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ABSTRACT

The occurrence and movement of water in lower Cienega Creek Basin is

controlled mainly by the depth of bedrock and its geometry. Gravity data collected

in the basin and its margins was inverted to model geologic cross-sections. Depths

from these model cross-sections were then contoured to generate isopach maps and

a depth to bedrock map. These maps indicate a depth of over 1,800 feet in the

northwest portion of the basin and a thick wedge of denser, less permeable Pantano

rocks in the same area. Shallow bedrock and Pantano rocks are thought to block

ground water flow on the northwest edge of the basin and force it to the surface to

generate perennial flow in Cienega Creek Natural Preserve. In addition, the

possible existence of a structural trough that may channel ground water from the

upper basin into the San Pedro Basin was detected with gravity data.

Temperature and electrical conductivity data support the hypothesis that the

source of perennial flow in Cienega Creek Natural Preserve is simple overflow

from the lower basin and that the intermittent flow in the Preserve is due to

variations in the thickness of the stream channel alluvium.
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INTRODUCTION

Cienega Creek is located in southeastern Arizona about 30 miles southeast of

Tucson (figure 1). The area lies in a transition zone between the Sonoran and

Chihuahuan Deserts and contains vegetation zones ranging from desert grass and

scrublands to subtropical riparian forests (McGann, 1994). Cienega Creek is the

principle drainage between the San Pedro River to the east and the Santa Cruz

River to the west. Like these rivers, Cienega Creek flows northward, but then it

turns west before becoming Pantano Wash and joining the Santa Cruz River via

Rillito Creek. The word "Cienega" is Spanish in origin and is derived from "cien"

meaning one-hundred and "agua" which means water. The literal translation then

is "a place of one-hundred waters" and it was used to designate a swamp or marshy

place (Alberding, 1938).

The lower Cienega Creek Basin is separated from the upper basin to the south by

an outcrop of mesozoic and paleozoic bedrock about 4.5 miles south of Interstate

Highway 10 (I-10). It is bounded by the Whetstone Mountains to the southeast, the

Empire Mountains to the west, and the Rincon Mountains to the north (figure 2).

According to the Arizona Department of Water Resources (ADWR, 1993), the

entire watershed, including the upper and lower basins, has a surface area of about

605 square miles and the Pima County Department of Transportation and Flood

Control District (PCDOTFCD, 1992) estimates that the basin contributes

approximately 6,200 acre feet of high quality natural recharge annually to the

Tucson Basin. The last ten miles of Cienega Creek is a beautiful stream that is

7



Figure 1, Index Map
(Modified from PCDOTFCD,1992)
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perennial for much of its course and is the lifeblood of the Cienega Creek Natural

Preserve (Preserve). The hydrology of Cienega Creek is important because of its

influence on the rare riparian habitat of Cienega Creek Natural Preserve, wildlife

migration, flood control, ground water recharge to the Tucson Basin aquifer, and

recreation.

The riparian habitat of the Preserve exhibits a high degree of biological

productivity and diversity (McGann, 1994). It contains plant communities that

were once common along the steams of the southwest, but are now rare due to the

heavy use of water for agriculture and growing cities. The Preserve has healthy

stands of Fremont Cottonwood, Goodding Willow, Arizona Ash, Netleaf

Hackberry, Desert Haekberry, Arizona Sycamore, Arizona Walnut, Mexican

Elderberry, Seepwillow, Palo Verde, and other deciduous trees as well as extensive

mesquite bosques (McGann, 1994). Seven threatened or endangered species are

known to inhabit the Pantano-Cienega corridor. The Gila Topminnow, a federally

listed endangered species found in the upper Cienega Creek Basin, is being

considered for reintroduction in the Preserve (PCDOTFCD, 1992). The Gray

Hawk, Black Hawk and Gila Chub are listed by the state of Arizona as threatened

or endangered (PCDOTFCD, 1992) as well as the Lowland Leopard Frog, Mexican

Garter Snake, and Mexican Long-tongued Bat (McGann, 1994). In addition, the

Preserve provides habitat for healthy populations of Mule Deer, Coyote, Gray Fox,

Bobcat, Raccoon, Ringtail, Coati, Collared Peccary, bats, and many other species.

The Sonoran Mud Turtle and native fish including Long-fin Dace are found in the

stream. Many species of birds live along Cienega Creek including Great Blue

Heron, Turkey Vulture, Cooper's Hawk, Red-tailed Hawk, American Kestrel, and



11

Peregrine Falcon (McGann, 1994). Portions of the Cienega Creek watershed have

been considered for re-introduction of Pronghorn Antelope, Mexican Gray Wolf,

and Jaguar (McGann, 1994).

The purpose stated by Pima County in establishing the Cienega Creek Natural

Preserve was "to conserve riparian habitat, increase flood storage, reduce flood

peaks, increase groundwater recharge and to prevent unwise and detrimental use of

the Cienega Creek flood plain" (PCDOTFCD, 1992). To pursue these goals, the

Board of Directors of the Pima County Flood Control District authorized that the

surface water of Cienega Creek be designated a Unique Water of the state and

applied to the Arizona Department of Water Resources for an in-stream flow right

to this water (Smutzer and Fonseca, 1987). However, when Pima County bought

the Empirita Ranch located in an ephemeral reach just upstream from the Preserve,

the previous owners of the ranch retained the right to pump 1,600 acre-feet of

ground water per year from the stream channel alluvium to supply possible future

development on nearby land (PCDOTFCD, 1992). Since flowing water is essential

to the riparian habitat of the Preserve, it is important to understand the

hydrogeology that causes perennial flow in the Preserve and the effect that ground

water pumping might have on that flow.

Mountain land in southeastern Arizona occurs in isolated patches of the Coronado

National Forest. Wildlife migration between these "sky islands" is usually difficult

because of highways, towns and cities between the mountain ranges. In 1988, the

Bureau of Land Management acquired the Empire and Cienega Ranches in the
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upper Cienega Creek Basin. This land, along with the Pima County owned

Preserve and Empirita Ranch in the lower basin, provides a wildlife migration

corridor (figure 3) and helps prevent habitat fragmentation between the Santa Rita

and Empire Mountains, the Whetstone Mountains, the Rincon Mountains, and the

Canelo Hills to the south (PCDOTFCD, 1992). These lands also provide outdoor

recreational opportunities to the public. The Arizona Trail, which will be over 700

miles long from Mexico to Utah, is planned to pass through the Cienega Creek area

(PCDOTFCD, 1992). Its nearness to Tucson and its diverse landscape make this

area attractive for a variety of outdoor activities including hiking, camping, birding,

horseback riding, and communion with Nature. Hydrology plays a vital role in the

overall health of the Cienega Creek ecosystem, its viability as a wildlife migration

corridor between the "sky islands", and its value to the public for outdoor

recreation. Therefore, it is critical that public management decisions are based on

an understanding of the natural hydrologic system and those values it supports.

The hydrology of lower Cienega Creek has a direct impact on flood control.

Since 1977, four Presidentially-declared flood disasters have occurred in eastern

Pima County. Preliminary estimates have shown that suburban development of the

gently sloping parts of the Cienega Creek watershed would increase the 100 year

peak flood by 25% and the flow velocity by 7%. If developed to urban density, the

100 year peak flood would increase by 50% (PCDOTFCD, 1992). These

calculations only account for the decrease in infiltration associated with

development and not for the effects of channelization and encroachment on the

flood plain that would make the flooding even worse. Flood models developed for

the Rillito Corridor Study indicate that if the streams tributary to the Rillito



Figure 3, Wildlife Migration Corridors
(PCDOTFCD, 1992)
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(including Pantano-Cienega) were channelized, peak floods in the Rillito would

increase by 40% (PCDOTFCD, 1992).

In 1958, Pantano Creek flooded with a peak flow of 38,000 cubic feet per second

(cfs) near Vail, but attenuated to only 20,000 cfs 17 miles downstream due to

natural charmel and overbank storage and infiltration (PCDO CD, 1992). Since

Pima County can only prevent channelization and flood plain encroachment in

unincorporated areas, public ownership and protection of much of the Cienega

Creek Basin is beneficial for flood control and understanding the hydrology of the

basin is necessary so that it can be managed intelligently to minimize flood

intensity.

Cienega Creek also provides high quality recharge to the Tucson Basin aquifer

which is still the primary source of water for the city of Tucson. The Arizona

Department of Water Resources estimates that the annual recharge to the Tucson

basin due to ground water flow out of Cienega Creek Basin is 3,500 acre-feet and

that the perennial surface flow contributes another 2,700 acre-feet (PCDOTFCD,

1992). The ground water flow is mainly through the young alluvial deposits of

Cienega Creek and both the surface water and ground water are very high quality

(PCDOTFCD, 1992). Since urban runoff is typically high in salts, dissolved and

suspended solids, some metals, and hydrocarbons, development in the Cienega

Creek Basin would have an adverse impact on the quality of water recharged to the

Tucson Basin. In financial terms, this recharge is very valuable to Tucson. The

current price of Central Arizona Project water is about $75 per acre-foot and its

projected price by the year 2000 is $133 per acre-foot (Tucson Water, 1994).

14
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These costs do not include treatment. At $75 per acre-foot the 6,200 acre-feet of

water recharged to the Tucson Basin aquifer from Cienega Creek is worth

$465,000 per year and it does not have to be treated. At $133 per acre-foot, the

recharge from Cienega Creek is worth $824,600 annually. Looked at in another

way, recent purchases of ranch water rights by urban water providers have been

made for $1000 per acre-foot (PCDOTFCD, 1992). This gives the natural recharge

from Cienega Creek a one-time value of $6.2 million. In order to preserve this

source of high quality recharge, public management decisions concerning the basin

need to reflect an understanding of the hydrologic mechanisms responsible for that

recharge.

Hydrogeology is a key aspect to understanding the hydrology of the lower Cienega

Creek Basin. My research looks at how geology, especially bedrock configuration,

influences the occurrence and movement of ground water and surface water as well

as the interactions between ground water and surface water. To accomplish this,

my primary approach is to use gravity data to define the depth to bedrock and

aquifer geometries of the lower basin. In addition, surface water temperature and

electrical conductivity measurements, as well as field observations noted during the

gravity survey, are used to help determine how the geology of the area influences

perennial flow in Cienega Creek Natural Preserve. A conceptual model based on

simple sedimentary basin overflow controlled by bedrock structure is considered

along with possible complicating factors such as ground water flow in fractured or

karsted limestone.
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In addition, my work complements and supplements other thesis projects that

were part of a thesis workshop course conducted by the Department of Hydrology

and Water Resources at the University of Arizona in 1993-1994. Thus, the results

of my gravity survey are being used by Ms. Damans Chong-Diaz to help define

boundary conditions for a finite-element computer model of ground water flow in

the lower Cienega Creek Basin. Howard Grahn is evaluating the hydro-

geochemistry of the lower basin. Beth Kurtz developed a preliminary water

balance for the upper and lower basin (Kurtz, 1994). Her work provides additional

information to help describe the movement of water in the lower basin. Stephanie

Ness is working on a statistical analysis of stream flow in the Preserve and Clayton

Matt is examining some of the institutional and management considerations for the

lower basin. His work more fully describes the various natural and social values

associated with the basin and how proper management can maintain those values.



GEOLOGIC SETTING

Southern Arizona is part of the Basin and Range Physiographic Province which

includes parts of Oregon, Idaho, California, Nevada, Utah, Arizona, and northern

Mexico. The geology is heavily influenced by the normal faulting of extensional

tectonics. This results in a series of nearly north-south trending basins separated by

tilted fault-block mountain ranges. The main Basin and Range tectonic event

occurred 5-13 million years (m.y.) ago (Oppenheimer, 1980) during late Miocene

and Pliocene time. The basins were filled with alluvium derived from the

surrounding mountain ranges and with some evaporites, volcanic strata, and

lacustrine deposits. Figure 4 is a simplified composite cross-section that shows

typical Basin and Range basin features.

The Empire Mountains form the western boundary of lower Cienega Creek

Basin. These mountains are composed mainly of marine limestones, shale, and

quartzite of Cambrian, Devonian, Mississippian, Pennsylvanian, and Permian age

and continental clastic deposits that are probably Cretaceous in age (Galbraith,

1959). These sedimentary rocks are intruded by stock-like bodies of quartz

monzonite and granodiorite and dikes ranging from rhyolite to basalt. The

Cretaceous(?) rocks, which are mostly sandstone, dip to the southeast and are

buried by Cienega Creek Basin alluvium east of the Empire Mountains. They are

part of the Bisbee Formation in this area (Brennan, 1957). Structurally, the Empire

Mountains have two parts, both of which indicate a structural development

controlled by regional compression rather than the extensional forces that are more

typical of Basin and Range tectonics. The Cretaceous(?) rocks form an underlying

17
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block that is folded into a series of broad anticlines and synclines with axes

trending east-west. The Paleozoic rocks form an overlying thrust block that was

thrust from the southeast along the Empire Fault (Galbraith, 1959).

Southwest of the Empire Mountains and west of the upper Cienega Creek Basin,

are the Santa Rita Mountains. The northeast structural block of these mountains is

generally characterized by Precambrian continental granodiorite unconformably

overlain by a sequence of Paleozoic and Mesozoic rocks (Bittson, 1976). In the

northern portion of the Santa Rita Mountains, the Precambrian-Paleozoic

unconformity may be a fault.

The Whetstone Mountains are found to the southeast of lower Cienega Creek

Basin. These mountains were formed by a southwest tilted fault block. They have

Precambrian basement rocks exposed along the northern and eastern flanks. In the

northern Whetstones, Paleozoic rocks were thrust upon the Precambrian basement

(Drewes, 1981). The basement complex is overlain by about 6,500 feet of

Paleozoic rocks and up to 9,000 feet of Cretaceous sedimentary and volcanic rocks

(Bittson, 1976). The Cretaceous rocks dip gently to the southwest and correlate

with the Bisbee Formation.

The Rincon Mountains form the northern boundary of the lower Cienega Creek

Basin. These mountains have a gneissic core called the Rincon Dome that at one

time was covered with Paleozoic and Mesozoic sedimentary rocks. Sometime

since middle Tertiary time, the sedimentary cover rocks slid off the Rincon Dome

along detachment faults. On the southern flank of the Rincon Mountains the

19



sedimentary cover rocks slid southward along the low angle Santa Catalina

Complex Fault (Drewes, 1988).

