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ABSTRACT 

A hydrogeological study of the upper Cienega Creek basin was 

conducted to examine the relationship between the relative volume of 

perennial streamflow in Cienega Creek and the depth to bedrock in the 

surrounding basin. Perennial streamflow data were obtained from Bureau of 

Land Management records and depth to bedrock was evaluated using 

gravimetry. Bedrock is approximately 900 meters (2953 feet) below Cienega 

Creek at the southern edge of the study area. The depth to bedrock steadily 

decreases going north until bedrock crops out near the center of the study 

area. From this point to the northern edge of the study area, Cienega Creek 

flows on the surface of bedrock or on a thin layer of stream channel alluvium 

above the bedrock. Flow analysis between the upper and intermediate 

gauging stations indicates the creek flow rate increased an average of 165 

percent over a 28 month period as depth to bedrock decreased approximately 

300 meters (984 feet). The creek flow rate decreased an average of 10 percent 

in the summer and increased an average of 29 percent in the winter between 

the intermediate and lower gauging stations as depth to bedrock decreased 

approximately 10 meters (33 feet). 
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INTRODUCTION 
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Perennial streams in the Arizona desert have long been recognized for 

their life-giving and life-sustaining capabilities. Archaeologists working in 

southern Arizona have discovered evidence of pithouse villages approximately 

5,000 years old where it is believed the inhabitant's survival depended on 

perennial waters and riparian flora and fauna (U. S. Dept. of Interior, BLM, 

1994). More recently, Arizona's perennial streams and riparian zones have 

been recognized as valuable aesthetic and recreational resources and also as 

important preservers of vegetation and wildlife. Unfortunately, an estimated 

90 percent of perennial streams in the lower desert regions of the state have 

been lost during the last century because of upstream diversions, 

impoundments, and extensive groundwater pumping (Eden and Wallace, 

1992). Managers of present-day riparian lands are often faced with the 

difficult task of balancing preservation against an ever increasing demand on 

water resources. 

The Cienega Creek basin, located approximately 65 kilometers (41 

miles) southeast of Tucson, is an example of a desert watershed containing 

perennial streamflow and riparian zones. The basin is situated between the 

upper Santa Cruz River and upper San Pedro River watersheds. Mountains 

surrounding the basin include the Santa Ritas to the west, the Rincons to the 

north, the Whetstones to the east, and the Canelo Hills to the south (Figure 

1). Cienega Creek flows north from Canelo Hills and eventually becomes 

Pantano Wash at the northwest boundary of the watershed. 
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The Narrows, located in the central portion of the basin, is a relatively 

narrow outcrop of Paleozoic sedimentary rock that divides the upper and 

lower Cienega Creek basins. The riparian zones in the lower Cienega Creek 

basin are managed by the Pima County Department of Transportation and 

Flood Control, while the riparian zones in the upper Cienega Creek basin are 

managed by the U. S. Department of the Interior, Bureau of Land 

Management (BLM). 

A comprehensive study of the Cienega Creek basin is being conducted 

by the University of Arizona, Department of Hydrology and Water Resources. 

In 1993-1994, a team of six students with the support of faculty members 

evaluated the geological, hydrological, and policy-related aspects of the lower 

Cienega Creek basin. Currently, a second team of six students is examining 

similar aspects in the upper Cienega Creek basin. Specific research, in 

addition to the hydrogeological study presented in this thesis, includes water 

policy and budget analyses, evapotranspiration characterization, 

hydrogeochemical evaluation, and groundwater modeling. The overall goal of 

the Cienega Creek project is to present a detailed hydrological analysis that 

can serve as a basis for the development of a comprehensive water 

management program for the entire basin. 

Purpose and Scope 

Perennial surface water in the upper Cienega Creek basin plays a 

crucial role in the preservation of vegetation and wildlife. The U.S. Fish and 

Wildlife Service has determined Cienega Creek provides critical habitat for 

the endangered Gila topminnow (Poeciliopsis occidentalis occidentalis). 
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Cienega Creek contains the largest population of Gila topminnow in the 

United States and is one of only nine remaining natural population locations 

for the species in Arizona (U. S. Dept. of Interior, BLM, 1994). An 

understanding of the factors influencing the occurrence of perennial 

streamflow in Cienega Creek is necessary to assist in the preservation of not 

only the perennial reaches, but also the species living in and around these 

waters. 

This thesis examines the hydrogeology of the upper Cienega Creek 

basin and focuses on the relationship between perennial streamflow in 

Cienega Creek and the depth to bedrock in the surrounding basin. The 

hypothesis is that the occurrence and relative volume of perennial streamflow 

in Cienega Creek are controlled by the location and configuration of bedrock. 

The study area covers approximately 16 kilometers (10 miles) of perennial 

surface water beginning south of the confluence of Gardner Canyon and 

Cienega Creek and ending north of The Narrows (Figure 1). 

The primary objective of the research was to quantitatively analyze the 

relationship between the relative volume of perennial streamflow in Cienega 

Creek and depth to bedrock. Perennial streamflow data were obtained from 

BLM records and depth to bedrock was evaluated using gravimetry. The 

secondary objectives were to (1) examine the southern boundary of an alluvial 

trough described by Ellett (1994) in the thesis titled "Geologic Controls on the 

Occurrence and Movement of Water in the Lower Cienega Creek Basin," and 

(2) create a gravity anomaly map of the upper and lower Cienega Creek 

basins by combining the results of this research with the results of previous 

gravity surveys. 
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Why does perennial surface water exist in the upper Cienega Creek 

basin? This thesis contributes to answering this question by examining the 

influence of bedrock on the occurrence and relative volume of Cienega Creek 

perennial streamflow. The results of this study may also be used to locate, 

and optimistically preserve, reaches of perennial streamflow particularly 

sensitive to groundwater pumping from the phreatic aquifer. In addition, the 

depth to bedrock values generated by this research will be used to constrain 

groundwater models being developed by two other members of the University 

of Arizona Cienega Creek Project. A quantitative assessment of the effects of 

groundwater pumping on perennial streamflow will be presented in their 

theses. 

Previous Work 

Previous hydrologic studies in the Cienega Creek basin, in addition to 

the 1993-1994 University of Arizona project, include groundwater resource 

investigations by the consulting firms Geraghty and Miller (1970), 

Harshbarger and Associates (1974), and Montgomery and Associates (1985). 

Boggs (1980) developed a groundwater model of the Cienega Creek area to 

evaluate the impact of possible groundwater development by Anamax Mining 

Company. The Arizona Department of Water Resources studied the Cienega 

Creek groundwater basin to determine its effects on the Tucson Active 

Management Area (Kennard, Johnson, and Perry, 1988). Cienega Creek was 

also studied by the Tucson Resource Area of BLM to determine its eligibility 

for inclusion in the Wild and Scenic Rivers System (U. S. Dept. of the 

Interior, BLM, 1994). 
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A geologic study of the Bisbee and Pantano Formations in the Empire 

Mountain quadrangle was conducted by Finnell (1970). Finnell (1971) also 

developed a preliminary geologic map of the Empire Mountains quadrangle. 

Both the upper and lower Cienega Creek basins were included in a U. S. 

Geological Survey report on the tectonics of southeastern Arizona (Drewes, 

1981) and a tectonic map of southeastern Arizona (Drewes, 1980). 

Previous geophysical investigations conducted in Cienega Creek area 

include gravity surveys by Bittson (1976) and Ellett (1994). Bittson used 

gravimetry to define major subsurface structural features and determine the 

thickness of Cenozoic sedimentary rocks. Ellett evaluated depth to bedrock 

in the lower Cienega Creek basin and investigated the influence of bedrock 

configuration on the occurrence and movement of groundwater and surface 

water. Lysonski (1980) and Oppenheimer (1980) used existing gravity data 

to study large areas of Arizona that included the Cienega Creek basin. 

Lysonski created a residual Bouguer gravity anomaly map of Arizona based 

on approximately 31,000 gravity stations. Oppenheimer completed a depth to 

bedrock map of the Basin and Range Province of southern Arizona using 

22,000 gravity stations. The U. S. Defense Mapping Agency gravity library 

(U. S. Dept. of Defense, 1988) contains data from other gravity surveys that 

also encompassed the Cienega Creek basin. 
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Southeastern Arizona lies in the Basin and Range physiographic 

province of the southwestern United States. The geology is characterized by 

diverse stratigraphic relationships often contorted by numerous structural 

features. Significant deformation and faulting occurred in the region during 

Precambrian, Mesozoic, and early and late Cenozoic times. 

During the Mazatzal Revolution of the Precambrian age the rocks of 

southeastern Arizona were deformed, intruded, and metamorphosed. 

Following the Mazatzal Revolution the region was cut by many northwest

trending faults, uplifted, and subsequently peneplaned. After the erosion to 

peneplane conditions, the sea transgressed the region and sedimentary rocks 

were deposited (Drewes, 1981). 

Throughout the Paleozoic era southeastern Arizona was covered with 

seas that periodically advanced and retreated. Hundreds to thousands of 

meters of limestone, sandstone, and shale were deposited during this time 

(Persson et al., 1970). At the end of the Paleozoic era gradual uplift and 

tilting forced the seas from the region. 

During the Mesozoic era considerable faulting and explosive volcanism 

took place in southeastern Arizona. Strong vertical movement occurred 

during Triassic to mid-Cretaceous periods along segments of northwest

trending fault zones, and numerous stocks of granite, monzonite, and quartz 

monzonite were emplaced (Drewes, 1978). During late Jurassic and 
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Cretaceous time volcanism produced rhyolitic to dacitic rocks upon which 

thousands of meters of sedimentary rocks were later deposited (Drewes and 

Finnell, 1968). 

The Laramide orogeny, characterized by northeast-southwest regional 

compression and low angle thrust faulting, began in the late Mesozoic era 

and continued into the Cenozoic era. The Cenozoic history following the 

Laramide orogeny may be divided into four relatively well defined events: 1) 

Eocene quiescence, 2) massive late Oligocene-early Miocene calc-alkaline 

volcanism and plutonism and associated sedimentation, 3) Basin and Range 

disturbance and associated late Miocene-Pliocene basin filling, and 4) 

maxim um filling of basins in middle Pleistocene followed by stream 

downcutting, development of terraces, and valley unloading along the major 

rivers of the region (Scarborough and Pierce, 1978). 

Geology of the Upper Cienega Creek Basin 

Mount Wrightson in the Santa Rita Mountains forms the western 

boundary of the upper Cienega Creek basin. Mount Wrightson and the 

surrounding area are composed of volcanic and sedimentary rocks of the 

Triassic period. The Sawmill Canyon fault zone located east of Mount 

Wrightson is characterized by Upper Cretaceous rocks extensively faulted 

and compressed into numerous tight northwest-trending folds (Bittson, 1976). 

The Santa Rita Mountains north of this area are distinguished by 

Precambrian continental granodiorite unconformably overlain by rocks of the 

Cretaceous period. 
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The Empire Mountains along the northern border of the upper Cienega 

Creek basin are composed primarily of Upper Cretaceous quartz monzonite 

and granodiorite, Lower Cretaceous sedimentary and volcanic rocks, and 

Lower Permian and Upper Pennsylvanian sedimentary rocks. The Paleozoic 

and Mesozoic sedimentary rocks dip mainly to the southeast, and the latter 

are eventually buried under basin fill on the south and east sides of the 

mountain. The northern part of the Empire Mountains, like portions of the 

Santa Rita Mountains, is characterized by Precambrian rocks unconformably 

overlain by rocks of the Cretaceous period. 

The Whetstone Mountains on the east side of the upper Cienega Creek 

basin are a southwest tilted fault block. The northeastern side of the 

mountain is composed of Precambrian granitoid rocks, and the southwestern 

side is composed of Cretaceous sedimentary and volcanic rock. Between the 

Precambrian and Cretaceous rocks are Cambrian, Devonian, Mississippian, 

Pennsylvanian, and Permian rocks - one of the most complete such sequences 

of strata in southern Arizona (Chronic, 1995). The Paleozoic and Mesozoic 

sedimentary rocks trend to the northwest and dip 25 to 40 degrees to the 

southwest. 

The Canelo Hills form the southern boundary of the upper Cienega 

Creek basin and serve as the starting point for the north flowing creek. An 

extension of the Sawmill Canyon fault runs parallel to the northeastern flank 

of the Canelo Hills with an apparent vertical displacement of approximately 

1,068 meters (3,500 feet) (Bittson, 1976). The Canelo Hills are composed 

primarily of Mesozoic volcanic and sedimentary rocks, and extensively 

faulted Paleozoic sedimentary rocks. 
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The upper Cienega Creek basin is composed of Quaternary stream 

channel alluvium and Quaternary and Tertiary basin fill. Data from drill 

holes near Sonoita suggest that the Cretaceous Bisbee Formation underlies 

the entire basin (Drewes, 1981). Figure 2 shows the geology of the study area 

within the upper Cienega Creek basin. The northwest corner of the study 

area is comprised of Upper Cretaceous, Lower Cretaceous, and Paleozoic 

rocks of the Empire Mountains. The eastern side of the study area contains 

Lower Cretaceous rocks of the Whetstone Mountains and also one of the few 

outcrops of Tertiary Conglomerate (Pantano Formation) found in the upper 

Cienega Creek basin. 

