell Formation is the
most permeable unit of the aquifer and yields
moderate to large amounts of water to wells
(Davidson, 1973).

Ground water is replenished by mountain-front
recharge in the Upper Santa Cruz Basin and by
underflow in Avra Valley (Hanson, 1989).
Additional streamflow infiltration from effluent

and floods contributes to recharge along the Santa
Cruz River and its tributaries in the Upper Santa
Cruz Basin. The Santa Cruz River and
ground-water outflow from the Upper Santa Cruz
Basin enter Avra Valley northwest of Rillito.
Additional underflow enters Avra Valley from Altar
Valley to the south. Ground-water outflow from
Avra Valley occurs between the Silverbell
Mountains and Picacho Peak and enters the Eloy
Basin in the southemn part of the Lower Santa Cruz
River Basin. Natural ground-water flow paths and
head distributions have been altered by
ground-water withdrawals (Hanson, 1989).

Continued withdrawal of ground water has
developed perched-aquifer zones as a result of
hydraulic disconnection and irrigation return flow
in some places; however, in other places, vertical
hydraulic gradients are maintained between
aquifers across confined and semiconfined beds
(Leake and Hanson, 1986; and Cuff and Anderson,
1988). Cuff and Anderson (1987) outlined an area
of perched ground water in the north-central part of
Avra Valley that is similar to an area in west-central
Tucson. Perched aquifers, which are caused by
irrigation return flow or artificial recharge, can
increase geostatic stress, and transient vertical
gradients can result in seepage stresses. Both
conditions can increase the change in effective
stress on aquitards (Hanson, 1989).

Potential for Aquifer Compaction

The much lower values of density and the
larger porosity in the fine-grained sediments of the
middle and upper units in the Eloy Basin in
relation to those of the lower unit indicate that the
middle and upper units contain more void space
available for compression and are more
compressible than the lower unit (D.R. Pool,
hydrologist, USGS, written commun., 1995). The
lower unit generally is incompressible in relation to
the upper and middle units. Additional qualitative
information on compressibility is available from
drillers’ logs, lithologic logs, and drill cuttings.
The amount of dense fine-grained sediments
generally increases with depth in the middle unit
(D.R. Pool, hydrologist, USGS, written commun.,
1995). For the most part, areas with greater rates of
inelastic compaction are those in the saturated
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zones of the middle and upper units that have a
larger silt-clay content and are associated with
ground-water withdrawals.

The sediments in the Eloy and Stanfield Basins
generally contain more fine-grained material than
sediments in the Upper Santa Cruz Basin and,
therefore, are more likely to compact inelastically
in response to pumping. Four of the five highest
rates of compaction per unit of monitored
thickness in the network are in the Eloy and
Stanfield Basins. When compared to the Fort
Lowell Formation and the upper Tinaja beds in the
Upper Santa Cruz Basin and Avra Valley areas, the
upper hydrostratigraphic unit in the Eloy Basin has
been pumped more extensively and has responded
with higher rates of compaction as well as with
greater amounts of total subsidence.

Potential for aquifer compaction in the Upper
Santa Cruz Basin and Avra Valley was explored by
Anderson (1987a) and Hanson (1989). The
Pantano Formation, lower Tinaja beds, and middle
Tinaja beds consist largely of moderately indurated
to indurated deposits that generally may be
resistant to deformation related to ground-water
withdrawal (Anderson, 1987a). The potential for
aquifer compaction and its effects in the basin may
depend more on the character of the upper units of
the Tinaja beds and the Fort Lowell Formation than
on the character of the lower units in the basin. The
thickness and clay content of the upper units and
the relation between the upper units and bedrock
has more effect on the potential for aquifer
compaction than for the attributes of the lower
units in the basin. The thickness of the Fort Lowell
Formation and the upper Tinaja beds varies
throughout the basin as a result of structural
deformation of the underlying rock. Generally,
areas of greater rates of inelastic compaction are
those areas that contain a larger silt-clay
percentage in the saturated zones of the Fort
Lowell Formation and upper Tinaja beds and are
associated with ground-water withdrawals.