Rock formations of the Rincon, Empire, Santa Rita, and Whetstone mountains

form the bedrock of lower Cienega Creek Basin. In the basin, these formations are

buried by basin fill sediments, but they outcrop at the margins of the basin as well

as in the mountains.

Near the eastern margin of the lower Cienega Creek Basin there is a north-south

trending outcrop of basement rocks and Pantano Formation. The eastern edge of

this feature is the Martinez Ranch Fault (Drewes, 1980) which is one of the main

features of Basin and Range normal faulting in the southern Rincon Mountains.

The outcrop appears on Drewes' (1980) map as a classic horst block with Cienega

Creek to the west and the San Pedro River to the east.

There are several isolated blocks of limestone in the study area, the largest being

north of Vail in the vicinity of Colossal Cave. Another, much smaller block is

about a half mile south of the beginning of perennial flow in the Cienega Creek

Natural Preserve. These limestones are thought to be only remnants of much larger

fault blocks (Brennan, 1957). The original blocks may or may not have been

extensive and continuous enough to provide continuous conduits for ground water

flow, but the small remnants almost certainly do not.

20

The basin fill in southeastern Arizona valleys is continentally-derived sedimentary

and volcanic strata. These Cenozoic rocks are commonly divided into pre-Basin
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and Range beds and Basin and Range beds (Aiken and Sumner, 1974). Pre-Basin

and Range sediments form the lower layers of the basin fill in much of the lower

Cienega Creek Basin and they were deposited in valleys prior to Basin and Range

development. These pre-existing valleys did not necessarily occur where present-

day valleys are found. Basin and Range extensional tectonics, which is

characterized by normal faulting, then superimposed present-day horst and graben

features on the older structures. Basin and Range beds are sediments and volcanics

that postdate the Basin and Range tectonic event. They were derived from present-

day mountain ranges and deposited on top of pre-existing valley sediments only

where the present-day valley coincides with an older valley (Aiken and Sumner,

1974). In places where a modern basin does not coincide with the location of an

older basin, the Basin and Range beds lie unconformably upon bedrock and older

pre-Basin and Range beds are not present.

In the lower Cienega Creek Basin both pre-Basin and Range beds and Basin and

Range beds are present in parts of the basin indicating that at least part of the

modem basin coincides with the location of an older pre-Basin and Range valley.

The Pantano Formation represents the pre-Basin and Range strata in the lower

Cienega Creek Basin. According to Brennan (1957), the Pantano Formation

underlies nearly all of the north half of the study area, but is buried beneath more

recent alluvium and by thrust blocks. The Pantano dips to the east 15 to 50 degrees

in this area (Brennan, 1957).

The Pantano Formation has been described in detail by Finnell (1970). He divides

the formation into five units. Unit 1 is the lowest unit and is composed of reddish-



22

brown bouldery mudstone, siltstone, conglomeratic sandstone, conglomerate, and

at least one rhyolite tuff. Unit 2 has red and yellowish-gray mudstone alternating

with fine conglomerate and conglomeratic sandstone the same color. It also

contains at least four beds of olive-gray partly oolitic sandy argillaceous limestone

in the upper 100 feet and the overall thickness of the unit is about 500 feet. Unit 3

contains massive to poorly bedded reddish-brown conglomerate with a few

mudstone and course-grained sandstone partings. The thickness of Unit 3 is at

least 2,500 feet. Unit 4 is a dark-purplish-gray andesite called the Turkey-Track

Porphyry because of its large plagioclase phenocrysts. It is a thin layer. Unit 5 is

the uppermost layer and is composed of a dark-purplish-gray volcanic

conglomerate at the base and grades upward to a purplish-gray and yellowish-

brown conglomerate and course conglomeratic sandstone. These layers then grade

upward and northward into fine-grained tuffaceous sandstone and angular

conglomerate or monolithic breccia. Unit 5 has at least three tuff beds near the

middle and overall the unit is at least 1,800 feet thick. Overall, the Pantano type

section is 13,762 feet thick (Brennan, 1957), although the entire section is probably

not present at any one location. Murphy and Hedley (1982) report a thickness of at

least 6,400 feet for the Pantano Formation near Davidson Canyon.

From this description, it is obvious that because the Pantano Formation includes

such a wide range of sedimentary rock types, it can be difficult to distinguish from

other sedimentary formations including the Bisbee Group or other Mesozoic

sedimentary basement rocks. This is true not only of its appearance in outcrop, but

also its density and, therefore, its gravity response. I assumed that the surface

locations and extent of Pantano rocks in the study area were correctly mapped
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(Drewes, 1980) since it was beyond the scope of this thesis to re-map the geology

of the area.

Radiometric dating of plagioclase from the Turkey-Track Porphyry indicates an

age for the Pantano Formation of early Oligocene to early Miocene (Finnell, 1970).

Apparent depositional thinning and pinchout of the lower units indicate that the

Pantano Formation must have been deposited on a surface with considerable relief.

This is consistent with deposition in pre-Basin and Range valleys.

Sediments deposited during and since Basin and Range tectonics comprise most

of the basin fill. They include loosely to moderately lithified clay, silt, sand, and

gravel ranging up to boulder size (ADWR, 1993). This interbedded sequence of

sedimentary rocks has a known thickness in the lower Cienega Creek Basin of at

least 525 feet (ADWR, 1993).

Younger alluvial deposits are found along many of the stream channels in lower

Cienega Creek Basin (figure 2). These channel sediments are composed of

unconsolidated silt, sand, and gravel that were deposited primarily by ephemeral

stream flow. They are much less consolidated than the basin fill sediments because

they are much younger and not as thick as the basin fill sediments. Stream

channels such as Cienega Creek, Mescal Arroyo, and their larger tributaries, have

deposits of channel alluvium that are usually less than 100 feet thick.



PREVIOUS STUDIES

Several hydrologic and geophysical studies have been conducted in or near the

lower Cienega Creek Basin. E.L. Montgomery and Associates, Inc. (1985) did the

most detailed investigation of hydrology in the lower basin in a work that focused

on the potential for ground water development. The Arizona Department of Water

Resources (ADWR) issued several reports that address the hydrology of the area.

These include a preliminary report on the Cienega Creek Basin (Kennard et. al.,

1988) and maps showing ground water conditions in the upper Santa Cruz Basin

(Murphy and Hedley, 1982). In addition, ADWR produced a hydrologic summary

of the basin as part of their "Arizona Water Resources Assessment" (ADWR,

1993). Bittson (1976) conducted a gravity survey over the upper basin which

characterized the depth to bedrock and aquifer geometry, and Boggs (1980)

produced a computer model to study the effects of ground water pumping on

surface perennial flow in the upper basin. Gravity, aeromagnetic, and deep drill

hole location maps covering southeastern Arizona were generated by Aiken and

Sumner (1974). Depth to bedrock maps based on gravity data were made for

southern Arizona by Oppenheimer and Sumner (1980), and gravity modeling of

southern Arizona alluvial basins was done by Oppenheimer (1980). As part of the

Department of Interior's wilderness evaluation efforts, magnetic and gravity maps

were made (Bankey and Kleinkopf, 1985) covering the Whetstone Roadless Area.

Pima County produced its "Unique Waters Final Nomination Report For Cienega

Creek Natural Preserve" (Fonseca et.al., 1990) and a report entitled "Regional

Overview of Land Acquisition in the Cienega Creek Watershed - Strategy,

Benefits, and Opportunities" (PCDOTFCD, 1992). Both of these works contain

24
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valuable information and insight on the hydrology of the lower Cienega Creek

Basin as well as the importance of the basin to regional planner's efforts to preserve

open spaces and protect riparian ecosystems. Finally, students of the University of

Arizona's Geophysics Summer Field Camp produced useful data and a written

report (LASI, 1993) summarizing geophysical work they did in the lower Cienega

Creek Basin.

HYDROLOGY

Annual precipitation in the lower Cienega Creek watershed ranges from 12 inches

in the lower elevations to 30 inches in the mountains Most of it occurs in two

seasons, July-September and October-January. Fonseca et. al. (1990) reports the

average rainfall in the Cienega Creek Natural Preserve to be 14 inches per year and

the mean temperature to be 45° F in January and 80° F in July. However,

Alberding (1938) reports an average precipitation of only 12.37 inches per year at

Pantano. The average precipitation for the entire basin south of I-10, weighted by

elevation, is about 17 inches per year (Montgomery, 1985).

In the lower Cienega Creek Basin, stream channel deposits along Cienega Creek

and its larger tributaries are major arteries for ground water movement. These

unconsolidated silt, sand, and gravel deposits are Quaternary in age and they range

in thickness from very thin where they onlap older rocks to about 105 feet at well

(D-17-18)17bdbl (Montgomery, 1985). (A description of the well numbering

system is in Appendix A.) The average thickness of the channel deposits is
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probably about 60 feet and they are very permeable. This makes it easy for large

amounts of water from ephemeral stream flow to infiltrate and recharge this

aquifer. The ground water in these stream channel deposits is unconfined and

ranges in depth from about four feet near the I-10 bridge to a historic low of 51 feet

in a well near the Empirita Ranch headquarters (Montgomery, 1985). Wells in this

aquifer produce from 10 to 400 gallons per minute (gpm) and average 200 gpm.

Transmissivity ranges from 200,000 to 300,000 gallons per day per foot (gpd/ft)

and the long term storativity is 0.20 to 0.25 (Montgomery, 1985).

The largest aquifer in the lower Cienega Creek Basin is the basin fill deposits

which are a sequence of sedimentary rocks that are Quaternary to late Tertiary in

age. This aquifer has a known thickness ranging from 25 to 525 feet, but in places

may be much thicker. The basin fill deposits are composed of poorly to moderately

lithified sediments ranging in grain size from clay to boulders and the interbedded

clay layers create a leaky confined aquifer (ADWR, 1993). The piezometric

surface for this aquifer ranges from 1.3 feet above ground level (artesian

conditions) at well (D-17-18)17cdd2 near the Empirita Ranch headquarters to 340

feet below ground level at well (D-17-18)13dddl. The water level in well (D-17-

18)17cdd2 is about 30 feet higher than the water table in the overlying stream

channel deposits (Montgomery, 1985). This indicates an upward hydraulic

gradient from the basin fill aquifer to the unconfined stream channel aquifer.

Therefore, the basin fill aquifer discharges water to the overlying stream channel

aquifer which acts like a ground water drain for the system. The transmissivity of

the basin fill aquifer is about 6 gpd/ft and wells that draw from it yield 2-75 gpm

and average about 25 gpm (Montgomery, 1985).
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In much of the lower Cienega Creek Basin, the Pantano Formation lies beneath

the basin fill alluvium. This heterogeneous sequence of sedimentary rocks

outcrops over much of the north half of the lower basin and was described in detail

earlier. Wells in the study area have penetrated from 30 to over 500 feet of

Pantano Formation and draw water from the Pantano at depths ranging from 35 to

200 feet. It is poorly transmissive and wells in it yield from 2.5 to 30 gpm.

However, the Pantano Formation may hold large quantities of ground water in

storage (Montgomery, 1985).

Hydrologic bedrock is composed of well-lithified Mesozoic and Paleozoic

sedimentary rocks as well as some volcanic and plutonic igneous rocks. These

formations yield only small amounts of water and form a basal aquitard with most

of the ground water in overlying strata (Montgomery, 1985). They comprise not

only the bedrock beneath the basin, but also the surrounding mountains. The

Mesozoic sedimentary rocks are made up largely of shale, siltstone, sandstone,

conglomerate, and limestone of the Bisbee Formation (Montgomery, 1985) and are

found at the margin of much of the lower basin. A well on the southwest flank of

the Whetstone Mountains encountered about 4,400 feet of these rocks and another

well that is only about two miles east of the study area penetrated about 1,440 feet

(Aiken and Sumner, 1974). Both of these wells bottomed in Bisbee type rocks.

The Paleozoic rocks are well lithified limestone, dolomite, sandstone, siltstone, and

shale and are found mainly in the Empire and Whetstone mountains (Montgomery,

1985) as described earlier. The volcanic rocks are rhyolites and andesites that are

Tertiary in age and they are found chiefly in the northwestern portion of the study



area. The plutonic igneous rocks include granites and quartz monzonites of

Cretaceous and Precambrian age and they occur mainly in the mountains

surrounding the lower basin (Montgomery, 1985).

Ground water movement is generally from the basin margins toward the central

stream channel aquifers where it then moves parallel to Cienega Creek and drains

into the Tucson Basin via Pantano Wash. The basin fill aquifer is recharged along

the mountain fronts by runoff from storm events and, in the higher elevations, by

snowmelt. By estimating infiltration based on geologic formation, the amount of

mountain front recharge in the entire Cienega Creek Basin south of I-10 is

estimated to be about 19,500 af/yr (Montgomery, 1985). The lower basin south of

I-10 contributes about 46% of the mountain front recharge, or 9,000 af/yr. The

following USGS regression equation was developed (Anderson eta!., 1990) to

estimate the amount of mountain front recharge for basins in south-central Arizona:

log Q = —1. 40 + 0.98 log P

This equation estimates recharge (Q) based on the total annual volume of

precipitation (P) in acre-feet and is only valid for basins with more than eight

inches of annual precipitation. If the average rainfall of the entire Cienega Creek

Basin is 17 inches and the basin area is 605 mi2, then this regression equation gives

an annual mountain front recharge of about 16,800 af/yr for the entire basin and

about 7,700 af/yr in the lower basin. Based on a mass balance of chloride-ion

concentrations, the mountain front recharge of the entire basin south of I-10 is

15,700 af/yr, of which 7,200 af/yr is recharged in the lower basin (Montgomery,
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1985). Estimates based on a steady-state computer model (Boggs, 1980) indicate

that 10,650 af/yr is recharged in the entire basin south of I-10 with 4,900 af/yr

coming into the lower basin. Another way of estimating mountain front recharge is

as a percentage of precipitation. According to Montgomery (1985) approximately

6% of the precipitation in similar regions reaches the ground water system. If this

figure is used for the Cienega Creek Basin, then 6,800 af/yr is recharged into the

entire basin south of I-10 and only 3,200 af/yr is recharged into the lower basin

(Montgomery, 1985). Table 1 summarizes the various mountain front recharge

estimates.