Bisbee Formation 

As was stated in Chapter 1, the primary objective of this research was 

to quantitatively analyze the relationship between the relative volume of 

perennial streamflow in Cienega Creek and depth to bedrock. Bedrock in this 

study is defined as the Lower Cretaceous Bisbee Formation. The Bisbee 

rocks are identified as both the Bisbee Group and the Bisbee Formation. 

Drewes (1981) designated the Bisbee Group as the Glance Conglomerate, 

Morita Formation, Mural Limestone, and Cintura Formation, but regarded 

the Bisbee rocks as a unit of formation rank where the Mural Limestone was 

absent. 

Finnell (1970) found no lithologic equivalent of the Mural Limestone in 

the Empire Mountain Quadrangle (including the area shown in Figure 2). 

Finnell divided the Bisbee Formation in ascending order as five units: 1) the 

Glance Conglomerate, a limestone and dolomite conglomerate in a calcareous 
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sandstone and sandy siltstone matrix, 2) the Willow Canyon Formation, an 

alternating sequence of sandstone and siltstone, 3) the Apache Canyon 

Formation, an alternating sequence of silty limestone, black shale, siltstone, 

and arkosic sandstone, 4) the Shellenberger Canyon Formation, an 

alternating sequence of shale, siltstone, sandstone and a limestone, and 5) 

the Turney Ranch Formation, an alternating sequence of red siltstone and 

shale and pinkish-gray sandstone. 

The density of the Bisbee Formation varies greatly due to the diverse 

lithologies. Bittson (1976) measured the wet density of 49 samples of the 

Bisbee Formation taken from the Cienega Creek area. The densities ranged 

from 2.46 to 2.84 g/cm3 with an average value of 2.61 g/cm3. 

Hydrology of the Upper Cienega Creek Basin 

Based on a water balance by Simpson et al. (1983), average annual 

precipitation in the upper Cienega Creek basin ranges from 41 centimeters 

(16 inches) in the lowlands to 61 centimeters (24 inches) in the mountains, 

with a weighted average of 43 centimeters (17 inches). Approximately 35 

percent of the annual rainfall occurs in the winter as a result of Pacific storm 

fronts. Summer storms from Mexico account for approximately 65 percent of 

the annual rainfall. Simpson et al. (1983) believe only a small percentage of 

the estimated basin wide average rainfall of 43 centimeters (17 inches) 

effectively recharges the water table. In lowland areas with relatively deep 

soils, essentially all rainfall is returned to the atmosphere by 

evapotranspiration. Rainfall reaches the water table only in upland areas 

where soils are thin or absent and rainfall is able to penetrate fracture zones. 
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Estimated mountain front recharge in the Cienega Creek basin south of 

Interstate 10 ranges from 13.2 x 106 m3/year (10,700 acre-feet/year) (Boggs, 

1980) to 65.9 x 106 m3/year (19,500 acre-feet/year) (Simpson et al., 1983). 

Water level data collected from wells indicate the water table has not 

changed significantly over the past several decades (Simpson et al., 1983). 

Groundwater level contours show groundwater movement is from the 

surrounding mountains toward the center of the upper basin and then north 

toward the lower basin. Pump tests conducted by Harshbarger and 

Associates (1975) at 13 wells in the upper basin indicated the transmissivity 

of the aquifer sequence ranges from 8.6 x 10-5 to 5.7 x 10-3 m2/s (600 to 

40,000 gallons per day per foot). Ten-day storage coefficients were found to 

be on the order of 10-2 to 10-3, and the long term storage coefficient was 

approximately 0.05. 

The study area covers approximately 16 kilometers (10 miles) of 

perennial surface water in the upper Cienega Creek basin. Perennial surface 

water begins south of the confluence of Gardner Canyon and Cienega Creek 

and ends north of The Narrows. Mattie Canyon and upper and lower Empire 

Gulch have perennial reaches, however, the majority of perennial surface 

water is found in Cienega Creek. An analysis of perennial flow rates will be 

presented in Chapter 5. 
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A gravity survey was performed to evaluate the depth to bedrock in the 

north central portion of the upper Cienega Creek basin. Gravimetry, based 

on Newton's Universal Law of Gravitation and Second Law of Motion, is the 

geophysical measurement of the acceleration of gravity. The goal of most 

gravity surveys is not to measure the total gravitational attraction of the 

earth at one location, but rather to record the differences in the gravitational 

attraction of the earth at numerous locations. After appropriate corrections 

have been made, the differences in gravitational attraction can be attributed 

to density variations in the subsurface, and subsequently used to evaluate 

the depth to bedrock. 

Rocks in many locations have a range of density values that differ from 

those of the surrounding rocks. In the Basin and Range physiographic 

province, sedimentary rocks found in basins often have lower densities than 

the basement rocks. If the density contrasts are known, gravimetry may be 

used to map the boundaries and evaluate the depth of sedimentary basins. 

Newton's Universal Law of Gravitation states the force of mutual 

attraction between two bodies is directly proportional to the product of their 

masses and inversely proportional to the square of the distance between 

them. Thus, 

(1) 

where G is the universal gravitational constant, m1 and m2 are the masses of 
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the two bodies, and r is the distance between the bodies. Newton's Second 

Law of Motion states the force applied to a body is equal to its mass times 

acceleration. Thus, 

F=ma (2) 

where m is the mass and a is the acceleration of the body. Combining 

equations 1 and 2 and rearranging gives, 

a= F/m1 = (Gm2)fr2 (3) 

The earth is approximately a sphere and its mass can be treated as if it 

was located at a point at the center of the earth. Replacing m1 with the mass 

of any object (m0 ) on the surface of the earth and m2 with the mass of the 

earth (me), equation 3 may be rewritten as 

a= F/m0 = (Gme)fr2 (4) 

where r is the average radius of the earth. The gravitational acceleration "a" 

in equation 4 is often denoted in geophysics with the symbol "g". The value of 

the acceleration of gravity at the earth's surface is approximately 980 cmfs2. 

In honor of Galileo, the standard cgs unit of gravitational acceleration is the 

Gal (1 Gal = 1 cmfs2). 

The total gravitational attraction of a body Mat point Pis illustrated 

in Figure 3. The gravitational acceleration due to mass dm measured in the 

direction of r is 

dgr = G(dmfr2) (5) 

The vertical component of the acceleration of gravity measured by a 

gravimeter is 

dgz = G( dmfr2)cos0 (6) 
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The total gravitational attraction of body M at point P may be found by 

integrating equation ( 6) over the entire body 

gz = GJmCdmJr2)cos0 (7) 

Assuming body M has a constant density p, equation 7 may be rewritten as 

gz = pGJv(dv/r2)cos0 (8) 

where dv is the volume of dm. Equation 8 forms the basis of gravimetry 

(Eaton, 197 4). 

Figure 3. Gravitational Attraction of a Body on a Point (Eaton, 197 4). 
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The interest in geophysical prospecting is in the part of the gravity 

field due to the body M. The excess or deficiency of mass represented by the 

body is more important than its absolute mass. As a result, the body may be 

quantitatively described in terms of its density contrast with the 

surroundings. The density p in equation 8 may therefore be replaced with a 

density contrast fl.p (Eaton, 197 4). 

Instrumentation 

A LaCoste and Romberg Model G-575 gravimeter (University of 

Arizona ID No. A160569) was used to measure the acceleration of gravity in 

the upper Cienega Creek basin. Figure 4 shows a simplified diagram of the 

interior of the gravimeter. A locking mechanism prevents the beam and 

weight from moving while the gravimeter is being transported. When taking 

a reading, the gravimeter is first leveled and then the locking mechanism is 

released. The zero length and shock eliminating springs allow the weight to 

move in response to the gravitational attraction of the earth ( the mass of the 

weight may be considered m0 in equation 4). The measuring screw is rotated 

to bring the weight back to a central position, and then the dial reading is 

recorded. A table is used to convert the dial reading to a gravity value in 

milliGals. 

The temperature inside the gravimeter is held constant by an internal 

heating element. This eliminates any variations in the spring response due 

to temperature changes. The gravimeter is also sealed to eliminate any effect 

from changes in atmospheric pressure. The model G gravimeter has a range 
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of over 7000 mGals, a reading accuracy of± 0.001 mGal, and a drift rate of 

less than 1 mGal per month (LaCoste and Romberg, 1968). 

METER BOX 

"-.SHOCK ELIMINATING 
SPRING 

Figure 4. Diagram of a LaCoste and Romberg Gravimeter (West, 1970) 

Data Collection 

The gravimeter described above was used to measure the acceleration 

of gravity at 57 locations in the upper Cienega Creek basin between March 

and October 1995. An additional 50 measurements were obtained from the 

U. S. Defense Mapping Agency gravity library (1988). Gravity measurements 

were taken throughout the study area to acquire representative data, and 

also to fill in gaps from previously conducted gravity surveys (e.g., Bittson, 

1976; Ellett, 1994). Eight gravity stations from previous studies were re

occupied in order to confirm data agreement. 
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The objective of the gravity survey was to measure differences in the 

acceleration of gravity at various locations in the study area. A base station 

with a known observed gravity value was established in the Gould-Simpson 

Building at the University of Arizona. The first and last gravity reading of 

each day were taken at the base station. This allowed the daily 

measurements taken at the field stations to be compared to a known value at 

the base station. 

Data recorded at each field station included the station identification 

number, date, time, internal temperature of the gravimeter, meter reading, 

and elevation. The surrounding terrain within a 68 meter (223 foot) radius 

was noted to assist in the calculation of the inner zone terrain correction. A 

rock semi-circle was made around each field station to allow the stations to be 

relocated, if necessary, at a future date. 

The field station locations were recorded on U. S. Geological Survey 7 .5 

minute topographic maps (scale 1:24,000). A majority of the stations were 

located at windmills, wells, road intersections, or hill tops with known spot 

elevations. The elevations of other field stations were determined by 

interpolation of map contours. 

Data Reduction 

Gravitational acceleration does not have a constant value when 

measured on the surface of the earth. Factors affecting the magnitude of the 

acceleration of gravity include (1) the gravitational effects of the sun and 

moon, (2) instrument drift, (3) the latitude of the gravity station where the 

measurement was taken, (4) the elevation of the gravity station, (5) the 
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topography of the terrain surrounding the gravity station, and (6) density 

variations in the earth's crust under the gravity station. The reduction of 

gravity data refers to the removal of all unwanted effects that tend to mask 

or distort the gravity field caused by the objects of interest (Eaton, 197 4). In 

this study corrections were made to the field measurements to eliminate the 

influences of the preceding factors 1 through 5. The resulting value of 

gravitational acceleration due to density variations in the subsurface is called 

the complete Bouguer gravity anomaly. 

An anomaly value at a point on the earth is equal to the observed 

gravity value minus a predicted gravity value based on a given earth model; 

that is, the anomaly is the difference between what is measured and what is 

predicted (Dobrin, 1988). The complete Bouguer gravity anomaly [g(cba)] 

may be expressed as 

g(cba) = g(obs) - g(model) (9) 

The value of g(obs) is determined by converting the gravimeter dial reading to 

mGals, correcting for tidal attractions and instrument drift, and then adding 

the value to a known base station absolute gravity value. The value of 

g(model) is determined by correcting an earth model for latitude, elevation, 

curvature, and surrounding terrain. 

Tidal Correction. The gravitational attraction of the sun and moon 

influences gravity measurements taken on the surface of the earth. The 

earth is not infinitely rigid and the surface is slightly deformed by the 

attraction of the sun and moon. The changing radius of the earth and the 

redistribution of the masses within the earth affect the gravimeter reading. 
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The gravitational attraction of the two celestial bodies on the gravimeter 

itself also affects the reading. 

The orbits of the sun and moon have been extensively studied and the 

gravitational forces associated with tidal cycles can be predicted. Tables for 

predicting the lunar-solar correction for gravimetry are readily available and 

have been incorporated in many gravity reduction computer codes. The 

gravitational attraction of the sun and moon is a function of latitude and time 

and has a maximum amplitude of approximately 0.2 mGal and a maximum 

rate of change of about 0.05 mGal/hour (Eaton, 197 4). 

Instrument Drift Correction. Reoccupation of the same gravity station 

over time will normally produce different gravity readings. The observed 

differences can be attributed to tidal effects and instrument drift. 

Instrument drift is mainly the result of creep in the gravimeter springs but 

may also be ca used by stressing (dropping, jarring, bum ping, etc.) the 

gravimeter. Instrument drift may be observed and subsequently corrected by 

reoccupying the same gravity station over a period of time. The base station 

in the Gould-Simpson Building at the University of Arizona was used to 

observe instrument drift. 

Latitude Correction. The shape of the earth is approximately 

spheroidal, bulging at the equator and flattening at the poles. According to 

Newton's laws, the force of attraction between two objects is proportional to 

the product of their masses and inversely proportional to the square of the 

distance between them. Therefore, a gravimeter placed at either of the poles 

will experience a greater gravitational attraction due to the shorter radius of 

the earth, while a gravimeter placed at the equator will experience a lesser 



30 

gravitational attraction due to the greater radius of the earth. This effect is 

counteracted partly by an increased attracting mass at the equator. 

A gravimeter placed on the equator will also experience the maximum 

centrifugal acceleration due to the rotating earth, while a gravimeter placed 

at either of the poles will experience no centrifugal acceleration. This 

produces a maximum gravimeter reading at the poles and a minimum 

reading at the equator. The overall result of these phenomena is the 

gravitational attraction of the earth is approximately 5,300 mGals greater at 

the poles than at the equator (Dobrin, 1988). 

