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ABSTRACT

Avra Valley, located 15 miles west of Tucson, Arizona, has 

been a source of ground water for the City of Tucson. Mineral explora

tion has been carried out in this area for many years, and two major 

mining districts are located near by.

A gravity survey was conducted in Avra Valley and the sur

rounding mountain ranges, and residual gravity anomalies are interpreted 

in order to determine (1) major subsurface structural features, (2) the 

volume of ground water available from storage in the basin, and (3) the 

center of mass of the sediments in the basin.

Major subsurface basement scarps lie north of the Sierrita 

Mountains and west of the Tucson Mountains. These features place 

limitations upon the selection of an area for mineral exploration since 

the depth to bedrock beyond these scarps may be as great as 5,000 feet. 

Also, differential subsidence along the scarp may cause damage to struc

tures that are built over it.

The total volume of ground water available from storage in Avra 

Valley is  calculated to be 58 million acre-feet. An earlier calculation 

made by the U.S. Geological Survey determined that only 28 percent of 

this amount was available.

The center of mass of the basin sediments lies approximately, 

three miles northeast of Three Points, Arizona on State .Highway 86.

v i i i



CHAPTER 1

INTRODUCTION

Interpretation of gravity data is useful in determining subsurface 

structural conditions. In the Basin and Range province in southern 

Arizona, this method has been especially useful in outlining pediment 

surfaces obscured by alluvial cover and in determining the depths of 

sedimentary alluvial basins (Sumner, 1965, p. 560; Sumner and W est, 

1969, p. 541), The total amount of ground water contained within the 

sediments of a basin and the center of mass of these sediments can be 

related to the negative residual gravity anomaly that occurs over the 

basin (Sumner and W est, 1969, p. 541). This information is important 

for mineral and ground-water exploration and for determining the amount 

of ground water that will be available for use in the present and the 

future. . -

Description of the Area

Location

Avra Valley is located approximately 15 miles west of Tucson, 

Arizona (Fig . 1). The Tucson Mountains and Del Bac Hills border the 

eastern edge of the valley, and the Waterman Mountains, Roskruge 

Mountains, Dobbs Buttes, and Coyote Mountains border the western 

edge. The Sierrita Mountains lie south of Avra Valley. Brawley Wash

1
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is the principal drainage feature. State Highway 86 from Tucson to Ajo, 

Arizona crosses the southern end of Avra Valley.

Avra Valley trends north-northwest in the northern part and 

east-northeast in the southern part where it joins with Altar Valley. 

Important subsurface structural features also follow these trendsjand 

will be discussed in Chapter 4.

Bell district is approximately five miles northwest of the Waterman 

Mountains, and the Pima district lies on the east side of the Sierrita 

Mountains. Small-scale mining operations have been carried out in the 

past in the Tucson Mountains and the Papago mining district on the west 

side of the Sierrita Mountains.

area for many years. Exploration has taken place in the Tucson Moun

tains, the area south of the Tucson Mountains and north of the Sierrita

data from detailed gravity surveys in small areas of the Papago mining 

district and the west side of the Tucson Mountains has been used to 

delineate the boundaries of buried pediment surfaces that occur in these 

areas.

White, Matlock, and Schwalen (1966) reported that in 1965 

about thirty thousand acres of land were under cultivation in Avra Valley. 

Irrigation wells in the area provide water for this farmland. The annual

Two important mining districts are near Avra Valley. The Silver

Mineral exploration has been carried out in the Avra Valley

xrV-Z'
Ground Water ; , „ Y'\

an ’ •  ̂ *
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withdrawal of ground water was approximately 115,000 acre-feet, and . 

the amount of recharge to the ground-water reservoir was believed to be 

negligible in relation to withdrawal of ground water by pumping. On the 

basis of the data available in 1965, they predicted that by 1970 the 

average water-table decline would be 18 feet. Recently, the City of 

Tucson drilled several producing water wells near Ryan Field, which 

will add new stress on the ground-water system. At the present time 

these w ells are not operating because of legal problems. [

Purpose and Scope

The objective of this thesis is to report on a gravity survey 

conducted in the Avra Valley area and to make interpretations based 

upon the data that were obtained. Data obtained were reduced to com

plete Bouguer anomalies, and a correction was applied to remove^the 

regional gravity field. Residual gravity anomalies that remained after 

the regional correction were interpreted in order to determine: (1) major 

subsurface structural features, (2) the volume of ground water available 

from storage in the basin, and (3) the center of mass of the sediments 

contained in the basin. The relevance of these interpretations to min

eral and ground-water exploration and the geology of this area is d is

cussed in Chapters 3 and 4.

'  ! •

£ Previous Work J

The U. S. Geological Survey (Plouff, 1961) established 767 

gravity stations near Tucson, Arizona. This survey included portions of 

the Sierrita Mountains, Tucson Mountains, Santa Cruz Valley, and Avra 

Valley. Plouff (1961, p. D258) noted "significant correlations between
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gravity highs and outcrops of Tertiary and older rocks" and attributed 

these to density contrasts between rocks in the mountains and less  

dense alluvium in the valleys. He also noted that the gravity anomaly 

pattern surrounding the Tucson Mountains is markedly linear suggesting 

that faults border these mountains.
f----Geologic investigations in the Avra Valley area have been car

ried out by a number of geologists. Brown (1939) provided a detailed 

account of the geology of the Tucson Mountains. Mayo (1968) gives a 

summary of geologic investigations in these mountains from 1905 to 

1968. McClymonds (1959) discussed the stratigraphy of the Waterman 

Mountains, and Bikerman (1968) reported on the geology of the Roskruge 

Mountains. Wargo (1954) and Kurtz (1955) discussed the geology of the 

Coyote Mountains. A large part of the geologic mapping in the Sierrita 

Mountains has been done in and around the Pima mining district. Cooper 

(1960) and Lootens (1966) mapped areas which extended beyond the im

mediate vicinity of mines. Heindl (1959) and Percious (1968) discussed  

the geology of the area between the northernmost exposures of rocks in 

the Sierrita Mountains and the southernmost exposures of rocks in the 

Tucson Mountains.

Andrews (1937) gave a general discussion of the geology and 

ground water of Altar and Avra Valleys. White et al (1966) appraised 

the ground-water resources of this areal The effects of withdrawal of
. — J

ground water and a calculation of the volume of ground water available 

from storage were discussed in this paper.



CHAPTER 2

DATA COLLECTION AND REDUCTION

Data collection in Avra Valley consisted of taking gravity 

measurements and collecting samples of bedrock for density measure

ments. After the average density of bedrock samples was calculated 

the gravity measurements were reduced to complete Bouguer gravity 

anomalies. Errors that occur in the data are estimated in order to deter

mine their effect upon interpretations based on gravity data.

Gravity Data

Gravity Survey

Personnel from the Geophysics Laboratory of The University of 

Arizona under the direction of Professor J. S. Sumner have intermittently 

carried out measurements of gravity in the northern and western portions 

of Avra Valley since 1965. The survey was completed in the spring of 

1968. Nineteen days were spent in the field, and 294 gravity stations 

were established. The station locations are shown in Figure 2 (in 

pocket).

Stations were established along roads accessible to vehicles. 

A station interval of one mile was used along these routes. When pos

sible, stations were established at points of known elevation such as 

bench marks and positions which have had spot elevations recorded on 

U .S. Geological Survey topographic maps.

6
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The remainder of the gravity stations shown in Figure 2 are 

from a gravity survey by the U.S. Geological Survey (Plouff, 1961) d is

cussed in Chapter 1. The data from this survey were reduced to com

plete Bouguer anomalies by the U .S. Geological Survey (Plouff, 1962).

A total of 928 gravity stations were established in Avra Valley 

and the surrounding mountain ranges. The surface density of gravity 

stations is approximately one station per square mile.

Gravity Measurements

Instrumentation. Gravity measurements were made with 

LaCoste and Romberg Model G gravity meters. Two different meters 

were used at different times during the survey. Meter number 174 is  

the property of The University of Arizona. Meter number 49 was on loan 

from the Army Map Service.

The LaCoste and Romberg Model G gravity meter has a range 

of over seven thousand mgal (1 mgal = 10~3 gal = 10“  ̂ cm /sec^), a 

reading accuracy of + 0.01 mgal, and a drift rate of less than one mgal 

per month (LaCoste and Romberg, 1968). The meters are sealed to elim

inate any effect from changes in atmospheric pressure, and as a safety 

precaution, they are internally pressure compensated. The sensor is  

demagnetized and enclosed in a magnetic shield. The temperature of 

the meter is maintained at a constant value by a thermistor heat control, 

a 12-volt heater, and a 12-volt battery or a battery eliminator unit.

The gravity response system (Fig. 3) consists of a weight on 

the end of a horizontal beam supported by a "zero-length" spring. 

Shock-eliminating springs form a floating pivot reducting friction in the
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moving system. A lever system links a measuring screw with the "zero- 

length" spring and the beam and weight. A dial attached to the measur

ing screw determines what fraction of a complete revolution the 

measuring screw has been rotated, and a counter counts each complete 

revolution. The counter reading and dial reading are collectively referred 

to as the dial reading.

Dobrin (I960, p. 211-212) describes the principle of operation 

of the LaCoste and Romberg gravity meter. The meter is equipped with 

bubble levels which are adjusted so that the meter measures the vertical 

component of gravity (the total field). The weight at the end of the beam 

is balanced by the tension in the "zero-length" spring. Any change in 

the gravitational field causes a small change in the gravitational force 

acting upon the weight. This causes the beam to move either up or 

down. Thus, the gravity meter can only measure changes in the gravi

tational field and not the absolute value of the field. When the beam 

moves, the angle between the spring and the beam changes in such a 

way that the moment the spring exerts will vary in the same sense that 

the moment due to gravity varies. This instability magnifies the effect 

of a small change in gravity. Because of this instability the gravity 

meter is referred to as an unstable type, i . e . , the force of gravity is 

kept in unstable equilibrium with the restoring force. The measuring 

screw is used to return the beam to a null position, and the associated  

change in the dial reading is  a measure of the change in gravity.

The "zero-length" spring is wound in such a way that the ten

sion it exerts is proportional to its physical length (Garland, 1965, 

p. 19-20). If there were no tension in the spring the length would be



zero. It is only with this arrangement that the elongation of the spring 

caused by a change in gravity will be proportional to the change in 

gravity.

The lever system and measuring screw of the LaCoste and Rom

berg meters are accurately calibrated over their entire range. A calibra

tion constant is determined for each 100 revolutions of the dial or about 

every 100 mgal of the 7000-mgal range. LaCoste and Romberg (1968) 

note that the calibration factors depend only upon the quality of con

struction of the measuring screw and the lever system and not upon any 

type of weak spring. The calibration factors do not change perceptibly 

with time. This eliminates the need for frequent calibration checks.

Field Procedure. As gravity meters measure only changes in 

gravity, a gravity base station must be used for control of the gravity 

measurements. Changes in gravity from the base station to all other 

field stations are measured. The gravity base station located outside 

Room 24 in the basement of the Geology Building at The University of 

Arizona was used for this purpose. The observed gravity of this base 

station is 979254.60 mgal on the National Gravity Base datum (Sumner, 

1965, p. 562).

