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ABSTRACT

A detailed gravity survey was conducted in the south basin of 

Vekol Valley, Pinal and Maricopa Counties, Arizona, to define the bed

rock surface configuration. Gravity data were modeled using a three- 

dimensional inversion routine with multiple bodies representing basin-fill 

sediments, volcanic rocks, and bedrock. Constraints were applied to 

assure geological reasonableness in the final model. Errors have been 

determined for depths to model corner locations defining the bedrock 

surface. Gravity anomaly and isopach maps indicate that the basin is 

bounded by steep step faults or single basin-bounding faults. The 

basin is about 4,298 feet (1.31 km) deep and contains no more than about 

0.38 mi3 (1.6 km3) of recoverable ground water. The basin is flanked by 

a smaller basin to the northwest. The southern Sand Tank Mountains, 

which form the western border of the valley, may overlie extremely thick 

sequences of volcanic rocks and fanglomerate.
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CHAPTER 1

INTRODUCTION

Alluvial basins in southern Arizona are major ground-water res

ervoirs. For example, 28,000 km3 of ground water are stored between the 

water table and 1,640 feet (500 m) below the surface of these basins 

throughout the Basin and Range province in Arizona (Oppenheimer and 

Sumner, 1981). These basins are the result of the most recent episode 

of a complex history of geologic events in Arizona.

The Water Resources Division of the U.S. Geological Survey is 

investigating the ground-water characteristics and the probable re

sponses to proposed ground-water withdrawal of the north and south 

basins of Vekol Valley to ascertain the feasibility of supplying the Ak- 

Chin Indian Reservation with sufficient ground water. Vekol Valley is 

located about 56 miles (93 km) south of Phoenix, Arizona, about half way 

between Casa Grande and Gila Bend (Figure 1). The south basin of Vekol 

Valley was the subject of this investigation.

Purpose and Scope

To assist hydrologists in establishing reasonable boundaries for 

the aquifer in the south basin of Vekol Valley, a detailed gravity in

vestigation of this area was organized and carried out. Gravity inves

tigations of basins of southern Arizona have been successfully carried 

out in the past, not only for application to aquifer studies but also to 

locate favorable areas for mineral deposits and petroleum reservoirs, to

1
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assess the potential for basin subsidence and earth cracking, and to 

identify buried geologic structures and relate them to local and 

regional geology and geologic history (Halverson, 1984; Henges, 1981; 

Greenes, 1980; Oppenheimer, 1980; Christie, 1978; Hargan 1978; Bittson, 

1976; Goodoff, 1975; Aiken and Sumner, 1974; Eaton, Peterson, and 

Schumann, 1971; West, 1970; and Davis, 1967). This study encompassed 

most aspects of a thorough gravity investigation: acquisition and proc

essing of gravity data, modeling the gravity response of the basin, and 

interpretation of gravity anomaly and depth maps. The main purposes of 

this study included ascertaining the thickness of the basin-fill sedi

ments that constitute the aquifer; determining errors associated with 

such thicknesses; delineating any buried structures such as faults; and 

calculating the probable volume of ground water in the aquifer.

Previous Geophysical Investigations 

Gravity data used to construct the first-order residual Bouguer 

gravity anomaly maps of the Ajo 1° x 2° quadrangle (Lysonski, Aiken, and 

Sumner, 1981) and the Papago Indian Reservation (Hargan, 1978) were 

obtained from the Arizona Gravity Data Base (AGDB) on file at the 

Laboratory of Geophysics, The University of Arizona, Tucson. Gravity 

data were also obtained from Exxon Corporation (Douthitt, 1982, written 

commun.) and from Pape (1983, written commun.). Aeromagnetic data 

obtained in the area are presented on the Residual Aeromagnetic Map of 

Arizona (Sauck and Sumner, 1970) and on the Composite Map of the Papago 

Area, Arizona (U.S. Geological Survey, 1980). The U.S. Geological 

Survey has conducted seismic refraction surveys along several traverses



in the south basin (Pankratz, 1980, written commun.). Borehole geo

physical surveys have been conducted or contracted by the U.S. Geolog

ical Survey in numerous holes in the south basin.

4



CHAPTER 2

GEOLOGIC SETTING

The geologic map of the southern Vekol Valley area (Figure 2, in 

pocket) is a generalized map prepared to show rock units having similar 

lithologies and densities that can be considered single mappable units 

for the purposes of this study. The map is based on geologic maps of 

the area by numerous investigators (Wilson, 1984, written commun.; 

Dockter and Keith, 1978; Heindl, 1965; Wilson, Moore, and Cooper, 1969; 

Wilson and Moore, 1959; Wilson, Moore, and Pierce, 1957). Geologic 

contacts and structures were verified by interpretation of black-and- 

white, color, and color-enhanced infrared aerial photographs and by 

field reconnaissance. The valley is surrounded by igneous, metamorphic, 

and sedimentary rocks ranging in age from Precambrian to Tertiary. 

Cenozoic deposits in the basin consist of silt, gravel, and conglomer

ate, which are interbedded with volcanic rocks.

Post-Laranide Geologic History

The south basin of Vekol Valley is located in the Sonoran Desert 

section of the Basin and Range province (Eaton, 1979). This province is 

characterized primarily by subparallel-trending mountain ranges sepa

rated by relatively flat valleys. The valleys are underlain by struc

tural basins and pediments. The Sonoran Desert section is characterized 

by horsts and grabens trending generally N. 40° W. (Shafiqullah and 

others, 1980). The horsts constitute about a fifth of the terrain

5



(Eaton, 1979). These structures may be the result of Late Tertiary 

extensional tectonic stress related to initiation of movement along the 

San Andreas transform fault (Coney, 1978).

Basin subsidence began about 15 m.y. ago due to brittle failure 

of the crust along steep normal faults (Shafiqullah and others, 1980). 

This most recent tectonic event in southeastern Arizona was called the 

Basin and Range disturbance by Shafiqullah and others (1980). The 

basins that formed during this period became depositional centers for 

sediments eroded from adjacent uplifted mountains. Eberly and Stanley 

(1978) classified these sediments as Unit II sediments, which in the 

thesis area consist primarily of fanglomerates, clays, and basalt flows. 

Unit II sediments east of the thesis area occur in much deeper basins 

and include great thicknesses of evaporites (Scarborough and Peirce, 

1978). Clays in the thesis area and thick evaporite deposits to the 

east were probably deposited contemporaneously in closed basins of 

interior drainage (Eberly and Stanley, 1978). Gravels overlying clays 

indicate the development of exterior drainage and the waning of basin 

subsidence about 10.5 to 6 m.y. ago (Eberly and Stanley, 1978).