The latitude correction is accomplished by treating the earth as a 

reference spheroid that approximates mean sea-level. A theoretical gravity 

value has been calculated for this spheroid using the formula 

g(t) = 978,031.846 (1 + 0.005,278,895 sin20 + 0.000,023,462 sin40) mGal 

where 0 is latitude (Telford, 1990). In the continental United States the 

variation of gravity due to latitude ranges from approximately 0.6 to 0.8 

mGal/km and is greatest at 450 north latitude (Eaton, 197 4). 

Elevation Correction. As was explained in the preceding section, the 

gravitational attraction of the earth is a function of the earth's radius. The 

latitude correction accounts for the changing radius of the earth out to 

approximately sea-level. The free-air correction and the Bouguer correction 

account for the remaining conditions between sea-level datum and the gravity 

station. 

If h is the elevation of the gravity station above sea-level and g0 is the 

value of gravity at sea-level, then the difference in gravity between sea-level 

and h may be expressed as 
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Ligra = -(2hgo)/r 

where r is the radius of the earth at sea-level (Dobrin, 1988). Ligra is known 

as the free-air correction because it is independent of any rock material 

between the sea-level datum and the gravity station. The average value of 

the free-air gradient is -0.3086 mGal/m (Eaton, 197 4). 

The Bouguer correction is necessary to account for the mass of rock 

between the sea-level datum and the gravity station. The procedure for 

making the Bouguer correction is to assume an infinite slab of rock, of a 

known density and a thickness equal to the distance between the gravity 

station and sea-level, is located beneath the gravity station. The Bouguer 

correction may be written as 

Ligb = 0.04192 ph mGal 

where p is the slab density in grams per cubic centimeter and his the slab 

thickness in meters (Telford, 1990). Assuming an average density of 2.67 

g/cm3, the elevation gradient is 0.112 mGal/m. 

The free-air and Bouguer corrections are always applied in the 

opposite sense. If the gravity station is located above the sea-level datum, 

then the free-air correction is added and the Bouguer correction is subtracted. 

Combining the free-air and Bouguer corrections into a single elevation 

correction and assuming a density of 2.67 g/cm3 produces a gradient of 

approximately 0.2 mGal/m. 

Curvature Correction. The Bouguer correction assumes a slab of 

infinite horizontal extent. An additional correction is needed to reduce the 

gravitational attraction of the horizontal slab to that of a spherical cap curved 

to the radius of the earth. The curvature correction is given by the formula 
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Ligcc = l.464E-3 h - 3.533E-7 h2 + 4.485E-14 h3 mGals 

where h is the elevation of the gravity station above sea-level in meters 

(Plouff, 1973). 

Terrain Correction. After the curvature correction has been made, the 

top of the curved Bouguer slab is still unrealistically flat. An additional 

correction is necessary to account for the hills and ravines that may surround 

gravity stations. A gravity reading from a gravimeter located beside a hill 

will be influenced by the upward pull from the additional mass of rock in the 

hill. A gravity reading from a gravimeter located beside a ravine will be 

affected by the lack of a downward pull from the "missing" mass of material 

in the ravine. In both cases, the gravity reading will be erroneously low. 

Therefore, terrain corrections are always added to the station reading. 

The terrain correction may be divided into an inner zone and an outer 

zone terrain correction. The inner zone covers the area from the gravity 

station out to a radius of 68 meters (223 feet). The outer zone extends from a 

radius of 68 meters (223 feet) to 167 kilometers (104 miles). 

It has been noted that at most gravity stations the terrain is flat for a 

few meters before any slope occurs. In this gravity survey the flat distance 

and the angle of the slope were recorded at each gravity station. Appropriate 

tables from the U. S. Geological Survey were then used to determine the 

inner zone terrain correction. The outer zone terrain correction was 

calculated by a U. S. Geological Survey computer program. The computer 

code had access to the digitized topography of southeastern Arizona and 

calculated the terrain correction for each gravity station out to a 167 

kilometer (104 mile) radius. 
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Evaluation of Depth to Bedrock 

The complete Bouguer gravity anomalies from equation 9 were used as 

input for a computer model called SAKI. SAKI is a Fortran program 

developed by the U. S. Geological Survey for generalized linear inversion of 

gravity and magnetic profiles (Wehring, 1985). SAKI allows the user to build 

geologic cross sections with gravity anomalies that match the gravity 

anomalies observed in the field. In this study, well data and surface geology 

were used to constrain the model. The density contrasts used in the model 

were obtained from previous gravity studies conducted in the area (Bittson, 

1976; Oppenheimer, 1980; Ellett, 1994). SAKI will be explained in greater 

detail in Chapter 4. 

Error Analysis 

Errors associated with measuring the acceleration of gravity may be 

introduced during the collection and reduction of the data. Repeated 

measurements within minutes at the same gravity station are performed to 

determine operator accuracy. In this survey, measurements within 0.005 

mGal were obtained with the greatest error apparently due to inaccurate 

leveling of the gravimeter. Errors associated with tidal corrections are 

primarily a function of time. Tidal errors of gravity measurements recorded 

within three minutes of the actual time are considered to be on the order of 

0.005 mGal (Gettings, 1996). 

The average instrument drift rate during this gravity survey was 

-0.03538 mGal/day. This represents the upper limit of instrument drift error 
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if no corrections were made. Instrument drift corrections were made for this 

survey, therefore the error due to drift was considered negligible. 

The horizontal accuracy of a 7.5 minute map complying with the 

National Map Accuracy Standards is ± 12 meters. The U. S. Geological 

Survey maps used in this gravity survey complied with these standards. The 

maximum error associated with the latitude correction was determined to be 

± 0.0084 mGal using an average latitude gradient of 0.0007 mGal/m (Eaton, 

1974). 

Inaccurate elevation values have the potential to generate the most 

significant data reduction errors. Elevation errors will affect the free-air, 

Bouguer, terrain, and curvature corrections. The vertical accuracy of a 7.5 

minute map complying with the National Map Accuracy Standards is ± 3 

meters. The maximum error due to the elevation correction was calculated as 

± 0.6 mGal by assuming a density of 2.67 g/cm3 and a vertical gradient of 0.2 

mGal/m (Dobrin, 1988). 

The error associated with the terrain and curvature corrections is 

normally on the order of 20 percent of the difference between the mean and 

the maximum of the correction values (Gettings, 1996). The error due to 

these corrections was determined to be approximately± 0.15 mGals based on 

the values of terrain and curvature corrections found in Appendix A. 

Appendix A also contains the standard deviation of the complete Bouguer 

gravity anomaly for each gravity station. These values were determined 

using the method of standard propagation of errors (Bevington, 1969). The 

standard deviations range from 0.17 to 0.48 with a mean of0.29 mGals. 
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The depth to bedrock values generated by SAKI were based in the 

Bouguer infinite horizontal slab. Assuming an uncertainty of± Llg in the 

complete Bouguer gravity anomaly, the uncertainty in the thickness of the 

slab (± Llh) may be written as 

± Llh = (± Llg)/(0.042 Llp) 

where Llp is the density contrast in grams per cubic centimeter, Llh is in 

meters, and Llg is in mGals. Assuming density contrasts were accurate 

within 10 percent, the uncertainty in the depth to bedrock values is ± 15 

meters (49 feet). In evaluating this uncertainty it was assumed the gravity 

anomalies produced by the materials in the basin were independent of the 

relative depths of these materials. However, SAKI considered the relative 

depths of the materials when producing gravity anomaly values. Therefore, 

this uncertainty associated with the depth to bedrock values should be 

considered the limiting case. 



CHAPTER4 

GRAVITY SURVEY RESULTS 

36 

The complete Bouguer gravity anomaly contours within the study area 

are shown in Figure 5. The values range from -126 mGals in the north 

central part of the study area to -156 mGals in the southwestern corner. The 

acceleration of gravity described by the complete Bouguer gravity anomalies 

is greatest in the northern portion of the study area and steadily decreases to 

the south. The curves generated by the contour lines in the southern half of 

the study area indicate a gravity low in the center of the basin. The axis of 

the gravity low coincides approximately with the stream channel of Cienega 

Creek. 

The gravity station locations and the four gravity profiles used in the 

SAKI modeling are also shown in Figure 5. Profile A-A' is parallel to Cienega 

Creek while the other three profiles are perpendicular to the creek. Geologic 

cross sections were built for each of these profiles to determine the thickness 

of the basin fill and the depth to bedrock. The bulk density values used for 

the modeling were 2.12 g/cm3 for the basin fill (Oppenheimer, 1980), 2.40 

g/cm3 for the Pantano Formation (Ellett, 1994), 2.61 g/cm3 for the Bisbee 

Formation, and 2.67 g/cm3 for the Paleozoic sedimentary rocks (Bittson, 

1976). 

Figure 6 is the SAKI output for gravity profile A-A'. The top half of 

Figure 6 shows the value in mGals of the complete Bouguer gravity anomaly 

(designated by the "+" symbol) plotted against distance in kilometers along 

the profile. The solid line running through the + symbols is the gravity 
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anomaly generated by SAKI based on the geologic cross section shown in the 

bottom half of Figure 6. The goal of modeling with SAKI is to create geologic 

cross sections that produce gravity anomalies (indicated by the solid line) 

that match the anomalies observed in the field (indicated by the+ symbol). 

Well data, surface geology, and the modeler's geologic sense are used to 

constrain the model. 

The vertical axis of the lower plot in Figure 6 (labeled "depth km") is 

elevation above sea level in kilometers. The negative sign is due to the SAKI 

input requirement that elevation be treated as negative depth. The 

horizontal axis in both the upper and lower plots is the distance along the 

profile in kilometers. 

Figure 6 shows basin fill nearly 1,000 meters thick at the south central 

edge of the study area. The basin fill steadily decreases in thickness 

proceeding north and is less than 100 meters thick after 10 kilometers. At 

approximately 13 kilometers the basin fill pinches out and the Bisbee 

Formation outcrops. The Bisbee Formation remains at the surface for the 

remainder of the profile. 

The SAKI output for profile B-B' is shown in Figure 7. The gravity 

high on the west side of the profile corresponds to a gravity high observed by 

Bittson (1976). Bittson concluded the gravity high was due to a basement 

horst extending from the Empire Mountains. The basin fill is over 800 

meters thick at approximately 3 kilometers on the profile and continues to 

thin proceeding east. The Pantano Formation outcrops 10.4 kilometers along 

the profile followed by the Bisbee Formation at 11.7 kilometers. 
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Figure 8 is the SAKI output for gravity profile C-C'. The profile begins 

on the Bisbee Formation on the west side of the study area and ends on the 

Bisbee Formation on the east side. The basin fill reaches a thickness of 

approximately 235 meters in the area between 6 and 7 kilometers on the 

profile. The basin fill gradually thins to the east and west of this area. 

The SAKI output for profile D-D' is shown in Figure 9. The profile 

begins on the Bisbee Formation at the base of the Empire Mountains and 

ends on the Bisbee Formation on the east side of the study area. The basin 

fill reaches a thickness of approximately 100 meters at 7.5 kilometers on the 

profile. The normal fault at 6.8 kilometers on the profile corresponds to a 

concealed fault mapped by Drewes (1980). 

The four geologic cross sections generated by SAKI were used to create 

a depth to bedrock map for the entire study area (Figure 10). Bedrock is 

approximately 900 meters below Cienega Creek at the southern edge of the 

study area. The depth to bedrock steadily decreases going north until 

bedrock crops out near the confluence of Pump Canyon and Cienega Creek. 

Cienega Creek flows on the surface of bedrock or on a thin layer of stream 

channel alluvium from this point to the northern edge of the study area. 

The extension of the 100 meter contour line in the northeast corner of the 

study area corresponds with the depth to bedrock contours generated by 

Ellett's (1994) study of the lower basin. Figure 10 also shows the locations of 

wells used to constrain depth to bedrock values. The depth to bedrock values 

reported by two wells located in Sections 3 and 17 of Township 19 South, 

Range 17 East disagreed significantly with the depth to bedrock values 

reported by other wells and were not used to constrain the SAKI models. 
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CHAPTERS 

STREAMFLOW AND DEPTH TO BEDROCK DATA 

Perennial Streamflow Data 

Cienega Creek perennial flow rates were obtained from the Tucson 

Resource Area of the U. S. Department of the Interior, Bureau of Land 

Management. The flow was measured using a flowmeter at three stations on 

a monthly basis between March 1983 and July 1985 (with the exception of 

April 1985). Station 1 was located in the southeast corner of Section 34, 

Township 18 South, Range 17 East (see Figure 11). Station 2 was located on 

the west central side of Section 13, Township 18 South, Range 17 East. 

Station 3 was located at The Narrows which is on the boundary between 

Sections 6 and 7, Township 18 South, Range 18 East. Station 2 was 

approximately 6 kilometers (3.75 miles) downstream of station 1, and station 

3 was approximately 4 kilometers (2.5 miles) downstream of station 2. 

Figure 12 shows a comparison of the flow rates at stations 1 and 2. 