Land subsidence and aquifer compaction in the
Upper Santa Cruz Basin and Avra Valley has not
been as great as that in the Eloy and Stanfield
Basins because these areas have not been pumped
as extensively as the Eloy and Stanfield Basins
(Anning and Duet, 1994). The Fort Lowell
Formation and the upper Tinaja beds do not contain

the high percentage of easily compressible clay
layers that the upper hydrostratigraphic unit of the
Eloy Basin does and, therefore, would not compact
as much under similar ground-water withdrawal
conditions. The Fort Lowell Formation and the
upper Tinaja beds do, however, contain
compressible clay layers that have shown high
rates of inelastic compaction in response to
ground-water withdrawals.

Methods of Data Collection

All monitoring sites are equipped with
borehole extensometers that measure compaction
between the land surface and the depth at which the
bottom of the extensometer is anchored. The
extensometer is anchored in bedrock or is grouted
into a stationary platform in a less compressible
layer of a sedimentary unit (fig. 3). Most of the
extensometers in this study were completed to
depths between 800 and 1,400 ft and were
anchored in the less compressible layers of the
middle and lower Tinaja beds or equivalent units.
Each site is equipped with a Stevens Type-F
recorder to continuously record compaction.

Manual-compaction measurements are made
with a steel tape affixed at one end to a table and to
the extensometer pipe at the other end and can be
made by reading a dial gage that is anchored to a
table and pushes against a plate attached to the
extensometer pipe (fig. 3). As the land surface
moves down relative to the pipe, the recording
instrument measures compaction, and as the land
surface moves up relative to the pipe, the recording
instrument measures expansion. Compaction is
measured to the nearest 0.0001 ft and recorded to
the nearest 0.001 ft.

The record of compaction data may be affected
by downhole frictional forces, temperature
changes, and buoyancy of the extensometer pipe.
Temperature changes inside the well from
barometric effects and the resulting shrinking and
swelling of the pipe are evident in some of the data
as noise. Water-temperature variations from
contributing layers of different depths in the
borehole also can have an effect on the pipe.
Downbhole friction typically is the limiting factor in
determining extensometer accuracy (Riley, 1984).
Buoyant forces were minimized by using an
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Figure 3. Typical borehole-extensometer installation.

open-ended extensometer pipe so that water levels
are equal inside and outside the pipe.

Water levels are recorded with a Bristol
pressure recorder. Instantaneous measurements are
made with an electric sounder or a steel tape. Water
levels are measured and recorded to the nearest 0.1
ft. After collection, the field data are digitized,
checked, and stored in the data base. Discrepancies
between the instantaneous measurements and the
continuous data are adjusted to agree with the
instantaneous readings

Land subsidence is not measured as a part of
this monitoring study; however, amounts of

subsidence through the mid-1980’s are provided as
supplemental information. Total land subsidence
caused by aquifer compaction may not be recorded
by an extensometer unless the installation fully
penetrates the aquifer.

RELATION BETWEEN WATER-LEVEL
CHANGE AND AQUIFER COMPACTION

In addition to measuring aquifer-system com-
paction, a major purpose of borehole exten-
someters is to establish relations between
water-level change and compaction. Knowledge of

Relation Between Water-Level Change and Aquifer Compaction 9



these relations is critical in the prediction of
possible future subsidence. The method of analysis
of extensometer data for determination of aquifer
mechanical properties was presented by Riley
(1969). Riley (1969) applied basic principles from
the Terzaghi theory of soil mechanics to derive
aquifer-system storage properties in terms
commonly used by hydrogeologists.

Relations between water-level change and
compaction use the principle that effective stress at
any point in an aquifer system is the difference
between the geostatic load and the pore pressure.
Lowering the ground-water head by pumping
lowers the pore pressure and thus increases the
effective stress on the aquifer system. When
effective stress is less than the previous maximum
effective stress on the sediments, compaction and
expansion is elastic; however, when effective stress
exceeds the past maximum value, some fine-
grained sediments compact inelastically. This
inelastic or nonrecoverable component of compac-
tion is responsible for most of the observed land
subsidence in areas of major ground-water with-
drawals.