Sediments of Unit II rest unconformably on rocks of Unit I, the 

upper unit of which consists primarily of poorly consolidated sandstone 

and conglomerate containing abundant volcanic clasts as well as mud

stones, tuff, and basaltic lava flows (Eberly and Stanley, 1978). The 

Batamote Andesite is exposed over an area of about 30 square miles near 

Ajo and consists of at least 1,200 feet (366 m) of basaltic andesite and 

breccia (Gilluly, 1946). This formation overlies the Childs Latite and 

Daniels Conglomerate, which consists of at least 250 feet (76 m) of



interbedded debris fan and lacustrine deposits, volcanic flows, and 

tuffs (Gilluly, 1946). The base of Upper Unit I rocks is a pronounced 

regional angular unconformity.

Middle Unit I rocks, which lie directly below this unconformity, 

consist of rhyolitic and andesitic tuffs, breccias, and flows inter

bedded with sands, gravels, and fanglomerates (Eberly and Stanley, 

1978). These rocks were deposited 26-17 m.y. ago during the 

mid-Tertiary orogeny (Shafiqullah and others, 1980). This period of 

geologic history in southern Arizona was characterized by crustal 

melting, plutonism, and volcanism as well as faulting, tilting, and 

folding of preexisting rocks (Eberly and Stanley , 1978; Shafiqullah and 

others, 1980). Relatively small crustal blocks were rotated along 

shallow listric normal faults (Shafiqullah and others, 1980). This 

magmatic activity and the resulting deformation seem to be related to 

the collapse of the previously shallow, subducting Pacific plate as its 

rate of subduction decreased (Coney, 1978) and were due to ductile, 

tensile strain within the crust (Shafiqullah and others, 1980). The 

peak of magmatic activity during this orogeny in the Sonoran Desert 

section occurred 21 m.y. ago (Shafiqullah and others, 1980). The Sneed 

Andesite and Ajo Volcanics in southwestern Arizona consist mostly of 

interbedded andesitic breccias and flows attaining a combined thickness 

of over 7,500 feet (2,286 m) (Gilluly, 1946).

The Ajo Volcanics conformably overlie the Locomotive Fanglom- 

erate, which is considered a typical Lower Unit I rock by Eberly and 

Stanley (1978). The Locomotive Fanglomerate consists of poorly sorted 

alluvial fan deposits as well as playa and mudflow deposits, which

7
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attain a thickness of at least 6,000 feet (1,829 m) and perhaps 12,000 

feet (3,658 m) (Gilluly, 1946). Lower Unit I sediments were deposited 

unconformably on a bedrock surface composed of a wide variety of Meso

zoic, Paleozoic, and Precambrian rocks that were intruded and deformed 

during the Laramide orogeny, a period of uplift, volcanism, intense 

compressive deformation, and plutonism lasting from about 75 to 50 m.y. 
ago (Shafiqullah and others, 1980).

Local Geology

The Vekol Mountains lie southeast of the south basin of Vekol 

Valley. Precambrian Pinal Schist was mapped in the southern part of the 

range (Dockter and Keith, 1978). Precambrian sedimentary rocks of the 

Apache Group rest unconformably on the schist and attain a stratigraphic 

thickness of more than 1,500 feet (457 m) (Heindl and McClymonds, 1964; 

McClymonds, 1959). All Precambrian rocks were intruded by diabase sills 

1,100-1,200 m.y. ago (Shafiqullah and others, 1980). More than 1,700 

feet (518 m) of Paleozoic sedimentary rocks unconformably overlie the 

Precambrian rocks and include Troy Quartzite and the Abrigo Formation of 

Cambrian age as well as the Devonian Martin, Mississippian Escabrosa, 

and Pennsylvanian Naco formations. The Martin, Escabrosa, and Naco 

formations consist primarily of carbonate rocks. Precambrian and 

Paleozoic sedimentary rocks strike roughly northwest and dip 30e-40° SW. 

(Carpenter, 1947). Mesozoic rocks consist primarily of the subaerially 

deposited Phonodoree and Vekol Formations. Laramide intrusive rocks that 

crop out in the southeastern part of the range are primarily biotite 

granite porphyry. Tertiary and Cretaceous volcanic rocks in the range
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include primarily quartz latite and andesite but also basalt, rhyolite 

porphyry, and dacite porphyry (Carpenter, 1947). Nearly colinear basalt 

outcrops, which trend northeast oblique to the strike of the sedimentary 

rocks in the Vekol Mountains, form the southeast side of the valley and 

the northwest limit of the Vekol Mountains. These basalt flows exhibit 

dips between 15 and 25 degrees primarily to the northwest (Dockter and 

Keith, 1978). Data collected in 11 mountain ranges in southeastern 

Arizona indicate that the youngest tilted volcanic flows are consis

tently older than the oldest flat-lying volcanic flows (Shafiqullah and 

others, 1980). Additionally, those youngest tilted flows that occur in 

the mountains near Vekol Valley such as the Palo Verde, Picacho, 

Roskruge, and Ajo Mountains are at least 16.9 m.y. old, a mid-Tertiary 

age (Shafiqullah and others, 1980). The oldest flat-lying lava flows 

clearly date from the Basin and Range Disturbance. This evidence sug

gests that the tilted basalt flows in Vekol Valley may be mid-Tertiary 

in age.

The Table Top Mountains consist primarily of Pinal Schist in

truded by Precambrian Oracle Granite. Granite forming the southern part 

of the range apparently weathers more readily than the schist, yielding 

a more subdued topography than in the northern part of the range where 

schist is abundant. Colinear outcrops of dipping basalt flows, which 

trend roughly northwest, form the northeast edge of the valley and the 

southwest edge of the range. Basalt with a radiometrically determined 

age date of 21.37 ± 0.53 m.y. B.P. (Shafiqullah and others, 1980) crops 

out at the peak of Table Top Mountain about 1,300 feet (396 m) above the 

valley floor. This basalt layer overlies Tertiary gravel, Precambrian
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Pioneer Shale, and Pinal Schist. Two other basalt samples nearby have 

also yielded mid-Tertiary ages: 23 ± 5.2 m.y. for a sample from Ante

lope Peak in the northwest Table Top Mountains (Eberly and Stanley, 

1978), and 20.4 ± 0.45 m.y. for a sample from the southern Maricopa 

Mountains north of the Sand Tank Mountains (Shafiqullah and others, 

1980).