The minimum recorded flow at station 1 was 9.8 liters per second (1/s) [156 

gallons per minute (g/m)] in June 1985. A maximum flow of 82.3 1/s (1,304 

g/m) was recorded after two weeks of heavy rains in July 1984. The mean 

flow at station 1 was 29.0 1/s (460 g/m). The minimum recorded flow at 

station 2 was 37.7 1/s (597 g/m) in July 1985. A maximum flow of 174.1 1/s 

(2,760 g/m) was measured after the storm events of July 1984. The mean 

flow at station 2 was 70.91/s (1,124 g/m). 

Figure 13 shows a comparison of the flow rates at stations 1, 2, and 3. 

The minimum recorded flow at station 3 was 21. 7 1/s (344 g/m) in July 1983. 
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A maximum flow of 186.3 1/s (2,954 g/m) was recorded after the previously 

mentioned rains of July 1984. The mean flow at station 3 was 81.0 1/s (1,284 

g/m). 

The salient feature in Figure 12 is the flow at station 2 always 

measured at a rate higher than the flow at station 1. However, the flow rate 

relationship between station 2 and 3 in Figure 13 is less consistent. The 

general trend indicates the flow at station 2 was greater than station 3 

during the months May through September, and less than station 3 during 

the months October through April. 

Comparison of Streamflow and Depth to Bedrock Data 

The relationship between depth to bedrock and the mean flow rates at 

stations 1, 2, and 3 is shown in Figure 14. The horizontal axis is the distance 

along Cienega Creek starting at station 1 and ending at station 3. The mean 

flow is 29.0 1/s (460 g/m) at station 1, 70.9 1/s (1,124 g/m) at station 2, and 81.0 

1/s (1,284 g/m) at station 3. The mean flow rate from station 1 to 2 increases 

144 percent as depth to bedrock decreases approximately 300 meters (984 

feet). The mean flow rate from station 2 to 3 increases 14 percent as depth to 

bedrock decreases approximately 10 meters (33 feet). 

A total of 28 months of streamflow data, from March 1983 to July 1985, 

was obtained from BLM. Figures 15 through 17 are histograms showing the 

frequency of occurrence of the various percent increases in flow rate from 

station 1 to 2. In Figure 15, 50 percent of the 28 measurements show a flow 

rate increase between 100 and 150 percent, and 86 percent of the 28 

measurements show a flow rate increase between 100 and 250 percent. The 



FIGURE 14. DEPTH TO BEDROCK AND 
MEAN FLOW RATES VS DISTANCE 

85 

eoJ _. 
- - - Sta.3 -75 --...-. --frl 70 

-
/ Sta.2 en 

....._ 65 / a: / 

w / 
I- 60 / 

~ / 
/ ._.. 55 

/ w / 

~ 50 
/ 

/ 
/ 

3: 45 / 
/ 

g 40 
/ 

/ 

LL / 
/ 35 

/ 
'/ 

301 ., 
Sta.1 

25 I b I I ~ I I b I 

' ~ I 
2 4 5 7 10 

DISTANCE ALONG CIENEGA CREEK (KM) 

I + DEPTH TO BEDROCK ----- MEAN FLOW RATE I 

...-. en a: w 
0 tu 

~ 
50 ._.. 

~ 

100 8 
a: 

1so C w 
al 

200 0 
I-

250 ~ 
D.. w 

300 C 

I 350 

01 
0 



14-------
>, 1 2 -+------
g 1 0 -+-------
Q) 8 -+-------
g. 6 -+-------
~ 4 ....... ------
u.. 2 -+-------

0 .J....1---~---+-
0 
to 
50 

50 
to 

100 

100 
to 

150 

150 
to 

200 

200 
to 

250 

250 
to 

300 

Percent Increase in Flow Rate 

300 
to 

350 

350 
to 

410 

Figure 15. Histogram of Percent Increase in Flow Rate From Station 1 to 2 
for All Months (Total= 28 Months) 

6------
~ 5 -+------
c: 4 -+-------
~ 3 -+------
g 2 -+------

LL 1 
0 

0 
to 
50 

50 
to 

100 

100 
to 

150 

150 
to 

200 

200 
to 

250 

250 
to 

300 

Percent Increase in Flow Rate 

300 
to 

350 

350 
to 

410 
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mean increase in flow rate in Figure 15 is 165 percent. Figures 16 and 17 

divide the 28 measurements into the 13 measurements taken during the 

months May through September and the 15 measurements taken during the 

months October through April, respectively. In Figure 16, 77 percent of the 

13 measurements show a flow rate increase between 100 and 250 percent, 

with a mean increase of 185 percent. In Figure 17, 93 percent of the 15 

measurements show a flow rate increase between 100 and 250 percent, with a 

mean increase of 146 percent. 

Figures 18 through 20 are histograms showing the frequency of 

occurrence of the various percent increases and decreases in flow rate from 

station 2 to 3. The mean increase in flow rate shown in Figure 18 for all 28 

measurements is 11 percent, however, no distinct trend is evident. Figures 

19 and 20 again divide the 28 measurements into the 13 measurements taken 

during the months May through September and the 15 measurements taken 

during the months October through April, respectively. In Figure 19, all 13 

measurements show either a decrease in flow rate or an increase of less than 

10 percent. The mean change in flow rate in Figure 19 is a 10 percent 

decrease. In Figure 20, all 15 measurements show either an increase in flow 

rate or a decrease of less than 10 percent. The mean change in flow rate in 

Figure 20 is a 29 percent increase. 

In summary, the flow rate from station 1 to 2 increases an average of 

165 percent as depth to bedrock decreases approximately 300 meters (984 

feet). The flow rate from station 2 to 3 decreases an average of 10 percent in 

the summer and increases an average of 29 percent in the winter as depth to 

bedrock decreases approximately 10 meters (33 feet). 
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CHAPTER6 

ALLUVIAL TROUGH AND GRAVITY ANOMALIES 

Analysis of the Alluvial Trough 

The northeast corner of Figure 10 forms the southern boundary of the 

northeast trending alluvial trough described by Ellett (1994). Ellett 

hypothesized the alluvial trough could serve as a conduit allowing 

groundwater from the upper Cienega Creek basin to travel northeast into the 

San Pedro basin and bypass the lower Cienega Creek basin. Two significant 

implications result from this hypothesis. First, the amount of recharge to the 

lower Cienega Creek basin may be lower than previously estimated and 

therefore the perennial streamflow in the Cienega Creek Natural Preserve 

may be more sensitive to groundwater pumping. Second, it may be necessary 

to reevaluate previous hydrologic studies conducted on the San Pedro basin 

that neglected recharge from the upper Cienega Creek basin. 

Figure 10 shows the trough does extend into the upper Cienega Creek 

basin with depth to bedrock values less than 100 meters (328 feet). However, 

bedrock outcrops along Wood Canyon prevent a major portion of the trough 

from extending further south into the upper Cienega Creek basin. Although 

the bedrock outcrops do not form a solid barrier, the surface width of the 

trough is reduced from approximately 6 kilometers (3.75 miles) along Fresno 

Canyon to less than 1.5 kilometers (0.94 miles) along Wood Canyon. It is 

possible that groundwater is flowing in a northeast direction between the 

bedrock outcrops of Wood Canyon and through the trough, however, the 
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subsurface flows would be perpendicular to the surface flows in Mattie, Wood, 

Fresno, and Apache Canyons. 

Gravimetry can be used to estimate the geometry of alluvial basins, 

but it cannot be used to determine the direction of groundwater flow. The 

direction of groundwater flow in the trough could be found by constructing a 

potentiometric surface based on head data from a minimum of three wells. 

Analysis of groundwater chemistry and the study of surface geology could 

also give insight to the direction of groundwater flow. However, these 

activities were beyond the scope of this project. 

Analysis of Gravity Anomalies 

The complete Bouguer gravity anomalies in the Cienega Creek area 

are shown in Figure 21. The map was created by combining the results of the 

gravity survey used in this study with the results of previous gravity surveys 

found in the U.S. Defense Mapping Agency gravity library (1988). A total of 

1,445 gravity stations were used to contour the gravity anomalies in Figure 

21. 

A prominent feature in the southeast corner of Figure 21 is the 

northwest trending gravity low (the center of which is designated with the 

number "1"). Bittson (1976) estimated the basin fill to be over 1,524 meters 

(5,000 feet) thick in the center of the gravity low. The Cienega Creek 

watershed boundary nearly bisects the gravity low, and as a result the 

surface water divide and the groundwater divide do not coincide. Simpson et 

al. (1983) placed the groundwater divide nearly parallel and approximately 8 

kilometers (5 miles) southeast of the surface water divide. The surface water 
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and groundwater divides more closely coincide in the southwest corner of 

Figure 21 (number "2"). Simpson et al. (1983) placed the groundwater divide 

nearly parallel and approximately 1.6 kilometers (1 mile) north of the surface 

water divide. 

The complete Bouguer gravity anomaly values in Figure 21 become 

less negative along Cienega Creek north of the gravity low and reach a 

maximum near The Narrows (number "3"). The complete Bouguer gravity 

anomaly values decrease north of The Narrows and reach another minim um 

in the lower Cienega Creek basin (number "4"). Ellett (1994) estimated the 

basin fill to be over 366 meters (1,200 feet) thick in the center of this gravity 

low. 

A majority of the perennial streamflow in Cienega Creek is found 

between the gravity lows located in the upper and lower basins. Cienega 

Creek is ephemeral near both gravity lows. The greatest Cienega Creek 

perennial flow rates were recorded near the gravity high in the vicinity of The 

Narrows where basin fill is absent and bedrock crops out. 
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The primary objective of this hydrogeological evaluation of the upper 

Cienega Creek basin was to quantitatively analyze the relationship between 

the relative volume of perennial streamflow in Cienega Creek and the depth 

to bedrock in the surrounding basin. The hypothesis was that the occurrence 

and relative volume of perennial streamflow in Cienega Creek are controlled 

by the location and configuration of bedrock. The results of the study both 

support and contradict this hypothesis. 

Perennial streamflow data taken at three Cienega Creek stations on a 

monthly basis for 28 months were compared to depth to bedrock data. All 28 

streamflow measurements showed a flow rate increase from station 1 to 2 

(Figure 11), with 86 percent of the measurements showing a flow rate 

increase between 100 and 250 percent. The mean change in flow rate during 

these months was a 165 percent increase. The flow rate increases occurred as 

depth to bedrock decreased approximately 300 meters (984 feet) (Figure 10). 

These results support the hypothesis that the bedrock is controlling the 

occurrence and relative volume of perennial streamflow by acting as a basal 

aquitard and directing groundwater to the surface in a fairly consistent and 

significant manner. The source of this groundwater, based on groundwater 

contours by Kennard et al. (1988), is the central portion of the upper Cienega 

Creek basin and also mountain front recharge from the Whetstone and 

Empire Mountains. 
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The 28 flow measurements taken between stations 2 and 3 produced 

less uniform results. A trend was observed, however, by dividing the 28 

measurements into the 13 measurements taken during the months May 

through September and the 15 measurements taken during the months 

October through April. All 13 measurements taken during the months May 

through September showed either a decrease in flow rate or an increase of 

less than 10 percent. The mean change in flow rate during these months was 

a 10 percent decrease. All 15 measurements taken during the months 

October through April showed either an increase in flow rate or a decrease of 

less than 10 percent. The mean change in flow rate during these months was 

a 29 percent increase. The flow rate changes occurred as depth to bedrock 

decreased approximately 10 meters (33 feet). These results contradict the 

hypothesis that the bedrock is controlling the occurrence and relative volume 

of perennial streamflow in this reach. According to the hypothesis, the 

relative volume of perennial streamflow in Cienega Creek should remain 

nearly constant as the depth to bedrock remains nearly constant. These 

results indicate other factors eclipsed the control of bedrock on the relative 

volume of perennial streamflow between stations 2 and 3. Factors that could 

have affected the relative volume of perennial streamflow in this reach 

include increased evapotranspiration in the summer, and extended run-off 

from long duration storms in the winter. However, accurate definition and 

assessment of these factors were not possible due to insufficient data. 

The secondary objectives of this study were to (1) examine the southern 

boundary of an alluvial trough described by Ellett (1994), and (2) create a 

complete Bouguer gravity anomaly map of the upper and lower Cienega 
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Creek basins. The gravity survey results indicate the alluvial trough does 

extend from the lower basin into the upper basin with depth to bedrock 

values less than 100 meters (328 feet). However, bedrock outcrops along 

Wood Canyon prevent a major portion of the trough from extending further 

south into the upper basin. The question on whether the trough allows 

groundwater from the upper Cienega Creek basin to travel northeast into the 

San Pedro basin and bypass the lower Cienega Creek basin remains 

unanswered. The gravimetry results were used to support the existence of 

the trough, but they could not be used to determine the direction of 

groundwater flow within the trough. 

The results of the complete Bouguer gravity anomaly map show 

significant gravity lows in the upper and lower basins. Bittson (1976) 

estimated the basin fill to be over 1,524 meters (5,000 feet) thick at the 

gravity low in the upper basin, and Ellett (1994) estimated the basin fill to be 

over 366 meters (1,200 feet) thick at the gravity low in the lower basin. 

Cienega Creek is ephemeral near both gravity lows. The greatest perennial 

flow rates were recorded near the gravity high between the two gravity lows 

where basin fill is absent and bedrock crops out. These results indicate that 

the occurrence of perennial streamflow in the Cienega Creek basin is 

influenced by the location and configuration of bedrock. 