The procedure that was followed during the gravity survey con

sisted of reading the gravity meter at the base station followed by meter 

readings at one or more field stations and a final reading at the base 

station. The information that was recorded included: gravity meter dial 

reading, time, station location, and station elevation. The elapsed 

time between base station readings varied from 4 to 12 hours. The low 

drift rate of the LaCoste and Romberg gravity meter eliminates the need

10
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for returning to the base station every few hours if the data are cor

rected for earth tides as described below.

Observed Gravities. The first step in gravity data reduction 

is to calculate the observed gravity of each field station from the grav

ity meter dial reading (Dobrin, 1960, chapters 9 and 11). First, dial 

readings are converted to mgal units using the calibration factors men

tioned in the instrumentation section of this chapter. Next an earth tide 

correction is applied to each of the gravity meter readings.

Gouguel (1954, p. 2-5) has shown that the correction for the 

tidal effect of the sun and moon can be expressed as

c = P + N cos (f>{cos<p + sinp) + 8 co s(6 (c o s s in $ i> ) .

The first term P is the correction applied at the pole, and N and S are 

the corrections applied at latitudes 45° north and 45° south respective

ly. ^ is the latitude at which the gravity measurement is made.

This correction has a maximum variation of 0.3 mgal at the lat

itude of Tucson, Arizona. It accounts for the theoretical tide correction 

for a rigid earth. The elastic deformation of the earth under the influence 

of earth tides is incorporated into the calculation by multiplying the 

rigid earth correction by a factor of 1 .2 . The first term P is always neg

ative and yaries slowly enough that it can be neglected when the elapsed 

time between base station readings is less than 24 hours. The values of 

P, N, and S depend upon the relative position of a point on the earth's 

surface with respect to the position of the sun and the moon. Tables of 

P, N, and S are published each year by the European Association of Ex

ploration Geophysicists as a supplement to the journal Geophysical
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Prospecting (Service Hydrographique de la Marine and Compagnie 

Generate de Geophysique, 1967).

The final correction that is made to the gravity meter readings 

is an instrument drift correction. If gravity meter readings are taken at 

the same location over a period of time the dial readings will vary with 

time even after a suitable tide correction is made. This drift (Dobrin, 

I960, p. 216) is due to creep of the gravity meter suspension system.

It is usually assumed that instrument drift is a linear function of time. 

The slope of this line is established by calculating the difference be

tween the two gravity meter readings at the base station after tide cor

rections have been mode, and dividing this difference by the elapsed 

time between base station readings.

The drift of LaCoste and Romberg gravity meter number 174 was 

checked for a period of 18 days. The results indicated that the drift of 

this instrument is approximately linear. The drift rate over this period 

of time was 0.00033 mgal per hour.

After these corrections have been made to the gravity meter 

readings, the change in gravity from the base station to the field sta

tion is added to the observed gravity of the base station. This addition 

determines the observed gravity of the field station.

Errors in the Observed Gravities. Topping (1962, p. 9) points 

out that "the aim of every experimentalist is not necessarily to make 

the error in his measurements as small as possible; a cruder result may 

serve his purposes well enough, but he must be assured that the errors 

in his measurements are so small as not to affect the conclusions he 

infers from his results."
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The design of the LaCoste and Romberg gravity meter reduces 

the effect of many of the possible sources of systematic error in the 

meter. The effect of changes in atmospheric pressure, temperature, and 

magnetic forces on the gravity meter's response system are minimized. 

The effect of instrument drift cannot be completely eliminated unless the 

drift curve is  truly linear although this error will be small if the drift 

rate is low enough.

LaCoste and Romberg (1968) state that the drift rate of the 

LaCoste and Romberg gravity meter is "less than 1 mgl per month." This 

is equivalent to a drift rate of 0.0014 mgal per hour. During the gravity 

survey of Avra Valley, the drift rate for 19 different loops from the base 

station to the field and back averaged 0.0088 mgal per hour. The drift 

rates varied from -0 .0 1 6  to +0.030 mgal per hour. In all but two cases 

the drift rates were positive. For this survey, the drift rates were sig

nificantly higher than 0.0014 mgal per hour, but the instrument"drift rate 

determined for a period of 18 days (0.00033 mgal per hour, see p. 12) is 

much lower than the average value given above. It is reasonable to ex

pect that instrument drift in the field will be greater than the combina

tion of instrument drift in the field and instrument drift when the meter 

is at rest in a laboratory. This probably accounts for the differences in 

the two drift rates. In any case, the drift rates are quite low, and errors 

in the drift correction should not have any effect upon the final interpre

tation of the gravity data.

The other possible source of systematic errors occurs in the 

tide correction. Gouguel (1967, p. 4) has considered errors in the tide 

correction tables published by the European Association of Exploration
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of Exploration Geophysicists. The error caused by the extension of th e . 

tables of N and S for long 75° west to longitudes that range from 15° 

west to 135° west is always less  than 0.01 rngal. As times specified in 

these tables are for the central meridian of the time zone in the area 

where the observation was made, an error occurs because the point of 

observation does not lie on this meridian. For Mountain Standard Time, 

the central meridian is long 105° W. The Tucson area is  at long 111° W, 

hence a value of 24 minutes' should be subtracted from the time recorded 

at each station in order to account for this difference. This correction 

was not made. A check was made of all the tide corrections that were 

used, and in only a few cases did the error due to this effect exceed 

+ 0.01 mgal. Thus, the total error in the tide correction is approximately 

+ 0.02 mgal.

If it can be assumed that all systematic errors have been re

moved , then a check on the precision of the observed gravity measure

ments can be made by comparing different observed gravity measurements 

at the same field station. During the gravity survey of Avra Valley, 13 

different gravity measurements were made at one field station and 11 

measurements were made at another. The standard deviation was 0.041 

mgal for the first station and 0.026 mgal for the second. The standard 

error of the mean (Topping, 1962, p. 64) for these stations was 0.011 

and 0.0078 rngals respectively. If it is assumed that each set of meas

urements comes from normal populations of the same population standard 

deviation but different mean values, it is possible to average standard

deviation estimates for both sets of measurements (Wilson, 1952, p. 245,
. e

equation 19). This gives a value for the sample standard deviation of
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0.035 mgal. If this is representative of the population standard devia

tion then it can be asserted that the mean value of any future set of 

measurements will lie within +0.058 mgal of the actual value*90 percent 

of the time. Wilson (p. 242) points out that this type of estimate is 

hazardous unless the number of observations (in this case 24) is quite 

large. The point to be made is that the random errors in the observed 

gravities are almost certainly well within range of 0.1 mgal.

A prediction of the magnitude of the random errors in LaCoste 

and Romberg gravity meter number 174 was made by assuming that these

errors are due to a combination of errors in the dial reading by the ob-
)

server and the calibration constants used to convert the dial reading to 

mgal. Maximum errors o f + 0.01 mgal in the dial reading and+0.0001 

mgal per dial division in the calibration constant over a range of ob

served gravities of 100 mgal were assumed. These values approximate 

those that actually occurred in Avra Valley. Using these values and the 

equation for converting dial readings to mgal values, a maximum error 

o f + 0.03 mgal was predicted. This value agrees quite well with the 

sample standard deviation of 0.035 mgal discussed above.

In summary, errors in the observed gravity consist of the fol

lowing values: tide corrections, +0.02 mgal; and random errors, +0.06  

mgal. The total error is  estimated to be +0.08 mgal.

Complete Bouguer Anomalies

The gravitational field varies substantially from one place to 

another on the surface of the earth. Near-surface density changes are 

only one of several different causes of this variation. In this thesis,
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interpretations based on gravity data depend upon near-surface density 

changes, and it becomes necessary to isolate gravity variations due to 

this cause.

Variations in gravity due to the earth's shape and rotation ore 

removed by subtracting a value "g" determined by the "international 

gravity formula"

g = 978049.0 (1 + 0.0052884 sin2  ̂ -  0.0000059 sin220) (1)

from the observed gravity (Dobrin, 1960, p. 234). This equation gives

the normal gravity at the surface of the international ellipsoid (Heiskanen
)

and Vening-Meinesz, 1958, p. 75) where g is the value of gravity in mgal 

at a latitude <p . Garland (1965, p. 31-38) discusses the theoretical devel

opment of this equation. The model used in its development assumes that 

the earth is a transversely isostropic rotating spheroid.

The international ellipsoid is a first approximation to the earth's 

sea level surface, the geoid. As observed gravity values are not normal

ly measured at the geoid, suitable corrections must be applied to reduce 

them to the geoid in order that they will be compatible with the inter

national gravity formula. Three corrections are necessary: the free-air 

correction, the Bouguer correction, and the topographic correction.

Free-air Correction. This correction takes into account that a 

station at ah elevation h above sea level is a distance h farther from the 

center of the earth than a station at sea level. To a first approximation, 

this correction is given by +0.094 h mgal where h is in feet.

Bouguer Correction. This correction assumes that the station 

"lies on an infinite horizontal plane of elevation h , and that rocks of 

density P lie between this plane and sea level. The gravity effect of the
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rocks beneath the plane are removed by adding a value of -  0 .01277fh  

to the observed gravity where z° is in gm/cm^, and h is in feet. A value 

of 2.67 gm/cm^ was used for P and will be justified in Chapter 4.

Topographic Correction. This correction removes the effect of 

undulations of the terrain about a horizontal plane through the gravity 

station. Hammer (1939) describes a convenient method for making these 

corrections using a template and topographic maps. This correction is 

always positive.

The complete Bouguer anomaly of a gravity station is calculated 

by adding the three corrections listed above to the observed gravity and 

then subtracting a value of g determined by equation (1). A complete 

Bouguer anomaly different from zero indicates that a density contrast 

occurs below sea level.that was not removed by the international gravity 

formula and (or) that the density of the material above sea level is dif

ferent from the assumed value of 2.67 gm/cm^ (Dobrin, I960, p. 190).

Errors in the Complete Bcuouer Anomaly. The value of the com

plete Bouguer anomaly depends upon the elevation, latitude, and topo

graphic correction of the field station. Errors in the determination of 

these quantities lead to corresponding errors in the complete Bouguer 

anomaly.

An error of Ah feet in the elevation of the field station gives an 

error of 0.060 Ah mgal in the complete Bouguer anomaly (the combination 

of errors due to the free-air and Bouguer corrections). Another source of 

error that is related to the elevation of the station occurs because the 

international.ellipsoid and the geoid do not coincide. Equation (1) is 

calculated on the surface of the international ellipsoid while station
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elevations are determined with respect to the geoid. Undulations of the 

geoid about the reference ellipsoid can be as great as 50 m (Kaula, 1961) 

but the effect over a small area is constant and can be neglected.

The U .S. Geological Survey used altimeters to determine the 

elevations of most of their gravity stations in Avra Valley (Plouff, 1962). 

Elevations of the University of Arizona gravity stations were determined 

by the following methods: (1) 21 stations from altimetry, (2) 37 stations 

from U.S. Coast and Geodetic Survey and U .S. Geological Survey bench 

marks, (3) 35 stations from U.S. Geological Survey topographic map 

spot elevations, and (4) 201 stations from interpolation of elevation 

contours on U .S. Geological Survey topographic maps.