Basic relations between water-level change
and compaction are summarized by Leake and
Prudic (1991). For a more detailed discussion of
these relations, refer to Jorgenson (1980) and
Leake (1991). This discussion assumes that
compaction is proportional to change in effective
stress and that geostatic load is constant. Under
these conditions, elastic compaction, Ab,, can be
related directly to water-level or head change, Ah,
as

Abe = ‘AhSSkebO’ (l)

where Sy, is the skeletal component of elastic
specific storage, and b, is the thickness of
compressible sediments. The sign convention used
here is that a positive compaction, Ab,, refers to a
decrease in thickness of sediments and a positive
head change, AA, refers to an increase in head or
water level. The skeletal component of elastic
specific storage, Sy, has units of length™!, and
thickness of sediments, by, has units of length. The
product of these quantities is the dimensionless

elastic skeletal storage coefficient, denoted as Sg,.
Note that Sy, is the coefficient of proportionality
between compaction and head change in equation
1. If compaction in the elastic range and head
change are known, then S, can be computed as

Ske=—

Ab,/Ah. )

Similarly, compaction in the inelastic range,
Ab;, can be related to water-level or head change as

where S, is the skeletal component of inelastic or
virgin specific storage. If compaction and head
change in the inelastic ranges are known, then
inelastic skeletal storage coefficient, Sy, can be
computed as

Sy, = —Ab;/Ah. 4

Riley’s (1969) method of analysis of
extensometer data uses relations in equations 2 and
4 to compute storage coefficients S;, and S,
Application of the method requires a graphical
analysis of water-level and compaction records
from an extensometer to determine ratios of
responses of Ab, and Ab; to head change, Ah. Data
are plotted on an arithmetic scale with compaction
on the abscissa and applied stress on the ordinate
axis (fig. 4).

With a constant geostatic load, a unit change in
water level or head results in a unit change in
applied stress. The ordinate axis usually is labeled
as “depth to water” with values of depth to water
increasing away from the origin. The hypothetical
response curve shown in figure 4 is similar to
relations analyzed by Riley (1969). For his method,
parts of the curves representing elastic and inelastic
responses are identified. When water levels
recover, sediments expand instead of compact. The
inverse slope of this part of the curve is taken to be
the elastic skeletal storage coefficient, Sy,, as
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indicated by equation 2. When water levels begin
to recover, the lower limbs of the curve sometimes
form hysteresis loops. Riley (1969) aitributes these
loops to hydrodynamic lag in release of water from
fine-grained beds and states that approximately
ZEero excess pore pressure occurs at the point at
which the recompression part of the curve crosses
the previous expansion part of the curve. The slope
of the line fit to pass through or near these points
for several cycles will reflect the inelastic storage
properties as indicated in equation 4.

Extensometer records from central and
southern Arizona seldom are similar to those
presented by Riley (1969). Problems encountered
in this study include lack of cyclical water-level
drawdown and recovery periods, insufficient
water-level change to force significant compaction,
an insufficient knowledge of the water levels at
different depths, delayed effects from previous
water-level fluctuations on aquitards, and factors
affecting the way instruments record compaction.
Only the depth penetrated by the extensometer pipe
is monitored by the compaction recorder.
Compaction beneath the pipe is not recorded or
compared to water-level fluctuations. The depth to

water, as recorded by the water-level recorder, is a
composite of the total area penetrated by the
screened intervals of the casing, and individual
layers are not monitored. Because many of the
extensometer sites are former water-supply wells
or test holes with large contributing aquifers, head
changes represent a combination of water-table and
confined aquifer conditions.