Management Implications 

The perennial streamflow and riparian zones found in the BLM 

administered upper Cienega Creek basin are valuable aesthetic and 

recreational resources and play a critical role in the preservation of 
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vegetation and wildlife. Cienega Creek contains the largest population of 

Gila topminnow in the United States supporting a conservative estimate of 

2.5 million of the endangered fish (Simms, 1992). The Endangered Species 

Act requires BLM, in consultation with the U.S. Fish and Wildlife Service, to 

ensure that any action it funds, authorizes, or carries out will not jeopardize 

the continued existence of any federally-listed species. An understanding of 

the factors influencing the occurrence of perennial streamflow in Cienega 

Creek is necessary to assist in the preservation of not only the perennial 

reaches, but also the species whose survival depends on these waters. 

The depth to bedrock map generated by this project indicates the 

thickness of the basin fill decreases approximately 1,000 meters (3,281 feet) 

going north through the study area. Consequently, groundwater in the 

phreatic aquifer is diverted up and appears as surface water in Cienega 

Creek. Pumping from the phreatic aquifer could reduce the volume of 

groundwater reaching Cienega Creek. As a result, the gaining reaches of 

Cienega Creek could receive less groundwater and the amount of surface 

water available for riparian habitat could be decreased. 

In the northern portion of the study area, Cienega Creek flows on the 

surface of bedrock or on a thin layer of stream channel alluvium above the 

bedrock. Based on streamflow measurements, significant and consistent 

upwelling of groundwater does not appear to be occurring in this reach of the 

creek. Human actions in this area that could reduce the amount of surface 

water available for riparian habitat include pumping water directly from 

Cienega Creek or diverting the streamflow. Groundwater pumping in this 
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area would not be anticipated due to the potentially high drilling costs and 

relatively low transmissivity of bedrock. 

Recommendations 

Various actions relating to gravimetry and streamflow data acquisition 

could be taken to improve and build upon the results presented in this thesis. 

The interpretation of gravity data consisted of constructing a hypothetical 

distribution of mass that produced gravity anomalies that matched the 

gravity anomalies observed in the filed. The density, shape, and depth of the 

causative body were the unknowns. Additional rock density and well log data 

would be very useful in constraining future geophysical models. The monthly 

streamflow data used in this project often produced large spikes in the 

streamflow plots. The spikes could be smoothed and more robust conclusions 

could be drawn if the data had been taken on a more frequent basis. It 

should be noted BLM recently installed a recording stream gage at the 

location of station 2. 

A comprehensive analysis of evapotranspiration between stations 2 

and 3 could help in explaining the decrease in streamflow observed in this 

reach during the summer months. The installation of rain gauges and the 

measurement of streamflow along Cienega Creek between the influxes of 

Wood, Pump, Fresno, and Apache Canyons could assist in elucidating the 

increase in streamflow observed between stations 2 and 3 during the winter 

months. 

Additional analysis of the alluvial trough is necessary to determine if 

groundwater from the upper Cienega Creek basin is moving into the San 
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Pedro basin and bypassing the lower Cienega Creek basin. The results of the 

gravity survey support the existence of the trough but the direction of 

groundwater flow could not be determined. Information regarding the 

direction of groundwater flow could be obtained by constructing a 

potentiometric surface from well data, performing detailed investigations of 

the surface geology, and/or analyzing the chemistry of groundwater from 

wells located northeast of the Cienega Creek basin and comparing it with the 

chemistry of groundwater within the basin. If groundwater was found to be 

moving through the trough, a more thorough evaluation of depth to bedrock 

between the outcrops of Wood Canyon could aid in estimating the flow 

volume. 

Gravity data and geological information can be used to estimate the 

total volume of groundwater, the volume of saturated sediments, and the 

volume of groundwater available from storage in intermontane basins, such 

as the Cienega Creek basin (West and Sumner, 1972). The method requires 

the evaluation of residual gravity anomalies which consist of the complete 

Bouguer gravity anomalies minus the regional gravity trend. Residual 

gravity anomalies could be produced from the complete Bouguer gravity 

anomalies found in this study and Ellett's (1994) thesis, and then combined 

with the results of Bittson's (1976) study to create a residual gravity anomaly 

map of the upper and lower Cienega Creek basins. The groundwater data 

produced by an analysis utilizing West and Sumner's methods could be useful 

in the development of a water management program for the entire basin. 
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APPENDIX A: 

Gravity Data Reduction Files 



gravity data reduction - calculation of free air and bouguer gravity anomaly values 

run title: program pfact 
run date, time: Fri Oct 20 11:11:43 1995 

filenames for input and output files 

printer output on: lmypft.pnt 

principal fact (input) file on: mypft.new 

gravity anomaly output file on: mypft.out 

run parameters 

alternate bouguer reduction densities (gm/cc): 2.20 2.40 2.60 2.80 3.00 

theoretical gravity computed from IGSN71 formula 

origin latitude,longitude(deg): 0.000, 0.000 

gravity data in standard format 

principal fact list, anomalies at 2.67 gm/cc density 

heading abbreviations: id-station identification; lat-latitude; long-longitude; alt-altitude; cg-observed gravity; 
thg-theoretical gravity; faa-free air gravity anomaly; sba-simmple bouguer gravity anomaly; 
htc-hand terrain correction; ttc-total terrain correction; cc-curvature correction 
cba-complete bouguer gravity anomaly; s.d.cba-standard deviation of complete bouguer gravity anomaly 

id lat long alt og thg faa sba htc ttc cc cba s.d.cba id 
---------------------------------------------------------------------------------------------------------------------
erOOl 31 50.150 -110 34.510 4302.00f 979076.219 979470.177 10.64 -136.09 0.00 0.92 1.31 -136.48 0.35 erOOl 
er002 31 52.030 -110 33.200 4263.00f 979086.760 979472.714 14.97 -130.42 0.00 0.67 1.31 -131.06 0.33 er002 
er003 31 51.602 -110 32.584 4291.00f 979084.835 979472.136 16.26 -130.09 0.01 1.09 1.31 -130.31 0.37 er003 
er004 31 51.074 -110 31.158 4635.00f 979060.154 979471.423 24.63 -133.45 0.02 0.96 1.36 -133.85 0.36 er004 
er005 31 51.750 -110 31.545 4674.00f 979057.365 979472.336 24.60 -134.82 0.01 1.63 1.37 -134.55 0.44 er005 
er006 31 50.519 -110 30.811 4841.00f 979044.271 979470.675 28.87 -136.24 0.01 1.61 1.39 -136.02 0.44 er006 
er007 31 50.387 -110 31.577 4528.00f 979064.032 979470.497 19.38 -135.06 0.00 0.90 1.35 -135.50 0.35 er007 
er008 31 52.986 -110 33.088 4333.00f 979086.274 979474.005 19.78 -128.00 0. 40 1.73 1.32 -127.59 0. 46 er008 c:n er009 31 50.157 -110 32.576 4429.00f 979070.050 979470.186 16.40 -134.66 0.00 0.95 1.33 -135.04 0.36 er009 01 



id lat long alt og thg faa sba htc ttc cc cba s.d.cba id 
-----------------------------------------------------------------------------------------------------------------

er010 31 45.681 -110 37.112 4536.00f 979038.890 979464.150 1.34 -153.37 0.00 0.71 1.35 -154.01 0.33 erOlO 
erOll 31 45.487 -110 36.408 4533.00f 979038.125 979463.889 0.55 -154.05 0.00 0.71 1.35 -154.69 0.33 erOll 
er012 31 45.347 -110 35.664 4601.00f 979033.992 979463.700 3.00 -153.92 0.00 0.59 1.36 -154.69 0.32 er012 
er013 31 45.443 -110 34.429 4603.00f 979035.272 979463.830 4.34 -152.65 0.00 0.65 1.36 -153.36 0.33 er013 
er014 31 45.916 -110 33.673 4576.00f 979039.639 979464.467 5.53 -150.54 0.00 0.77 1.35 -151.13 0.34 er014 
er015 31 46.345 -110 32.368 4855.00f 979028.969 979465.045 20.51 -145.08 0.01 0.91 1.39 -145.56 0.35 er015 
er016 31 47.497 -110 34.846 4443.00f 979053.430 979466.598 4.68 -146.85 0.00 0.72 1.33 -147.47 0.33 er016 
er017 31 48.137 -110 33.371 4539.00f 979052.720 979467.461 12.14 -142.67 0.00 0.91 1.35 -143.11 0.35 er017 
er018 31 47.226 -110 31.819 4667.00f 979046.440 979466.233 19.12 -140.06 0.00 1.57 1.37 -139.85 0.44 er018 
er019 31 49.312 -110 34.111 4441.00f 979063.032 979469.046 11.65 -139.82 0.00 0.74 1.33 -140.41 0.34 er019 
er020 31 49.395 -110 32.892 4460.00f 979063.911 979469.158 14.20 -137.91 0.00 1.48 1.34 -137.77 0.42 er020 
er021 31 49.343 -110 30.627 4791.00f 979045.257 979469.088 26.74 -136.67 0.00 0.98 1.38 -137.07 0.36 er021 
er022 31 48.026 -110 35.794 4432.00f 979056.355 979467.312 5.86 -145.30 0.00 0.62 1.33 -146.01 0.33 er022 
er023 31 48.230 -110 35.284 4357.00f 979062.163 979467.587 4.34 -144.26 0.00 0.69 1.32 -144.89 0.33 er023 
er024 31 48.119 -110 36.649 4440.00f 979056.417 979467.437 6.55 -144.88 0.00 0.73 1.33 -145.49 0.34 er024 
er025 31 49.356 -110 35.506 4332.00f 979069.312 979469.105 7.62 -140.13 0.00 0.81 1.32 -140.63 0.34 er025 
er026 31 49.644 -110 36.370 4438.00f 979064.299 979469.494 12.19 -139.18 0.00 0.67 1.33 -139.84 0.33 er026 
er027 31 49.626 -110 35.887 4370.00f 979067.998 979469.470 9.52 -139.53 0.00 0.66 1.32 -140.19 0.33 er027 
er030 31 49.495 -110 35.088 4299.00f 979071.877 979469.293 6.90 -139.73 0.00 0.98 1.31 -140.06 0.36 er030 
er031 31 49.852 -110 35.163 4290.00f 979074.465 979469.775 8.16 -138.16 0.00 0.90 1.31 -138.57 0.35 er031 
er032 31 50.741 -110 36.773 4378.00f 979072.831 979470.974 13.60 -135.72 0.00 0.78 1.32 -136.27 0.34 er032 
er033 31 51.573 -110 36.716 4627.00f 979061.986 979472.097 25.04 -132.77 0.10 1.25 1.36 -132.88 0.39 er033 
er034 31 50.468 -110 35.123 4307.00f 979076.815 979470.606 11.28 -135.62 0.00 0.77 1.31 -136.17 0.34 er034 
er035 31 50.979 -110 35.954 4424.00f 979072.566 979471.295 17.34 -133.55 0.01 0.65 1.33 -134.23 0.33 er035 
er036 31 51.082 -110 35.326 4416.00f 979072.406 979471.434 16.29 -134.33 0.01 0.64 1.33 -135.02 0.33 er036 
er037 31 51.107 -110 34.209 4306.00f 979081.262 979471.468 14.77 -132.10 0.00 0.66 1.31 -132.75 0.33 er037 
er038 31 51.843 -110 33.949 4185.00f 979091.732 979472.462 12.87 -129.87 0.00 0.75 1.29 -130.41 0.34 er038 
er039 31 54.207 -110 35.854 4491.00f 979078.985 979475.654 25.70 -127.48 0.02 1.60 1.34 -127.22 0.44 er039 
er040 31 54.028 -110 34.403 4232.00f 979095.940 979475.412 18.54 -125.80 0.00 1.01 1.30 -126.09 0.36 er040 
er041 31 53.471 -110 32.798 4026.00f 979106.221 979474.660 10.21 -127.11 0.00 0.90 1.26 -127.47 0.35 er041 
er042 31 53.078 -110 31.593 4279.00f 979087.462 979474.129 15.77 -130.18 0.00 0.86 1.31 -130.62 0.35 er042 
er043 31 49.423 -110 37.535 4518.00f 979059.303 979469.196 15.01 -139.08 0.00 0.90 1.35 -139.53 0.35 er043 
er044 31 52.596 -110 36.138 4493.00f 979076.199 979473.478 25.27 -127.97 0.00 1.10 1.34 -128.21 0.37 er044 
er045 31 53.064 -110 35.462 4373.00f 979084.844 979474.110 22.00 -127.14 0.00 1.06 1.32 -127.41 0.37 er045 
er046 31 52.329 -110 34.678 4362.00f 979083.267 979473.118 20.39 -128.39 0.01 0.76 1.32 -128.95 0.34 er046 
er047 31 46.853 -110 38.530 4643.00f 979039.263 979465.730 10.19 -148.17 0.00 0.74 1.36 -148.79 0.34 er047 
er048 31 46.320 -110 37.847 4586.00f 979040.439 979465.011 6.73 -149.69 0.00 0.66 1.36 -150.38 0.33 er048 
er049 31 47.237 -110 38.035 4539.00f 979049.459 979466.247 10.09 -144.72 0.00 0.79 1.35 -145.28 0.34 er049 
er050 31 47.971 -110 38.172 4592.00f 979047.439 979467.237 12.06 -144.55 0.00 0.72 1.36 -145.19 0.33 er050 
er052 31 46.897 -110 35.702 4427.00f 979050.678 979465.789 1.24 -149.75 0.00 0.70 1.33 -150.38 0.33 er052 
er053 31 47.062 -110 35.525 4411.00f 979052.730 979466.012 1.56 -148.88 0.00 0.69 1.33 -149.52 0.33 er053 
er054 31 47.230 -110 35.359 4417.00f 979053.258 979466.238 2.43 -148.22 0.00 0.66 1.33 -148.89 0.33 er054 
er055 31 47.270 -110 35.974 4497.00f 979048.534 979466.292 5.17 -148.21 0.00 0.71 1.34 -148.84 0.33 er055 
er056 31 46.584 -110 36.970 4515.00f 979044.647 979465.367 3.90 -150.09 0.00 0.65 1.35 -150.78 0.33 er056 
er058 31 46.329 -110 35.537 4501.00f 979043.145 979465.024 1.43 -152.09 0.00 0.66 1.34 -152.77 0.33 er058 
er059 31 46.438 -110 35.049 4461.00f 979046.258 979465.170 0.63 -151.52 0.00 0.94 1.34 -151.91 0.36 er059 
er060 31 46.718 -110 35.374 4408.00f 979050.435 979465.548 -0.55 -150.89 0.00 1.09 1.33 -151.13 0.37 er060 
er061 31 46.548 -110 36.076 4453.00f 979046.860 979465.319 0.33 -151.54 0.00 0.68 1.34 -152.20 0.33 er061 
5918LlA- 31 45.170 -110 35.410 4500.20f 979038.970 979463.462 -1.26 -154.75 0.00 1.00 1.34 -155.09 0.23 5918LlA- ~ 