The accuracy of the station elevation is dependent upon the 

method used to determine its value. The U.S. Geological Survey esti

mated that the probable error in the elevations determined from their 

altimetry data is  le ss  than 10 feet for 88 percent of their stations. Errors 

in the University of Arizona altimetry data were estimated by taking al

timeter readings at points where the elevation was accurately know, 

such as bench marks. The maximum difference between the elevations 

determined from altimetry data and the known elevations was 9 feet for 

10 observations. The precision of the elevations determined from bench 

marks depends upon the agreement between results of leveling in both 

directions over a level line (Bouchard and Moffitt, 1965, p. 68). The 

accuracy of elevations determined from topographic maps depends upon 

the vertical accuracy of the published map.

A discussion of the development of accuracy standards for topo-
. •

graphic maps is given by Marsden (1960). The final result of this
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development was the National Map Accuracy Standards (Marsden, 1960, 

appendix 10). The main provisions of the accuracy standards for maps 

published at a scale of 1:20,000 or smaller are: (1) horizontal positions 

of at least 90 percent of the well-defined planimetric features such as * 

bench marks and road intersections must be accurate within one fiftieth 

of an inch on the published map, (2) the elevations of 90 percent of 

points tested shall agree with elevations interpolated from contour lines 

within one-half the contour interval, and (3) maps meeting these accu

racy requirements shall note this fact by stating in their explanation that 

the map complies with national map accuracy standards. Unfortunately, 

only one of six 1:62,500-scale maps used to determine the elevation of 

gravity stations in Avra Valley meet the National Map Accuracy Standards.

The accuracy of topographic maps that do not meet National Map 

Accuracy Standards is difficult to determine. In general, these maps 

have been produced by field topographic methods or combinations of field 

and photogrammetric methods. According to Marsden (1960, p. 428) the • 

accuracy of maps produced in this manner depends "largely on the skill 

of the individual topographers." In 1940, John G. Stack, the Chief 

Topographic Engineer of the U .S. Geological Survey asked a group of his 

top supervisors to study and recommend topographic map accuracy stan

dards (Marsden, 1960 , p. 430). This study was made before photogram

metric methods completely superseded field methods. This group 

recommended different standards of accuracy for the different methods in 

use (Marsden, 1960, appendix 7). The recommendations indicate that 

under conditions of open terrain where slopes are less than 15 percent 

and there is adequate horizontal control the field topographic method
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could produce topographic maps that are comparable in accuracy to the • 

National Map Accuracy Standards. In Avra Valley the slopes are general

ly less than 15 percent. Open terrain does not occur in many parts of 

Avra Valley, and the amount of horizontal control used is not known.

Because the accuracy of the maps that do not meet the National 

Map Accuracy Standards cannot be determined, it was assumed that these 

maps meet the horizontal and vertical accuracy requirements specified by 

these standards. Based upon this assumption, approximately 75 percent 

of the University of Arizona gravity stations have elevation errors less  

than 12.5 feet and 90 percent of the stations have errors less  than 25 

feet. These elevation errors correspond to errors in_the complete Bouguer 

anomaly of 0.75 and 1 .50 mgal respectively.

Errors in the determination of the station latitude cause errors 

in the value of g determined in equation (1). For lat 32° N . , the rate of 

change of g along a north-south direction is 1.2 mgal per mile (Dobrin, 

1960, p. 234). The error in g due to a one-foot error in the location of 

the station along this direction is 2.28 x 10~4 mgal.

Station latitudes were determined by interpolating their values 

from five-minute latitude intervals on U.S. Geological Survey topo

graphic maps. The horizontal accuracy requirements for 1:62,500-scale 

maps (see above) is equivalent to an accuracy of 100 feet on the ground 

for 90 percent of the well-defined planimetric features. This error cor

responds to an error of 0.023 mgal in g (equation 1).

Hammer (1939, p. 192-194) considered errors involved in the 

topographic corrections. The tables used in the calculation are con

structed so that an accumulative error of about 0.1 mgal can occur. If
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adequate topographic information is  available, this is the only error in 

the topographic correction. The topographic maps used meet this require

ment for zones F through M of the template. If a maximum error of 25 feet 

is  assumed for each compartment of zones B through E, the error in the 

topographic correction is about 0.60 mgal. An error this large will occur 

only if extreme terrain conditions occur near the station. In places 

where the topographic correction varied uniformly from one point to an

other , the topographic correction was interpolated from one or more 

nearby stations. A check of several of these stations showed that the 

error in the interpolation never exceeded+ 0 .1  mgal. The maximum error 

in the topographic correction is estimated to be + 0 .7  mgal and the mini

mum error is + 0 .1  mgal.

One final check was made to test the consistency of the Uni

versity of Arizona and the U .S . Geological Survey data. Six of the sta

tions established by the U .S. Geological Survey were reobserved a total 

of nine tim es. The stations numbers included 81, 102, 137, 189, 311, 

and 464 (Plouff, 1962). The complete Bouguer anomalies of these 

stations differed by an average of 0.3 mgal. The range of the difference 

was 0 .2 to 0.4 mgal, and the University of Arizona values were always 

larger. A similar difference occurred in the observed gravities. A base 

station established by Woollard and Rose (1963, p. 93) at the Tucson 

International Airport was used by the U .S. Geological Survey. The ob

served gravity of this base is  979227.7 mgal. The University of Arizona 

base station was established using this base as a reference (Bhuyan,

1965, p. 24). A root mean square deviation of 0.06 mgal was noted for
-

27 ties between the two base stations. On the basis of this evidence.
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it is doubtful that errors in base station observed gravities can account 

for the discrepancy.

To summarize, it is estimated that for 90 percent of the gravity 

stations in Avra Valley the maximum errors in the complete Bouguer 

anomalies are: (1) +0.08 mgal due to the errors in the observed gravity, 

(2) +1.50 mgal due to errors in the station elevation, (3) +0 .02  mgal 

due to errors in the station latitude, and (4) +0.70 mgal due to errors 

in the topographic correction. The maximum total error is +2.30 mgal 

for 90 percent of the stations. With the exception of the 236 stations 

whose elevations were determined from topographic maps, the errors due 

to elevation are substantially less  than 1.50 mgal. A discussion of the 

effect of these errors upon interpretation of the gravity data will be given 

in Chapter 4.

Density Data

The Bouguer and topographic corrections depend upon the den

sity of the rocks that surround the gravity station,* and the interpretation 

of gravity data requires some knowledge about the density contrast of 

the rocks involved. In Avra Valley, the density contrast between the 

alluvium and bedrock is an important parameter. For these reasons, rock 

samples were collected in Avra Valley and density measurements were 

made on them.

Surface rock samples were collected at the locations shown in 

Figure 2. One to three samples were obtained at each point. No attempts 

were made to obtain samples at random points. Time and access limita

tions prevented this type of sampling program. Sample numbers one
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through R-10 are from exposed bedrock (Table 1). The other two samples 

are of alluvial material.

The weight of each sample was measured with a balance, and 

the volume of the sample was determined by measuring the volume of 

water it displaced in a graduated cylinder. To increase the accuracy of 

the method large samples were used. This density is referred to as the 

"dry density" and is listed in Table 1. Next the samples were soaked 

from one to three days in tapwater and their weights were measured 

again. The density determined from this weight is listed as the "wet 

density." The rock types listed in Table 1 were determined by mega

scopic examination of the bulk sample.

The average wet bulk density of samples, one through R-10 is 

2.64 gm/cm^, and the average dry bulk density is 2.63 gm/cm^. The 

extremes in wet densities are sample numbers 5 and R-5; 2.91 and 2.40 

gm/cm3 respectively. The largest increase of the wet density over the 

dry density is 0.10 gm/cm^ for sample R-5. Sample 5 was a dark-green 

metamorphosed mudstone, and sample R-5 appeared to be a slightly 

porous welded tuff.

The wet densities of two samples of San Xavier Conglomerate 

obtained in the Del Bac Hills were 2.24 and 2.43 gm/cm^. The sample 

with the highest density was found near an intrusive dike (Jenney, 1969, 

personal communication) and.appeared to be slightly metamorphosed .

No attempts were made to estimate the precision of this method 

of density measurement. The method is sensitive enough to detect den- 

‘ sity changes o f + 0 . 0 1  gm/cm^, and the precision is probably near this 

value.
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Table 1. Bulk Densities of Common Rock Types in Avra Valley

Number Wet Density Averaqe Density
Sample of Range Wet Dry
Number Rock Type Samples (gm/cm3) (gm/cm3) (gm/cm3)

1 Welded Tuff 3 2.42 -  2.60 2.50 2.43
2 Andesite 3 2.57 -  2.58 2.59 2.57
3 Limestone 3 z 2.69 -  2.73 2.75 2.75
4 Sandstone 3 2.61 -  2.68 2.65 2.65
5 Mudstone 3 2.86 -  2.97 2.91 2.90
6 Sandstone • 3 2.59 -  2.72 2.65 2.63
7 Limestone 3 2.62 — 2.66 2.65 2.64
8 Sandstone 3 2.64 -  2.72 2.68 2.67
9 Welded Tuff 3 2.66 -  2.71 2.69 2.69
10 Granite ; 3 2 .6 0 - 2 .7 0 2.64 2.62
11 Sandstone 3 2.58 -  2.68 2.64 2.63
12 Rhyolite Porphyry 3 2.42 -  2.58 2.50 2.43
13 Andesite Porphyry 1 2.83 2.83
15 Basalt? 1 2.66 2.65
16 Granite 3 2.58 -  2.63 2.60 2.59
17 Granite 3 2.53 -  2.64 2.58 2.57
B-l Limestone 1 2.68 2.68
B-2 Limestone 1 2.74 2.73
C -l Basalt? 1 2.44 2.44
C-2 Granite 1 2.69 2.67
P-1,2 Granite 2 2.72 -  2.76 2.74 2.73
P-3 Welded Tuff 1 2.79 2.78
P-4 Phyllite 1 2.64 2.62
R-l Basalt Porphyry 1 2.58 2.54
R-2 Vesicular Andesite 1 2.56 2.49
R-3 Welded Tuff 1 2.72 2.71
R-4 Rhyolite Porphyry 1 2.62 2.60
R-5 Welded Tuff 1 2.40 2.30
R-6 Welded Tuff 1 2.60 2.60
R-7 Welded Tuff 1 2.54 2.50
R-8 Chert 1 2.53 2.53
R-9 Welded Tuff 1 2.77 2.76
R-10 Welded Tuff 1 2.75 2.72
14 San Xavier Cgl. 3 2.16 -  2.31 2.24 2.06

San Xavier Cgl. 1
-

2.43 2.33

The average wet bulk density of all samples of exposed bedrock 
(sample numbers 1 to R-10) is 2.64 gm/cm3, and the average dry bulk 
density is 2.63 gm/cm3.



CHAPTER 3

GEOLOGIC AND GROUND-WATER INVESTIGATIONS 

IN THE AVRA VALLEY AREA

This chapter presents a brief, generalized description of geo

logic and ground-water studies that have been carried out in Avra Valley. 

Avra Valley lies near the boundary of the Sonoran-Desert and Mexican 

Highland sections of the Basin and Range province (Fenneman, 1946).

The Sonoran Desert section is characterized by widely separated short 

mountain ranges in desert plains. The Mexican Highland is character

ized by isolated mountain ranges separated by aggraded desert plains.

Geology

A geologic map of Avra Valley is  presented in Figure 2 (in 

pocket). This map is a portion of the geologic map of Pima and Santa 

Cruz Counties (Wilson, Moore, and O'Haire, 1960). It was prepared by 

photographically enlarging the county map from a scale of 1:375,000 to 

a scale of 1:62,500, which is the scale of the U .S. Geological Survey 

topographic maps used in the gravity survey.