Table 1, Summary of Mountain Front Recharge Estimates

Estimates in af/yr for Basin South of I-10 except USGS equation* which is
for entire basin.

Method of
Estimation Entire Basin Lower Basin

Infiltration Rate of Geologic Fm. 19,500 9,000
USGS log Eqn. for 17 in. ppt.* 16,800 7,700
Mass Balance of Cl ions 15,700 7,200
Computer Model 10,650 4,900
6% of Precipitation 6,800 3,200

However, the portion of the lower basin that is south of I-10 is only about half of

the total area of the lower basin (Figure 2). The southern flank of the Rincon

Mountains is probably the main source of mountain front recharge north of I-10.

Runoff from these mountains drains into Agua Verde Creek which flows west

along the southern base of the Rincon Mountains. This source is probably not a

large contributor of recharge to the basin fill aquifer because the point where Agua
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Verde Creek finally joins Cienega Creek is far enough west that the lower basin is

bypassed and runoff from the Rincon Mountains empties into the eastern edge of

the Tucson Basin. The USGS log equation estimate (table 1) includes the recharge

off the Rincon Mountains, but the other estimates do not since they were made for

only that portion of the basin south of I-10-.

The other source of recharge to the ground water system is infiltration from

ephemeral stream flow. The total ephemeral flow along the 24 miles of Cienega

Creek south of the Jungle Site (figure 2) has been estimated to be from 3,500 to

10,000 af/yr (Montgomery, 1985). From this total flow, it has been estimated that

45-60% infiltrates into the subsurface. Therefore, between 1,600 and 6,000 af/yr is

infiltrated from ephemeral stream flow and the infiltration rate is 66 to 250 af per

mile. Based on these estimates, the 11 miles of channel between the Narrows and

the Jungle Site infiltrates 730 to 2,700 af/yr (Montgomery, 1985). It has also been

estimated that 90% of the water infiltrated actually recharges the ground water

(Montgomery, 1985), with the other 10% going into evapotranspiration. If this is

correct, then between 1,400 and 5,400 af/yr is recharged to the ground water

system by the 24 miles of stream channel above the Jungle Site and in the 11 miles

between the Narrows and the Jungle Site (the lower basin), 660 to 2,400 af/yr is

recharged.

Water is discharged from the Cienega Creek ground water system by subsurface

flow, evapotranspiration, and by some pumping. The subsurface flow at the Jungle

Site is thought to be about 3,900 to 4,900 af/yr (Montgomery, 1985). Some of this

ground water flow becomes perennial surface flow in the Cienega Creek Natural



31

Preserve and some of it remains ground water and flows through the Preserve and

into the Tucson Basin. There is also evidence of ground water flow from the lower

Cienega Creek Basin into the San Pedro Basin. This will be discussed in a

subsequent chapter. Evapotranspiration has been estimated to be 2,400 af/yr for

the upper basin and 900 af/yr for the lower basin (Montgomery, 1985). Pumping of

ground water for irrigation in the lower basin is about 315 af/yr and total pumping

is about 340 af/yr (Montgomery, 1985).

The long-term depth to ground water and the ground water storage has remained

fairly constant in the lower Cienega Creek Basin which indicates that the ground

water discharge is about equal to the ground water recharge (Montgomery, 1985).

However, long-term in this case should be restricted to about the last 70 years. A

period of arroyo cutting began in the 1880's which eventually incised the former

flood plain 10 to 25 feet (Fonseca et. al., 1990). The arroyo cutting was probably

initiated by a combination of overgrazing and the climate becoming more and

(Hastings and Turner, 1965) which led to a lowering of the water table. The

evidence for this is the difference in elevation between former cienega and stream

locations and the present level of the water table (Fonseca, et. al., 1990).

Apparently, as the arroyos were incised into the floodplain, they drained the very

deposits they were cutting into along with the basin fill alluvium surrounding the

floodplain until the entire water table was lowered to its present elevation.

Assuming arroyo cutting is not presently occurring at a significant rate, the present

level of the water table and the balance of discharge from the basin with recharge is

probably fairly constant over the long run. Superimposed on this long period

stability, however, there are shorter period fluctuations in the water balance of the
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basin. In a preliminary study of the water budget for the upper and lower basin,

Kurtz (1994) shows that there may be a surplus of recharge over discharge of about

16,000 af/yr on an average year and up to 106,000 af/yr on a wet year. This surplus

could go into a temporary increase in ground water in storage or it may leave the

basin by some route other than Cienega Creek or it could go into a combination of

increased storage and discharge by an unknown route. The possibility that some

water may be leaving the basin by a route other than Cienega Creek will be looked

at more closely in subsequent sections of this thesis.

Most of the surface flow in Cienega Creek is ephemeral; however, perennial flow

does occur upstream from the Narrows and in the Cienega Creek Natural Preserve.

All of the surface water from the upper basin flows into the lower basin at the

Narrows where base flow was gauged at 0.45 to 4.08 cfs and averaged 2.0 cfs

(1,400 af/yr) from 1975 to 1983. These years were unusually dry however, so the

long term base flow may be about 3.0 cfs or 2,200 af/yr (Montgomery, 1985).

Ephemeral flow at the I-10 gage was about 2.7 cfs or 1,900 af/yr for the same time

period. Accounting for the relative dryness of these years, the average ephemeral

flow at the I-10 gage is probably about 5.5 cfs or 4,000 af/yr. However, even this

figure may be low when compared to the discharge from similar basins in

southeastern Arizona. The average annual base flow at the Vail gage is about 1.4

cfs or 1,000 af/yr (Montgomery, 1985)

Nearly all of the ground water sampled in the lower Cienega Creek Basin is

calcium-sulfate type water (Fonseca, et. al., 1990) and classified as fresh. All water

sampled from wells in the stream channel deposits was fresh with an average total
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dissolved solids (TDS) of 560 milligram per liter (mg/1). The average TDS for

samples taken from wells in the basin fill was 369 mg/1. A few wells in the

bedrock complex had slightly saline water, but the average TDS in bedrock wells

was about 630 mg/1 and classified as fresh (Montgomery, 1985). The water quality

in the perennial surface flow of Cienega Creek is consistently better than state

surface water quality standards (Fonseca, et. al., 1990).

GEOPHYSICS

As mentioned before, Bittson (1976) did a gravity survey in the upper Cienega

Creek Basin. His work included an investigation into the densities of the various

rock units in the upper basin - most of which are found in the lower basin. He

collected rock samples from each formation and soaked them in water until fully

saturated. The bulk density for each sample was then determined from the mass of

the sample and the volume of water it displaced. The Precambrian igneous and

metamorphic rocks were found to have densities ranging from 2.53 grams per cubic

centimeter (gm/cm 3 ) to 2.70 gm/cm 3 and averaged 2.63 gm/cm 3 . Paleozoic rocks

including limestones, dolomites, shales, and the Cambrian Boisa Quartzite had

densities between 2.50 and 2.97 gm/cm3 with an average of 2.69 gm/cm 3 .

Cretaceous rocks including rhyolites, andesites, and sedimentary rocks from the

Bisbee Group ranged from 2.44 gm/cm 3 to 2.84 gm/cm3 and averaged 2.61 gm/cm 3 .

The range of densities for samples of Pantano Formation, basin fill, and stream

channel deposits was 1.80 to 2.50 gm/cm 3 with an average of 2.10 gm/cm 3 (Bittson,



1976). The density of the Pantano Formation in the Cienega Gap area was

determined by Abuajamieh (1966) to be 2.40 gm/cm 3 .

Bittson (1976) interpreted the depth to bedrock in the upper Cienega Creek Basin

from his gravity data using a regional density of 2.67 gm/cm3 which is typical for

bedrock in southern Arizona. Density contrasts of -0.35 gm/cm 3 , -0.40 gm/cm 3 ,

and -0.60 gm/cm 3 between the basin fill and bedrock were used and a contrast as

low as -0.15 gm/cm 3 was used for the Pantano Formation. The depth to bedrock

was constrained by known drill depths. With these data, estimates for the depth to

bedrock in the upper basin ranged from 0 to about 5,000 feet, depending on the

location and the density contrast used (Bittson, 1976).

In an effort to define boundary conditions for a USGS computer model of ground

water potential, Oppenheimer (1980) used gravity data to generate depth to

bedrock maps of the Basin and Range Province of southern Arizona (also

Oppenheimer and Sumner, 1980). Her maps are at a scale of 1:250,000 and they

show the lower Cienega Creek Basin as a small but distinct structural feature with

at least 900 feet of basin fill.

Oppenheimer (1980) also did a careful analysis of the density of rocks in southern

Arizona. Table 2 is her compilation of density data from various sources and gives

an average density for basin fill of 2.15 gm/cm3 . She also reports that the average

formation density of City of Tucson well WR-18 is 2.18 gm/cm 3. This well is 755

feet deep and does not penetrate bedrock, so the density is for basin fill only.
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Table 2, BULK DENSITY DATA (Oppenheimer, 1980)

Rock Type Mean
(gm/cm 3 )

Range
(gm/cm3)

Bedrock
1 Metamorphic and 2.67 2.57 - 2.99

Sedimentary
2 Plutonic 2.62 2.27 - 2.79
3 Average of 1 and 2 2.64 2.27 - 2.99
4 Tertiary Volcanics 2.45 2.16 - 2.69
5 Volcanics (includes 4) 2.47 2.15 - 2.75
6 Bedrock

(average of 3 and 5)
2.57 2.15 - 2.99

Basin Fill
7 Tertiary 2.25 1.81 - 2.58
8 Cenozoic (includes 7) 2.12 1.81 -2.58

Aiken and Sumner (1974) produced a Bouguer Gravity Anomaly Map, Residual

Aeromagnetic Map, and Drill Hole Map of southeastern Arizona in a study that

focused on the potential for petroleum exploration in the area. They utilized about

4,000 gravity stations and did some two-dimensional gravity modeling to determine

the depth to bedrock along selected profiles. They used a density contrast of -0.5

gm/cm3 for alluvium, -0.3 gm/cm 3 for compacted alluvium, and -0.2 gm/cm 3 for

indurated Tertiary conglomerate and pre-Cenozoic sedimentary and volcanic rocks.

Their Profile "M" (Figure 5) runs across the San Pedro valley, probably along 1-10,

and shows the San Pedro Basin to be about 7,000 feet deep near Benson if a density

contrast of -0.3 gm/cm 3 is used. This profile also extends farther west than

indicated on their gravity map. In their report (Aiken and Sumner, 1974), the

profile extends to within about two miles of "Cienega Arroyo." Their modeling at
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Figure 5
Gravity Profile "M" (Aiken and Sumner, 1974)



the west end of Profile "M" shows the lower Cienega Creek Basin to be about

2,000 feet deep if a density contrast of-0.5 gm/cm 3 is used (Figure 5).

In the summer of 1993, geophysical data were collected in the lower Cienega

Creek Basin as part of the University of Arizona's geophysics field course (LAST,

1993). Data were collected from the dry stream channel of Cienega Creek near the

Empirita Ranch headquarters, the dry channel just above the beginning of perennial

flow in the Preserve, and from Hanna's horse pasture just south of the beginning of

perennial flow in the Preserve (Figure 2).

In the area near the Empirita Ranch headquarters, gravity, transient

electromagnetic (TEM), induced polarization/direct current (IP/DC) resistivity, and

seismic refraction methods were used. All the data were collected from a line that

was about 2,300 feet long and ran up the dry channel of Cienega Creek in a

southeasterly direction from where the Empirita Ranch road crosses the creek

(Figure 2).

Seventeen gravity stations were measured along this line. Although the relative

elevation of each station was measured to within a half foot, the absolute elevation

was never surveyed, but only estimated from the topographic map. No depth

interpretation was made and the Bouguer anomaly was computed with no terrain

corrections. Using a regional density of 2.67 gm/cm3 , the computed anomaly

values ranged from about -130.4 mgals to -131.0 mgals and, according to the

authors, showed "no evidence for significant changes in depth to bedrock" (LASI,

1993).
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Interpretation of the TEM data indicated a depth to the water table in the wash

near the Empirita Ranch headquarters of about 40 feet. This is very close to the

depth of the water table in nearby wells. The depth of water in well (D-17-

18)17bdbl which is an irrigation well near the ranch headquarters is 45.2 feet

(Montgomery, 1985). lEM data from the dry creek bed just above perennial flow

in the Preserve (Figure 2) showed the water table to be seven to eight feet below

the surface but getting shallower down-stream. Indeed, the perennial flow in the

Preserve starts only about 400 feet down-stream from where TEM data were

collected and I believe that the source of this flow is ground water forced to the

surface by constraining bedrock. Also, the presence of many cottonwood and large

mesquite trees at this site indicates water near the surface. TEM data from the

Hanna horse pasture were not as good as the other data sets, but may have indicated

a water table at 22 to 38 feet below the surface. Measurements taken near an

outcropping of limestone breccia at the southeast corner of the pasture seem to

have indicated that the breccia may be highly fractured. This is because modeling

of the 1EM data indicated a third layer beneath the water table that had slightly

higher 1EM values than saturated alluvium, but much lower than would be

expected from a bedrock aquiclude. One explanation for this could be that the

limestone breccia is buried below the water table at this point, and is highly

fractured so that its overall porosity and, therefore, its 1EM response is closer to

saturated alluvium than to tight bedrock. However, the "I EM data in this area was

poor and so this interpretation, although reasonable for the area, could be

completely inaccurate. Bedrock was not detected in any of the TEM soundings

(LASI, 1993).
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LP/DC soundings seem to have indicated a water table depth of about 48 feet near

the Empirita Ranch headquarters, two feet in the Cienega Creek channel just

upstream from the beginning of perennial flow in the Preserve, and about 44 feet in

the Hanna horse pasture (LASI, 1993). The water table depth found near the

beginning of perennial flow in the Preserve is a very reasonable interpretation since

there are huge cottonwood trees at this point which indicate water near the surface.

Also, perennial flow just down stream in Cienega Creek indicates a water table at

or just above the ground surface.