~ 



id lat long alt og thg faa sba htc ttc cc cba s.d.cba id 
---------------------------------------

3138E052 31 45.200 -110 35.700 4542.20f 979035.480 979463.502 -0.84 -155.76 0.00 0.69 1.35 -156.42 0.18 3138E052 
5918L1A- 31 45.280 -110 36.040 4540.20f 979037.000 979463.610 0.38 -154.47 0.00 0.68 1.35 -155.14 0.18 591811A-
59188-31 31 45.330 -110 36.700 4550.lOf 979035.760 979463.677 0.01 -155.18 0.00 0.65 1.35 -155.88 0.17 5918B-31 
3138E051 31 45.500 -110 36.400 4530.lOf 979037.360 979463.907 -0.50 -155.01 0.00 0.69 1.35 -155.67 0.18 3138E051 
3138E050 31 45.700 -110 37.100 4539.90f 979038.260 979464.176 1. 05 -153. 79 0.00 0.68 1.35 -154.46 0.18 3138E050 
3138E099 31 45.800 -110 39.400 4786.00f 979025.400 979464.311 11.19 -152.04 0.00 0.80 1.38 -152.63 0.20 3138E099 
3138E055 31 45.900 -110 33.700 4600.00f 979041.050 979464.446 9.22 -147.67 0.00 0.71 1.36 -148.32 0.18 3138E055 
5918DH-E 31 46.210 -110 37.710 4600.30f 979038.240 979464.863 6.02 -150.88 0.00 0.64 1.36 -151.60 0.17 5918DH-E 
3138E056 31 46.300 -110 34.600 4485.lOf 979045.460 979464.985 2.29 -150.68 0.00 1.08 1.34 -150.95 0.24 3138E056 
3138E049 31 46.400 -110 37.900 4600.00f 979040.740 979465.119 8.23 -148.66 0.00 0.66 1.36 -149.35 0.17 3138E049 
5918L1A- 31 46.450 -110 37.400 4560.30f 979043.370 979465.187 7.06 -148.47 0.00 0.68 1.35 -149.14 0.18 591811A-
5918L1A- 31 46.630 -110 36.930 4525.20f 979044.110 979465.429 4.26 -150.08 0.00 0.63 1.35 -150.79 0.17 591811A-
3138E053 31 46.800 -110 35.700 4480.20f 979042.310 979465.658 -2.00 -154.80 0.00 0.61 1.34 -155.53 0.17 3138E053 
3138E044 31 46.800 -110 38.500 4645.20f 979038.990 979465.658 10.19 -148.24 0.00 0.74 1.36 -148.86 0.19 3138E044 
5918L1A- 31 46.810 -110 36.460 4500.20f 979045.380 979465.672 2.94 -150.55 0.00 0.63 1.34 -151.26 0.17 591811A-
3138E054 31 46.900 -110 34.100 4559.90f 979046.130 979465.793 9.18 -146.34 0.00 0.76 1.35 -146.93 0.19 3138E054 
5918L1A- 31 47.080 -110 36.560 4445.lOf 979049.800 979466.036 1. 81 -149. 79 0.00 0.66 1.34 -150.47 0.17 5918LlA-
5918DH-E 31 47.130 -110 36.050 4493.30f 979047.180 979466.103 3.66 -149.59 0.00 0.69 1.34 -150.24 0.18 5918DH-E 
591811-1 31 47.230 -110 38.160 4550.lOf 979049.150 979466.238 10.83 -144.35 0.00 0.79 1.35 -144.92 0.19 591811-1 
5918SW-2 31 47.240 -110 32.340 4630.lOf 979048.780 979466.251 17.97 -139.94 0.00 2.33 1.36 -138.98 0.48 5918SW-2 
3138E045 31 47.300 -110 38.000 4539.90f 979046.250 979466.332 6.88 -147.96 0.00 0.79 1.35 -148.52 0.19 3138E045 
591811-1 31 47.340 -110 37.850 4570.lOf 979046.620 979466.386 10.04 -145.83 0.00 0.69 1.35 -146.50 0.18 591811-1 
5918118- 31 47.390 -110 38.110 4560.30f 979046.850 979466.454 9.28 -146.26 0.00 0.76 1.35 -146.85 0.19 5918118-
5918LlB- 31 47.490 -110 38.260 4590.lOf 979046.230 979466.589 11.32 -145.23 0.00 0.70 1.36 -145.89 0.18 5918118-
5918118- 31 47.610 -110 38.390 4620.30f 979046.270 979466.750 14.04 -143.54 0.00 0.73 1.36 -144.17 0.18 5918118-
5918Ll8- 31 47.750 -110 38.500 4650.20f 979046.320 979466.939 16.71 -141.89 0.00 0.77 1.37 -142.48 0.19 5918118-
591811B- 31 47.900 -110 38.860 4660.30f 979047.640 979467.142 18.78 -140.17 0.00 0.89 1.37 -140.64 0.21 5918118-
3138E046 31 48.000 -110 38.200 4600.00f 979046.950 979467.276 12.29 -144.60 0.00 0.72 1.36 -145.24 0.18 3138E046 
3138E047 31 48.000 -110 39.100 4675.lOf 979044.720 979467.276 17.12 -142.33 0.00 1.04 1.37 -142.66 0.24 3138E047 
591811B- 31 48.000 -110 39.360 4690.20f 979042.820 979467.276 16.64 -143.33 0.00 1.14 1.37 -143.56 0.25 5918118-
591811-2 31 48.060 -110 36.700 4440.20f 979055.090 979467.357 5.32 -146.12 0.00 0.74 1.33 -146.71 0.19 591811-2 
5918SW-5 31 48.170 -110 33.760 4480.20f 979057.160 979467.506 11.00 -141.80 0.00 1.16 1.34 -141.98 0.26 5918SW-5 
5918Ll-2 31 48.280 -110 36.510 4440.20f 979057.760 979467.654 7.70 -143.74 0.00 0.66 1.33 -144.42 0.17 591811-2 
591811-3 31 48.650 -110 36.040 4385.lOf 979061.650 979468.153 5.91 -143.65 0.00 0.64 1.33 -144.34 0.17 591811-3 
5918Z-37 31 48.710 -110 39.270 4860.lOf 979039.360 979468.234 28.19 -137.57 0.00 1.09 1.39 -137.87 0.25 5918Z-37 
5918SW-8 31 48.800 -110 35.390 4320.lOf 979066.270 979468.355 4.21 -143.13 0.00 0.92 1.32 -143.53 0.22 5918SW-8 
3277 416 31 49.300 -110 35.500 4332.60f 979068.930 979469.030 7.37 -140.40 0.00 0.77 1.32 -140.94 0.19 3277 416 
5918Z-35 31 49.400 -110 37.570 4510.lOf 979059.430 979469.165 14.43 -139.40 0.00 0.97 1.34 -139.77 0.22 5918Z-35 
5918Z-34 31 49.570 -110 36.280 4440.20f 979064.450 979469.394 12.65 -138.79 0.00 0.66 1.33 -139.47 0.17 5918Z-34 
5918N-5 31 51.060 -110 31.380 4570.lOf 979063.720 979471.405 22.12 -133.75 0.00 0.86 1.35 -134.25 0.21 5918N-5 
5918N-3 31 51.520 -110 32.080 4440.20f 979074.720 979472.026 20.28 -131.16 0.00 0.78 1.33 -131.71 0.19 5918N-3 
5918N-18 31 51.770 -110 31.470 4640.30f 979059.240 979472.363 23.28 -134.99 0.00 1.51 1.36 -134.84 0.32 5918N-18 
5918HR-2 31 51.770 -110 32.750 4240.40f 979088.050 979472.363 14.49 -130.13 0.00 1.07 1.30 -130.37 0.24 5918HR-2 
5918HR-5 31 51.920 -110 37.730 4620.30f 979063.120 979472.565 25.08 -132.51 0.00 0.96 1.36 -132.91 0.22 5918HR-5 
5918HR-6 31 52.060 -110 38.430 4710.20f 979057.580 979472.754 27.80 -132.85 0.00 1.25 1.37 -132.97 0.27 5918HR-6 
5918HR-1 31 52.950 -110 35.390 4340.lOf 979085.490 979473.956 19.71 -128.31 0.00 1.06 1.32 -128.57 0.24 5918HR-1 
5918HR-2 31 52.990 -110 33.360 4070.lOf 979102.520 979474.010 11.30 -127.52 0.00 1.39 1.27 -127.40 0.30 5918HR-2 
5918HR-2 31 53.480 -110 33.450 4180.30f 979096.190 979474.672 14.67 -127.90 0.00 0.67 1.29 -128.53 0.17 5918HR-2 
5918HR-1 31 54.040 -110 34.440 4200.30f 979096.060 979475.429 15.66 -127.59 0.00 1.24 1.30 -127.65 0.27 5918HR-1 O') 

-:J 



program pfact date & time: Fri Oct 20 11:11:43 1995 

multiple density sba and cba values 
densities (gm/cc) 2.20 2.40 2.60 2.80 3.00 2.20 2.40 2.60 2.80 3.00 

id lat lon elev sbal sba2 sba3 sba4 sba5 cbal cba2 cba3 cba4 cba5 id 
----------------------------------------------------------------------------------------------------------------------