An inverse correlation between water-level
fluctuation and compaction is evident in many of
the sites described in this report. Delayed
responses to stresses created from previous
water-level declines are to be expected from
aquitards. The hydraulic conductivity of a deposit
controls the rate of compaction. An increase in
hydraulic conductivity increases the compaction
rate. Specific storage affects the ultimate amount of
compaction that can occur. An increase in specific
storage will increase the total compaction that will
ultimately occur in response to an increased stress
(Epstein, 1987). A clay lens with a low hydraulic
conductivity will compact over a longer time
period than a coarse-grained sediment and will
have a greater amount of compaction. As a result,

APPLIED STRESS, IN FEET OF WATER ———»

DEPTH TO WATER, IN FEET——>

COMPACTION, IN FEET———»

Figure 4. Relation between water-level change and compaction for a hypothetical extensometer. Response
shown is typical for extensometers in agricuitural areas with annual cycles of drawdown from ground-water
pumping followed by a period of recovery. Line A represents elastic recovery, and line B represents long-term

inelastic compaction.
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water levels may recover; however, compaction
will continue.

Often in the calculations of specific storage,
there are apparent changes in elastic and inelastic
trends. These changes may not be entirely a result
of change in material properties. These apparent
changes may be partly or entirely due to other
factors such as change in pore pressures in an in-
terval not monitored by a piezometer that is used in
generating a stress-strain diagram and equipment
changes that may introduce a more sensitive
compaction or water-level record.

Regardless of these factors, parts of
extensometer records representing elastic and
inelastic responses can be identified and analyzed
as was done by Hanson (1989). Continued data
collection into periods with greater water-level and
compaction responses will improve the usefulness
of these records in establishing relations between
water-level change and compaction.

AQUIFER COMPACTION AND WATER
LEVELS IN THE ELOY AND STANFIELD
BASINS

In the lower Santa Cruz Basin, which
encompasses the Eloy and Stanfield Basins (fig. 1),
ground-water withdrawals have decreased from
1,400,000 acre-ft in 1953, to 890,000 acre-ft in
1970, and further to 417,000 acre-ft in 1990
(Anning and Duet, 1994). Overall, from 1990 to
1996, ground-water withdrawals have remained
fairly constant or have slightly increased (Arizona
Department of Water Resources, unpublished data,
1990-95). By 1977, about 655 mi? of land area had
subsided around Eloy, and the maximum
subsidence was 12.5 ft. About 425 mi’? had
subsided around Stanfield, and the maximum
subsidence was 11.8 ft (Laney and others, 1978).
In addition, areas of significant subsidence
corresponded with areas of significant water-level
decline (Schumann and Poland, 1970).

In the early 1980’s, the water level at the Eloy
well (D-07-09)31bba began to recover. From 1980
to 1994, decreased pumping caused by less
irrigation and greater use of surface water to
supplement ground water, resulted in as much as
150 ft of recovery at the Eloy well. From January
1994 to January 1997, the water level at the Eloy

well declined 10 ft. From 1987 through 1996,
0.085 ft of compaction was recorded at the Eloy
well (table 1). Data for wells in the Eloy and
Stanfield Basins are shown in figures 5-14 in
Section A of the section entitled “Basic Data” at
the back of this report.

Wells TA-10 and SG-14c are about 4.6 mi
apart; however, compaction rates at the two wells
are not the same. Compaction at well TA-10 was
0.22 ft, and the compaction rate per foot of
monitored thickness was more than five times that
of well SG-14c. Water levels recovered 16 ft at
well TA-10 and 19 fi at well SG-14¢ during the
period of record. Both wells fully penetrate the
upper hydrostratigraphic unit. Sediments at well
TA-10 may be more compressible than those of
SG-14c, although measurement error may occur at
well SG-14c because of friction between the pipe
and the well casing. Data at well TA-10 show a
compaction rate of 0.053 ft/yr from the beginning
of record until mid-1992 when the rate decreased
to 0.023 ft/yr. This decrease probably is a result of
sediments reacting to recovering water levels in the
area.