The sources from which the following discussion were drawn 

are, in some cases, newer and (or) more detailed than the sources which 

were used for the county geologic map. Some discrepancies were noted; 

in particular, the ages of some of the rocks given on the county geologic 

map do not agree with recent radioactive age determinations. A few 

changes, which w ill be noted in the following discussion, were made in

25
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Figure 2 so that it agrees with new data, but in general the information 

taken from the county geologic map was not altered.

Tucson Mountains /

The Tucson Mountains are the most thoroughly studied range in 

Avra Valley. According to Bikerman and Damon (1966, p. 1227) "the 

range is  divided into a dip slope on the east and a high escarpment on 

the west on volcanic rocks, and a large plutonic mass in the w est- 

central part, from which the volcanic rocks generally dip away." The 

history of geologic investigations in the Tucson Mountains from 1905 to 

1968 has been discussed by Mayo (1968). The following discussion is 

largely taken from Mayo's paper.

Precambrian and Paleozoic rocks are found at Twin Peaks 

(seven miles east of Cortaro). Britt (1955) measured 700 feet of Pre

cambrian Pinal schist and about 2,500 feet of Paleozoic sedimentary 

rocks, which ranged from Cambrian Bolsa Quartzite to Pennsylvanian 

Naco Formation. Permian sedimentary rocks occur at Snyder Hill, four 

miles northeast of Ryan Field on State Highway 86, which include the 

Scherrer, Concha, and Rain Valley Formations (Bryant, 1955). Paleozoic 

limestone blocks occur in many areas of the Tucson Mountains. Whitney 

(1957) was able to correlate many of the blocks with late Paleozoic 

limestones.

Brown (1939) recognized three Mesozoic rock units which are, 

in ascending order, the Cretaceous volcanic rocks, the Recreation Red 

Beds, and the Amole Arkose. He felt that the Cretaceous volcanic rocks 

might reach a thickness of 2,000 to 5,000 feet. He measured a partial
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section for the Recreation Red Beds and the Amole Arkose which were 

1,265 and 2,275 feet thick respectively. Kinnison (1958) measured a 

section of Amole Arkose which was at least 4,500 feet thick. Damon 

(1967) obtained a potassium-argon date of 150 million years for an ande

site porphyry that has intruded the Recreation Red Beds. This indicates 

that the minimum age of this formation is  Jurassic.

Kinnison (1958) established a new formation, the Tucson 

Mountain chaos. The stratigraphic position of this formation is above 

the pre-Laramide age rocks and below the Cat Mountain Rhyolite. This 

formation contains the Paleozoic limestone blocks mentioned above.

They are usually present in a chaotic arrangement.

Above the chaos lies a series of volcanic rocks which include, 

among others, the Cat Mountain Rhyolite and the Safford Tuff (Brown,

1939). The Amole Quartz Monzonite and the Amole Granite, which are 

contained in a composite stock that lies about ten miles north of Ryan 

Field, are the major intrusive rocks in the Tucson Mountains.

Several theories have been advanced to account for the presence 

of the Paleozoic limestone blocks which occur in the Tucson Mountains. 

Brown (1939) postulated that an extensive imbricate thrust sheet ad

vanced from the southwest across the present site of the mountains in 

late Cretaceous time. Erosion reduced the thrust sheet to remnants. 

Kinnison (1958) accounted for the chaos by erosion, slumping and gliding 

from some structural feature that had considerable topographic relief. 

Greenstein (1961) favored emplacement of the blpqks by rising viscous 

masses of Amole Latite. Bikerman (1963) suggested that the chaos is a 

pyroclastic flow breccia of probable nuee ardente type origin and
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represents an initial phase of the volcanic activity that extruded the Cat 

Mountain Rhyolite.

Potassium-argon age determinations in the Tucson Mountains 

(Bikerman and Damon, 1966) have shown that igneous activity was con

fined to two time intervals, the Laramide (Late Cretaceous and early 

Tertiary) and mid-Tertiary (late Oligocene-Miocene). Very little igneous 

activity occurred between these two periods. The volcanic rocks located 

at "A" Mountain and Tumamoc Hill, three miles north of State Highway 

86 (eastern edge of Figure 2), were dated as mid-Tertiary and are desig

nated as Tertiary basalts in Figure 2.

Del Bac Hills and Si err it a Mountains

Heindl (1959) described the geology of the region between the 

Tucson Mountains and the Sierrita Mountains. Most of this area con

sists of broad slopes descending from the Sierrita Mountains to the Santa 

Cruz and Avra Valleys. The Del Bac Hills extend about seven miles in a 

N. 60° E. trend. Black Mountain is  the major topographic feature in the 

Del Bac H ills. It is a lava-capped mesa that rises about 1,000 feet 

above its base.

Mesozoic rocks of probable Cretaceous age (Kinnison, 1958) 

crop out in isolated hills about two miles west and three miles south of 

the Del Bac Hills (Fig. 2). Volcanic rocks in the Del Bac Hills are of 

two principal types: Turkey Track porphyry and potassic basaltic andes

ites (Percious, 1968). The Turkey Track porphyry occurs as dikes and 

flows. An age of about 27 million years was determined for the Turkey 

Track porphyry with the potassium-argon method (Percious, 1968, p. 202).
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The basaltic andesites overlie the Turkey Track porphyry as flows. Their 

age is about 24 million years. These rocks are identified as Tertiary 

basalts in Figure 2.

The San Xavier conglomerate crops out on- the west side of the 

Del Bac Hills (Heindl, 1959). The conglomerate is  made up of fragments 

of arkose, siltstone, mudstone, rhyolite, and andesite. The Turkey 

Track porphyry intrudes these rocks; they therefore have a minimum age 

of 27 million years.

The N. 60° E. trend of the Del Bac Hills has been recognized 

as part of a regional structural trend that continues to Twin Hills and 

Redington Pass, which lie about 25 miles to the northeast. Ganus (1965) 

recognized this trend based on interpretation of water-table contour maps 

and subsurface information from wells in the Tucson Basin. On the basis 

of gravity data interpretation, Sumner (1965) and Davis (1967) suggested 

that the trend marks a probable basement scarp. Heindl (1959, p. 158) 

interpreted rapid changes in water-level altitudes northwest of the Del 

Bac Hills as "large north-south-trending frontal faults or fault zones 

separating the basin-and-range blocks." Gravity data from Avra Valley 

support these interpretations and extend their limits north and west into 

Avra Valley. This w ill be discussed in detail in Chapter 4.

A large part of the geologic mapping in the Sierrita Mountains 

has been carried out in the Pima mining district near Twin Buttes (Fig. 2). 

Lacy (1959) and Cooper (1960) discussed the geology of this area. The 

rocks include a PreCambrian granite referred to by Lacy as the Sierrita

Granite, most of the Paleozoic sedimentary rocks which are common in
. •

southeastern Arizona, Cretaceous (?) sedimentary and volcanic rocks,
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intrusive rocks of Late Cretaceous or early Tertiary age, the Helmet fan- 

glomerate of mid-Tertiary age, and some north-trending andesite dikes 

and alluvium that are younger than the Helmet fanglomerate.

Cooper proposed that rocks in the Helmet Peak and Mineral 

Hill area had been thrust about six and one-half miles to the northwest 

from the Twin Buttes area on the basis of a detailed examination of the 

Helmet fanglomerate. He concluded that the thrust occurred after min

eralization in the area. A different interpretation was made by Lacy and 

Titley (1962). They concluded that the major period of thrusting was 

penecontemporaneous with the intrusion of the Sierrita batholith, and 

that thrust sheets were shed from the roof of the batholith.

Lootens (1966) discussed the geology of the central part of the 

Sierrita Mountains. The rocks in this region included a complex sequence 

of Cretaceous (?) volcanic rocks which include the Oxframe Formation, 

the Silver Bell Formation, and the younger rhyolite. The younger rhyolite 

was correlated with the Cat Mountain Rhyolite in the Tucson Mountains. 

He also discussed the occurrence of several different types of igneous 

intrusive rocks which ranged from diorite to granite.

Three main directions of faulting were mapped: N. 70° W .,

N. 60o-80° E ., and north. Movement on the northwest trend occurred 

after deposition of the volcanic sequence but before the intrusive rocks 

were emplaced. The northeast trend was activated following the emplace

ment of the intrusives. The northerly trends were the last to be formed. 

Joints also had these trends. Based upon this study, Lootens (1966, 

p. 54) concluded that "domal uplifts have alternated with compressional 

episodes throughout much of Upper Cretaceous and Tertiary time."
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Waterman Mountains, Roskruge Mountains,
Dobbs Buttes, and Coyote Mountains

McClymonds (1959) discussed the geology of the Waterman 

Mountains, which are composed predominantly of Paleozoic sedimentary 

rocks which include Cambrian Troy Quartzite through Permian Rainvalley 

Formation. The Troy Quartzite appears to lie on granite of Precambrian(?) 

age. Sixteen hundred feet of clastic-sedimentary rocks consisting of 

shale, arkose, sandstone, and pebble conglomerate crop out on the 

northern side of the range and were tentatively correlated with the Amole 

Arkose in the Tucson Mountains. Outcrops similar to these occur on the 

southern slopes of the Waterman Mountains.

McClymonds (1959) interpreted the structure of the Waterman 

Mountains to be a crumpled recumbent fold, broken by three major sets 

of faults. The fold trends northwest and plunges to the southeast. The 

formation of the range was suggested to have occurred by thrusting of 

Paleozoic and Precambrian(?) rocks through Cretaceous (?) sedimentary 

rocks. The high-angle thrust fault trends N. 45° W. Subsequent faulting 

along N. 60o-75° E. and N. 85° W. trends displaced the N. 45° W. 

structures.

The Roskruge Mountains and Dobbs Buttes are a predominantly 

volcanic range. Bikerman (1968) summarized the geology of this range. 

Mesozoic rocks are divided into two formations: the Cocoraque and the 

Roadside Formations (Heindl, 1965). The Cocoraque Formation consists 

of arkoses, quartzites, graywackes, mudstones, pebble conglomerates, 

and altered andesites. The Roadside Formation unconformably overlies 

the Cocoraque Formation. It consists of interbedded clastic sediments
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and andesites. Laramide igneous rocks include the Roskruge volcanics . 

formation and the Cocoraque Butte pluton. The Roskruge volcanic rocks 

are a series of ash flows and volcanic breccias. The post-Laramide 

rocks include the La Tortuga granodiorite pluton, basaltic andesites, 

Recortado ash flow, and Pliocene basalts.

Bikerman (1968) concluded that the general history of events in 

the Roskruge Mountains closely parallels the history of the Tucson 

Mountains. The pattern is closely matched by the pre-Laramide ande

sites and sediments, the Laramide ash flows and intrusive rocks, and 

the mid-Tertiary basaltic andesites.

Kurtz (1955) reported on the geology of the Coyote Mountains. 

The rocks described include metasediments, diorite, quartz monzonite, 

granite, biotite gneiss, alaskite, and pegmatite. All of these rocks 

except the pegmatites show the effect of regional metamorphism. The 

major fault in this area follows State Highway 86 and separates the 

Coyote Mountains and Dobbs Buttes. The genesis of the Coyote Moun

tains was explained by postulating a sequence of events which include 

intrusion, regional metamorphism, and metasomatism. Wargo (1954) 

reached similar conclusions based upon his study of an area in the 

Coyote Mountains that lies further to the w est. The contact of the Lara

mide granite with the Quaternary alluvium shown in Figure 2 is  that of 

Kurtz's (1955) geologic map rather than the county geologic map.