The White Hills to the northwest of the valley are composed 

primarily of Pinal Schist. A broad pediment of schist lies northwest of 

the White Hills. The presence of this pediment is verified where schist 

crops out in washes. Midway between the White Hills and the Table Top 

Mountains is a relatively small outcrop of Pinal Schist. This outcrop 

is the exposed portion of an otherwise buried east-west-trending bedrock 

ridge that merges with the schist of the White Hills and Table Top 

Mountains and structurally divides the north and south basins of Vekol 

Valley. Results of seismic refraction surveys shot perpendicular to and 

along the ridge verify the presence of the ridge beneath unconsolidated 

sediments (Pankratz, 1980, written commun.).

The northern Sand Tank Mountains, in the vicinity of Javelina 

Mountain, are composed of Pinal Schist, Oracle Granite, and Laramide 

intrusive rocks. A pediment of schist or granite extends about 1.5 to 2 

miles into the basin, and its extent is verified by outcrops or schist 

or granite in washes. At about lat 32042' N. a tongue-shaped outcrop of 

schist trending east-southeast protrudes into the valley. Beyond this 

tongue and along the same trend is a pediment of schist and an outcrop 

of Paleozoic or Precambrian sedimentary rocks exhibiting shallow dips to 

the south. These sedimentary rocks, as well as other Precambrian,
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Paleozoic, and Cretaceous sedimentary rocks that crop out in the south

ern White Hills, between the White Hills and the northern Sand Tank 

Mountains and in the Sand Tank Mountains have only recently been mapped 

by Wilson (1984, written commun.). Quartzites in the southern White 

Hills strike roughly northwest and dip about 40° S. Carbonate rocks and 

quartzites in the Sand Tank Mountains strike east-west and exhibit 

moderate dips of up to about 40° S. Most Paleozoic and Precambrian 

rocks in this area have apparently been eroded or are buried beneath the 

Tertiary volcanic rocks that compose the southern Sand Tank Mountains.

Tertiary rocks in the southern Sand Tank Mountains include ande

site, basalt, rhyolite, rhyodacite, and tuff (Klein and Johnson, 1983), 

covering about a 100-square-mile area. These rocks were mapped as Mid

dle Unit I rocks by Eberly and Stanley (1978), although no ages have 

been radiometrically or paleontologically determined for them. If the 

mid-Tertiary geologic history of these mountains is similar to that in 

the Ajo region, these volcanic rocks may attain thicknesses of thousands 

of feet. Likewise, they may overlie thousands of feet of fanglomerate 

deposited prior to and during the beginning of the mid-Tertiary orogeny.

Relatively small and isolated outcrops of Precambrian schist and 

granite. Paleozoic carbonate rocks, and Laramide quartz-monzonite occur 

at the south edge of the basin, north of the Copperosity Hills.

Basin Geology

Basin-fill material at 14 sites in the south basin of Vekol 

Valley has been penetrated by core holes and drill holes (Figure 3). 

Cores and cuttings from these holes indicate that the sedimentary



20 15 10' w o e '112*23'
32* 48

eV E K -1

•  SV-1
•  S V -2 SV-7e

•V E K -3

SV-11

S V -6

Hachured area represents consolidated rocks.

Figure 3. Location of drill holes and core holes



13

deposits in the basin can be assigned to one of four stratigraphic 

units: an upper gravel unit, a silty unit, a lower gravel unit, and a

conglomerate unit (Wilson, 1979). Three core holes penetrated volcanic 

rocks, ranging in thickness fro 80 to about 1,000 feet (24 to 308 m). 

Five holes reached either Paleozoic or Precambrian sedimentary rocks or 

schist.

The upper gravel unit ranges from about 7 to 260 feet (2.1 to 

79.2 m) in thickness and consists primarily of silty to sandy gravel 

with volcanic, quartz, granite, and schist fragments. This unit over- 

lies the silty unit, which is primarily a sandy silt ranging from about 

120 to 745 feet (36.6 to 227.1 m) in thickness. The silty unit overlies 

the lower gravel unit, which is primarily sandy gravel and gravelly sand 

composed of volcanic, granite, schist, quartz, and carbonate fragments. 

The lower gravel unit is at least 1,885 feet (574.4 m) thick in VEK-2 in 

the south-central part of the basin. The lower gravel unit overlies a 

conglomerate unit that was encountered in five core holes. The frag

ments in this unit have lithologies similar those in to the lower gravel 

unit and are poorly to well cemented with calcite and silica. More than 

a thousand feet (305 m) of conglomerate were penetrated in SV-8 in the 

east-central part of the south basin. Conglomerate was not encountered 

in the two deepest holes, SV-11 and VEK-2, which are located in the 

deepest part of the basin and did not reach consolidated rock. Con

glomerate in SV-9 is underlain by 44 feet (13.4 m) of limestone and 

dolomite breccia and shale. In SV-5. the conglomerate is underlain by 

thick, interbedded layers of basalt, conglomerate, and welded tuff, and 

finally by schist. In SV-6, the conglomerate is underlain by over 930



feet (283.5 m) of thick, interbedded layers of rhyolite and volcanic 

breccia, and finally by quartzite. Shale exhibiting a moderate dip was 

encountered in core holes SV-10 and SV-9 in the northern part of the 

basin. Farther north, dolomitic limestone was penetrated in VEK-1 and 

Pinal Schist was reached at a depth of 170 feet (51.8 m) in NV-8.

The upper gravel unit, the silty unit, and the lower gravel unit 

probably correspond to Unit II of Eberly and Stanley (1978); the con

glomerate unit and underlying volcanic rocks probably correspond to 

Upper and Middle Unit I.

14



CHAPTER 3

DATA ACQUISITION AND PROCESSING

Gravity data used in this investigation consisted of 451 obser

vations, 232 of which were newly acquired (Figure 2, in pocket). Most 

of the preexisting data available in the area were used. Exxon Minerals 

Company supplied 117 observed gravity values that were obtained from a 

gravity survey conducted in the south basin along two perpendicular 

traverses (Douthitt, 1983, written commun.). Free-air, complete 

Bouguer, and first-order residual values for 89 gravity stations were 

obtained from the Arizona Gravity Data Base on file in the Laboratory of 

Geophysics, Department of Geosciences, The University of Arizona. Many 

of these were originally observed as part of previous research projects 

(for example, Hargan, 1978). Observed gravity values for 13 stations 

were obtained from Pape (1983, written commun.), who conducted a gravity 

investigation in the north basin of Vekol Valley for the U.S. Geological 

Survey. New observations taken for this investigation were obtained 

with two LaCoste & Romberg, Inc. gravity meters, models G-174 and G-575. 