Three sites in the Eloy and Stanfield Basins
show an inverse relation between compaction of
sediments and water-level fluctuations (table 2).
Wells JU-1, JU-2, and TA-10 had recovering water
levels and increasing compaction that probably
was due to continued dewatering of aquitards
caused by delayed responses to stresses from
previously lower ground-water levels in the area.
The data for JU-1, JU-2, and TA-10, however, were
inconclusive for calculating elastic storage
coefficients.

The finer-grained sediments of the Eloy and
Stanfield Basins are more compressible than those
of the Upper Santa Cruz Basin and more likely to
compact in response to pumping. Four of the five
highest rates of compaction per foot of monitored
thickness are in the Eloy and Stanfield Basins.

AQUIFER COMPACTION AND WATER
LEVELS IN AVRA VALLEY

In 1935, ground-water withdrawals in Avra
Valley were 1,000 acre-ft; in 1960, 140,000 acre-ft;
and in 1970, 157,000 acre-ft. Withdrawals declined
to 83,000 acre-ft in 1980 and 38,000 acre-ft in
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Table 1. Summary of data from borehole extensometers, south-central Arizona, 1980-96

Depth of Depth to water, in feet Com-
Well Yt:)afrs Date of e)?ten- t?: :;::::: pat(:;!fion
name record  "€cord 3:‘“;22:” Starting  Ending  Maximum  Mhimum  j, feet! ’ aquifer,
in feet
Eloy and Stanfield Basins
Eloy?...... 8 1989-96 828 312 261 408 245 516 0.085
JU-1 ... 8 1989-96 684 199 182 199 181 485 .094
JU-2 ....... 7.5 1989-96 996 671 653 671 648 325 179
TA-10..... 7.5 1989-96 1,630 305 288 306 285 1,325 220
SG-14C.. 7 1990-96 1,150 267 248 289 235 873 .032
Avra Valley
AF-143 .. 125 1984-96 1,009 286 268 301 266 723 .027
AF-17..... 1.5 1985-96 1,002 350 338 350 337 652 120
AV-253 125  1984-96 790 338 373 373 335 452 .082
TA-13..... 7.5 1989-96 1,400 244 246 246 240 1,156 .001
TA-32..... 8 1989-96 990 352 347 354 347 638 .045
TA-33..... 8 1989-96 790 358 360 361 358 432 .009
TA-44 ..... 8 1989-96 1,400 400 413 413 400 1,000 .012
Upper Santa Cruz Basin
B-76°...... 16.5 198096 871 197 210 211 192 674 .168
C45....... 17 1980-96 475 253 300 301 253 222 197
D-61....... 17 1980-96 1,025 270 308 308 270 755 .140
SC-173.... 17 1980-96 805 118 116 121 106 687 .148
SC-30% 16.5 1980-96 960 200 211 225 180 760 160
WR-523.. 14 1982-96 808 177 230 230 175 631 .080
WR-53 ... 13 1983-96 1,030 144 148 148 143 886 025

ISaturated thickness was calculated by subtracting the water level at the beginning of record from the depth of the extensometer.
2For previously estimated aquifer-system properties, see Epstein (1987).
3For previously estimated aquifer-system properties, see Hanson (1989).

1990 (Anning and Duet, 1994). From 1940 through
1984, ground-water pumping resulted in
widespread water-level declines that ranged from
50 to 150 ft (Cuff and Anderson, 1987). Declines
were accompanied by localized compaction of the
aquifer, subsidence of the land surface, and
formation of earth fissures (Anderson, 1987b).
Between 1950 and 1985, land subsidence ranged
from 0 to 1 ft (Anning and Duet, 1994).

Most of the extensometers continued to record
compaction through 1996. From 1989 through
1996, the greatest amount of compaction (0.12 ft)
and a water-level recovery (about 12 ft) occurred at
well AF-17 (table 1; figs. 15-33 in Section B of the
section entitled “Basic Data” at the back of the

report).