Ground Water

The alluvium in Avra Valley consists of permeable lenses of 

sand and gravel interbedded with clay and silt (White et al, 1966). The
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alluvium extends to depths as great as 2,000 feet along the central part 

of the valley, but the thickness is considerably less along the mountain 

fronts. The general flow of ground water in Avra Valley is north. Ground 

water enters Avra Valley near the Three Points area and it leaves near 

Marana approximately ten miles northwest of Cortaro where it enters 

the lower Santa Cruz basin.

White et al (1966, p. 31-39) determined that 16.5 million acre- 

feet of ground water is theoretically available from the storage reservoir 

in Avra Valley. The parameters that are necessary for this calculation 

are the storage coefficient and the total volume of saturated sediments. 

The storage coefficient is "the.volume of water released from storage in 

each vertical column of the aquifer having a base of 1 foot square when 

the water table or other piezometric surface declines 1 foot. This is  

approximately equal to the specific yield for nonartesian aquifers"

(Howell and Weller, 1960, p. 280). This parameter was determined from 

analysis of the effects of ground-water withdrawal. The amount of ground 

water pumped from Avra Valley divided by the volume of sediments that 

are dewatered determines the storage coefficient if the natural inflow of 

ground water into the basin equals the natural outflow. From 1955 to 

1965, 1.2 million acre-feet of ground water were removed from Avra Val

ley and 7.3 million acre-feet of sediments were dewatered. On the basis 

of these determinations, a value of 0.15 was calculated for the storage 

coefficient after a correction was made for an "excess of natural inflow 

over outflow.

The total volume of saturated sediments was determined from 

the depth to water and thickness of permeable sediments in Avra Valley
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(White et al, 1966, Fig. 11). They divided Avra Valley into four areas . 

which included: (1) the mountain area, (2) the pediment area, (3) the 

area where the average thickness of permeable sediments is 500 feet, 

and (4) the area where the average thickness of permeable sediments is 

at lea st*1,000 feet. Only areas (3) and (4) were included in the calcu

lation of the total volume of saturated sediments. The portion of Avra 

Valley that was included in the calculation extended from about six  

miles southwest of Three Points to a point seven miles north of the 

northern edge shown on Figure 2. The total volume of saturated sedi

ments was calculated to be 110 million acre-feet.

The value of 16.5 million acre-feet of ground water available 

from storage is determined by multiplying the storage coefficient, 0 .15 , 

by the volume of saturated sediments, 110 million acre-feet. In Chapter 

4, the volume of saturated sediments contained in the Avra Valley basin 

is determined using gravity data, and a different value is obtained for 

the amount of water that is theoretically available from the storage 

reservoir. '

Hydrologic and drill-hole data for the San Xavier Indian Reser

vation and vicinity, which lies north and east of the Sierrita Mountains, 

were collected by the U .S. Geological Survey during an investigation of 

the geology and ground-water resources of the reservation and were 

reported by Heindl and White (1965). Data from 290 square miles in and 

around the reservation are given. Table 5 of their report presents se

lected drillers' logs of wells and test holes on the San Xavier Indian 

Reservation and Table 6 gives the same information in areas adjacent to 

the reservation. The locations of a representative sample of these wells
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are plotted on Figure 2. The total depth of the well and the depth to the 

"base of the older alluvium" (if it was penetrated by the drill) are given 

below the well symbol. The older alluvium (Beindl and White, 1965, 

p. li)  "is composed of alternating zones of alluvial material that rest on 

bedrock and underlie the flood-plain deposits where present. . . . Sedi

mentary deposits below the base of the older alluvium are interpreted to 

be part of the bedrock. If the base of the older alluvium is not indicated, 

the well is presumed to bottom in older alluvium." Bedrock is defined by 

Heindl and White (1965, p. 7) as "the black volcanic flows that cap 

Black Mountain and all older rocks. Bedrock also includes some sedi

mentary units that underlie the older alluvium and are known only from 

drill-hole data; thus, their age and correlation are not certain, and parts 

of them may be younger than the volcanic flows capping Black Mountain." 

The interpretation of the depth to the "base of the older alluvium" was 

made by Heindl and White from the drillers' logs.

Well locations and total depths of wells included in the paper 

by White et al (1966) are also included in Figure 2. One of these w ells, 

which is located five miles south of Three Points, was interpreted by 

the author of this thesis to have intersected bedrock at a depth of 845 

feet on the basis of the driller's log. "Solid rock granite" (White et al, 

1966, p. 62, well no. (D-16-10) 34 bab) was penetrated for 30 feet be

low this depth. The data for two w ells, which are located four miles 

northeast of Ryan Field, are taken from a thesis by Davenport (1963, 

p. 43 and plate 1). The location and total depth information for the City 

of Tucson water wells located near Ryan Field were obtained from driller's



logs supplied by Dr. J. J. Wright of The University of Arizona Geology 

Department.



CHAPTER 4

INTERPRETATION

When the complete Bouguer anomalies discussed in Chapter 2 

are plotted on a map and contoured (Fig. 4, in pocket), the results se l

dom give much usable information about subsurface geology until they 

are analyzed by suitable interpretation techniques (Dobrin, I960, p.

242). Interpretation is not a clear-cut process that will give a unique 

answer. It is subject to many limitations. The magnitude of the limita

tions of interpretation is decreased as the amount of independent geo

logical information is increased.

Gravity data from Avra Valley are interpreted to determine: (1) 

major subsurface structural features, (2) the volume of ground water 

available from storage in the basin, and (3) the center of mass of the 

sediments that are contained in the basin. In order to make these inter

pretations, the "gravity effect" of the sediments contained in the Avra 

Valley basin must be known. "Gravity effects" from other sources are 

removed by a regional-residual separation.

Regional-residual Separation

The picture that emerges from the complete Bouguer anomaly map 

(Fig. 4) is one that shows a superposition of anomalies of noticeably dif

ferent orders of size . Pronounced gravity highs oqcur over the western 

part of the Sierrita and Tucson Mountains. A northeast-trending line of 

gravity lows extends along the northwestern edge of the Sierrita

37
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Mountains and then turns to the northwest near Ryan Field. These low s. 

follow the trends of Altar and Avra Valleys. Relatively strong gravity 

gradients occur on both sides of the valleys; all the gravity values de

crease toward the center of the valley.

Figure 5 shows a typical profile of the complete Bouguer anom

aly which is perpendicular to the trend of Avra Valley. A plan view is  

given in Figure 4 (AA1) . A corresponding profile of topography and sur

face geology is given below the gravity profile. The overall trend of the 

gravity profile from A to A' is a decrease from -9 5  to -  122 mgals in the 

complete Bouguer anomaly. This regional trend is probably caused by 

the deeper heterogeneity of the earth's crust (Grant and W est, 1965, p. 

242-243) and is probably an effect of isostasy. A smooth curve is pro

jected from A to A' which approximates this regional trend. The central 

low of the profile correlates with the Quaternary sediments and is a 

result of the density contrast between these sediments and the higher 

density bedrock which underlies them. This is the portion of the simple 

Bouguer anomaly that must be separated from the regional trend.

In order to remove the regional trend from the complete Bouguer 

anomaly map, regional corrections were estimated for 15 intersecting 

gravity profiles throughout Avra Valley. These values were contoured 

and then "smoothed" by hand. A map of the regional gravity is shown 

in Figure 6 (in pocket). The regional gravity increases to the north-north 

w est, which is the direction that the elevation decreases.

A residual gravity anomaly map was constructed by subtracting 

the value of the regional gravity from the complete Bouguer anomaly at 

each field station and contouring the results (Fig. 7, in pocket). This
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map represents the gravity effect of the density contrast between the 

sediments in Avra Valley and the adjacent bedrock. The major effect of 

the regional-residual separation is to move the gravity low south of 

Ryan Field (Fig. 4) approximately six miles north. The gravity gradient 

near the Del Bac Hills is decreased indicating that a part of the gradient 

is due to the regional trend.

The method that has been used to determine the regional cor

rection is admittedly subjective. Grant and West (1965, p. 244) note in 

their discussion of this method that

This method has the merit of being highly flexible, since it 
allows the interpreter to incorporate into the process his per
sonal judgment or sense of "rightness" about the forms of the 
residual anomalies. The use of this personal bias is subjec
tive, but it is entirely reasonable. If two numbers are sought 
when only their sum is known, the number of solutions is in
finite; but if something can be assumed about one of them, 
then the range of admissible solutions is limited. In this case, 
judgment that is based upon experience with anomalies over 
known structures, and also upon a direct knowledge of local 
geological conditions, has a legitimate bearing on the solution 
of the problem, even though it may profoundly affect the out
come of the interpretations.

Since the residual anomalies are relatively large and information about 

the alluvium-bedrock contact can be incorporated into the regional deter

mination, the intersecting profile method is particularly well suited for 

determining the regional correction in Avra Valley.

The question of errors in the residual gravity anomaly due to 

the regional correction arises. These errors are difficult to estimate be

cause of the subjective nature of the regional gravity determination. 

Areas where large positive or negative residuals occur on bedrock may 

•contain errors. Positive residuals of around 8 mgal occur on the west 

side of the Sierrita Mountains. They are associated with a strong high
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in the complete Bouguer anomaly map. The positive residuals are caused 

by the smoothing of the regional gravity map in this area. Negative re

sidual gravity values occur in the northern part of the Tucson Mountains 

about seven miles southwest of Cortaro. A similar low occurs on the 

complete Bouguer anomaly map. Apparently, this is a real effect due to 

a density contrast, and it w ill be discussed later in this chapter. In 

other areas, the residual anomalies on exposed bedrock are near zero.

Densities

The gravity effect of the density contrast between the alluvium 

and bedrock in Avra Valley has been isolated by the regional-residual 

separation. One additional parameter is needed in order to make inter

pretations based upon the residual gravity anomalies. This parameter is  

the density contrast between the alluvium and bedrock.

Bedrock

The average measured wet bulk density of all surface samples 

of exposed bedrock collected in the Avra Valley area is 2.64 gm/cm^

(see Table 1) . T heU .S . Geological Survey (Plouff, 1962) used densities 

of 2.60 and 2.67 gm/cnv* to calculate complete Bouguer anomalies in the 

Avra Valley area. In order to make the U .S . Geological Survey and Uni

versity of Arizona gravity data compatible, a density of 2.67 gm/cm^ 

was used to calculate all complete Bouguer anomalies. This amounts to 

a one percent change in the density from the average value of 2.64 

gm/cm3 . Since the Bouguer correction (p. 17) is given by - 0 .01277fh, 

an error of one percent in f  w ill cause a one percent error in the Bouguer

correction.
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Alluvium

The determination of the best value for the average density of 

alluvium in Avra Valley depends upon the distribution of density with 

depth. Unfortunately, no subsurface density information was available. 

Wet bulk densities of San Xavier conglomerate from the Del Bac Hills 

varied from 2.16 to 2.43 gm/cm^. These rocks strike east to northeast 

and they dip 15° to 35° northwest into Avra Valley (Percious, 1968, p. 