Forty-one of the new observations were taken along a line surveyed by 

Brady Land Surveying Company for Franzoy, Corey and Associates, Tempe, 

Arizona (Miracle, 1983, written commun.) for a proposed pipeline running 

north-south through the valley. One hundred eighty-two new stations 

were obtained at available benchmarks and section corners and along 

numerous traverses, which were leveled with Leitz and Zeiss automatic

15



levels. Stations were located along existing roads and also off of 

roads in order to extend some station lines into areas that lacked data. 

A few areas in the valley were sparsely covered because dense desert 

vegetation and rugged washes greatly inhibited accurate leveling. Nine 

stations located primarily in mountainous terrain surrounding the valley 

were occupied with the help of a helicopter.

Some gravity observations were made at the locations of previous 

gravity stations. The observed gravitational acceleration at such sites 

usually agreed to within several tenths of a milligal (1 mgal = 10^ 

m/s2). The new observation was taken as the value for the station.

Gravity data were processed by using existing computer programs 

available at the University of Arizona Laboratory of Geophysics. These 

programs, which required a few modifications, were originally written 

and modified by West (1970), Schmidt (1976), and Lysonski (1980) and are 

based mostly on formulas and algorithms of Longman (1959), Aiken (1976), 
and Plouff (1977).

16

Instrumentation

The LaCoste & Romberg gravity meter is essentially a long-period 

vertical seismograph. Indeed, oscillations of several seconds that 

could be explained only as resulting from distant earthquakes were occa

sionally observed in the field with the instrument. The major compon

ents of the meter consist of a small mass at one end of a horizontal 

beam, which is allowed to pivot at its other end and is supported by a 

zero-length spring. Theoretically, a zero-length spring with zero mass 

has zero length when no forces act on it. In practice, however, a
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zero-length spring with thickness and mass will shrink to a minimum 

length when external forces are removed. This characteristic of a 

zero-length spring is a result of the method by which it is wound (see 

Telford and others, 1976). The tension in a zero-length spring is 

therefore very nearly proportional to its actual length such that 

changes in its tension are virtually proportional to changes in its 

length (Dobrin, 1976). The advantage of using a zero-length spring is 

that its linear incremental changes in length can be mechanically and 

optically amplified to achieve remarkable sensitivities. A change in 

gravitational acceleration will change the weight of the mass at the end 

of the beam and thus the torque due to the mass on the beam about the 

pivot as well as the tension in the spring. As the beam deflects, the 

angle between the spring and the beam changes such that the torque due 

to the tension in the spring acting on the beam changes in the same 

sense as the change in torque due to the mass. Because the two effects 

enhance one another, this type of meter is called "unstable" or "asta

tic" (LaGoste and Romberg, 1968; Telford and others, 1976). In prac

tice, the beam is restored to its equilibrium position by turning a 

measuring screw with a dial that controls the tension in another spring 

attached to the beam until the shadow of the crosshair caused by light 

reflecting off a mirror onto the beam returns to its null position. The 

amount by which the dial must be turned to accomplish this is a measure 

of the change in gravitational acceleration. The proportion between the 

change in gravitational acceleration and the change in the length of the 

zero-length spring is a function of the geometry of the apparatus, the 

mass at the end of the beam, the spring constant, and the amount by
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which the minimum length of the zero-length spring deviates from zero 
(Telford and others, 1976).

Each gravity meter is carefully calibrated over the range of the 

instrument such that each instrument has its own table of constants for 

converting changes in dial units to change in milligals. The meter must 

be maintained at a constant temperature because a change in temperature 

of as little as 0.002°C will result in a change in the gravity reading 

by as much as 0.02 mgal (Dobrin, 1976). One of the two meters used in 

this study actually overheated when the ground temperature rose above 

the instrument's normal operating temperature of 53.1°C (127.6°F). The 

reading accuracy of the LaCoste & Romberg gravity meter is 0.01 mgal 

(LaCoste and Romberg, 1968).

Reduction of Gravity Data and 
Calculation of Anomalies

Gravity data recorded in the field are in terms of gravity meter 

dial units. These values are converted to milligals by using the con

version factors unique to the calibration scale of the particular meter 
used.

The gravitational attraction of the sun and moon as if observed 

on a rigid earth was calculated according to the method•developed by 

Longman (1959). The vertical (upward) component of attraction per unit 

mass due to the mass of the sun and the moon is (Longman, 1959):
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GM r 3GM r
g = m ^(3cos28 - 1) + — m ^5cos38

D 3 m D 4 mm m
3cos9 )X32

GM r s ■̂ ■(3cos26 - 1)

where: G = gravitational constant

M = mass of sun (s) or moon (m)

r = radius of earth at observation point P
D = distance from center of earth to center of sun (s) or 

moon (m)

6 = zenith angle of sun(s) or moon (m).

The dimensions and shape of the earth used in computing r^ in this 

equation are those for an ellipsoid defined by Lecar and others (1959) 

as opposed to more recently adopted parameters of the Geodetic Reference 

System 1967 (Morelli, 1971). Errors resulting from using the older 

dimensions are negligible, if not unobservable, in this study (Plouff, 

1984, personal commun.; Sumner, 1983, personal commun.). The resulting 

tidal effect must be multiplied by an "earth compliance factor" to ac

count for the elasticity of the earth. Asop and Kuo (1964) called this 

factor a "gravimetric factor," and defined it as the ratio of the ampli

tude of tidal variation of gravitational acceleration on the yielding 

earth to the theoretical value on a rigid earth. Furthermore, values 

for this term at inland stations are lower (around 1.14 to 1.16) than 

for stations near large bodies of water (Asop and Kuo, 1964). These 

values agree closely with theoretical values based on earth models (Kuo 

and others, 1970). A gravimetric factor of 1.16 was used in this study
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because it is nearer than 1.14 to the commonly used factor of 1.2. The 

resulting tide effect, which is also the tide correction, may be either 

negative or positive and is added to the gravity values. Maximum tide 

effects observed during this project were about 0.14 mgal, about half 

the effect possible at this latitude in Arizona (see West, 1970).

Base station values obtained at the beginning and end of a sur

vey period may then be used to determine a drift rate for the meter, 

which for practical purposes may be considered linear for periods of up 

to three days (LaCoste and Romberg, 1968). For this study, base station 

readings were obtained at the beginning and end of each survey day. The 

average drift rates observed during several months of surveying for the 

two gravity meters used were 0.0025 and 0.0036 mgal/h, which are higher 

than the expected rate of less than one mgal per month (LaCoste and 

Romberg, 1968).