Data from wells AF-17 and TA-32 showed an
inverse stress-strain relation (table 2). Although
water levels have recovered at both sites,
subsidence has continued. Instruments at wells
AF-14 and AF-17, which are 4.6 mi apart, recorded
different compaction rates. Both wells are drilled
to the same depth and water-level recoveries were
similar at the two wells. Data from well AF-17
shows five times the compaction rate per unit of
monitored thickness than that of well AF-14. At
well AF-17, the inelastic aquifer storage coefficient
changed (fig. 18). From 1985 to late 1992, the
elastic aquifer-storage coefficient was determined
to be 2.6x1073 from the slope of line AB (fig. 18).
After 1992, a coefficient of 1.7x10 was found
from the slope of line A'B'. In early 1994, water
levels at well AV-25 began to drop rapidly even
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though the compaction rate generally remained
constant. More data are needed to accurately
calculate a change in elastic storage properties at
well AV-25. Data from well TA-44 showed a
change in compaction rate from 0 ft/yr to
0.003 ft/yr in late 1992. This change in rate of
compaction probably is a result of a change in
instrumentation to a more sensitive recorder that
was installed in 1992. Elastic-storage coefficients
and specific-storage coefficients for wells TA-32,
TA-33, and TA-44 could not be calculated because
of poorly defined elastic responses.

Retirement of farmlands and the inception of
the Central Arizona Project resulted in decreased
pumping and, in some instances, water-level
recoveries. From 1990 to 1996, withdrawals
slightly increased because of increased municipal
consumption and slight increases in irrigation
(Arizona Department of Water Resources,
unpublished data, 1990-95). Regionally, water
levels are constant in Avra Valley. From 1984 to
1996, three stations recorded recoveries, and three
stations recorded declines. Large changes in water
levels did not occur except at well AV-25. Since
1984, the water level at well AV-25 has declined
35 ft; about 25 ft of decline occurred from 1994
through 1996.

AQUIFER COMPACTION AND WATER
LEVELS IN THE UPPER SANTA CRUZ
BASIN

Between 1940 and 1985, water levels declined
from 100 to more than 150 ft throughout most of
north-central metropolitan Tucson and along the
Santa Cruz River northeast of Black Mountain
(Babcock and others, 1986). Other effects of
pumping include a shift of natural ground-water
flow paths toward pumping centers, increased
vertical hydraulic gradients, development of
perched ground water above the regional aquifer in
areas underlain by shallow fine-grained beds,
decreased transmissivity resulting from dewatering
of permeable sediments of Quaternary age, and
increased vertical effective stress resulting in
compaction of the aquifer system (Hanson and
Benedict, 1994). Ground-water withdrawals were
35,000 acre-ft in 1920, to 62,000 acre-ft in 1940,
and 240,000 acre-ft in 1970.

From 1970 to 1996, ground-water withdrawals
fluctuated slightly (Anning and Duet, 1994;
Arizona Department of Water Resources,
unpublished data, 1990-95). Unlike extensometer
sites in the Eloy and Stanfield Basins and Avra
Valley, the sites in the Upper Santa Cruz Basin are
continuing to record water-level declines. From
1980 through 1996, declines ranged from near 0 at
well SC-17 to nearly 50 ft at wells C-45, SC-30,
and WR-52 (figs. 32-52 in section C of the Basic
Data section). The Central Arizona Project has not
had a significant influence on ground-water
pumping in the Tucson area, which is reflected by
the trend in withdrawal rates and the subsequent
water-level declines. Between 1950 and 1980,
measured subsidence ranged from 0 to 0.5 ft
(Anderson, 1989).

In the Upper Santa Cruz Basin, most
extensometers continued to record compaction
through 1996. The least compaction was recorded
at well WR-53 (near O ft; table 1), and the most
compaction was recorded at well C-45 (about
0.20 ft; table 1). Between 1980 and 1996, most
sites recorded about 0.15 ft of compaction.