201-202). Drillers' logs (White et al, 1966) show that conglomerates 

were encountered in many w ells in Avra Valley, but the extent of these 

rocks is not well known.

One of the most detailed studies of density variations within a 

sedimentary basin was carried out in the Tucson Basin about twenty miles 

east of Avra Valley (Davis, 1967, p. 24-30). Davis measured densities 

of core samples and surface samples of the Pantano Formation and its 

equivalents. He also incorporated information from density and sonic 

velocity logs from wells in the Tucson Basin. He concluded that sedi

ment densities varied from about 2.0 gm/cm^ at the surface to at least 

2.5 gm/cm^ at the greatest depths reached. A value of 2.27 gm/cm^ 

was selected as the best average density for gravity interpretations and 

a value of 0.40 gm/cm^ was used as the density contrast between the 

sediments and alluvium.

A density contrast of 0.40 gm/cm3 has been used consistently

for recent gravity data interpretations in southeastern Arizona (Davis,

1967; Hench, 1968; Spangler and Libby, 1968). Mabey (1966, p. 81)

states that "numerous determinations of the density of Cenozoic sedi- 
' '

mentary rocks throughout the Basin and Range province indicate that the
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densities of major units can range from a minimum of about 2.0 to a 

maximum of 2.65 gm/cm^. The most common average for a major basin 

is about 2.2 or 2.3 gm/cm^."

On the basis of the information given above, a density contrast 

of 0.40 gm/cm^ was used for gravity data interpretations in Avra Valley. 

Because the density contrast is not accurately known, values of 0.30 

and 0.50 gm/cm^ were used, in some cases, to establish a range of 

possible values based upon the interpretations.

Subsurface Structure

Residual Gravity Map

Based upon the evidence that has been presented, the residual 

gravity map (Fig. 7, in pocket) represents the gravity effect of the den

sity contrast between the alluvium and bedrock in Avra Valley. This 

evidence includes: (1) the average density of bedrock in Avra Valley is 

about 2.67 gm/cm^, (2) the maximum error in the complete Bouguer 

anomaly is +2.30 mgal for 91 percent of the gravity stations, and (3) 

the regional residual separation has effectively separated the gravity 

effect of the density contrast between the alluvium and bedrock from the 

complete Bouguer gravity anomalies.

The residual anomalies have a remarkably linear shape, espe

cially along the northwestern edge of the Tucson Mountains. Plouff 

(1961) noted a linear form in the Bouguer anomalies that enclose the 

Tucson Mountains and he suggested that this indicates the range is sur

rounded by faults. A linear feature northwest of the Sierrita Mountains 

trends east-northeast and it is in line with the Del Bac H ills, Twin
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H ills, and Redington Pass trend mentioned in Chapter 3. The total length 

of this feature is almost 50 miles from Redington Pass to a point 13 miles 

southwest of Three Points. The anomaly southwest of the Tucson Moun

tains trends north-northwest from the Del Bac Hills for 15 miles at which 

point the trend changes to almost due north. Examination of gravity data 

further north (Peterson, 1968) indicates that this trend probably does not 

continue beyond Marana. Its total length is about 25 m iles. This feature 

is terminated by the east-northeast trend near the Del Bac H ills. A simi

lar trend occurs on the west side of Avra Valley, but its magnitude and 

gradient are not as large as the trend on the east side of the valley.

The basin depth is  related to the magnitude of the negative 

residual anomaly, hence the deepest part of the Avra Valley basin prob

ably occurs near Ryan Field. The basin depth decreases to the northwest 

and southwest of Ryan Field until subsurface saddles are reached. Fur

ther to the northwest, the depth of the basin increases again to a maxi

mum about 10 miles tvest of Cortaro. Peterson's (1968) data indicate 

that the northern structural end of the Avra Valley basin occurs about 10 

miles northwest of Marana. The saddle southwest of Ryan Field extends 

for a distance of about 10 miles until the Altar Valley basin is reached, 

and then the depth increases again. Southeast from Ryan Field, the 

basin depth decreases in the region where the divide between the 

Sierrita and Tucson Mountains separates Avra Valley from the Santa 

Cruz Valley.

Davis (1967) proposed that areas of high ground-water gradient 

in the Tucsop Basin were controlled by two variables, basement relief 

and stratigraphy. The largest ground-water gradients in Avra Valley



45

(about 50 feet per mile) occur from Three Points to Ryan Field (White et 

al, 1966). If Davis' proposal applies in Avra Valley, these gradients 

reflect the increase in basement depth from Three Points to Ryan Field.

The gradient of the residual anomaly gives an indication of the 

relative magnitude of the subsurface slope of the basin. The north-north

west and east-northeast trending linear features are associated with 

large gravity gradients which probably indicate the presence of subsur

face-basement scarps which may be the result of faulting. The largest 

gradient occurs 2.5 miles northeast of Ryan Field on State Highway 86 

where a 12-mgal change occurs in the residual anomaly in a distance of 

one mile. It was near this area that Heindl (1959) proposed that large 

north-trending faults occur which separate the Basin and Range blocks on 

the basis of information from water-level altitudes.

Heindl (1959, p. 158) presents abundant geologic evidence for 

a N. 60° E. structural trend in the Del Bac Hills area. He also postu

lated a N. 60° W. trend which marks the structural boundary between the 

Tucson and Sierrita Mountains. Gravity data support the N. 60° E. trend 

and indicate that it continues on to the southwest without interruption. 

Geologic and gravity data show that this structure is downthrown to the 

south on the east side of the Del Bac Hills (Heindl, 1959; Davis, 1967). 

The opposite case occurs west of these hills where residual gravity 

anomalies indicate that the north side is down.

The location of residual gravity gradients and outcrops of bed

rock indicate that a rather extensive shallow buried bedrock surface 

occurs along most of the southwestern part of the Tucson Mountains. 

Well data (Fig, 2) substantiate this interpretation in several locations.
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The magnitude of the residual anomalies in the area between the Tucson 

and Sierrita Mountains implies that alluvial cover in this area is rela

tively shallow. Well data and surface outcrops also indicate that the 

cover is shallow.

Some conclusions of practical importance can be drawn from 

the discussion given above. From the point of view of depth to bedrock, 

the shallow regions south and southwest of the Tucson Mountains are 

favorable areas for mineral exploration. The opposite occurs northwest 

of the Sierrita Mountains. The sharp decrease in residual gravity anom

alies indicates that the depth to bedrock increases rapidly immediately 

northwest of the bedrock-alluvium contact.

As the amount of ground water that is removed from Avra Valley 

' increases, the possibility of general basin subsidence is greater (Lacy, 

1964). This can result in earth fissures and structural failure of roads, 

foundations, etc. Areas where subsurface scarps occur are particularly 

vulnerable to this type of damage because of differential subsidence. On 

this basis, the probability that damage of this sort w ill occur is higher 

for structures which lie near the north-northwest trending gravity gradient 

southwest of the Tucson Mountains. Examples are State Highway 86 and 

the City of Tucson water pipeline on Valencia Road.

A residual gravity low extends into the Tucson Mountains in the 

area just north of lat 320 15' N. This low is apparently associated with 

the Laramide granite and other intrusive rocks in this area; however, a 

density measurement on the granite (sample No. 10, Table 1) did not 

indicate that the density of this rock is below average. The southern 

part of the low lies in an area studied by Mayo (1966), the Museum
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Embayment. Mayo concluded that the structure in this area was the re

sult of the emplacement at depth of magma. Collapse features have been 

associated with gravity lows (Hench, 1968) because the fractured rock 

has a lower bulk density. A collapse feature might account for this low, 

but a more detailed study of this area will be necessary to determine if 

such a structure ex ists.

Quantitative Depth Estimates

A calculation of the depth from the surface to the alluvium-bed

rock interface requires the use of a mathematical model. If the model 

that is used approximates the actual geologic situation, a reasonably 

accurate depth estimate can be made if the gravity data are precise. 

However, Skeels (1947) has shown that widely different mass distribu

tions can give the same gravity effect, and unless detailed geologic 

information is available, the use of complex mathematical models is not 

warranted.

The gravity effect £>g, in mgal, of a slab of thickness h kilo- 

feet, and infinite horizontal extent is

A9 = 1 2 .77A f h, (2)

where A f is the density contrast in gm/cm^ (Dobrin, 1960, p. 175) . 

Values can be calculated for h, the slab thickness, if Ag and A f  are • 

known. Values assumed for Af were - 0 .3 ,  - 0 .4 ,  and - 0 .5  gm/cm^. 

Seven locations were chosen in Avra Valley (Fig. 7), and the values of 

the residual anomaly at these points were used for Ag. The calculated 

thicknesses are given in Table 2.
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Table 2. Thickness Calculations for a Slab of Infinite Horizontal Extent

Location
No.

A9
(mgal)

h(ft)

Af = - 0 . 3  gm/cm^ A f —-  0 .4  gm/cm3 A f  = - 0 .5  gm/cm^

1 - 1 8 . 6 4860 3640 2920

2 -  11.5 3000 2260 1810

3 - 2 1 . 1 5520 4130 3310

4 -  10.0 2620 1960 1570

5 - 1 1 . 8 3080 2320 1850

6 -  15.1 3940 2960 2370

7 - 2 0 . 4 5330 4000 3200

Locations are shown in Figure 7.

The equation for the maximum gravity effect Ag, measured on 

the base of an inverted isosceles triangular prism is (Grant and W est,

‘ 1965, p. 290)

Ag = 4GA?w(— ------)(—  + k loge k) .
V k2 + 1 /  ^2 '

The depth of the triangle is Wk, 2W is the width of the base, A f is the 

density contrast, and G is the gravitational constant. If Ag, AP, and 

W are known, K can be determined by a graphical solution of the equa

tion and a value Wk for the triangle depth can be determined. Values 

for 2W, the width of the triangle base, were picked for each of the seven 

locations in Figure 7 by measuring the distance from the alluvium-bedrock 

contact on the west side of Avra Valley to the contact on the east side of
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the valley. The distance was measured on a straight line that passes 

through each location roughly perpendicular to the gravity contours. The 

residual gravity anomaly at each location was used for g. The results 

are shown in Table 3.

Table 3. Depth Calculations for an Inverted Isosceles Triangular Prism

Wk (ft)

Location
No. (mgal)

2W
(mi) - 0 .3  gm/cm^

A f =
- 0 .4  gm/cm^

A f=
- 0 .5  gm/cm^

1 - 18.6 13.2 6260 . 4530 3480

2 - 11.5 9.4 3720 2850 2110

3 -2 1 .1 12.5 7250 5110 3960

4 - 10.0 12.1 3040 2240 1600

5 - 11.8 12.1 3580 2720 2080

6 - 15.1 12.6 4820 3490 2660

7 -2 0 .4 10.9 7340 5180 3880

Locations are shown in Figure 7.

The results given in Tables 2 and 3 are in general agreement 

with the qualitative discussion of the basin depth given earlier in this 

chapter. The inverted triangular prism always gives a greater value for 

the depth than the infinite slab. Based upon these models and a density 

contrast of - 0 .4  gm/cm^, the basin depth near Ryan Field is  probably be

tween 4,000 and 5,000 feet depending upon which model more closely ap

proximates the basin structure. The subsurface saddles northwest and



southwest of Ryan Field are on the order of 2,000 feet deep. North and 

south of these saddles the depth increases again.