Seismic refraction data in the dry channel near the Empirita Ranch Headquarters

indicated a water table depth ranging from 33 to 40 feet with very little dip which

agrees with nearby well data. The depth range is apparently a function of the

sloping dry stream channel above a fairly flat water table. Seismic refraction data

from a 600 foot line in the Hanna horse pasture (Figure 2) showed the water table

to be about 22 feet deep at the west end of the line and about 24 feet deep at the

east end. The east end of the line was near the Hanna domestic well that has water

at about 24 feet. This shows the high degree of accuracy obtainable with seismic

refraction data when conditions are favorable. Another 600 foot line was shot from

near the Hanna domestic well, northwest along the Hanna access road toward

Cienega Creek. This line showed the water table to be about 26 feet deep near the

Hanna domestic well and about 30 feet deep at the northwest end of the line near

the creek (LAS', 1993). This line gives fairly good results near the Hanna well, but

the 30 foot depth to water at the other end of the line is not reasonable. One

possible explanation for this erroneous result is a lateral change in the velocity of

the near surface layer. The seismic refraction method assumes this layer to have a



constant velocity if there are not separate data showing a lateral change. If this

assumption is not correct or if an incorrect near-surface velocity is assumed, then

the interpretation will not be correct. Given the presence of limestone breccia at

the surface nearby, a lateral change of near surface velocity is very possible.

Bedrock was not detected on any of the seismic refraction lines.
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METHODS AND RESULTS

Two methods were used to analyze the hydrogeology of lower Cienega Creek

Basin. The main method utilized was a gravity survey to map the depth to bedrock

and aquifer geometries. In addition, temperature and electrical conductivity data

were acquired along Cienega Creek to help determine where the stream is gaining

and losing water.

GRAVITY SURVEY

Theory of Gravity Method

The physical basis for gravity surveying is Newton's law of gravitation (e.g.

Dobrin, 1976) which states that the force of gravitational attraction between two

bodies is:

man2
F = 7  2

r
where F is the force of gravitational attraction, mi and m2 are the masses of the two

bodies, r is the distance between the centers of mass of the two bodies, and y is the

universal gravitational constant. The value of -y is 6.67 x 10 -8 dyne-cm2/gm2

(Telford, 1978). The minus sign arises because gravitational force is always

attractive. We also know that F = m2g where g is the acceleration of mass m2. If

we set these two equations equal and divide by m2, we get:
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Now if is the earth and m2 a much smaller mass and r is the distance from the

center of the earth to the center of the smaller mass, then g is the acceleration of m2

due to the earth's gravitational attraction. Acceleration is then a convenient

quantity to measure to determine the gravitational attraction of the earth since it is

a function only of the mass of the earth and the distance from the center of the

earth to the point of measurement. The gravitational acceleration near the earth's

surface is about 980 cm/sec 2. Geophysicists have defined a unit of gravitational

acceleration, or 1 cm/sec2, to be a "Gal" in honor of Galileo who measured gravity

in his famous experiments at Pisa. And, since mi = pV , where p is the density and

V is the volume of the earth,

p Vg = y
2

. However, these equations are really only valid for situations where the size of the

bodies are extremely small compared to the distance separating the bodies. In the

case of gravity surveys, one body is the earth and the other one is a small mass

inside the gravimeter. Since the measurements are taken at the earth's surface, the

distance separating the two bodies is approximately the radius of the earth. To

address this problem, we can integrate over the volume of the earth to sum the

effects of an infinite number of infinitely small bodies. And, since only the vertical

component of acceleration is used for gravity surveys, we only need an expression

for vertical acceleration (Dobrin, 1976). Therefore, the vertical gravitational

acceleration near the surface of the earth is:
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This equation shows that gravitational acceleration is a function of the varying

density of the earth and its volume. What we are interested in when doing a gravity

survey however, is variations in gravity caused by geology. Geologic variations

express themselves as variations in rock type. Since different rock types have

different densities, the acceleration of gravity varies with them. These variations in

gravity are termed "gravity anomalies." For example, the density of basin

sediments is lower than the bedrock beneath the sediments and the mountains on

the basin's margins. Since lower density sediments have less mass than bedrock,

they contribute less gravitational attraction per unit volume than bedrock. This

means that gravity values in a basin are less than the values measured over

bedrock. However, these differences are quite small compared to the earth's total

gravity effect of about 980 Gals. Therefore, gravity anomalies are usually given in

milligals (mgals).

The gravity anomaly is computed by subtracting the calculated effects of a

homogeneous layered earth model from the gravity actually measured:

Gravity Anomaly = Observed Gravity - Earth Model Gravity

The gravity calculated for the earth model is a function of several things. First, the

gravity caused by a rotating earth is computed. This effect is a function of latitude.

The spinning of the earth causes a slight bulging at the equator so that the



equatorial radius is larger than the polar radius by about 1/297th (Dobrin, 1976) .

Also, the centripetal force due to the earth's spinning varies with latitude. These

effects combine to cause the earth's gravitational acceleration to be larger at the

poles than at the equator by about 5.3 Gals (Dobrin, 1976). The international

formula for this effect is:

g = 978,031.846 (1 + 0.005278895 sin 24) + 0.000023462 sin44)) mGals

where 0 is the angle of latitude (Telford, et. al., 1990). The second calculation for

the gravity of the earth model is the "free air effect" which is simply a correction

for the difference in elevation between where the gravity is being measured

(gravity station) and the surface of the geoid. The geoid surface is defined as mean

sea level or the level that sea water would attain in canals cut across the continents.

The change in gravity due to elevation differences is about -0.094 mgal/fi (Telford,

1987).

The third correction for the gravity of the earth model accounts for the effects of

rocks between the geoid surface and the gravity station. This correction, termed

the "Bouguer correction" is really three separate corrections. The first part is the

computed gravity effect of a horizontal slab with uniform density and a thickness

equal to the difference in elevation between the gravity station and the surface of

the model geoid. This "slab correction" accounts for the mass of rocks between the

model geoid surface and the gravity station. The density of the slab is the average

density of bedrock in the region where the gravity survey is made. As a standard to

permit the comparison of different surveys, a Bouguer density of 2.67 gm/cm3 is
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used. This means that the slab correction is about 0.034 mgal/ft of thickness

(Telford, 1987). The second part of the Bouguer correction is a modification to the

slab correction to account for the surface of the earth not being flat. This curvature

correction modifies the horizontal slab to a spherical cap with a radius of 167 km.

Finally, the last element of the Bouguer correction is the terrain correction. This

accounts for topographic variations from the Bouguer slab.

These corrections combine to give us gravity values for an ideal earth model that

is perfectly homogeneous with uniform density layers. These values, when

subtracted from the values actually measured or "observed gravity", give us the

gravity anomaly that is due to variations in geology from the earth model. This

anomaly is termed the "Complete Bouguer Gravity Anomaly."

However, we first have to determine what the observed gravity value is. Even

though gravimeters are extremely precise instruments, no two meters are identical

and so they all will give a slightly different reading even for the same gravity

station. This is because the delicate spring mechanisms inside each gravimeter

cannot be manufactured to have identical spring constants. The precision needed

for the spring mechanism is apparent when one realizes that gravimeters have a

built-in heating element to keep the internal temperature constant so that the

spring's elasticity stays constant. The principle by which a gravimeter works is

essentially just measuring how much the length of a small spring changes in

response to changes in the gravitational attraction to a small mass suspended from

the spring. Since no two gravimeters are identical, each instrument has a



conversion table of its own to convert the gravimeter reading to an "observed

gravity" value.

Observed gravity values vary with time due to earth tides and changes in the

gravimeter itself The pull of the sun and moon causes slight tidal variations in the

elevation of land surfaces just as they do with the surface of the oceans. These

tidal variations cause changes in the earth's gravitational acceleration of up to 0.3

mgals (Telford, 1987). Like ocean tides, earth tide variations are periodic so there

is a mean elevation of the land surfaces. The true gravity value at a point on the

earth is considered to be that value measured when the earth tide is at its mean

position. But, it would not be practical to only measure gravity while the earth tide

is at its mean position. To remedy this, a gravity base station is used. The gravity

value at the base station is measured repeatedly over many earth tidal cycles so that

the effect of earth tides can be averaged out and the true gravity value for mean

earth tide determined. Then to find the mean earth tide gravity value for a new

point, we first make a measurement at the base station, then we go out and measure

our new point, and then return to the base station and take another reading. The

exact time of day is noted when each reading is taken. The two base station

readings allow us to determine how much tidal drift the base station had when the

new station was read. The reading at the new station is then corrected for this

amount of tidal drift.

Finally, as a gravimeter ages, the elasticity of the springs inside it change. This

means that even after making the tidal drift correction, the gravity measured at a

point with the same instrument varies with time. This aging of the gravimeter,
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coupled with inaccuracies in the tidal drift model, necessitates a final correction to

the observed gravity called the "instrument drift" correction. The amount of

instrument drift is determined by taking gravity readings over a long period of time

at a reference base station where the gravity value is known to a high degree of

precision. The curve of these readings is then extrapolated to the time of the

gravity reading in question and the observed gravity is corrected for this amount of

instrument drift.

Data Collection

One-hundred and thirty-eight gravity stations were measured in the lower Cienega

Creek Basin between January 24, 1994 and May 13, 1994. Six additional stations

could not be found or occupied. Each gravity station was assigned a station

number beginning with the letter "E" (e.g. E23, E24...). The gravity station

locations are indicated by open triangles in figure 6 and their latitude, longitude,

and elevation are listed in Appendix B. Each day of data collection began and

ended with a measurement taken at the gravity base station in the northeast

basement stairwell of the Gould-Simpson Building (Geosciences) at the University

of Arizona. All the gravity stations were located at points of spot elevation, bench

marks, or tri-stations on the USGS 7.5 minute topographic sheets for the area. The

gravimeter used was G-575 - a LaCoste and Romberg@ Model G gravitmeter

borrowed from the Depai tinent of Geosciences. Its University of Arizona ID

number is A160569.
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Three to five readings were taken at each of the first 15 stations as I developed my

gravimeter reading technique.. The average reading for each of these stations was

used in data reduction. After the first 15 stations, I judged my technique to be

sufficient to allow a gravimeter reading precision of 0.005 gravimeter units. At

each gravity station the time of day (to the nearest minute) as well as the

gravimeter reading and the internal temperature of the gravimeter were recorded in

my field notebook. In addition, notes were made of the terrain for a radius of 225

feet around each station. Sketches were made of the local terrain for some stations,

but for most an average elevation relative to the station elevation was noted for

four quadrants around the station out to a distance of 225 feet. These notes were

later used to compute the inner zone terrain correction for each station. Finally,

brief notes were made of the rock type at each station to compare to the geologic

map of the area when interpreting the gravity data.

A semi-circle of small rocks was placed at the spot of each station reading to

facilitate re-locating the exact point of measurement if the need arose. As it turned

out, stations E49 and E97 seemed to have suspicious values when the first

complete Bouguer gravity anomaly map was contoured. These two points needed

to be re-occupied to verify their gravity values. Station E97 was found to be

correct with the second occupation. However, on station E49 I was able to

determine that the original station location was not correct which meant that the

elevation and gravity value was wrong. Data from the second occupation of station

E49 was used in the final data reduction.



Data Processing

True gravity values as well as the complete Bouguer anomaly for each gravity

station were computed from the raw gravimeter readings on a UNIX/Sun work

station. The software to do these data reductions was written by Mark Gettings of

the USGS and the actual data processing was done by Mark Gettings. His program

computes all the necessary corrections to the ideal earth model gravity. In addition,

it makes the conversion from gravimeter readings to observed gravity and applies

the earth tide and instrument drift corrections.

Appendix B is the raw data file that was input to the gravity reduction program

and a description of each data field. The raw data file contains the station

identification, its latitude, longitude, and elevation, the time of day and date of the

reading, the gravimeter reading, and the inner zone terrain correction. In addition,

the raw data file has uncertainty values for each parameter. The uncertainty value

used for the latitude and longitude was 0.005 minutes and the elevation was

accurate to at least one foot. The elevation accuracy used for stations that were at

bench marks or tri-stations was 0.1 feet. The uncertainty of my gravity meter

reading was 0.005 meter units and the terrain correction was accurate within 15%.

and was computed from my field note estimates of the terrain near each station.

Using the raw data file of Appendix B, a separate file with the conversion table

for gravimeter G-575, another file with all the necessary data on the base station

(tucgs87), and a fourth file with digital elevation data for the region, the program

calculated the gravity effect of a homogeneous layered spinning earth, its elevation
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correction or "free air effect", the Bouguer slab effect and its curvature correction,

and the total terrain correction to generate the gravity effect of the ideal earth

model. The Bouguer density used for the data reductions was 2.67 gm/cm3 ;

however, the program also computed the gravity anomaly associated with regional

densities of 2.20, 2.40, 2.60, 2.80, and 3.00 gm/cm3. The program then converted

each gravimeter reading into a gravity value and computed the earth tide and

instrument drift corrections from the base station data and applied them to produce

the true observed gravity value for each station. Finally, the program subtracted the

earth model gravity from the observed gravity to give the complete Bouguer gravity

anomaly for each station.

Appendix C is the output of the gravity reduction program. It gives the station

identification and its latitude, longitude, and elevation, the observed gravity and

theoretical gravity. It also gives the value of each of the corrections used to

compute the complete Bouguer anomaly as well as the anomaly itself. Using the

uncertainty estimates of the input file, the program's output includes a calculation

of the total error associated with each gravity station. This shows the final gravity

anomaly values to be accurate within 0.1 mgal.
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Complete Bouguer Anomaly Map

The computed values for the complete Bouguer anomaly for each gravity station

were posted on a base map and contoured at a 1 mGal contour interval (Figure 6).

The gravity anomaly values were computed using an average regional density of

2.67 gm/cm3 . The base map includes a much simplified representation of the

geology of the lower Cienega Creek Basin as mapped by Drewes (1980). Red areas

on the base map indicate bedrock which includes the Precambrian, Paleozoic, and

Mesozoic rocks described earlier. The brown areas indicate major outcroppings of

Pantano formation. Perennial reaches of Cienega Creek are indicated by blue. The

solid contour lines indicate the gravity anomaly identified by the 138 gravity

stations of my work. The dashed contour lines show how my data merges into the

regional gravity data (Lysonski, et.al., 1981).