Data from well SC-17 had an inverse
stress/strain relation (table 2). Although water
levels have increased slightly, compaction has
continued. This relation, as described for many of
the sites in the Eloy and Stanfield Basins, may be
due to continued dewatering of aquitards from
stresses created from previous water-level declines.
Compaction at well SC-17 also varied diurnally,
which probably was due to temperature effects on
the pipe from the blowing and sucking actions of
the well. Wells C-45 and D-61, which are about
0.5mi apart, fully penetrate the Fort Lowell
Formation and partially penetrate the upper Tinaja
beds. Since 1980, instruments at well C-45
recorded 0.197 ft of compaction, and instruments
at well D-61 recorded 0.140 ft of compaction
although well D-61 penetrates about twice the
depth of well C-45 (table 1). Instruments at well
C-45 recorded one of the highest rates of
compaction per foot of monitored thickness in the
network and almost four times the rate of well
D-61 (table 2). On the basis of this data, sediments
at well C-45 are three to four times more
compressible than those at well D-61. Data from
well D-61 show a change in inelastic storage
properties to a higher rate of compaction per unit

Aquifer Compaction and Water Levels in the Upper Santa Cruz Basin 15



of monitored thickness. Elastic storage and specific
storage were not calculated for wells C-45
(fig. 35), D-61 (fig. 38), WR-52 (fig. 47), and
WR-53 (fig. 50) because of poorly defined elastic
response.

SUMMARY

Since the 1940’s, ground-water declines of
several feet per year have resulted in measurable
land subsidence from aquifer compaction in the
Eloy and Stanfield Basins, Avra Valley, and Upper
Santa Cruz Basin. Historic overdrafts in the Eloy
area of the Eloy Basin are responsible for
continued dewatering of aquifers and subsequent
land subsidence even with recent water-level
recoveries of more than 100 ft in some areas.
Water-level declines in Avra Valley and the Upper
Santa Cruz Basin are less than in the Eloy and
Stanfield Basins; however, measurable amounts of
aquifer compaction have been recorded at most
stations.

In 1979, the USGS, in cooperation with the
City of Tucson, began to study aquifer compaction
in the Upper Santa Cruz Basin. In 1983, the study
was expanded to include sites in Avra Valley. In
1989, with the cooperation of the Arizona
Department of Water Resources, four exten-
someters in the Eloy Basin and one site in the
Stanfield Basin were added to the network. Data
have been collected continuously since the
activation of each well. As of 1998, the USGS is
monitoring 19 extensometer sites in wells in
south-central Arizona. At each site, continuous
water levels and compaction data are recorded.

In the Eloy and Stanfield Basins, water-level
declines continued at rates of several feet per year
from the 1940’s until the early 1980’s. With the
advent of the Central Arizona Project and
subsequent decreased pumping, water levels began
to recover. Since the early 1980’s, recoveries of as
much as 100 ft were recorded. The effects of
historic pumping on the aquifer are still evident.
The higher clay content of the sediments in Eloy
and Stanfield Basins and the continued dewatering
of these aquitards caused about 15 ft of subsidence
from overdrafts and caused four of the five highest
rates of compaction in the monitoring network.

In Avra Valley, water levels in well AV-25
declined 30 ft during the period of record, of which
17 ft occurred from 1994 through 1996. Water
levels at other sites, such as well AF-17, are
recovering. Even with the significant water-level
recovery, 0.12 ft of compaction occurred at well
AF-17 from 1985 through 1996.

In the Upper Santa Cruz Basin, overdrafts
resulted in water-level declines of as much as 50 ft
from 1980 through 1996. Data for well C-45, in
central Tucson, show a water-level decline of 47 ft
and the second highest rate of compaction per foot
of monitored thickness in the network since 1980.
Steady or increased rates of pumping has resulted
in steadily declining water levels and increasing
compaction. The rapid population growth of
Tucson is increasing demand on the ground-water
supply. Although alternative water sources are
being studied, overdraft continues. As in the Eloy
area, even if alternate sources of water are found,
the consequences of overdrafts may be long lasting
in spite of water-level recoveries.
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