For the purpose of gravity interpretation, a two-dimensional 

body is a structure that has one dimension that extends to infinity 

(Dobrin, 1960, p. 257; Grant and W est, 1965, p. 230). Across section 

taken perpendicular to this direction always gives the same profile of 

the body. The gravity effect of a two-dimensional body can be calcu

lated with the aid of a template which is superposed over the cross 

section. The dimensions of the cross section can be adjusted so that a 

measured gravity profile can be reproduced by the gravity effect of the 

two-dimensional model.

Two gravity profiles were constructed along the lines A-A' and 

B-B' shown in Figure 7 and a A sin e, Ar template (Davis, 1967, p. 57- 

59) was used to calculate the gravity effect of the two-dimensional 

models which reproduced the gravity profile. The models which gave the 

best fit to the gravity data are shown in Figure 8. A density contrast of 

- 0 .4  gm/cm^ was used for these calculations.

Profile A-A1 crosses the north-northwest-trending gravity gradi

ent southwest of the Tucson Mountains. This trend was interpreted as a 

steeply dipping normal fault on the basis of evidence already presented. 

Attempts were made to determine the dip and throw of this fault using 

methods discussed by Grant and West (1965, p. 282-287), but the gravity 

station interval was too great for a satisfactory interpretation.

Profile B-B1 crosses the south-southeast trend, and this region 

was assumed to have a rather shallow dip of about 12 degrees, although 

a much larger dip could have been used near the high-gravity gradient.

50
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Also, there is a possibility that more than one scarp causes the gravity 

gradient in this area. A detailed gravity survey was conducted near the 

southeastern end of profile B-B1 (Fig. 2). One of two Bouguer anomaly 

profiles showed two distinct changes in gradient which may be the effect 

of multiple buried scarps.

The infinite horizontal slab model can be used to estimate the 

effect of errors in the complete Bouguer anomaly that were discussed in 

Chapter 1. Assuming that an error + Ag1 occurs in the complete Bouguer 

anomaly, the resulting error in the estimate of the thickness of an 

infinite horizontal slab +£sh is , from equation (2),

+Ah = ±& g'
12.77 A f

In Chapter 2, the maximum error in the complete Bouguer anomaly was 

estimated to be +2.30 mgal for 90 percent of the gravity of the gravity 

stations. Using the equation given above and assuming a density con

trast of - 0 .4  gm/cm^, the following equivalent statements can be made: 

a maximum error o f + 450 feet is possible in the thickness of an infinite 

slab due to errors in the complete Bouguer anomalies.

The only wells that penetrate bedrock in Avra Valley lie near 

alluvium-bedrock contacts or other shallow areas (Fig. 2). One well six 

miles south of Three Points was interpreted by the author of this thesis 

to have penetrated bedrock at 845 feet. The residual anomaly at this 

point is  -  12" mgals. Using equation (1) to solve for the density contrast, 

a value of -  1.07 gm/cm^ is determined. This is an extremely high den

sity contrast, and it is not supported by data from Avra Valley and other 

nearby basins. Errors in the regional-residual separation may account
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for this discrepancy, but the method that was used to make this correc

tion has given satisfactory results in many areas of the Basin and Range 

province (Healey, 1966; Hench, 1968; Spangler and Libby, 1968). This 

discrepancy cannot be resolved until more subsurface depth and density 

information is obtained in Avra Valley.

Healey (1966, 1968) has discussed a gravity survey at the 

Nevada Test Site in which regional gravity data taken at intervals simi

lar to the ones in Avra Valley were used to calculate a contour map of 

the upper surface of pre-Cenozoic rocks. Drill-hole, outcrop, and some 

seismic data were incorporated into the map, and adequate subsurface 

density information was available. The area was structurally complex, 

and changes in the density contrast as great as 0 .5  gm/cm^ occurred in 

a distance of five miles. Percent errors in the predicted depth to pre- 

Cenozoic rocks of 19 drill holes in Yucca Flat averaged 16.7 percent. 

The smallest percent error v;as 0 .2  percent and the largest was 68.9 

percent. Therefore, depth estimates such as those made in Avra Valley 

can give reasonably reliable results if there is adequate subsurface 

density information available.

Determination of the Anomalous Mass and Volume 
of Ground Water Available from Storage

Anomalous Mass

Skeels (1947) pointed out that the interpretation of gravity data 

is inherently ambiguous. It is possible to calculate a unique gravitation 

al field for any given mass distribution; however, the calculation is not 

entirely reversible. A gravity profile can be produced by a large number
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of different mass distributions, and it is impossible, on the basis of 

gravity data alone, to decide which mass distribution is the source of 

the gravity field .

While there is no unique solution of gravity data in terms of the 

mass distribution, there is a method that can be used to determine the 

magnitude of the mass causing the gravity anomaly (Hammer, 1945). The 

basis of this method is Gauss's mathematical theorem for inverse 

square-central force fields (Ramsey, 1940, p. 71). For a gravitational 

field, this law is

- 4ttGM =Jj~  * dH , (3)

where g is the gravitational field vector caused by a mass distribution 

of mass M, ds" is an elemental surface vector on a closed surface S of 

arbitrary shape that completely surrounds the mass distribution, and G 

is the gravitational field constant. This equation states that the total 

flux of g out of the surface S is  -  4TTGM.

Hammer chose a particular surface to enclose the mass M, a 

closed hemisphere (Fig. 9). The hemisphere is oriented so that its 

spherical surface is below the mass and its planar surface is above the 

mass. The upper surface represents a level surface on the earth. For a 

sedimentary basin, the enclosed mass is an anomalous mass &M which 

represents the density contrast between the low-density alluvium and the 

high-density bedrock. Gravity measurements are taken over the upper 

planar surface of the hemisphere, and the gravity effect Ag(x,y) of the 

anomalous mass is calculated on this surface. Since the gravity effect 

cannot be measured over the lower spherical surface it is necessary to 

determine the relationship between the flux of Ag(x,y) out of the upper
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Figure 9. The Use of Gauss's Theorem to Determine the 
Anomalous Mass bf a Sedimentary Basin



planar surface and the anomalous mass AM. When the radius of the 

hemisphere becomes large, this relationship is (Grant and W est, 1965,

56

p. 227-228)
z -O P  Z-CO

2TTGAM = J 0JK, Ag(x,y) dxdy, (4)

where the integration is over the upper planar surface. Thus, the anoma

lous mass AM can be found by integrating the gravity effect Ag(x,y) 

over the upper plane.

Davis (1967, p. 60-61) used this method to determine the 

anomalous mass in the Tucson Basin. He calculated a value of 8,645
' - V '

mgal mile squared for the surface integral. The surface area over which
>- \

this integration was performed is estimated to be 850 sq mi. The anoma

lous mass AM calculated from equation (4) is -  5.35 x 10^  kg.
\ \

The same method was used to calculate the surface integral of
\ \

Ag(x,y) in Avra galley. The zero mgal isogal of the residual anomaly

map was used for^he lim it’of the integration. The value obtained for the
■

surface integral was 4,500 mgal mile squared for an area of 510 sq mi.
\ \

The anomalous mass was -  2.78 x 1 0 kg.
\ • ' 'Errors occur in the determination of the anomalous mass be

cause of (1) errors in'the complete Bouguer anomaly values, (2) errors

in the regional-residual separation, (3) substitution of finite limits for
\ • 

the infinite limits in equation (4), and (4) the fact that the gravity meas-
■ . \  ■■

urements are taken on the earth's surface and not on a plane surface.
\

The maximum error in the complete Bouguer anomaly is estimated 

to b e +2.30 mgal for 90 percent of the stations. The maximum negative 

residual anomalies are quite large when compared to this value, on the- . i ; ■ \ '
order of -  20 mgal. As errors in the complete Bouguer anomalies can be

' \ \ ■ .
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either positive or negative they will tend to cancel out in the surface 

integration. For these reasons, it is doubtful that errors in the complete 

Bouguer anomalies will have a large effect on the anomalous mass. If 

the maximum error of + 2.30 mgal is assumed to occur over the entire 

basin, the maximum error in the anomalous mass will be about 26 per

cent of the total value.

The effect of errors in the regional-residual separation upon 

the determination of the anomalous mass can cause either an underesti

mation or an overestimation of the anomalous mass AM . Small errors in 

determining the "base level" of the regional gravity can lead to large 

errors in the anomalous mass (Hammer, 1945, Fig. 3). However, the 

residual anomalies are large and the method used to determine the region

al-residual separation made use of all available information and should 

give accurate residual gravity values.

The substitution of finite limits in equation (4) causes an under

estimation of the anomalous mass because the total flux of Ag(x,y) is 

underestimated. LaFehr (1965) made an extensive study of the effect of 

the geometry of the anomalous mass distribution upon this underestima

tion. In Avra Valley, the ratio of the depth to the upper surface of the 

alluvium to its thickness is zero' and the ratio of the width to the thick

ness of the alluvium is large; therefore (LaFehr, Figs. 3 and 5), the 

effect of substituting finite limits in equation (4) w ill have very little 

effect on the determination of the anomalous mass.

The derivation of equation (4) assumes that the residual gravity 

values are on a plane. Gravity measurements are taken on the ground 

surface which is uneven, and the gravity field of the anomalous mass
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will be distorted in cases of extreme topography. In Avra Valley, the 

surface of integration has an elevation change of 1,000 feet in horizontal 

distance of about thirty miles. The surface is very nearly a plane, and 

no corrections of the type suggested by Grant and West (1965, p. 269) 

and Dampney (1969) were made. Also, while the derivation of equation 

(4) assumes that the surface of integration is a plane, Gauss's law, the 

basis of the derivation, does not require the use of a plane. In fact, 

any arbitrary "Gaussian surface" is satisfactory as long as the flux of 

the gravity field is calculated. A more thorough study of this problem 

and the effects of the regional-residual separation upon the determina

tion of the anomalous mass would be worthwhile, but it will not be 

attempted in this paper.

Interpretive Model and Ground-water Estimates

Volume of Ground Water Available from Storage. A negative

anomalous mass, i . e .  mass deficiency, occurs in Avra Valley because

the alluvium density is le ss  than the bedrock density (Table 1). This 
ct

density different is the result of (1) pore space lowering the bulk density 

of the alluvium and (or) (2) rock particles making up the alluvium having 

a lower density than the bedrock. The fact that the alluvium has pore 

space which can at least in part be filled with water is  demonstrated by 

the density increase of alluvium samples upon saturation with water and 

the known occurrence of ground water in Avra Valley. Since the mass 

deficiency is a result of the pore space and the pore space contains 

ground water, the amount of ground water can be related to the mass 

deficiency. *
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While the anomalous mass can be determined uniquely from 

gravity data, any attempt to determine the volume of sediments or ground 

water from the anomalous mass requires more information. Consider the 

following model (Fig. 10). A basin is filled with alluvium which has a 

particle density . The lower surface of the alluvium is surrounded by 

bedrock of density . The pore space in the alluvium is completely 

filled with water of density 1.00 gm/cm^ from the lowest part of the 

basin to a depth h below the upper surface. Above depth h, the pores 

are filled with air which has a density that is approximately zero when 

compared to the density of water. The model is divided into two parts 

so that the anomalous mass of the unsaturated alluvium above the water 

table can be separated from the rest of the basin. The bulk density and 

density contrast of sediments below depth h are and respec

tively, and above the depth h they are designated by f  g and A*/32 .