Because the gravity meter measures only the relative change in 

gravitational acceleration from station to station, field values must be 

compared to the known absolute value of gravitational acceleration at an 

established base station. All gravity observations obtained at newly 

acquired stations as part of this study were referenced to the base 

station value at the Case Grande Post Office. This base station is one 

of many in the International Gravity Standardization Net 1971 (IGSN 71), 

which is based on nearly 24,000 gravimeter, 1,200 pendulum, and 10 abso

lute measurements at 1,854 stations (Morelli, 1974). The IGSN 71 is 

more internally consistent than the previous Potsdam gravity system, 

which was based only on absolute gravity at Potsdam. All gravity values 

at base stations in Arizona were converted to IGSN 71 values by the
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Defense Mapping Agency Aerospace Center. This conversion resulted in an 

average difference between Potsdam datum values and IGSN 71 gravity 

standard values for all but two Arizona base stations of -13.700 mgal 

(Lysonski, 1980). Apparently a few gravity values for stations in the 

Vekol Valley area listed on the AGDB escaped conversion because they, 

when plotted on maps and contoured, created single-point anomalies with 

magnitudes close to 13.7 mgal. For those few values obtained from the 

AGDB where this was clearly the case, as well as for values obtained 

from the Exxon gravity survey, which were all compared to the Potsdam 

datum, 13.7 mgal were subtracted. However, because base stations for 

gravity values obtained from other investigations could usually not be 

identified, the average conversion term of -13.700 mgal was used.

Because the theoretical gravity at a point on the earth's sur

face is based on an earth of uniform density, or at least on a density 

function that varies only vertically, this value may be compared to 

observed gravity to identify lateral density inhomogeneities within the 

crust. The difference between the theoretical and observed gravity is a 

gravity anomaly:

(2)

where: = gravity anomaly

= observed gravity 

^  = theoretical gravity.

The Geodetic Reference System 1967 (GRS 67) equation is used to cal

culate theoretical sea-level gravity as a function of latitude, <j>, over 
the surface of the earth (Morelli, 1971):
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By = (978 031.846)(1 + 0.005 278 95 sin2* + 0.000 346 2 sin4*) mgal (3)

This formula gives the gravitational acceleration at any latitude on a 

spheroidal, homogeneous earth with mass M whose surface best conforms to 
the geoid, with

f = earth’s flattening = 1/298.247 

r ^  = equatorial radius = 6,378.160 km

G = gravitational constant as adopted by the International 

Astronomical Union and the International Union of 

Geodesy and Geophysics (Morelli, 1971; Garland, 1979).

GM = 398,603 x 109 m3s™2

0 = earth’s angular velocity = 7.292 115 146 7 x 10 ** rad/s. 

This formula is based ultimately on the following equation for the 

gravitational potential for an observer at point P removed from the 

earth’s surface and rotating with the earth with angular velocity 0 

about the earth's axis of rotation:

U = Gj Is + *5r202 (4)

where: dm = an element of the earth’s mass

R = distance from earth’s center to P 

r = perpendicular distance to P from rotation axis 

and integration is carried out over the entire earth (Caputo, 1967; 

Garland, 1979). The first term is merely the gravitational potential 

due to the mass of the earth; the second term arises due to the action 

of the observation point— not due to any mass distribution— and is
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therefore considered the result of a "fictitious" or "centrifugal" 

force. The sum of the two may be thought of as an "effective" potential 

(Symon, 1971). Clairaut's theorem describing the variation of gravity 

with latitude may be derived from this equation by expanding R using 

Legendre polynomials and then integrating term by term or by expanding 

the potential using spherical harmonics (Garland, 1979). The general 

formula for computing theoretical gravity, j^, to the first order of the 

earth's flattening as a function of latitude is therefore:

Sfr = £eq(1 + B2 sin2t> (<5)

where: = gravity at the equator

B2 = 2m - (3K/2req2) = (5/2)m - f

with m = (centripetal acceleration at equator)/(attraction at

equator)

r = equatorial radius eq
f = earth's flattening 

K = (C - % (A + B))/M 

M * mass of the earth

A,B,C = moments of inertia about the x, y, and z axes, 

respectively.

Equatorial gravity in this equation was determined using observations 

compared to the IGSN 71 such that the GRS 67 formula must be used in 

determining anomaly values for stations that have also been compared to 

the IGSN 71. Prior to the adoption of the GRS 67 formula, theoretical 

gravity values for stations compared to the Potsdam datum were 

calculated using the International Gravity Formula 1930 (IGF 30)



24

(Morelli, 1971), which was replaced by the GRS 67 formula when 

observations of the dynamics of orbiting satellites led to improved 

measurements of the earth’s shape. The GRS 67 formula is accurate to 

0.004 mgal (Morelli, 1971). Theoretical gravity for the general area of 

the south basin of Vekol Valley is approximately 13.2 mgal greater when 

calculated with the GRS 67 than with the IGF 30. Converting to the IGSN 

involves a datum shift of about -13.7 mgal for Arizona such that the two 

effects tend to cancel and leaves about a -0.5 mgal change to absolute 

gravity anomaly values in the Vekol Valley area.

Free-air Correction

The free-air correction accounts for differences between gravity 

observations at different elevations due to the vertical gradient of 

gravity. If it is assumed that no mass exists above the spheroid where 

gravity is _g(0), gravity at a height h above the spheroid, j»(h) , may be 

written as a Maclaurin’s series expansion:

3&(0) h2 32£(0) hn 8n£(0)
_g(h) = jj(0) + h ------- + ---------- + . . . —  ------ + . . . (6)

3z 2! 3z2 n! 3zn

where the partial derivatives are taken with respect to the direction of 

the actual plumb line and evaluated at the spheroid. For a spherical 

earth with radius R, the vertical gradient of gravity at a point rotat

ing with the earth with angular velocity 6 is very nearly the Laplacian 

of the effective gravitational potential, whose equation is

u - f U  HT2b2 (7)
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where r is the perpendicular distance to the point from the rotation 

axis. The vertical gradient is virtually:

3g.
V^U - ^  (8)

Alternatively, one can think more intuitively of the vertical gradient 

of gravitational acceleration as the divergence of the gradient of the 

effective gravitational potential because the gradient of the effective 

potential is the gravitational acceleration; that is,

3£
——. = V*VU = V*£ (9)

since

V-Vf = V2f . (10)

where f is a scalar function. The vertical gradient of gravity on a 

rotating spheroid is derived similarly, neglecting the difference be

tween the vertical and actual plumb line, by Pica, Picha, and Vyskocil 

(1973):