The complete Bouguer anomaly map shows a large gravity low centered just east

of the center of lower Cienega Creek Basin. The maximum anomaly is -134.81

mgal at gravity station El0 which is located at the intersection of the Empirita

Ranch road and Interstate 10. Surrounding the gravity low of the basin are higher

gravity values associated with bedrock. In the south-central part of the map there is

a small gravity low that may be associated with a narrow graben on the east flank

of the Empire Mountains.

The most interesting feature from a hydrogeologic point-of-view, and possibly of

great significance when considering the sensitivity of the Cienega Creek Natural

Preserve to ground water development in the lower basin, is the trough of gravity
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lows in the southeast corner of the map. This northeast trending trough is

separated from the central basin gravity low by a ridge of high gravity values that

are associated with outcropping Mesozoic and Pantano rocks. These rocks are

probably the surface expression of horst blocks that may link the southeast corner

of the Rincon Mountains to the Mesozoic and Paleozoic bedrock in the vicinity of

"the Narrows" in the southern part of the map. If continuous, this ridge of bedrock

could block the flow of ground water from the upper basin into lower Cienega

Creek Basin and instead channel the upper basin ground water off to the northeast

and into the San Pedro Basin near Benson, Arizona. If this is the case, then

recharge to the lower basin would be less than estimated in the past. This would

make the ground water reserves in the lower basin more sensitive to pumping;

therefore, the surface flow in the Cienega Creek Natural Preserve would be at

higher risk.

Gravity Modeling and Aquifer Geometries

The interpretation of gravity data is basically a modeling technique in which the

theoretical gravity effects of a geologic model are compared to the actual gravity

anomaly. The model is then modified until the gravity field associated with the

model matches the observed gravity anomaly. The difficulty in interpreting gravity

data arises from the fact that the observed gravity field is a complex function of

rock densities, shapes of geologic features, and the depth of burial of these features.

This means that there is a large number (theoretically infinite) of possible

variations in densities, shapes, and depths that can cause the observed gravity so
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that there is no unique solution. To address this problem, "geologic sense" must be

used. The range of possible rock densities is fairly limited and well known. A

range of 1.70 to 3.00 gm/cm 3 covers materials ranging from well sorted,

unconsolidated elastic sediments with high porosity to massive basalt (Zohdy,

et.al., 1974). Earth materials with densities outside this range are uncommon. In

addition to the densities of rocks being restricted to a realistic range, the range of

possible geologic structures that might cause the observed gravity is restricted to

what is geologically reasonable for that area. With additional geologic knowledge

of the area, such as the tectonic setting or drill hole information, the range of

geologically plausible solutions to a gravity interpretation is reduced and, in most

situations, the gravity interpretation will closely approximate the actual geology.

The complete Bouguer anomaly map (figure 6) also shows the location of five

gravity modeling profiles. The gravity along these profiles was modeled using a

generalized linear inversion routine developed by the USGS (Webring, 1985). This

FORTRAN program, called "SAKI", was run on an IBM compatible 486 PC. In a

least squares sense, SAKI tries to fit the theoretical gravity and/or magnetic

response of a geologic cross-sectional model to a profile of observed data. It uses

generalized linear inversion to modify model parameters until the RMS error

between the model gravity response and the actual profile data is acceptable to the

user (Webring, 1985). However, as described above, "geologic sense" must be

supplied by the user to keep the program from converging to a mathematical

solution that is geologically unrealistic. This is done by closely monitoring and

constraining how much model parameters may be changed by the program. Since

my survey only included gravity data, no magnetic data was modeled and the
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model parameters used were the shapes and depths of polygonal geologic features

and the densities associated with these features.

Gravity profile A-A' runs southwest to northeast through the main gravity

minimum associated with lower Cienega Creek Basin. This profile starts in

bedrock on the eastern flank of the Empire Mountains, crosses the basin and the

horst block of bedrock on the east edge of the basin, and ends about a half mile into

the San Pedro Basin. The profile is a little more than 54,000 feet (16.50 km) long

and its geologic model is constrained by the locations of outcropping bedrock and

Pantano Formation (Figure 6).

Figure 7 shows the result of modeling the gravity data along Profile A-A'. The top

half of the figure shows observed gravity anomaly values indicated by "+" signs and

the values calculated from the geologic model indicated by the dotted curve. The

observed values were taken from figure 6 where gravity anomaly contours crossed

the gravity modeling profile. The vertical scale in the top half of figure 7 is

complete Bouguer gravity anomaly in mgals and the horizontal scale is distance

along the profile in km. The bottom half of figure 7 shows the modeled geologic

cross-section along Profile A-A'. Basin fill alluvium is indicated by white and has a

density of 2.15 gm/cm 3 . The Pantano Formation is shown in brown and its density

was constrained to 2.40 gm/cm 3 . Bedrock is indicated by red and has a density of

2.67 gm/cm3 . The vertical scale on the model cross-section is elevation in km.

The negative sign arises because SAKI's model parameters are entered in depth

instead of elevation (negative depth = elevation). The horizontal scale is the



w

I
I __

	

41\k	
_
_

_
< a) _

CO O NO 4\4\1\
"0	 _	 _

C.)- 1-	
_

(..) -..
—_.	 (T)ci 	1	o--) rN -	 _

O 0 lO _ 1L — • 	
	EL o ( \I	 — 0 0 l

CL)
	CD I I -	

_

>	 _	 _
- _

C

▪

 -.
CO --- - 4	 _

> (f) _
co (D 

	

_ (D —	 71z	 _
L •_ 0 _

CD <-.-	 ;-,(	
_

o -- -	 /
L @ - i`	 _

' 0_ C
N.	 o— 	7f-	 — 0 g

	

>-- -	 _
cy)

L >
D • - 4-
cpc9 — g

liIIIIIIIIIIIIIIII,J 0 • 0 	I 1 1 	s•	 .."o	 in	 o	 in	 o	 o in	 o	 lil
N	 C\J	 NO	 NO	 st	 st N	 0	 tn
—	 —	 —	 —

I	 I 	T 	1	 1
T 1	 1

	o d
1	 11 eu

i.11>i L.{ 1 dap

56



same as the top half of the figure - distance along the profile in km. The vertical

exaggeration is five times.

The top half of figure 7 shows that the gravity calculated for the model closely

matches the observed gravity anomaly values. The RMS difference in these curves

is 0.197 mgals. This is a good fit and it indicates that the model shown in the

bottom half of figure 7 could be the actual geology along Profile A-A'. Other

solutions are possible, however. Several inversion runs with SAM generated

models that fit the observed gravity as well as the model shown in figure 7.

However, some of these models had thrust faults which would not be expected in

the extensional tectonics of basin and range normal faulting. Another model fit the

observed gravity anomaly data, but lacked any Pantano Formation beneath the

basin fill alluvium. This model was discarded because the absence of Pantano

Formation seemed geologically unlikely based on the location of the profile

relative to surface expressions of Pantano Formation. The thickness of the basin

fill alluvium and the Pantano Formation in the model is a function not only of their

densities, but also their thickness relative to each other. For example, a model with

thicker alluvium and thinner Pantano or thinner alluvium and thicker Pantano

could fit the gravity data just as well as the model in figure 7 even with no change

in their densities. However, the thickness of the Pantano Formation along Profile

A-A' was constrained to a few hundred feet. Although it seemed geologically

reasonable to have some Pantano, I also considered it geologically probable, based

on the surface expression of Pantano in the area, that the Pantano Formation was

thinning in a southerly direction. This means that it is unlikely that the Pantano is

extremely thick beneath this profile. Finally, the density of the basin fill alluvium
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and the Pantano Formation was held constant during inversion. These densities

may and almost certainly do change laterally and vertically over the study area.

However, the densities used are quite reasonable averages for these rocks based on

previous studies (Bittson, 1976 and Oppenheimer, 1980). Also, the output of the

inversion routine is more geologically reasonable if some parameters are held

constant.

Figure 7 shows a broad basin filled with alluvium and a layer of Pantano rocks at

its base. Near the east end of the profile, normal faults are interpreted. These two

faults correspond to the location of normal faults mapped by Drewes (1980) and

are thought to be the bounding faults of a horst block. The extreme east end of the

profile shows the edge of the San Pedro Basin dipping eastward. In addition, the

profile shows a core of slightly denser rocks (indicated by hatching) in the bedrock

on the west end near the Empire Mountains and in the horst block near the east

end. The density of these cores is 2.726 grn/cm3 . These features extend at depth to

a regional glide block with the same density and thinning eastward. The higher

density materials were put into the model to get the "regional" gravity trend to fit.

Their geometry, as well as their density, was inverted by SAKI to their present

values. Besides making the model gravity fit the observed gravity better, their

presence can be geologically explained by the fact that Paleozoic rocks are a little

more dense than the overall regional density. Deeper glide block rocks would also

be expected to have a little higher density. The model parameters for Profile A-A',

as well as the other four profiles, are given in Appendix D.
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Figure 8 is the gravity model along Profile B-B'. This profile starts in bedrock just

north of the beginning of Profile A-A' and runs southeast (Figure 6). It crosses a

gravity trough that is probably related to a northeast trending graben, before

crossing the nose of a gravity high that seems to be a subsurface extension of the

Mesozoic bedrock found near "the Narrows". Profile B-B' then goes over another

trough of gravity lows followed by a gravity high associated with the Paleozoic

rocks of a narrow horst block. Finally, the profile crosses another northeast

trending trough of gravity lows before ending in granitic rocks on the northern

flank of the Whetstone Mountains. Profile B-B' is almost 52,000 feet (15.80 km)

long.

The top half of Figure 8 shows how well the model gravity fits the observed

gravity anomaly. Along most of this curve the fit is good and the overall RMS

difference in the two curves is 0.227 mgals. Like Profile A-A', several models and

many inversions were tried for Profile B-B'. The model shown was finally settled

upon because its gravity matched the observed gravity anomaly the best and it

made geologic sense. The cross-sectional model in bottom half of Figure 8 shows a

trough of basin fill alluvium followed by a broad bedrock high with a thin layer of

alluvium on top and then another trough of alluvium just east of where the profile

crosses Cienega Creek. The broad bedrock high is thought to be the buried

northern extension of Mesozoic rocks that outcrop just to the south. A little farther

east, the model shows another bedrock high that is associated with an outcropping

horst block of Paleozoic rocks. The two normal faults in this bedrock high are

located mainly by their surface position as mapped by Drewes (1980) rather than

from the gravity data. The horst block is the southern extension of the horst block



851.ti
)1 y 1 dap

I I I

LL
-

- I
-

(N.1	 (N1	 1•0 	re') 	'1-

60

-0•Ol

g •

O;



61

encountered near the east end of Profile A-A' and the feature is almost continuously

exposed at the surface along the east margin of the basin (Figure 6). This ridge of

exposed bedrock and its subsurface expression may block the flow of ground water

from the upper Cienega Creek Basin into the lower basin. Just past the horst block,

the model profile indicates the presence of another trough filled with alluvium

before it is constrained again by outcropping granitic rocks on the northern flank of

the Whetstone Mountains. The small bedrock high in the center of this last trough

was generated in every model inversion I tried. This last trough may channel

ground water from the upper Cienega Creek Basin out to the northeast and into the

San Pedro Basin. Unlike Profile A-A', Profile B-B' does not indicate the presence

of any Pantano Formation. It is believed that Profile B-B' is located just south of

where the Pantano pinches out.

Like Profile A-A', Profile B-B' (Figure 8) shows a core of higher density rocks on

its west end (indicated by hatching) that may indicate the presence of higher

density Paleozoic rocks. In addition, the model data indicates a core of higher

density rocks in the bedrock high near the center of the profile and another in the

horst block. The density of all these cores is 2.74 gm/cm3 . The east end of the

profile does not show a core of higher density rocks. This is not surprising since

the profile doesn't reach very far into the Whetstone Mountains and most of the

northern end of the Whetstones is granitic which is less dense than most Paleozoic

rocks. Also like Profile A-A', the denser cores shown in Profile B-B' extend at

depth to a regional glide block that thins eastward.
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Figure 9 shows the gravity model along Profile C-C. This profile starts in

Pantano Formation at the east edge of the Tucson Basin (Figure 6) and runs

northeast across a peninsula of Mesozoic bedrock. It then crosses more Pantano

Formation and Cienega Creek within the Cienega Creek Natural Preserve. Farther

east it comes off of Pantano rocks and crosses the northern end of the basin.

Finally, Profile C-C' crosses a nose of Rincon Mountain bedrock and the Martinez

Ranch Fault before it ends in the alluvium of the west edge of the San Pedro Basin.

The curve shown in the top half of Figure 9 shows how well the model gravity and

the observed gravity anomaly along Profile C-C' match. The match appears to be

good and the actual RMS difference in the two curves is 0.227 mgals. Like the

other profiles, several model variations were inverted before settling on the model

shown in the bottom half of Figure 9. This model made the most geologic sense

for Basin and Range tectonics, and like the other profiles, was constrained by

surface exposure of Pantano Formation and bedrock.

Profile C-C' (figure 9) shows a wedge of Pantano rocks lying on bedrock on the

west end. The bedrock is then exposed at the surface for a short distance before

plunging beneath more Pantano rocks near Cienega Creek. The faults shown here

were located from Drewes' (1980) geologic map more than from the gravity

modeling. Farther east, the model shows a thick section of Pantano Formation that

thins eastward. The east half of this Pantano section is buried by the basin fill

aquifer. This part of the model also shows a normal fault offsetting Pantano rocks

and bedrock with the east side of the fault thrown upward. The location of this
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buried fault corresponds to a topographic ridge that separates Agua Verde Creek

from the rest of the lower Cienega Creek Basin. Indeed, this fault and its

associated uplifted bedrock could be the cause of the topographic ridge. Near its

east end, profile C-C' crosses the Martinez Ranch Fault. The bedrock is down

dropped on the east side of this fault and buried by San Pedro Basin alluvium.

There is a core of 2.741 gin/cm3 rock on the west end of Profile C-C' and another

core of 2.72 gm/cm3 rock near the east end. Again, these cores may indicate the

presence of slightly higher density Paleozoic rocks and they were put in the model

to make its gravity fit the "regional" gravity data.

Profile D-D' is in the south-central portion of the study area (Figure 6). It starts on

the east flank of the Empire Mountains and runs southeast across a narrow but deep

gravity low. It then crosses over more bedrock and Cienega Creek in the vicinity of

"the Narrows" before ending in alluvium between "the Narrows" and the Whetstone

Mountains.