The total anomalous mass AM is the sum of two parts, AMi 

below a depth h and AM2 above a depth h,

AM = AM 1 + AM 2 •

If the average depth to the water table is  h and the surface area of the 

basin is S, then

and

AM 2 — Ay-̂ 2 h S,

AM} = AM -  A/92 h S . 

The anomalous mass below depth.h is

and

AMX = & P\V i

Vl
AM -  A/^2 h 3 

&Pl
(5)



UNSATURATED ALLUVIUM 
bulk density fa 
average depth h 
surface area S

SATURATED ALLUVIUM  
bulk density-Pi /
particle density-Pa /

BEDROCK 
bulk density

Figure 10. Model Used to Determine the Volume of Saturated Alluvium
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and

A ^ 1  = P\ ~ Pb'
Vi is the total volume of saturated sediments which is determined from 

the anomalous mass AM (equation 4), the density contrasts and 

AyOg, the average depth of the water table h, and the surface area of the 

basin S.

On the basis of evidence presented earlier in this chapter, 

was set equal to - 0 .4  gm/cm^. Because of the lack of adequate subsur

face density values, V% was also calculated forAp^ of - 0 .3  and -0 .5  

gm/cm^. A value o f - 0 .7  gm/cm^ was chosen for Afg for the following 

reasons. Wet bulk density of 10 samples of unconsolidated alluvium 

from the Walnut Gulch watershed near Tombstone ranged from 1.77 to 

2.20 gm/cm^ and averaged 2.02 gm/cm^ (Wallace and Spangler, 1970). 

Similar results were obtained by Hench (1968, Table 1) in the Santa Cruz 

Valley. The average dry bulk density of the near-surface alluvium is  

probably less  than 2.0 gm/cm^ in these areas, and a density contrast 

o f - 0 .7  gm/cm^ was assumed for Avra Valley. The average water-table 

depth in Avra Valley was estimated to be near 300 feet from White et al's 

(1966, Figure 11) contour map of the depth to water, and this value was 

used for h.

The results of these calculations are presented in Table 4. 

Similar calculations were made for the Tucson Basin. The average water- 

table depth in the Tucson Basin was estimated to be about 200 feet 

(Davis, 1967, Plate 9), and this value was used for h.

^ 2  “ ~
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Table 4. Volume of Saturated Alluvium in Avra Valley and the Tucson
Basin

V̂  (million acre-feet)

M h S A f i = A f % = A-jÔ =
Location (10^ kg) (feet) (mile^) - 0.3 gm/cm^ -  0.4 gm/cm^ -  O.Sgm/cm^

Avra
Valley -  2.78 300 510 520 389 274

Tucson
Basin -5 .3 5 200 850 1190 892 717

Since the storage coefficient (see page 31) for Avra Valley is 

0.15 (White et al, 1966), the volume of ground water available from 

storage can be calculated from the volume of saturated alluvium. The 

results are given in Table 5. The values calculated for the Tucson Basin

Table 5. Volume of Ground Water Available from Storage in Avra Valley 
and the Tucson Basin Assuming a Storage Coefficient of 0.15

Volume (million acre-feet)

Location A ^  = - 0.3 gm/cm^ A7j = - 0.4 gm/cm^ A f ̂  = -  0.5 gm/cm^

Avra Valley 78.0 58.4 41.1

Tucson Basin 179 134 108

were based on the assumption that the storage coefficient is 0.15 and 

they are given for purposes of comparison only.

On the basis of gravity and density data and a storage coeffi

cient of 0 .15 , the volume of ground water available from storage in Avra
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is 58 million acre-feet. The value obtained by White et al (1966) was 

16.5 million acre-feet or about 28 percent of the value obtained from 

gravity data. This discrepancy is the result of several factors. The 

determination made by White et al of the volume of saturated sediments 

covered an area that extended 10 miles further north than the gravity 

data, but the gravity data extended about 10 miles further south and the 

differences would tend to cancel one another. The volume of saturated 

sediments determined by gravity data is 389 million acre-feet and the 

volume calculated by White et al was 110 million acre-feet. The volume 

determined by gravity data is greater because all saturated alluvium in 

the basin has an average density contrast of - 0 .4  gm/cm^ is included, 

while White et al used an arbitrary depth of 1000 feet for the sediments 

in the central part of Avra Valley.

Several other points should be mentioned. The value obtained 

for the volume of ground water available from storage depends upon the 

storage coefficient. The method used to calculate this parameter depends 

upon the volume of sediments that were dewatered from 1955 to 1965 

(Chapter 3). This value, 0 .15, holds only for these sediments, and if it 

decreases with depth the volume of ground water available w ill decrease. 

Also, the volumes given in Tables 4 and 5 do not take such important 

factors as well depth and water quality into consideration.

Total Volume of Ground Water. If the pore space below the 

water table is  completely filled with water, then the total volume of 

water Vw can be calculated from V ,̂ the volume of saturated sediments. 

If P is the porosity in percent,



For the model shown in Figure 4, the porosity of the water-saturated 

alluvium is
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' &  - f  1
p " m

where is the particle density. If = 2.67 gm/cm^, i . e .  if the 

density of the alluvial particles is the same as the bedrock density, 

then p  - P y is 0.4 gm/cm^, and the porosity is 24 percent.

The porosities of the samples of San Xavier conglomerate (Table 

1) were calculated from their dry bulk densities by assuming that they 

contained no water and that v°a is 2.67 gm/cm^. The average porosity 

of sample 14 is 23 percent. The porosity of the other sample is 13 per

cent. If /°a is less than 2.67 gm/cm^ then the calculated porosity will 

also be le s s .

Wallace and Spangler (1970) determined that the volume of 

saturated alluvium in the Walnut Gulch Experimental Watershed near 

Tombstone is 34.77 mile^ . The volume of ground water is 2.64 mile^ .

The porosity of the saturated alluvium is 7.6 percent, which is much less  

than the volume of 24 percent in Avra Valley. The porosities that were 

calculated for the Walnut Gulch Experimental Watershed used refraction 

seismic data to determine the seismic velocities at different depths. K- 

graph of density versus velocity was used to determine the density at 

different depths . The equation

/ ’a -  A
— 100

was used to determine the porosity of different depths from the bulk den

sity Py determined from the seismic data. This equation holds for
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samples that contain no water. If equation (7) is used to calculate P, . 

the average porosity is about 14 percent or almost twice as large as the 

value of 7.6 percent. If this value is used for P in equation (6), the 

volume of ground water is  approximately 4.86 mile^.

The lack of subsurface samples of alluvium in Avra Valley 

makes any choice of the porosity somewhat speculative. If the storage 

coefficient of 0.15 determined by White et al (1966) does not decrease 

with depth then the porosity cannot be less  than 15 percent. Because of 

the lack of information, a value of 24 percent is  used for the average 

porosity in Avra Valley. The value of V̂  is 389 million acre-feet, and 

the total volume of ground water is 93 million acre-feet.

Determination of the Anomalous Mass 
from Line Integrals

- If a basin approximates a two-dimensional body, line integrals 

can be used to calculate the anomalous mass. For a two-dimensional 

body (Grant and W est, 1965, p. 232),

A = ^ A g (x )d x , (8)

where Ag(x) is the gravity effect along a line that is perpendicular to 

the direction of infinite length. The anomalous mass per unit length is 

given by A. If the length of the basin is fi , the anomalous mass is 

given by

M = A 5 . (9)

The advantage of this method is that a gravity line can be used 

to determine A rather than completely covering the area with gravity 

stations. This method was tested by calculating A for five separate
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gravity lines that cross Avra Valley approximately perpendicular to the 

trend of the valley. The value of JP is about 37 miles from the southern 

end of the gravity coverage to the northern end. AM varied from - 2.15 

to -4 .3 0  x 10-^ kg. The average value was -2 .7 2  x 1 0 ^  kg. While 

the average value agrees closely with the anomalous mass determined by 

the surface integral method, - 2.78 x 10^4 kg, the large variation in the 

individual calculations for AM indicate that this agreement may be 

somewhat fortuitous. However, this method may be useful if the basin 

approximates a two-dimensional body.

Center of Mass of the Alluvium 
in the Avra Valiev Basin

The following equations can be used to determine the horizontal 

position of the center of mass of the sediments in the Avra Valley (Grant 

and W est, 1965, p. 228-229).

2rfGAMx = f  f~  xAg(x,y)dxdy (10)

2ttGAMy = r  f  yAg(x,y) dxdy
- / - c o  —co (11)

x and y are the coordinates of the center of mass. The calculation of 

the integrals in equations (10) and (11) was identical to the calculation 

of the integral in equation (4) except that an x y coordinate system has 

to be set up so that the "gravity moments" xAg(x,y) and y Ag(x, y) can 

be determined. No corrections were applied to account for the finite 

limits that were used. The position of the center of mass is shown in 

Figure 7.



CONCLUSIONS

The interpretation of gravity data in Avra Valley has revealed 

the major structural features of the buried alluvium-bedrock interface. 

Large linear residual gravity gradients west of the Tucson Mountains and 

north of the Sierrita Mountains indicate the presence of subsurface base

ment scarps that may have resulted from faulting. The east-northeast

trending gradient north of the Sierrita Mountains is  the continuation of 

a major trend that extends nearly 50 miles from Redington Pass to Altar 

Valley. The buried scarp that is associated with this trend excludes 

the possibility that any extensive shallow buried pediment surface ex

tends north from the Sierrita Mountains. The north-northv/est-trending 

gradient delineates the boundary of a buried pediment surface that 

extends west from the Tucson Mountains. The deepest part of the Avra 

Valley basin is near Ryan Field where the depth to bedrock is  between 

4,000 and 5,000 feet. Subsurface saddles that occur northwest and 

southwest of this point are about 2,000 feet deep.

The structural features discussed above are important in terms 

of mining and ground-water exploration in this area. Exploration for 

base metal deposits in the Avra Valley area has been carried out on por

tions of the Tucson Mountain pediment. The general outline of this sur

face by the residual gravity map should provide limits for exploration in 

this area. Also, this shallow area cannot provide large supplies of 

ground water because of the limited depth of the alluvial deposits. Dif

ferential subsidence associated with the removal of ground water from

67
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the Avra Valley basin may result in damage to structures built near the 

subsurface scarps.

/ The volume of ground water available from storage in Avra Val

ley determined from gravity data is 58 million acre-feet. A maximum 

error of 26 percent of this value is possible because of errors in the 

complete Bouguer anomalies. Errors due to the regional correction and 

the value chosen for the density contrast cannot be determined because

of lack of information. A value of 16.5 million acre-feet of water was------- ----------- — ---------- ------- -

determined by White et al (1966) and is only about 28 percent of the 

volume determined by gravity data. Part of the difference in these de

terminations occurs because the total volume of saturated sediments 

determined by gravity data includes everything with an average density 

contrast of - 0 .4  gm/cm^ while the estimate by White et al (1966) limits 

the depth of this volume to a maximum of 1,000 feet. If the value of the 

storage coefficient decreases with depth then the amount of ground water 

available will be less than 58 million acre-feet. It is emphasized here 

that it has not been determined if it is  technically or economically pos

sible to remove all of this water from storage.

The center of mass of the sediments in Avra Valley is located 

three miles northeast of Three Points on State Highway 86.
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