1 7  ( + - 2®2 (11)

where ^  is the theoretical gravity on the spheroid and and R^ are the 

radii of curvature of the spheroid at the gravity station. R^ and Rg 

will not be the same, because the shape of the earth is spheroidal, not
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spherical. Likewise:

32£. 6£
"IP"s r 1r2 (12)

Therefore, the free-air correction using values for the polar and equa

torial radii and the mean value of gravitational acceleration on the 

spheroid is given as:

A% A  “ (0*308 55 + 0.000 22 cos2$)h - 0.072 x 10-6h2 mgal (13)

(Swick, 1942; Pick and others 1973), or trigonometrically rearranged by 

Plouff (1977) as:

A% A  =(0.308 77 - 0.000 44 sin2<j>)h - 0.072 x 10”6h2 mgal (14)

with h in meters. Often the higher order terms starting with the second 

partial derivative of the gravitational acceleration are ignored in 

calculating the free-air correction. However, Plouffs (1973) formula 

was used in this study because the second and third terms were an order 

of magnitude greater than or the same order as the reading accuracy of 

the LaCoste & Romberg gravity meter for stations on various mountain 

tops surrounding the valley. The actual rate of the vertical gradient 

depends on the crustal material in the vicinity of a measurement. Ac

curate determinations of the gradient based on observations at different 

locations in Vekol Valley, however, are not available. Also, how the 

gradient as a function of geologic structure might change with distance 

from the mountain ranges is unknown. The free-air gravity anomaly is 

therefore given by:
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% A  ” 8̂o + A% A ^  ” (^5)

where the free-air correction is positive for stations above the refer

ence spheroid.

Bouguer Correction

The Bouguer correction is applied to observed gravity to account 

for the gravitational attraction of crustal material between the gravity 

station and the reference spheroid. To a first approximation the inter

vening material may be thought of as an infinite slab of uniform density 

and thickness. The attraction of a horizontal slab may be found by 

taking the limiting case of the attraction due to a thick, vertical 

cylinder of height h as its radius approaches infinity (Telford and 

others, 1976, p. 62-63):

S slab - 2*',Gh <16>

For G equal to 6.672 xlO m3/(kg)(s)2 (Groten, 1979) and density, p, 

in g/cm3, the Bouguer correction for a station with elevation h in feet 

becomes:

A£b = -0.012 77 ph mgal (17)

The correction is negative for stations above the spheroid because the 

attraction of the slab must be removed when reducing the gravity 

observations to the spheroid. A density of 2.67 g/cm3 is used to repre

sent the average density of crustal rocks above sea level (see Oppen- 

heimer, 1980), such that the correction becomes:
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AS-b “ -0.0341 h mgal (18)

The free-air and Bouguer corrections, when combined, are con

sidered the elevation correction because both terms account for the ef

fects of station elevation above the spheroid without altering the 

location of the station. The simple Bouguer anomaly is:

*SBA ‘ % A  * % >  ' 5* <19>

Curvature Correction

To account for the curvature of the earth's surface, a curvature 

correction, which reduces the attraction of an infinite slab to

that for a spherical cap, is applied. The amount by which the attrac

tion due to a slab differs from that due to a spherical cap is:

= 4.462 x 10-4h - 3.282 x 10-8h2 + 1.27 x 10-15h3 mgal (20)

with h in feet (Lysonski, 1980). Because the vertical (downward) com

ponent of attraction due to a spherical cap is greater than that due to 

a slab, *-s subtracted from the simple Bouguer gravity anomaly for

stations above the spheroid. Curvature corrections applied in this 

study ranged from 0.68 to 1.32 mgal.

Terrain Correction

The terrain correction accounts for the gravitational effects of 

topography. Hills and valleys near a specific station tend to decrease 

the vertical (downward) component of gravity at the station such that 

the terrain correction is added. Terrain corrections were calculated 

manually within a radius of 2.61 km of gravity stations by using a
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Hammer chart (Hammer, 1939) in which corrections are calculated accord

ing to the formula for the attraction of sections of a vertical, hollow 

cylinder centered at the gravity station (see Telford and others, 1976, 

p. 68). This method yields a maximum error of 0.1 mgal per station with 

accurate elevation control (Hammer, 1939), but actual errors introduced 

for most stations within the Vekol Valley itself are negligible due to 

the lack of topographic relief. Terrain corrections from 2.61 to 166.7 

km were calculated by using a computer program written by Plouff (1977) 

and modified to accommodate Arizona terrain data by Schmidt (1976). The 

computer program approximates the attraction of a terrain compartment as 

that due to a vertical line element (Bott, 1959). Maximum error intro

duced by this approximation is less than 5 percent of the effect due to 

a right vertical prism and decreases with increasing distance from a 

station (Bott, 1959). Beyond 14 km the effects due to the earth’s cur

vature are taken into account (Lysonski, 1980). The terrain correction 

program requires digitized average elevation data, which is available 

for all of Arizona on a 1 minute-by-1 minute basis and is stored on 

magnetic tape in the University of Arizona Laboratory of Geophysics. 

One-minute quadrangles of average elevations are grouped into three- 

minute and 12-minute blocks to ease computation of terrain effects at 

large distances from a station. For an average density of 2.67 g/cm3, 

corrections for most stations in the valley were less than 0.01 mgal and 

practically zero. Stations near the mountain ranges, however, required 

corrections anywhere from about 0.1 to 1.0 mgal. Only stations located 

on prominent peaks required considerable terrain corrections. For



example, corrections for the Table Top Mountain and Maricopa Peak 

stations were each over 20 mgal.

Application of the curvature correction, and the terrain

correction, A&j q* to the simple Bouguer anomaly results in the complete 
Bouguer anomaly:

-&CBA “ + A% A  + ”* ^ C C  + “  Aj)

Regional Correction

Regional trends in Bouguer gravity anomalies will tend to ob

scure shorter wavelength anomalies such as those due to alluvial basins 

and are removed with a regional correction. The Bouguer gravity anomaly 

map of Arizona is dominated by a long-wavelength gradient of over 100 

mgal, decreasing from the southwest to the northeast (West, 1972; West 

and Sumner, 1977). Over the study area the amplitude of this trend is 

more than 10 mgal (Figure 4). A trend of this magnitude is generally 

related to structure at the base of the crust and in the upper mantle 

and, in this case, indicates a thickening of the crust to the northeast. 