The top half of Figure 10 shows the comparison between the model gravity and

observed gravity anomaly along Profile D-D'. The fit along this curve looks very

good and the RMS difference between the model and observed gravity anomaly is

0.105 mgals. The bottom half of Figure 10 shows the cross-sectional model for

Profile D-D'. The most striking feature, and indeed the very reason for doing a

gravity model in this location, is the deep fault bounded graben near the center of

the profile. The faults that define the graben are interpreted from the gravity data,

although there are several faults in the vicinity of this feature on Drewes' (1980)
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map. The shape of the graben was defined by inversion. Several variations in

starting basement geometry were tried, but all inverted to approximately the same

shape. The depth of the alluvium is a function of its density since the depth was

determined by gravity modeling. The density used for the alluvium was 2.15

gm/cm 3 . It is possible that some less dense material such as a volcanic ash flow

partially fills the graben. This would make the modeled depth less. Farther to the

east, Profile D-D' crosses Mesozoic bedrock and Cienega Creek before going into

the alluvium that may channel ground water flow from the upper Cienega Creek

Basin into the San Pedro Basin. Like Profile B-13 1, Profile D-D' is located south of

the pinchout of the Pantano Formation and so no Pantano rocks appear in this

cross-section (Figure 10). Also, like the other model profiles, Profile D-D' shows a

core of higher density rocks (indicated by hatching) within the bedrock. These

cores have a density of 2.81 gm/cm3 and join a regional glide block at depth. Their

presence makes the model gravity match the "regional" observed gravity better and

they can be geologically described as higher density Paleozoic rocks.

Profile E-E' runs more or less north-south and crosses the other four profiles

(Figure 6). It starts at the northern edge of the study area on the southern flank of

the Rincon Mountains and runs southeast across the Santa Catalina Complex Fault

and into the lower Cienega Creek Basin. Here it crosses Profile C-C' and bends to

the southwest before it crosses Interstate 10, Profile A-A', and Profile B-B'. Profile

E-E' then leaves the basin and goes back onto Mesozoic bedrock, crosses Profile D-

D', and ends at "the Narrows."



67

Figure 11 shows the gravity model for Profile E-F. The top half of the figure

shows that the model gravity closely mimics the observed gravity anomaly. Like

the other profiles, the "+" signs are the observed gravity anomaly values and the

dotted curve is the gravity computed from the geologic model. The RMS

difference in the model and the observed gravity anomaly is 0.190 mgals.

The bottom half of figure 11 shows the inverted geologic model along Profile E-

E'. The cross-section starts at the base of the Rincon Mountains and shows a

topographic depression where it crosses Agua Verde Creek and the Santa Catalina

Complex Fault. This fault system is indicated on the model by the dashed-in faults

that dip to the south and project to the surface near Agua Verde Creek. These

faults bound a small block of uplifted bedrock and this block is probably the cause

of the topographic high that separates Agua Verde Creek from the rest of the basin.

The cross-section then shows the intersection of Profile C-C' and A-A and a

thickening section of the basin fill aquifer separated from bedrock by a layer of

Pantano rocks several hundred feet thick. Just south of Profile A-A' there is a

normal fault that terminates the Pantano layer. Bedrock is uplifted south of this

fault and it continues to get shallower southward. Where Profile E-E' intersects

Profile B-B', the bedrock is very shallow and buried by only a thin layer of

alluvium. A little farther south the cross-section shows bedrock outcropping with

the aid of another normal fault. This fault is located based on Drewes' (1980)

geologic map rather than gravity modeling. The model for Profile E-E' matches the

other model profiles where they intersect (Figure 11).
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Unlike the more east-west profiles, Profile E-E' does not indicate the presence of

any higher density core rocks within the bedrock. The model gravity fit the

observed gravity well without them. This indicates that the "regional" gravity

variations are more pronounced in an east-west direction than they are in the north-

south direction and that if there is a regional glide block, it is at about the same

depth and about the same thickness all along Profile E-E.

Depth to Bedrock and Isopach Maps

The depth of alluvium and depth to bedrock was measured at various distances

along each of the five gravity modeling profiles. Appendix E is a table that shows

these distances and depths, measured in km, and their corresponding values in feet.

The last column of appendix E is the thickness (in feet) of the Pantano Formation

and was found by subtracting the depth of the alluvium from the depth to bedrock.

The depth of alluvium values for each profile were then posted on a base map and

contoured at a 300 foot contour interval. The resulting isopach map for the basin

fill aquifer (Figure 12) shows the thickness of the aquifer varying from 0 feet where

Pantano rocks and bedrock outcrop on the basin margins to about 1,200 feet near

the center of the basin. This map also indicates an elongation of the basin in

almost a north-south direction and a deep graben with about 2,100 feet of alluvium

in the southwest corner of the basin. Again, the depth of this graben feature is

based on modeling gravity data with a density for the alluvium of 2.15 gm/cm3 . If
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the average density in the graben is less than this, then the modeled depth would be

less.

In the southeast corner of figure 12 there appears to be a trough running toward

the northeast and the western edge of the San Pedro Basin. Since the gravity

modeling and geologic map (Drewes, 1980) did not indicate the presence of

Pantano Formation in this area, the thickness of the basin fill aquifer and the depth

to bedrock in this trough are the same. The maximum depth is about 600 feet.

This appears to be a likely route for some ground water drainage out of the upper

Cienega Creek Basin and into the San Pedro Basin and it may explain what

happens to the excess water in the overall water balance of the basin reported by

Kurtz (1994).

On the western edge of the basin near Cienega Creek, the basin fill aquifer gets

very thin. This thinning is due to underlying Pantano rocks that restrict the flow of

ground water toward the northwest. The water, therefore, is forced to the surface

and becomes perennial stream flow in Cienega Creek Natural Preserve.

Figure 13 is a depth to bedrock map derived from the data in appendix E. This

map was generated by contouring depth to bedrock values along each profile. The

contour interval is 300 feet. The southern third of figure 13 is identical to figure

12. This is because there is no Pantano Formation in this area and so the depth to

bedrock is the same as the thickness of the basin fill aquifer. The extensiveness of

the Pantano Formation in the northern two-thirds of the study area is evident from

the pattern of Pantano outcrop (Figure 13). The combined thickness of the Pantano
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section and the basin fill aquifer makes the depth to bedrock deeper in this area.

Figure 13 shows a basin elongated in a northwest-southeast direction. The deepest

part of the basin is northwest of the center and has a modeled depth of a little more

than 1,900 feet. On the northern edge of the basin there appears to be a ridge of

bedrock high beneath the topographic ridge that divides Agua Verde Creek and

Cienega Creek.

Again, the most interesting feature from a hydrogeologic point of view is the

apparent trough in the southeast corner of the study area that runs northeast and

opens up into the San Pedro Basin. If this trough exists more or less as I have

mapped it and it really does provide a drain from the upper Cienega Creek Basin

into the San Pedro Basin, then there are two important implications. First, the

lower Cienega Creek Basin receives less recharge than previously assumed. With

less recharge, the aquifers in the lower basin are more susceptible to draw-down

from their storage and the safe yield for pumping wells is less. The impact this

could have on the perennial flow in Cienega Creek Natural Preserve is to make the

flow more vulnerable to ground water pumping. If there is less recharge so that the

safe yield of wells is less, then pumping wells are more likely to capture ground

water that sources the perennial flow. With less recharge, the whole water balance

of the lower basin is more delicate and the potential impact of pumping more

severe.

The second implication of ground water flowing from the upper Cienega Creek

Basin into the San Pedro Basin is the added recharge to the San Pedro Basin. This

input could be a significant factor in the water balance of the lower San Pedro
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Basin. It might also have some future impact on allocating water between the

Tucson Active Management Area and a possible future Active Management Area

in the San Pedro Basin.

Figure 14 is an isopach map of the Pantano Formation. It was generated from

data in appendix E and represents the difference between the depth to bedrock and

the thickness of the basin fill aquifer. It is also contoured at a 300 foot interval.

The thickest Pantano section is in the northwest portion of the map. This

corresponds to the area with the most extensive outcrop of Pantano rocks. Here it

is about 1,900 feet thick. It is this thick sequence of Pantano rocks that appears to

block the flow of ground water to the northwest and force it to the surface to

become perennial stream flow in Cienega Creek Natural Preserve. Toward the

southeast, the Pantano thins until it disappears completely in the southern third of

the study area.
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1EMPERATURE AND ELECTRICAL CONDUCTIVITY PROFILE

On June 11, 1994, Howard Grahn and I collected temperature and DC electrical

conductivity data from the stream in Cienega Creek Natural Preserve. It was hoped

that these data would help us develop a better understanding of the interaction

between ground water and surface water in the Preserve by providing more detail

on where the stream was gaining and losing water to the subsurface. Although

much of Cienega Creek is perennial with both surface and subsurface flow, there

are also reaches where the entire flow is below the surface. The intermittent nature

of surface flow through the Preserve indicates a close connection between the

ground water and surface water.

Data were collected at 250 foot intervals along the flowing portions of Cienega

Creek from the crossing at the Hanna residence to Davidson Canyon and the Marsh

Station Road bridge - a distance of about 5.5 miles (Figure 2). For the first 3.3

miles, distance along the traverse was measured with a "hip chain." The last 2.2

miles were measured by pacing. Notes were made of prominent features along the

profile including major tributary washes and geology. These features were also

used to help locate our position along the traverse. Temperature and temperature

compensated DC electrical conductivity measurements were made with a portable

Fisher Scientific Digital Conductivity Meter. Table 3 is a listing of our raw data

measurements and field notes.

Figure 15 is a graph of water temperature and conductivity as a function of

distance along the profile. The most obvious features of this graph are the breaks
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Table 3, Temperature/Electrical Conductivity Survey
Cienega Creek Natural Preserve

June 11, 1994	 W.J. Ellett & H.L. Grahn

Station

Origin = 0.0 feet at Hanna Crossing

	

Distance Water Temp	 Air Temp
(feet)	 (degrees C)	 (degrees C)

EC
(microS)

Comments

0 373 First Flowing Water
1 406 21.8 19.5 1,004 Sandy Bottom
2 675 18.7 927 Flowing
3 1,000 18.7 848 Channel 4" x 18'
4 1,250 18.7 851 Cienega
5 1,500 18.5 857 Channel 6" x 4'
6 1,750 18.9 863
7 2,000 19.5 19.5 927
8 2,250 20 933
9 2,500 20.8 921 Grafitti Draw at 2680'
10 2,750 20.6 928
11 3,000 21.8 22.4 917 Fence & Start of Tilted Beds
12 3,250 20.8 921 Tilted Beds end at 3450'
13 3,500 18.7 929 Jungle Site at 3630'
14 3,750 19.8 902
15 4,000 19.9 890
16 4,250 20 894 Major wash from south
17 4,500 20.2 890
18 4,750 21 24 881
19 5,000 21.6 877
20 5,250 22.2 878
21 5,500 21.9 880
22 5,770 21.9 882 Andesite Outcrop at 5850'
23 6,000 23.1 866
24 6,280 22.9 879 Course conglom. at 6388'
25 6,500 22.7 872
26 6,750 23.2 869
27 7,000 23.4 870
28 7,260 24.2 864 3 horses (mucked up water?)
29 7,500 24.7 859
30 7.750 24.6 866
31 8,000 24.6 86,4 Andesite Outcrop at 8000'
32 8,250 23.9 27.7 875
33 8,500 23.3 875
34 8,750 23.6 869
35 9,000 23.6 875
36 9,250 23.7 876
37 9,500 23.9 873
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38 9.750 24.3 864
39 10,000 25 865
40 10,250 24.8 864 23.2 C at S. edge - spring?
41 10,470 24.5 29.2 871
42 10,750 25.7 864
43 11,000 25.9 865 10:55 AM
44 11.250 26.7 850
45 11.500 27.9 853 Much lower flow

11,642 End of Flow, Wash on South
46 13,412 23.5 926 Start low flow
47 13,500 19.1 935
48 13,750 23.3 955

13.800 End of Flow
49 14,046 20.5 1,055 Small spring/pool (no flow)
50 14,250 22.3 1,007 Start flow
51 14,500 23.4 1,018
52 14,750 29,5 998

14.900 End of Flow
53 15,495 18.8 953 One small pool
54 16,000 20.8 1,029
55 16,250 26.1 1,017
56 16,500 23.4 993
57 16,750 25.2 984
58 17,020 27.7 997 12:15 PM

17,135 41.8 End of Flow
17,460 Started pacing (out of string)

59 18,720 26 963 plus 420 paces
60 18,970 23.3 986 plus 84 paces
61 19,220 21.2 997
62 19,470 22.9 999
63 19,720 26.6 1,013
64 19,970 26.8 1,000
65 20,220 26.7 1,002 Sandstone Outcrop on south
66 20.470 27.9 1.001 plus 84 paces
67 20,720 29.7 992 It

68 20,970 30.1 995
69 21,220 27.8 993
70 21,470 29.1 995
71 21,720 28.8 1,006
72 22,020 31.2 1,005 plus 100 paces, 1:25 PM
73 22,320 33.5 975 plus 100 paces

22,605 end of flow

74 27,500 24.5 41.8 1,089 flowing again
75 28,500 21 1,021 100 upstream of Day. Can.
76 28,800 22.7 993 200' downstream of Day. Can.
77 29,300 23.3 1,003 First bridge
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in the data which indicate reaches with no surface flow and the overall warming

trend of the water as it flows downstream. It is difficult to say much about the

conductivity data except that the longest flowing reach seems to show a slight

reduction in conductivity with distance downstream. This could be due to a

reduction in total dissolved solids (IDS) caused by degassing of CO2. If the

upwelling ground water has a relatively high concentration of carbonates, then

when it is exposed to the air some of the carbonate will form CO 2 and escape to the

atmosphere, thus lowering the overall carbonate concentration and causing a

reduction in electrical conductivity.