erOOl 31 50.15-110 34.51 4302.0 -110.26 -121.25 -132.24 -143.23 -154.22 -110.58 -121.60 -132.62 -143.64 -154.66 erOOl 
er002 31 52.03-110 33.20 4263.0 -104.83 -115.72 -126.61 -137.50 -148.39 -105.35 -116.29 -127.23 -138.17 -149.11 er002 
er003 31 51.60-110 32.58 4291.0 -104.33 -115.29 -126.25 -137.22 -148.18 -104.51 -115.49 -126.47 -137.45 -148.43 er003 
er004 31 51.07-110 31.16 4635.0 -105.62 -117.46 -129.31 -141.15 -152.99 -105.95 -117.83 -129.70 -141.57 -153.44 er004 
er005 31 51.75-110 31.55 4674.0 -106.75 -118.69 -130.64 -142.58 -154.52 -106.54 -118.46 -130.38 -142.30 -154.22 er005 
er006 31 50.52-110 30.81 4841.0 -107.18 -119.55 -131.91 -144.28 -156.65 -107.00 -119.35 -131.70 -144.05 -156.40 er006 
er007 31 50.39-110 31.58 4520:0 -107.87 -119.44 -131.01 -142.57 -154.14 -108.24 -119.84 -131.44 -143.04 -154.65 er007 
er008 31 52.99-110 33.09 4333.0 -101.99 -113.06 -124.13 -135.20 -146.27 -101.65 -112.69 -123.73 -134.77 -145.81 er008 
er009 31 50.16-110 32.58 4429.0 -108.07 -119.38 -130.70 -142.01 -153.33 -108.38 -119.73 -131.07 -142.41 -153.76 er009 
er010 31 45.68-110 37.11 4536.0 -126.14 -137.73 -149.31 -160.90 -172.49 -126.66 -138.30 -149.94 -161.57 -173.21 erOlO 
erOll 31 45.49-110 36.41 4533.0 -126.84 -138.42 -150.00 -161.58 -173.16 -127.36 -138.99 -150.62 -162.25 -173.88 erOll 
er012 31 45.35-110 35.66 4601.0 -126.30 -138.06 -149.81 -161.57 -173.32 -126.93 -138.75 -150.56 -162.37 -174.18 er012 
er013 31 45.44-110 34.43 4603.0 -125.02 -136.78 -148.54 -160.30 -172.06 -125.60 -137.42 -149.23 -161.04 -172.85 er013 
er014 31 45.92-110 33.67 4576.0 -123.07 -134.76 -146.45 -158.14 -169.83 -123.55 -135.29 -147.02 -158.75 -170.49 er014 
er015 31 46.35-110 32.37 4855.0 -115.93 -128.33 -140.74 -153.14 -165.54 -116.33 -128.77 -141.21 -153.64 -166.08 er015 
er016 31 47.50-110 34.85 4443.0 -120.18 -131.53 -142.88 -154.23 -165.58 -120.68 -132.08 -143.48 -154.87 -166.27 er016 
er017 31 48.14-110 33.37 4539.0 -115.42 -127.02 -138.61 -150.21 -161.81 -115.78 -127.41 -139.04 -150.67 -162.30 er017 
er018 31 47.23-110 31.82 4667.0 -112.04 -123.96 -135.88 -147.81 -159.73 -111.87 -123.78 -135.69 -147.59 -159.50 er018 
er019 31 49.31-110 34.11 4441.0 -113.15 -124.50 -135.85 -147.19 -158.54 -113.64 -125.03 -136.42 -147.82 -159.21 er019 
er020 31 49.40-110 32.89 4460.0 -111.13 -122.53 -133.92 -145.32 -156.71 -111.02 -122.40 -133.78 -145.17 -156.55 er020 
er021 31 49.34-110 30.63 4791.0 -107.90 -120.14 -132.38 -144.62 -156.86 -108.23 -120.51 -132.78 -145.05 -157.32 er021 
er022 31 48.03-110 35.79 4432.0 -118.69 -130.01 -141.34 -152.66 -163.98 -119.28 -130.65 -142.03 -153.41 -164.78 er022 
er023 31 48.23-110 35.28 4357.0 -118.10 -129.23 -140.36 -151.49 -162.63 -118.62 -129.80 -140.98 -152.16 -163.33 er023 
er024 31 48.12-110 36.65 4440.0 -118.23 -129.57 -140.91 -152.26 -163.60 -118.72 -130.11 -141.50 -152.89 -164.28 er024 
er025 31 49.36-110 35.51 4332.0 -114.12 -125.19 -136.25 -147.32 -158.39 -114.54 -125.64 -136.75 -147.85 -158.96 er025 
er026 31 49.64-110 36.37 4438.0 -112.53 -123.87 -135.21 -146.55 -157.89 -113.08 -124.47 -135.86 -147.24 -158.63 er026 
er027 31 49.63-110 35.89 4370.0 -113.29 -124.46 -135.62 -146.79 -157.95 -113.84 -125.05 -136.27 -147.48 -158.69 er027 
er030 31 49.49-110 35.09 4299.0 -113.92 -124.90 -135.88 -146.87 -157.85 -114.19 -125.20 -136.21 -147.21 -158.22 er030 
er031 31 49.85-110 35.16 4290.0 -112.40 -123.36 -134.32 -145.28 -156.24 -112.74 -123.73 -134.72 -145.71 -156.70 er031 
er032 31 50.74-110 36.77 4378.0 -109.44 -120.62 -131.81 -142.99 -154.18 -109.88 -121.11 -132.34 -143.56 -154.79 er032 
er033 31 51.57-110 36.72 4627.0 -104.99 -116.81 -128.63 -140.46 -152.28 -105.08 -116.91 -128.74 -140.57 -152.40 er033 
er034 31 50.47-110 35.12 4307.0 -109.76 -120.77 -131.77 -142.77 -153.78 -110.21 -121.26 -132.30 -143.34 -154.39 er034 
er035 31 50.98-110 35.95 4424.0 -106.99 -118.29 -129.60 -140.90 -152.20 -107.55 -118.91 -130.26 -141.61 -152.97 er035 
er036 31 51.08-110 35.33 4416.0 -107.82 -119.10 -130.38 -141.66 -152.94 -108.39 -119.72 -131.05 -142.39 -153.72 er036 
er037 31 51.11-110 34.21 4306.0 -106.25 -117.25 -128.25 -139.25 -150.25 -106.78 -117.83 -128.88 -139.93 -150.98 er037 
er038 31 51.84-110 33.95 4185.0 -104.74 -115.44 -126.13 -136.82 -147.51 -105.19 -115.92 -126.66 -137.39 -148.12 er038 
er039 31 54.21-110 35.85 4491.0 -100.51 -111.99 -123.46 -134.93 -146.41 -100.30 -111.76 -123.21 -134.66 -146.12 er039 
er040 31 54.03-110 34.40 4232.0 -100.39 -111.20 -122.01 -132.83 -143.64 -100.63 -111.46 -122.30 -133.13 -143.96 er040 
er041 31 53.47-110 32.80 4026.0 -102.94 -113.22 -123.51 -133.79 -144.08 -103.24 -113.55 -123.86 -134.17 -144.49 er041 
er042 31 53.08-110 31.59 4279.0 -104.49 -115.42 -126.35 -137.28 -148.21 -104.86 -115.82 -126.79 -137.75 -148.72 er042 m er043 31 49.42-110 37.53 4518.0 -111.96 -123.50 -135.04 -146.59 -158.13 -112.33 -123.90 -135.48 -147.05 -158.63 er043 00 



id lat lon elev sbal sba2 sba3 sba4 sba5 cbal cba2 cba3 cba4 cba5 id 
------------------------------------------------------------------------------------------------------------

er044 31 52.60-110 36.14 4493.0 -100.99 -112.47 -123.95 -135.43 -146.91 -101.19 -112.69 -124.19 -135.68 -147.18 er044 
er045 31 53.06-110 35.46 4373.0 -100.89 -112.06 -123.23 -134.41 -145.58 -101.11 -112.30 -123.49 -134.68 -145.87 er045 
er046 31 52.33-110 34.68 4362.0 -102.20 -113.34 -124.49 -135.63 -146.77 -102.66 -113.85 -125.03 -136.22 -147.41 er046 
er047 31 46.85-110 38.53 4643.0 -120.29 -132.15 -144.02 -155.88 -167.74 -120.81 -132.72 -144.62 -156.53 -168.44 er047 
er048 31 46.32-110 37.85 4586.0 -122.15 -133.87 -145.59 -157.30 -169.02 -122.73 -134.50 -146.26 -158.03 -169.80 er048 
er049 31 47.24-110 38.03 4539.0 -117.47 -129.06 -140.66 -152.26 -163.85 -117.93 -129.57 -141.21 -152.84 -164.48 er049 
er050 31 47.97-110 38.17 4592.0 -116.99 -128.72 -140.45 -152.18 -163.91 -117.51 -129.29 -141.07 -152.85 -164.63 er050 
er052 31 46.90-110 35.70 4427.0 -123.17 -134.48 -145.79 -157.10 -168.41 -123.69 -135.05 -146.41 -157.77 -169.12 er052 
er053 31 47.06-110 35.53 4411.0 -122.40 -133.67 -144.94 -156.21 -167.48 -122.93 -134.24 -145.56 -156.88 -168.19 er053 
er054 31 47.23-110 35.36 4417.0 -121.70 -132.99 -144.27 -155.56 -166.84 -122.25 -133.59 -144.92 -156.26 -167.59 er054 
er055 31 47.27-110 35.97 4497.0 -121.21 -132.70 -144.18 -155.67 -167.16 -121.73 -133.26 -144.80 -156.34 -167.87 er055 
er056 31 46.58-110 36.97 4515.0 -122.98 -134.52 -146.05 -157.59 -169.12 -123.56 -135.14 -146.73 -158.32 -169.90 er056 
er058 31 46.33-110 35.54 4501.0 -125.06 -136.56 -148.06 -159.56 -171.06 -125.63 -137.18 -148.73 -160.28 -171.83 er058 
er059 31 46.44-110 35.05 4461.0 -124.73 -136.13 -147.53 -158.92 -170.32 -125.06 -136.49 -147.91 -159.34 -170.77 er059 
er060 31 46.72-110 35.37 4408.0 -124.43 -135.69 -146.95 -158.21 -169.47 -124.62 -135.90 -147.18 -158.46 -169.74 er060 
er061 31 46.55-110 36.08 4453.0 -124.81 -136.18 -147.56 -158.94 -170.31 -125.35 -136.77 -148.20 -159.63 -171.05 er061 
591811A- 31 45.17-110 35.41 4500.2 -127.73 -139.23 -150.72 -162.22 -173.72 -128.01 -139.53 -151.06 -162.58 -174.10 591811A-
3138E052 31 45.20-110 35.70 4542.2 -128.49 -140.10 -151.70 -163.30 -174.91 -129.03 -140.69 -152.34 -164.00 -175.65 3138E052 
591811A- 31 45.28-110 36.04 4540.2 -127.21 -138.81 -150.41 -162.01 -173.61 -127.76 -139.41 -151.06 -162.71 -174.36 591811A-
59188-31 31 45.33-110 36.70 4550.1 -127.87 -139.49 -151.11 -162.74 -174.36 -128.44 -140.12 -151.80 -163.47 -175.15 59188-31 
3138E051 31 45.50-110 36.40 4530.1 -127.81 -139.39 -150.96 -162.53 -174.11 -128.35 -139.98 -151.60 -163.22 -174.85 3138E051 
3138E050 31 45.70-110 37.10 4539.9 -126.54 -138.13 -149.73 -161.33 -172.93 -127.09 -138.74 -150.39 -162.03 -173.68 3138E050 
3138E099 31 45.80-110 39.40 4786.0 -123.31 -135.54 -147.76 -159.99 -172.22 -123.79 -136.06 -148.33 -160.60 -172.88 3138E099 
3138E055 31 45.90-110 33.70 4600.0 -120.05 -131.81 -143.56 -155.31 -167.06 -120.59 -132.39 -144.19 -155.99 -167.79 3138E055 
5918DH-E 31 46.21-110 37.71 4600.3 -123.26 -135.02 -146.77 -158.52 -170.27 -123.85 -135.66 -147.47 -159.27 -171.08 5918DH-E 
3138E056 31 46.30-110 34.60 4485.1 -123.76 -135.22 -146.67 -158.13 -169.59 -123.97 -135.45 -146.93 -158.41 -169.88 3138E056 
3138E049 31 46.40-110 37.90 4600.0 -121.04 -132.79 -144.54 -156.29 -168.05 -121.61 -133.42 -145.22 -157.03 -168.83 3138E049 
591811A- 31 46.45-110 37.40 4560.3 -121.09 -132.74 -144.39 -156.04 -167.70 -121.65 -133.35 -145.05 -156.75 -168.45 591811A-
591811A- 31 46.63-110 36.93 4525.2 -122.91 -134.47 -146.03 -157.59 -169.15 -123.50 -135.11 -146.73 -158.34 -169.96 591811A-
3138E053 31 46.80-110 35.70 4480.2 -127.90 -139.35 -150.80 -162.24 -173.69 -128.51 -140.01 -151.51 -163.01 -174.51 3138E053 
3138E044 31 46.80-110 38.50 4645.2 -120.35 -132.22 -144.08 -155.95 -167.82 -120.86 -132.78 -144.69 -156.61 -168.52 3138E044 
591811A- 31 46.81-110 36.46 4500.2 -123.53 -135.03 -146.52 -158.02 -169.52 -124.12 -135.67 -147.22 -158.77 -170.32 591811A-
3138E054 31 46.90-110 34.10 4559.9 -118.97 -130.62 -142.26 -153.91 -165.56 -119.45 -131.15 -142.84 -154.54 -166.23 3138E054 
591811A- 31 47.08-110 36.56 4445.1 -123.11 -134.46 -145.82 -157.17 -168.53 -123.66 -135.07 -146.48 -157.88 -169.29 591811A-
5918DH-E 31 47.13-110 36.05 4493.3 -122.62 -134.09 -145.57 -157.05 -168.53 -123.15 -134.68 -146.21 -157.74 -169.27 5918DH-E 
591811-1 31 47.23-110 38.16 4550.1 -117.04 -128.66 -140.29 -151.91 -163.54 -117.50 -129.17 -140.83 -152.50 -164.17 591811-1 
5918SW-2 31 47.24-110 32.34 4630.1 -112.15 -123.98 -135.80 -147.63 -159.46 -111.35 -123.11 -134.86 -146.62 -158.38 5918SW-2 
3138E045 31 47.30-110 38.00 4539.9 -120.70 -132.30 -143.90 -155.50 -167.10 -121.16 -132.80 -144.44 -156.09 -167.73 3138E045 
591811-1 31 47.34-110 37.85 4570.1 -118.40 -130.07 -141.75 -153.42 -165.10 -118.94 -130.67 -142.39 -154.12 -165.85 591811-1 
5918118- 31 47.39-110 38.11 4560.3 -118.88 -130.53 -142.18 -153.83 -165.48 -119.37 -131.06 -142.76 -154.45 -166.15 591811B-
5918118- 31 47.49-110 38.26 4590.1 -117.67 -129.40 -141.12 -152.85 -164.58 -118.21 -129.99 -141.76 -153.54 -165.32 5918118-
591811B- 31 47.61-110 38.39 4620.3 -115.80 -127.61 -139.41 -151.21 -163.02 -116.32 -128.17 -140.02 -151.88 -163.73 5918118-
5918118- 31 47.75-110 38.50 4650.2 -113.97 -125.85 -137.73 -149.61 -161.49 -114.46 -126.39 -138.31 -150.24 -162.16 591811B-
5918118- 31 47.90-110 38.86 4660.3 -112.19 -124.09 -136.00 -147.90 -159.81 -112.58 -124.52 -136.46 -148.40 -160.35 591811B-
3138E046 31 48.00-110 38.20 4600.0 -116.99 -128.74 -140.49 -152.24 -163.99 -117.51 -129.31 -141.11 -152.91 -164.71 3138E046 
3138E047 31 48.00-110 39.10 4675.1 -114.27 -126.21 -138.15 -150.10 -162.04 -114.54 -126.51 -138.47 -150.44 -162.41 3138E047 
5918L1B- 31 48.00-110 39.36 4690.2 -115.17 -127.15 -139.14 -151.12 -163.10 -115.36 -127.36 -139.36 -151.36 -163.36 5918118-
591811-2 31 48.06-110 36.70 4440.2 -119.46 -130.80 -142.15 -153.49 -164.84 -119.95 -131.34 -142.73 -154.11 -165.50 591811-2 