Results of a seismic refraction survey in Arizona indeed indicate that 

the crust thickens from 22 km at Gila Bend in the Basin and Range pro

vince to 42 km on the Colorado Plateau in northeastern Arizona (Warren, 

1969). The regional Bouguer trend is also inversely correlative to a 

long-wavelength trend surface of elevations for Arizona, whereas long- 

wavelength free-air gravity anomalies tend to oscillate about zero, 

indicating that Arizona is near isostatic equilibrium (West, 1972; Aiken 

1976). Gravity modeling based on Warren's (1969) results indicate that 

crustal thickening accounts for only part of the observed regional trend

30
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Figure 4. Regional trend surface of complete Bouguer gravity 
anomaly values for Arizona. —  Values in milligals.
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and that lateral density inhomogeneities are also present in the upper 

mantle (West, 1972). Nevertheless, the condition of isostatic equilib

rium substantiates the use of a regional elevation datum in calculating 

a regional correction because then isostatically compensated topography 

will result directly from density contrasts between the crust and the 

mantle and within the mantle as well. Using elevation data digitized on 

a 1-minute by 1-minute basis, Aiken (1976) modified a computer algorithm 

written by James (1966) to calculate a two-harmonic Fourier series trend 

surface of elevations for Arizona. The regional Bouguer gravity, there

fore, is obtained by multiplying the regional elevation by -0.0341 

mgal/ft, the Bouguer correction for a density of 2.67 g/cm3. Introduc

ing a regional correction based on a regional elevation reduces the 

Bouguer correction based on a sea-level datum to one based on a variable 

elevation datum where the thickness of the "Bouguer.slab" is the differ

ence between the regional and station elevations. The sum of the 

Bouguer and regional corrections is:

4 %  + a£ reg “ "2AirpG(hstation “ hregional) (22)

and the first-order residual Bouguer gravity anomaly is:

■%ES = ^*o + A-%A ” ” A^CC + + A-%EG^ - (23)

Hargan (1978) found that the residual gravity anomaly map of the 

Papago Indian Reservation where the residual correction was based on the 

regional elevation was very similar to yet better resolved than the re

sidual map calculated by subtracting a first-harmonic trend surface of 

complete Bouguer anomaly bedrock values from the complete Bouguer
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anomaly map. A surfaced based on gravity values may indicate a bias 

based on gravity station location because there is a general lack of 

stations in mountainous regions such that the entire gravity field is 

not uniformly sampled. Application of the regional correction to 

Bouguer gravity that utilizes regional elevation is therefore a rather 

geologically sound way of removing long-wavelength gravity trends 

associated with the configuration of the Moho and with density contrasts 

within the upper mantle, as long as the region may be considered to be 

in isostatic equilibrium.

Density Data

Densities of rocks and sediments in an area under gravity inves

tigation must be accurately known. Particularly, the density contrast 

between the anomalous mass of interest and its surroundings results in 

an observable gravity anomaly. Although the anomaly may be observed 

without knowledge of the density contrast involved, density information 

is crucial when developing geologic models to yield anomalies similar to 

those observed. Densities of rocks and sediments depend on mineralogy, 

porosity, presence and types of pore fluids, fracturing, and the degree 

of compaction, cementation, recrystallization, and weathering.

The ranges of densities for sedimentary, igneous, and metamor- 

phic rock types are large and overlap considerably (Telford and others, 

1976; Dobrin, 1976). Klein and Johnson (1983) and Hargan (1978) pre

sented density data for numerous rock samples throughout the Papago 

Indian Reservation and that part of southwestern Arizona contained with 

the Ajo l°x 2° quadrangle (Table 1). Klein and Johnson (1983) also
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provided porosities and locations of the samples. Dry bulk density was 

determined by the buoyancy method and is given by:

where: = dry weight

Wg = saturated weight in air 

Wgp = saturated weight suspended in water.

Generally, the densest rocks are schist, followed by granite, sedimen

tary rocks, and volcaniclastic rocks. The nonclastic volcanic rocks 

such as andesite, basalt, and rhyolite are least dense. Klein and John

son (1983) calculated porosity, P, as:

WS - WDP " ( w _ w )100 (25) 
S SP

Nonclastic volcanic rocks are the most porous. For example, average 

porosity is 10 percent for andesite and andesite porphyry and 18 percent 

for basalt, compared with 2 percent for schist and 3 percent for gran

ite. Wet bulk densities were calculated by Klein and Johnson (1983) as:

pW PD + 100 (26)

For this study densities were determined for 38 saturated rock 

samples collected from outcrops around the Vekol Valley and from core 

samples taken in the valley (Table 2). The results are similar to those 

above and to those of Pape (1983, written commun.), who studied rock
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Table 1. Summary of density data for major rock types in the Ajo 1° x 
2° quadrangle area

Dry Bulk Density 
Number (g/cm3)

of ----------------
Rock Type Samples Mean Range Reference

Schist 11 2.82 2.57-3.16 Klein and Johnson (1983)

7 2.68 2.60-2.77 Hargan (1978)

Granite 39 2.66 2.56-2.73 Klein and Johnson (1983)
15 2.54 2.27-2.65 Hargan (1978)

Limestone 7 2.64 2.61-2.69 Klein and Johnson (1983)

Basalt 26 2.39 2.10-2.88 Klein and Johnson (1983)

27 2.48 2.15-2.75 Hargan (1978)

Andesite 23 2.56 2.21-2.77 Klein and Johnson (1983)

32 2.49 2.16-2.76 Hargan (1978)

Rhyolite 7 2.38 2.03-2.66 Klein and Johnson (1983)

9 2.40 2.25-2.61 Hargan (1978)

Volcaniclastic 56 2.72 2.57-2.92 Klein and Johnson (1983)
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Table 2. Summary of density data for major rock types in the Vekol 
Valley area

Number
Dry Bulk Density 

(g/cm3)

Rock Type
or

Samples Mean Range Reference

Schist 2 2.92 2.80-3.03 Klein and Johnson (1983)

3 2.53 2.39-2.74 Pape (1983)

7 2.64 2.51-2.79 This thesis

Granite 2 2.56 2.59-2.74 Klein and Johnson (1983)

1 2.55 —— Pape (1983)

4 2.57 2.50-2.63 This thesis

Limestone 5 2.67 2.61-2.72 This thesis

Basalt 5 2.57 2.42-2.98 Klein and Johnson (1983)