The most interesting aspect of these data is the apparent correlation between

sudden changes in the water temperature and geology. Points a through i in figure

16 were plotted from a combination of field notes and the geologic map (Drewes,

1980) of the area. Between points a and b, Cienega Creek flows over beds of the

Pantano Formation that are tilted to the east at about 30 0 . Here the stream tumbles

over a series of short falls separated by deeper pools. The temperature data show a

drop of about 3.5 °C through this section of exposed Pantano rocks. Further

downstream, points c and d correspond to an outcropping of andesite and point e is

another andesite outcrop and a fault. The temperature profile shows a drop in

water temperature at these points. Points fand h show two more sharp drops in

water temperature where faults cross the channel and point g shows a discontinuity

in the temperature profile that corresponds to a sandstone outcrop. Finally, point i

marks the mouth of Davidson Canyon which is a main tributary coming in from the

south (Figure 2).
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There seems to be a strong correlation between geologic features that cross the

stream channel and drops in water temperature. One possible explanation for the

temperature drops associated with faults is that the faults provide conduits for the

discharge of cooler ground water to the surface stream. If this is the case, then the

question that arises is where does the water that moves along these faults originate?

Is it local water or does it come from a more distant source? Alternatively, the

faults may form less permeable barriers to ground water flow. Ground water that

encounters one of these less permeable barriers is forced to the surface to cause a

drop in the surface water temperature. Even more likely, the faults are simply

related to sudden changes in the depth to bedrock. Figure 16 is a cross-section of a

conceptual model showing the type of geology that is probably responsible for the

intermittent base flow in Cienega Creek Natural Preserve. Where the thickness of

the stream channel alluvium is reduced due to a block of bedrock that is pushed up

along a fault, the flow of ground water is restricted, thus forcing water to the

surface. Likewise, bedrock outcrops, such as Pantano rocks and andesite, form

less permeable barriers to ground water flow in the stream channel alluvium and

force cooler ground water to the surface.

The overall temperature profile, including the occurrence of intermittent flow

along much of the traverse, is consistent with the hypothesis that the ground water

and surface water base flow in Cienega Creek Natural Preserve is sourced by

ground water from the lower Cienega Creek Basin that is forced to the surface by

shallow and outcropping bedrock and/or Pantano Formation. Sudden changes in

the water temperature of Cienega Creek in the Preserve are probably caused by the

discharge of cooler ground water that is forced to the surface by restrictions in the
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channel alluvium. In places where the channel alluvium is much thicker, all of the

flow is in the subsurface. Further downstream another restriction caused by

shallower bedrock again forces some of the water to the surface to provide base

flow in Cienega Creek.



CONCLUSION AND RECOMMENDATIONS

Modeling of gravity data from lower Cienega Creek Basin shows the depth to

bedrock and aquifer geometries which are useful in understanding the occurrence

and movement of water in the basin. In addition, this information provides some

key boundary conditions needed for Ms.  Damans Chong-Diu' finite element

computer model of the lower basin. Gravity data indicate a maximum basin depth

of over 1,900 feet and a thick wedge of Pantano rocks in the northwest part of the

basin. This wedge of Pantano rocks, along with shallower bedrock, forces ground

water to the surface. Thus, the source of perennial flow in Cienega Creek Natural

Preserve is simply the overflow of ground water from the lower basin.

This model is favored over some kind of fracture flow sourcing Cienega Creek

because no evidence was found that pointed to fracture flow. There are only small

isolated remnants of Paleozoic limestones in the area and none of these remnant

blocks seem to be large enough or continuous enough to support fractured flow for

more than short distances. Although faults might possibly provide conduits for

ground water to source Cienega Creek, they are not needed to explain the perennial

flow in the Preserve. The simplest explanation that fits all the known data is that

ground water from the lower basin is forced to the surface by shallow bedrock and

Pantano rocks. This water then becomes perennial surface flow in the Preserve. In

places within the Preserve where the stream channel alluvium gets thicker, the

surface flow sinks back into the subsurface and the surface channel is dry.

Changes in the thickness of the stream channel alluvium are caused by changes in

the depth to bedrock which in many instances seem closely related to the
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occurrence of faults. This gives rise to the intermittent nature of flow in much of

the Preserve.

Water temperature data from the Preserve support this model of varying stream

channel alluvium thickness because there appears to be a strong correlation

between changes in water temperature and geologic features such as faults and

bedrock outcrops. Faults that bring bedrock closer to the surface and, to a greater

extent, outcropping bedrock restricts the flow of ground water in the stream

channel alluvium and forces it back to the surface. Since the temperature data

were taken in June, the ground water was cooler than the surface water and so

where ground water was discharging, a drop in surface water temperature was

measured. Therefore, both the gravity data and water temperature data support the

hypothesis that the occurrence of surface water in lower Cienega Creek Basin is

related to the amount of alluvium available for ground water to flow through

(aquifer thickness) which in turn depends upon the depth and geometry of the

bedrock.

There is much more that could be done to understand the dynamics of Cienega

Creek in the Preserve. Detailed stream flow measurements and a detailed chemical

analysis along the stream would undoubtedly lead to a better understanding of not

only where the stream is gaining and losing, but also a more exact picture of the

source of the water in the Preserve. Radon measurements along the stream could

provide a more accurate picture of where Cienega Creek is gaining and losing

water. Radon-222 is generated in the subsurface by the decay of uranium isotopes

and it has a half-life of 3.28 days. Therefore, we might expect to see higher radon
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concentrations where surface waters are being sourced by discharging ground

water. At the very least, radon measurements might offer a way to confirm or deny

that the temperature measurements are showing areas of ground water discharge.

Gravity modeling shows a possible fault bounded east-west trending ridge of

bedrock beneath the topographic high that separates the Agua Verde drainage from

the rest of the lower Cienega Creek basin (figure 2). This fault, although not

directly detected with the gravity data, could explain the existence of the bedrock

ridge and its associated topographic high and, therefore, the separation of Agua

Verde Creek from the rest of the lower basin. Because of its proximity to the Santa

Catalina Complex Fault, this fault is interpreted to be a part of the Santa Catalina

Complex Fault system (figure 11). The separation of Agua Verde Creek from the

rest of the basin is important because mountain front recharge from the Rincon

Mountains is apparently diverted by Agua Verde Creek to a point near the

downstream end of Cienega Creek Natural Preserve. Therefore, this source of

water is not available to recharge the lower basin and help maintain perennial flow

in Cienega Creek.

In the southeast corner of the study area gravity data suggest the existence of an

alluvial trough that runs in a northeasterly direction. This trough appears to be

isolated from the rest of lower Cienega Creek Basin by a long and narrow horst

block feature of outcropping and shallow bedrock. If this trough exists somewhat

as indicated on my depth to bedrock map (figure 13), then it could provide a path

for ground water from upper Cienega Creek Basin to flow to the northeast into the

San Pedro Basin. This hypothesis is supported by a preliminary water budget for
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the basin which indicates that there is more recharge than discharge from the

watershed (Kurtz, 1994). If some of the water from the upper Cienega Creek Basin

really does drain into the San Pedro Basin, there are two significant implications.

First, the amount of recharge to lower Cienega Creek Basin is less than previously

estimated. This means that water levels in the lower basin would be more sensitive

to pumping and the perennial flow in the Preserve at greater risk from pumping.

Second, ground water from the upper Cienega Creek Basin is a source of recharge

to the San Pedro Basin. If this is true, then this additional source of San Pedro

recharge needs to be accounted for to more fully understand the dynamics of the

San Pedro Basin.

Future work in the area should include a closer look at the bedrock geometry of

the area separating upper Cienega Creek Basin from lower Cienega Creek Basin.

Bittson (1976) did a gravity survey over the upper basin, but the data in the

transition between the upper basin and lower basin are sparse, especially along the

west flank of the Whetstone Mountains. The terrain within this transition is fairly

remote and rough, but it wouldn't take too many gravity stations to generate an

accurate picture of the bedrock in this area. Twenty-five or thirty new gravity

points may be enough to conclusively show whether or not a trough exists that

channels ground water from the upper Cienega Creek Basin into the San Pedro

Basin and if so, aid in estimating the magnitude of the flow. In addition, a more

detailed analysis of the water balance in the basin and chemical analysis of the

ground water in the upper basin and the west edge of the San Pedro Basin near

Benson could help determine if water from the upper basin drains into the San

Pedro Basin.
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APPENDIX A - Water Well Numbering System

(modified from Montgomery, 1985)

The well numbers used in this thesis comply with the Bureau of Land

Management's system of land subdivision. The land survey in Arizona is based on

the Gila and Salt River base line and meridian, which divide the state into four

quadrants. These quadrants are designated counter clockwise, by the capital letters

A, B, C, and D. All land north and east of where the Gila and Salt River base line

and the Gila and Salt River meridian intersect is in quadrant A, all land north and

west of this point is in quadrant B, all land south and west of this point is in

quadrant C, and all land south and east of this point is in quadrant D. The first

digit of a well number indicates the township, the second the range, and the third

the section in which the well is located. The lower case letters a, b, c, and d after

the section number indicate the well location within the section. The first letter

denotes a particular 160 acre tract or quarter section, the second letter denotes the

40 acre tract or quarter-quarter section, and the third letter denotes the 10 acre tract

or quarter-quarter-quarter section. These letters are also assigned in a counter

clockwise direction, beginning in the northeast quarter. As Figure A-1 shows, well

number (D-16-17)35caa designates the well as being located in the northeast

quarter of the northeast quarter of the southwest quarter of section 35, Township 16

South, Range 17 East. Where more than one well is located within a 10 acre tract,

consecutive numbers beginning with "1" are added as suffixes.
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Figure A-1, Water Well Numbering Diagram (Montgomery, 1985)
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APPENDIX D, Model Parameters for Gravity Profiles

MODEL PARAMETERS FOR GRAVITY PROFILE A-A'

.00 -1.210 2.16 -1.180 3.08 -1.180 3.96 -1.160
4.11 -1.170 4.57 -1.170 4.97 -1.160 5.46 -1.160
5.85 -1.150 6.31 -1.150 6.80 -1.150 7.41 -1.140
7.89 -1.140 8.41 -1.120 8.63 -1.120 9.85 -1.160

12.01 -1.180 13.38 -1.180 13.62 -1.190 13.66 -1.200

13.96 -1.210 14.63 -1.210 14.97 -1.230 15.24 -1.220
15.33 -1.210 15.73 -1.230 16.06 -1.220 16.22 -1.230
16.55 -1.230 30.00 -1.000 4.38 -1.147 6.36 -1.000
8.39 -.799 10.28 -.827 11.54 -.876 13.50 -1.159

13.47 -1.105 12.29 -.810 9.74 -.736 7.99 -.772

6.01 -.939 15.30 -1.054 16.06 -1.087 16.07 -1.218
30.06 .254 29.91 .397 16.07 -1.086 -3.10 -1.252
2.17 -1.147 3.92 -.628 7.69 -.678 13.33 -.478

14.10 -1.205 14.55 -1.205 15.80 -.563 3.00 2.244
-3.20 9.258 -15.00 -1.185 -5.20 -1.190 -5.20 .454

-15.00 -.930
>> body specifications
-.270 .000 .0 .0 .000 .0 .0 «phys_prop 1
31	 32 33	 34 35	 36	 37 38	 39	 40
41 < pantano
-.270 .000 .0 .0 .000 .0 .0 «phys_prop 2
25	 27 43	 42 < pantano
-.270 .000	 .0 .0 .000 .0 .0 «phys_prop 3
44	 45 46	 47 < pantano
-.520 .000 .0 .0 .000 .0 .0 «phys_prop 4
5	 6 7	 8 9	 10	 11 12	 13	 14

15	 16 17	 18 19	 36	 35 34	 33	 32
31 < alluvium
-.520 .000 .0	 .0 .000 .0 .0 «phys_prop 5
27	 28 29	 30 45	 44 < alluvium
.056 .000 .0 .0 .000	 .0	 .0 «phys_prop 6

48	 49 50	 51 52	 53	 54 55	 56	 57 < regional glide block
-.720 .000 .0 .0 .000	 .0	 .0 «phys_prop 7
58	 59 60	 61 < alluvium in tucson basin



MODEL PARAMETERS FOR GRAVITY PROFILE B-B'

.00 -1.150	 2.32	 -1.180	 4.05 -1.210 4.39 -1.200
4.72 -1.190	 5.12	 -1.200	 5.52 -1.180 5.91 -1.200
6.74 -1.210	 7.16	 -1.200	 8.41 -1.200 9.02 -1.160
9.14 -1.160	 9.42	 -1.170	 9.63 -1.170 9.88 -1.170

10.06 -1.190	 10.55	 -1.200	 11.09 -1.210 11.54 -1.240

12.36 -1.270	 12.39	 -1.270	 12.83 -1.260 13.26 -1.260
13.59 -1.290	 13.87	 -1.310	 15.09 -1.340 15.80 -1.340
16.89 -1.380	 4.69	 -1.148	 5.20 -1.104 6.02 -1.017
6.79 -1.092	 7.45	 -1.187	 8.52 -1.179 9.23 -1.152

10.08 -1.037	 10.38	 -1.037	 11.53 -1.235 12.66 -1.245

12.80 -1.250	 13.67	 -1.198	 13.88 -1.181 14.37 -1.280
15.00 -1.265	 15.50	 -1.194	 -4.06 -1.131 7.00 -.955
12.13 .000	 -3.20	 7.868	 6.94 1.742 -15.00 -1.185

-15.00 -1.113	 -12.20	 -1.190	 -12.20 .347 10.50 -.500
11.50 -1.143	 12.01	 -1.224	 13.03 -.181 7.50 -1.175

8.20 -1.175	 9.00	 -.850	 2.41 -1.160 3.00 -1.000
8.63 -1.207

» body specifications
-.510 .000	 .0	 .0	 .000 .0 .0 «phys_prop 1
4	 5 6	 7	 8	 9	 10	 11	 65	 12	 13

14	 15 16	 17	 18	 19	 20	 39	 38	 37
36	 35 34	 33	 32	 31	 30 < alluvium
-.538 .000	 .0	 .0	 .000 .0 .0 «phys_prop 2
22	 23 24	 25	 26	 27	 28	 46	 45	 44
43	 42 41	 40 < alluvium
.070 .000	 .0	 .0	 .000 .0 .0 «phys_prop 3

47	 63 64	 48	 60	 61	 62	 56	 57	 58
59	 49 51	 50 < regional glide block
-.001 .000	 .0	 .0	 .000 .0 .0 «phys_prop 4
52	 54 55	 53 < tucson basin
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MODEL PARAMETERS FOR GRAVITY PROFILE C-C'