0) 5918SW-5 31 48.17-110 33.76 4480.2 -114.90 -126.35 -137.79 -149.24 -160.69 -115.05 -126.51 -137.97 -149.43 -160.89 5918SW-5 <O 



id lat lon elev sbal sba2 sba3 sba4 sba5 cbal cba2 cba3 cba4 cba5 id 
------------------------------------------------------------------------------------------------------------------------

5918Ll-2 31 48.28-110 36.51 4440.2 -117.09 -128.43 -139.77 -151.12 -162.46 -117.64 -129.04 -140.43 -151.83 -163.22 5918Ll-2 
5918Ll-3 31 48.65-110 36.04 4385.1 -117.33 -128.53 -139.73 -150.94 -162.14 -117.89 -129.15 -140.40 -151.66 -162.91 5918Ll-3 
5918Z-37 31 48.71-110 39.27 4860.1 -108.39 -120.81 -133.22 -145.64 -158.06 -108.64 -121.08 -133.52 -145.96 -158.40 5918Z-37 
5918SW-8 31 48.80-110 35.39 4320.1 -117.19 -128.23 -139.27 -150.31 -161.34 -117.52 -128.59 -139.65 -150.72 -161.79 5918SW-8 
3277 416 31 49.30-110 35.50 4332.6 -114.39 -125.45 -136.52 -147.59 -158.66 -114.84 -125.95 -137.06 -148.17 -159.28 3277 416 
5918Z-35 31 49.40-110 37.57 4510.1 -112.32 -123.84 -135.36 -146.89 -158.41 -112.63 -124.18 -135.73 -147.28 -158.83 5918Z-35 
5918Z-34 31 49.57-110 36.28 4440.2 -112.14 -123.48 -134.82 -146.17 -157.51 -112.69 -124.09 -135.48 -146.88 -158.27 5918Z-34 
5918N-5 31 51.06-110 31.38 4570.1 -106.32 -117.99 -129.67 -141.34 -153.02 -106.72 -118.44 -130.15 -141.86 -153.57 5918N-5 
5918N-3 31 51.52-110 32.08 4440.2 -104.50 -115.84 -127.19 -138.53 -149.87 -104.96 -116.34 -127.73 -139.11 -150.50 5918N-3 
5918N-18 31 51.77-110 31.47 4640.3 -107.13 -118.98 -130.84 -142.69 -154.55 -107.01 -118.85 -130.69 -142.54 -154.38 5918N-18 
5918HR-2 31 51.77-110 32.75 4240.4 -104.68 -115.51 -126.34 -137.18 -148.01 -104.87 -115.72 -126.57 -137.42 -148.27 5918HR-2 
5918HR-5 31 51.92-110 37.73 4620.3 -104.77 -116.57 -128.38 -140.18 -151.98 -105.10 -116.93 -128.77 -140.60 -152.43 5918HR-5 
5918HR-6 31 52.06-110 38.43 4710.2 -104.57 -116.60 -128.64 -140.67 -152.71 -104.67 -116.72 -128.76 -140.80 -152.84 5918HR-6 
5918HR-1 31 52.95-110 35.39 4340.1 -102.26 -113.35 -124.43 -135.52 -146.61 -102.47 -113.58 -124.69 -135.79 -146.90 5918HR-l 
5918HR-2 31 52.99-110 33.36 4070.1 -103.08 -113.48 -123.88 -134.27 -144.67 -102.98 -113.37 -123.76 -134.15 -144.54 5918HR-2 
5918HR-2 31 53.48-110 33.45 4180.3 -102.81 -113.49 -124.17 -134.85 -145.53 -103.32 -114.05 -124.77 -135.50 -146.23 5918HR-2 
5918HR-l 31 54.04-110 34.44 4200.3 -102.38 -113.11 -123.84 -134.57 -145.30 -102.42 -113.16 -123.89 -134.63 -145.36 5918HR-l 

end of run 

a..l 
0 
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SAKI Modeling Files 
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MODEL PARAMETERS FOR PROFILE A-A' 

-99 -1. 388 0.00 -1.388 0.53 -1.379 1.53 -1. 363 2.19 -1. 358 
2.64 -1. 346 3.05 -1. 348 3.49 -1.345 3.96 -1.337 4.42 -1.329 
4.86 -1.329 5.34 -1.325 5.96 -1.331 6.50 -1.331 6.93 -1.319 
7.34 -1.313 7.78 -1. 310 8.17 -1.307 8.57 -1. 305 9.03 -1. 303 
9.55 -1.293 10.13 -1.290 10.63 -1.288 11.05 -1.281 11.51 -1.273 
12.08 -1.273 12.74 -1.270 

-99 -0.420 0.00 -0.420 1.00 -0.490 2.00 -0.530 3.00 -0.660 
4.00 -0. 770 5.00 -0.860 6.00 -0.945 7.00 -1. 010 8.00 -1.095 
9.00 -1.160 10.0 -1.190 10.13 -1.190 10.63 -1.220 11.05 -1.235 
11.51 -1.260 12.08 -1.265 12.74 -1.265 13.3 -1.268 13.63 -1.267 
14.40 -1.267 15.0 -1.256 99 -1.256 

-99 2.200 0.00 2.200 1.00 2.150 2.00 2.100 3.00 2.050 
4.00 2.000 5.00 1.950 6.00 1.800 7.00 1.780 8.00 1.380 
9.00 0.980 10.0 0.580 11.0 0.180 12.0 -0.220 13.0 -0.620 
14.0 -0.950 15.0 -1. 000 99 -1.000 
>>body specifications 
-0.55 0.0 0. 0. 0. 0. 0. <<phys_;prop 1 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 25 26 27 
46 45 44 43 42 41 40 39 38 37 36 35 34 33 32 31 30 29 28 <<alluvium 
-0.06 0.0 0. 0. o. 0. 0. <<phys_prop 2 
28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 
68 67 66 65 64 63 62 61 60 59 58 57 56 55 54 53 52 51 <<bisbee 
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MODEL PARAMETERS FOR PROFILE B-B' 

-99 -1.395 0.00 -1. 395 0.50 -1. 389 1.00 -1.383 1.41 -1. 377 
1.82 -1.377 2.23 -1.377 3.19 -1.360 4.00 -1.355 4.50 -1.357 
5.29 -1. 360 5.87 -1.371 6.48 -1. 389 7.31 -1. 407 7.93 -1.431 
8.48 -1.438 9.10 -1. 438 9.70 -1. 449 

9.50 -1.200 10.4 -1. 459 10.8 -1. 469 11. 7 -1. 479 

-99 -0.810 0.00 -0.810 0.50 -0.870 1.00 -0.955 2.00 -0.700 
3.00 -0.500 4.00 -0.560 4.50 -0.575 5.00 -0.575 5.50 -0.610 
6.00 -0.780 7.00 -0.885 8.00 -1.035 9.00 -1.145 10.4 -1.225 
11.0 -1.290 11. 7 -1.478 12.0 -1.481 99 -1. 481 

-99 2.070 0.00 2.070 1.00 2.080 2.00 2.100 3.00 2.120 
4.00 2.140 5.00 2.160 6.00 2.130 7.00 2.060 8.00 2.010 
9.00 2.160 10.0 2.410 11.0 2.660 12.0 2.660 99 2.660 
>>body specifications 
-0.55 0.0 0. 0. 0. 0. 0. <<phys_prop 1 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 20 19 
36 35 34 33 32 31 30 29 28 27 26 25 24 23 <<alluviwn 
-0.27 0.0 o. 0. 0. 0. 0. <<physyrop 2 
19 20 21 22 
39 38 37 36 <<pantano 
-0.06 0.0 0. 0. 0. 0. 0. <<phys_prop 3 
23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 
56 55 54 53 52 51 so 49 48 47 46 45 44 43 42 <<bisbee 



MODEL PARAMETERS FOR PROFILE C-C' 

-99 -1.486 
3. 90 -1.352 
9.00 -1.365 

-99 -1. 485 
4.00 -1.180 
9.00 -1.215 
13.0 -1.408 

-99 1. 500 
4.00 1. 500 
9. 00 1. 500 
99 1. 500 

0.00 -1.486 
5.00 -1.340 
9.60 -1.365 

0.00 -1.485 
5.00 -1.160 
10.0 -1.260 
99 -1. 408 

0.00 1.500 
5.00 1.500 
10.0 1.500 

>>body specifications 

1.00 -1. 450 
5.90 -1.319 
10. 4 -1.364 

1. 00 -1. 430 
6.00 -1.080 
11.0 -1.330 

1. 00 1.500 
6.00 1.500 
11.0 1.500 

1. 90 -1. 425 
6.90 -1.311 
11.0 -1.376 

2.00 -1.355 
7.00 -1.085 
11.8 -1.386 

2 .00 1.500 
7 .00 1.500 
12 .0 1.500 

-0.55 0.0 0. 0. 0. O. 0. <<phys_prop 1 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
29 28 27 26 25 24 23 22 21 20 19 18 17 16 <<alluvium 
-0.06 0.0 0. 0. 0. O. 0. <<phys prop 2 
16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 
48 47 46 45 44 43 42 41 40 39 38 37 36 35 34 33 <<bisbee 

2. 90 -1. 401 
8.40 -1.366 
11.8 -1.387 

3.00 -1.280 
8.00 -1.160 
12.0 -1.390 

3. 00 1. 500 
8 .00 1. 500 
13.0 1.500 
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MODEL PARAMETERS FOR PROFILE D-D' 

3.68 -1.279 
6.58 -1.352 
10.0 -1.462 

-99 -1.364 
3.20 -1.269 
5.50 -1.285 
7.00 -1.275 
9.50 -1. 415 

-99 -1.155 
2.00 -0.590 
4.50 -0.550 
7.00 -0.430 
9.50 -0.350 

4.20 -1.289 
7.00 -1.365 
99 -1. 462 

0.00 -1.364 
3.50 -1.265 
6.00 -1.290 
7.50 -1.300 
10.0 -1.461 

0.00 -1.155 
2.50 -0.550 
5.00 -0.550 
7.50 -0.310 
10.0 -0.350 

>>body specifications 
-0.55 0.0 0. 0. 0. 
1 2 3 4 5 6 7 8 9 10 11 12 

4.74 -1.304 
7.60 -1.401 

0. 75 -1.339 
4.00 -1.270 
6.50 -1.305 
8.00 -1.305 
99 -1.461 

0.50 -1.000 
3.00 -0.550 
5.50 -0.550 
8.00 -0.290 
99 -0.350 

5.15 -1.328 
8.50 -1.401 

1. 50 -1. 316 
4.50 -1.220 
6.79 -1.315 
8.50 -1.315 

1.00 -0 .845 
3.50 -0.550 
6.00 -0.550 
8.50 -0.270 

0. 0. <<phys_prop 1 

35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 <<alluvium 
-0.06 0.0 O. 0. 0. 0. 0. <<phys_prop 2 

5.88 -1.316 
9.10 -1.449 

2.20 -1.294 
5.00 -1.290 
6.81 -1.265 
9.00 -1.390 

1.50 -0. 670 
4.00 -0.550 
6.50 -0.550 
9.00 -0.350 

13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 
58 57 56 55 54 53 52 51 50 49 48 47 46 45 44 43 42 41 40 39 38 37 36 <<bisbee 
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APPENDIXC: 

Perennial Streamflow Data 
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Cienega Creek Perennial Streamflow Record (Liters/Sec.) 

Date Station 1 Station 2 Station 3 
March 1983 39.4 67.4 106.4 
April 36.5 73.1 92.9 
May 42.8 61.2 66.9 
June 21.0 51.0 41.6 
July 12.3 42.2 21.7 
August 21.4 44.9 38.3 
September 20.9 48.9 30.5 
October 29.0 94.2 115.6 
November 31.0 73.8 100.7 
December 27.1 73.2 83.9 
January 1984 42.4 88.2 124.6 
February 35.7 75.1 103.3 
March 33.9 80.2 102.8 
April 27.7 66.0 75.3 
May 24.7 56.6 53.5 
June 12.3 39.4 32.2 
July 82.3 174.1 186.3 
August 30.9 75.1 66.9 
September 15.2 76.1 72.5 
October 19.7 64.0 90.1 
November 30.7 73.3 72.6 
December 34.1 77.7 111.1 
January 1985 32.4 91.1 97.7 
February 32.7 87.5 119.7 
March 35.3 91.8 116.6 
May 18.9 61.2 66.6 
June 9.8 39.6 40.4 
July 12.2 37.7 37.8 
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