.00	 -1.100	 .82	 -1.070	 1.58 -1.090 2.41 -1.060
2.53	 -1.060	 3.84	 -1.070	 3.87 -1.070 4.24 -1.040
4.60	 -1.050	 5.00	 -1.060	 5.33 -1.070 5.65 -1.070
6.00	 -1.070	 6.34	 -1.090	 6.77 -1.090 7.13 -1.090
8.63	 -1.120	 9.54	 -1.150	 10.26 -1.170 11.78 -1.210

13.01	 -1.260	 13.84	 -1.190	 13.90 -1.190 14.48 -1.210
15.65	 -1.220	 16.40	 -1.300	 16.95 -1.280 17.13 -1.270
17.62	 -1.270	 18.20	 -1.270	 .00 -.903 .02 -.914
1.58	 -.972	 2.53	 -1.042	 3.84 -1.038 4.24 -1.020
4.99	 -.994	 5.63	 -.861	 6.96 -.576 7.32 -.500

8.28	 -.720	 9.95	 -.836	 11.18 -.888 12.50 -1.029
12.50	 -1.143	 13.00	 -1.073	 13.50 -1.087 14.20 -1.190
7.15	 -1.080	 8.00	 -1.085	 8.50 -1.085 9.00 -1.081
9.50	 -1.035	 10.00	 -.980	 10.50 -.958 11.00 -.948

11.50	 -1.001	 12.49	 -1.137	 12.50 -1.219 13.00 -1.185

13.50	 -1.180	 13.75	 -1.180	 17.13 -1.217 18.20 -1.220
3.58	 -1.051	 6.00	 -.400	 -3.25 4.995 15.00 -.200

-15.00	 -1.050	 -3.10	 -1.050	 -15.00 -.600 -3.10 -.801
28.00	 -1.220	 28.00	 1.375	 .00 -.840 -1.50 -1.100
-1.01	 -1.060	 14.50	 -1.100	 15.50 -1.100 14.00 -.380

16.00	 -.380
>> body specifications
-.520	 .000	 .0	 .0	 .000 .0 .0 «phys_prop 1
16	 17	 18	 19	 20	 21	 22	 23	 62	 61
60	 59	 58	 57	 56	 55	 54	 53	 52	 51
50	 49 < alluvium
-.520	 .000	 .0	 .0	 .000 .0 .0 «phys_prop 2
28	 29	 30	 73	 74	 64	 63 < alluvium
-.270	 .000	 .0	 .0	 .000 .0 .0 «phys_prop 3
76	 1	 2	 3	 4	 5	 34	 33	 32	 31
77 < pantano
-.270	 .000	 .0	 .0	 .000 .0 .0 «phys_prop 4
6	 7	 8	 9	 10	 11	 12	 13	 14	 15

16	 49	 50	 51	 52	 53	 54	 55	 56	 57
58	 59	 60	 61	 62	 23	 24	 48	 47	 46
45	 44	 43	 42	 41	 40	 39	 38	 37	 36
35 < pantano
.071	 .000	 .0	 .0	 .000 .0 .0 «phys_prop 5

75	 65	 66	 68	 67 < regional glide block
-.100	 .000	 .0	 .0	 .000 .0 .0 «phys_prop 6
69	 70	 72	 71 < tucson basin
.050	 .000	 .0	 .0	 .000 .0 .0 «phys_prop 7

78	 79	 81	 80 < rincon paleozoics
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MODEL PARAMETERS FOR GRAVITY PROFILE D-D'

.00	 -1.280	 2.10 -1.280 2.35 -1.300 2.48 -1.290
2.64	 -1.280	 2.65 -1.280 2.80 -1.290 2.96 -1.300
3.05	 -1.300	 3.11 -1.300 3.17 -1.320 3.44 -1.320
3.54	 -1.320	 3.67 -1.320 3.81 -1.320 4.02 -1.320
4.18	 -1.300	 4.24 -1.320 4.50 -1.340 5.99 -1.250

6.89	 -1.230	 7.13 -1.210 7.59 -1.270 7.99 -1.260
8.17	 -1.260	 8.50 -1.270 9.20 -1.340 9.69 -1.340
2.65	 -1.204	 2.82 -1.262 3.06 -1.289 3.11 -.656
3.22	 -.686	 3.46 -1.050 3.51 -1.192 3.65 -1.249
3.85	 -1.259	 3.88 -1.282 4.19 -1.289 8.17 -1.244

8.50	 -1.210	 9.20 -1.279 9.69 -1.211 18.00 -1.200
18.00	 -1.340	 -6.00 -1.351 .00 -1.278 2.29 -1.278
3.00	 -.425	 4.20 -.425 4.50 -1.280 5.81 -1.103
8.71	 -.628	 18.00 -1.986 18.00 2.993 -10.00 6.989

» body specifications
-.520	 .000	 .0 .0 .000 .0 .0 «phys_prop 1
6	 7	 8	 9	 10	 11	 12 13	 14 15

16	 17	 18	 39	 38	 37	 36 35	 34 33
32	 31	 30	 29 < deep alluvium
-.520	 .000	 .0 .0 .000 .0 .0 «phys_prop 2
24	 25	 26	 27	 28	 45	 44 43	 42 41
40 < alluvium
.140	 .000	 .0 .0 .000 .0 .0 «phys_prop 3

46	 47	 48	 49	 50	 51	 52 53	 54 55
56 < regional glide block
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MODEL PARAMETERS FOR GRAVITY PROFILE E-E'

.00 -1.280 3.35	 -1.130 3.78	 -1.140 4.34 -1.120
5.15 -1.190 5.64	 -1.190 5.88	 -1.190 6.63 -1.210
7.50 -1.180 8.56	 -1.170 10.61	 -1.160 12.19 -1.160

13.32 -1.160 14.10	 -1.160 14.77	 -1.130 15.35 -1.130
16.03 -1.140 16.66	 -1.190 17.15	 -1.200 19.20 -1.260

19.78 -1.230 22.80	 -1.280 3.50	 -1.125 4.18 -1.011
5.18 -1.094 5.88	 -1.008 6.98	 -.948 8.00 -.882
9.00 -.836 10.00	 -.810 11.00	 -.789 12.00 -.792

13.20 -.800 14.00	 -.893 15.00	 -.879 16.00 -.990
17.00 -1.152 17.62	 -1.179 18.00	 -1.215 19.00 -1.245

19.75 -1.225 4.41	 -.936 5.10	 -1.059 6.00 -.896
6.98 -.880 8.00	 -.781 9.00	 -.764 10.00 -.746

11.00 -.728 12.00	 -.710 13.20	 -.690 13.79 -.725
-3.00 .807 3.00	 -.577 6.00	 -.410 15.00 .006
16.00 -.128 24.00	 -.217 28.00	 -.218 6.00 1.056

-7.00 3.000 25.00	 -1.280 40.00	 -1.280 25.00 -1.200
40.00 -.500

» body specifications
-.520 .000 .0	 .0 .000	 .0 .0 «phys_prop 1
2	 3 4	 5	 6 7	 8	 9	 10 11

12	 13 14	 15	 16 17	 18	 19	 20 21
41	 40 39	 38	 37 36	 35	 34	 33 32
31	 30 29	 28	 27 26	 25	 24	 23 < basin alluvium
-.270 .000 .0	 .0 .000	 .0 .0 «phys_prop 2
24	 25 26	 27	 28 29	 30	 31	 32 33
34	 52 51	 50	 49 48	 47	 46	 45 44
43	 42 < pantano
.050 .000 .0	 .0 .000	 .0	 .0 «phys_prop 3

53	 54 55	 56	 57 58	 59	 60	 61 < regional glide block
-.300 .000 .0	 .0	 .000	 .0 .0 «phys_prop 4
62	 63 65	 64 < upper cienega ck basin
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APPENDIX E

DISTANCE VS. DEPTH, CONVERSION FROM METRIC TO ENGLISH
Profile Depth of	 I	 Depth of ;	 I Depth of Depth of	 I Thickness of

A-A' Distance (km) Alluvium (km) I Bedrock (km) I	 Distance (ft) Alluvium (ft)	 i Bedrock (ft)	 I	 Pantano (ft)	 I

4.11 I
j	 0.000	 i	 0.000 I	 13,484

,
0

t
0 i	 0

4.38 0.023	 0.023 14,370 75 75	 0
,
i

S nn n nAn	 n riRri 1 A Mid 107 ',A')	 PA

6.00
	

0.125
	

0.205
	

19,685
	

410
	

673
	

262

i	 7.00	 0.200	 0.290 22,966 656	 951	 295

8.00	 0.300 0.370 26,247 984	 1214 230

9.00	 0.330 0.380 29,528 1083	 1247 164

10.00	 0.350 0.420 32,808 1148	 1378	 230

11.00	 0.320 0.400 36,089 1050	 1312 262

12.00	 0.250 0.375 39,370 820	 1230 410

13.00	 0.100 0.210 42,651 328	 689 361

13.50	 0.025 0.080 44,291 82	 262 180

13.60	 0.000	 0.000 44,619	 0 0 0

15.33	 0.000	 0.156 50,295	 0 512 512

16.06	 0.000	 0.133 52,690 0 436 436

16.50	 0.070	 0.190 54,134 230 623 394

B-B'	 4.39	 0.000	 0.000 14,403 0 0 0

,	 4.69	 0.050 0.050 15,387 164 164 0

6.02	 0.188 0.188 19,751 617 617 0

7.45 0.015 0.015 24,442 49 49 0

8.40 0.014 0.014 27,559 46 46 0

I	 8.50 0.030 0.030 27,887 98 98 0

9.15	 0.008 0.008 30,020 26 26 0

10.07	 0.157 0.157 33,038	 515 515 0

10.38	 0.160 0.160 34,055	 525 I	 525 0

11.53	 0.005 0.005	 37,828	 16 16 0

11.55	 0.000 0.000	 37,894	 0 1,	 0 0

12.39	 0.000 0.000	 40,650	 0 0 0

13.88 	j	 0.129 0.129	 45,538	 423 423 0

14.47	 0.045	 0.045	 47,474	 148 148 0

15.00	 0.075	 0.075	 49,213	 246 246 0

15.50	 0.146	 0.146	 50,853	 479 479 0

15.80	 0.000	 0.000	 51,837	 0 0 0

110



Ill

Profile	 Depth of	 Depth of .	 Depth of	 Depth of	 Thickness of

C-C' Distance km Alluvium km)! Bedrock (km) Distance (ft)	 Alluvium (ft)	 Bedrock (ft)	 Pantano (ft)

0.00	 0.000	 0.197 	1	 0 0 646	 646	 '

0.82	 0.000	 0.125	 r 	2,690 0 410	 410

1.58	 0.000	 0.118	 5,184 0 387 387

2.53	 0.000	 0.018	 8,301 0 59 59

2.54	 0.000	 0.000	 8,333 0	 0 0

3.84	 0.000	 0.032	 12,598 0 105	 105

5.00 0.000	 0.066	 16,404 0 217	 217

6.96 0.000	 0.514	 22,835 0 1686	 1686

7.14 0.010	 0.590	 23,425 33	 1936	 1903

8.28 0.025	 0.390	 27,165 82	 1280 1198

9.00 0.055	 0.365	 29,528 180 1198	 1017

10.00	 0.180	 0.324	 32,808 591	 1063	 472

11.00	 0.242	 0.302	 36,089 794 991 197

12.49	 0.110	 0.220	 40,978 361 722 361

12.50	 0.025	 0.110	 41,010 82	 361	 279

13.01	 0.075	 0.187	 42,684 246	 614	 367

13.50	 0.030	 0.125	 44,291 98	 410	 312

13.75	 0.010	 '	 0.060	 45,112 33 197	 164

13.80	 0.000	 0.050	 45,276 0 164	 164

14.48 0.000	 0.000	 47,507 0 0	 0

17.03 0.053	 0.053	 55,873 1	 174 174	 0

18.20 0.050 	1 	0.050	 59,711 164 164	 0

D-D' 2.64 0.000	 '	 0.000	 8,661 0 0	 0

2.65 0.076	 0.076	 8,694 249 249 0

3.06 0.011	 0.011	 10,039 36 36 0

3.11 0.644	 0.644	 10,203 2113 2113 0

3.17 0.634	 0.634	 10,400 2080 2080 0

3.65 0.071	 0.071	 11,975 233 233 0

4.00 0.035	 0.035	 13,123 115 115 0

4.19 0.016	 0.016	 13,747 52 52 0

4.20 0.000	 0.000	 13,780 0 0	 0

7.99	 0.000	 0.000	 26,214 0 0	 0

8.17	 0.016	 0.016	 26,804 52 52	 0

8.50	 0.060	 0.060	 27,887 197 197	 0

9.20	 0.061	 0.061	 30,184 200 200	 0

9.69	 0.129	 0.129	 31,791 423 423	 0
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Profile Depth of Depth of Depth of Depth of	 1 Thickness of 1

E-E Distance (km)1 Alluvium (km) Bedrock (km) Distance (ft) Alluvium (ft) Bedrock (ft) Pantano (ft)

3.35 1 0.000 0.000 10,991 0 0

3.50 0.005 0.005 11,483 16 16 0

4.18 0.114 0.114 13,714 374 374 0

4.41 0.100 0.185 14,469 328 607 279

5.18 ; 0.101	 0.131 16,995 331 430 98

5.88
I
,

I0.193	 1	 0.300 19,291 633 984 351

6.98
f

0.247 0.315 22,900 810 1033 223

8.00 0.327 0.394 26,247 1073 1293 220

11.00 0.365	 0.432 36,089 1198 1417 I	 220

12.00 0.366 0.450 39,370 1201 1476 276

13.20 0.347 0.420 43,307 1138 1378 240

13.79 0.315 0.385 45,243 1033 1263 230

14.00 0.295 0.295 45,932 968 968 0

15.00 0.252 0.252 49,213 827 827 0

17.00 0.046 0.046 55,774 151 151 0

17.62 0.040 0.040 57,808 131 131 o
18.00 0.020	 1 	0.020 59,055 66 66 0

19.00 0.010	 0.010 62,336 33 33 0

19.75 0.005	 0.005 64,797 16 16 0

19.78 1 0.000	1	 0.000 64,895 0 0 0

22.80 0.000	 0.000 74,803 0 0 0
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