2 3.23 2.82-3.63 Pape (1983)

a2 2.45 2.36-2.54 This thesis

Andesite 2 2.40 2.27-2.54 Klein and Johnson (1983)

2 2.51 2.49-2.53 Pape (1983)

Rhyolite and 
rhyodacite 5 2.30 2.23-2.68 Klein and Johnson (1983)

Volcanic rocks 
other than 
basalt

8 2.36 2.19-2.59 This thesis

Conglomerate 
from cores 4 2.29 2.11-2.62 This thesis

a. Excludes a sample from a core with p = 2.82 g/cm3.
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samples from around the north basin of Vekol Valley (Table 2). Gener

ally, schist and Paleozoic sedimentary rocks are densest, followed by 

granite. Volcanic rocks are the least dense. Average values and ranges 

of densities determined in this study and that of Hargan (1978) and by 

Pape (1983, personal commun.) tend to be slightly lower than those of 

Klein and Johnson (1983). This difference may be due to the more 

accurately determined volumes for less weathered samples obtained in the 

Klein and Johnson (1983) investigation. The average density determined 

for samples of conglomerate obtained from four different core holes is 

2.3 g/cm3.

Density data for unconsolidated basin-fill deposits came from 

density logs and borehole gravimetry results. Density logs were run by 

Birdwell Division of Seismograph Service Corporation and by the U.S. 

Geological Survey. The density logging technique consists of lowering 

into a borehole a lead-shielded sonde containing a radioactive source 

material such as cesium-137 that emits monoeregetic gamma rays, and one 

or two detectors that count returning gamma rays (Dobrin, 1976; Telford 

and others, 1976). While traveling through the medium, gamma rays col

lide with and interact with electrons, each producing a scattered elec

tron and a scattered gamma ray of lower energy, a process called Compton 

scattering (Weidner and Sells, 1980). The number of gamma rays that 

return to the detector depends on the number of electrons in a formation 

and thus on the formation density: the higher the count, the lower the

density.

Density increases with depth most dramatically near the surface, 

probably as a result of compaction, lithologic changes, and saturation.
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Densities determined by the density logging technique are greatly in

fluenced by the hole rugosity and diameter and by drilling mud and 

casing. These drawbacks are partially overcome by calibrating the 

instrument to a material whose density is accurately known and by using 

two detectors.

VEK-2 is one of six holes in four basins in the Basin and Range 

province in Arizona in which the U.S. Geological Survey has conducted 

borehole gravimeter surveys. The U.S. Geological Survey used a LaCoste 

& Romberg borehole gravity meter, model G-95, which operates on the same 

principles as the LaCoste & Romberg gravity meters used on the surface 

(McCulloh and others, 1967). The borehole gravity meter is designed to 

be operated remotely and to be able to withstand the extreme conditions 

of the borehole environment such as its narrow diameter, high tempera

tures, and occasional deviations from the vertical. Based on field 

tests, the accuracy of this gravity meter is ±0.013 mgal (McCulloh and 

others, 1967). Readings taken with a borehole gravity meter should be 

corrected for the instrument calibration, tides, and drift, as well as 

borehole geometry.

Borehole gravimetry results can be used to calculate in situ 

density as a function of depth. Because the vertical gradient of 

gravity depends on the mass of the earth and on the geology through 

which the meter passes, the density of the material through which the 

meter passes can be calculated if the free-air gradient is known 

(LaFehr, 1983). Poisson* s equation for the maximum gradient of gravi

tational acceleration at a point with density p is
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V2U = AirGP (27)

If horizontal derivatives are ignored and the free-air effect, F, is 

accounted for, the average density over an interval dh, is:

p _ A s /6h
4irG 4%G (28)

if the beds are assumed to be horizontal, infinitely extended, uniformly 

thick, and homogeneous (LaFehr, 1983). Solving for Ajr,

= (F - 4%GP)Ah (29)

The -4%GpAh term, which is twice the Bouguer correction, is needed be

cause in passing through a "slab," the downward attraction must be sub

tracted and its upward attraction added (Hammer, 1950). Obviously, 

errors in measured Aj> and Ah over a particular interval contribute to 

errors in the calculated density. The lateral depth of investigation of 

the borehole gravity meter is theoretically infinite, and in this re

spect the technique is superior to density logging. The density as a 

function of depth in VEK-2 was calculated according to equation (28) by 

using the free-air correction at that latitude (about 0.09407 mgal/ft) 

and the original data from the borehole gravimeter survey (Figure 5).

Error Analysis

Errors result from limited precision of horizontal and vertical 

control of gravity-station locations because the theoretical gravity 

formula and the free-air, Bouguer, and terrain corrections are all
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Vertical solid lines in the gamma- gamma log profile represent average density over an arbitrary vertical interval as interpreted from the original log.

Vertical solid lines in the borehole gravity profile represent apparent density determined for a specific depth interval measured during the actual survey.

Figure 5. Density as a function of depth in borehole VEK-2
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functions of station location. Terrain corrections depend entirely on 

the accuracy of the topographic maps from which they were derived and 

are based on the subjectiveness of the interpreter. Generally, errors 

in the terrain correction are caused mostly by inaccurate averaging of 

compartment elevations. These errors are appreciable (perhaps several 

mgal) only for gravity values at stations in rugged terrain because 

terrain corrections for most stations in the valley were near zero. The 

most recent U.S. Geological Survey topographic maps available that 

utilize the 1927 North American Horizontal Datum and the 1929 National 

Geodetic Vertical Datum and comply to national map accuracy standards 

were used in this investigation to determine terrain corrections and 

station locations. Photogrammetrically determined locations on such 

maps are horizontally accurate to within 1/40 inch (for a scale of 

1:24,000) and 1/50 inch (1:62,500) and vertically accurate to within 1/4 

contour interval on slopes of less than 15 percent (Marsden, 1960). 

Control points such as bench marks are much better located than by these 

standards due to more detailed, accurate surveying (Marsden, 1960) and 

are therefore the best source of control in the valley.

Fifteen percent of the Exxon stations were located at bench 

marks. The locations of the remaining Exxon stations were originally 

interpolated from topographic maps at a scale of 1:62,500. Horizontal

ly, these stations are located to within at least ±100 ft (±30.5 m). 

Gravity values obtained at these stations will have an error of ±0.0225 

mgal in the observed gravity and anomaly values. Ten percent of the 

Exxon stations were plotted on a map with a contour interval of 40 feet, 

such that the station elevation is accurate to within ±10 feet. Gravity
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values at these stations will have an error of ±0.6 mgal in the complete 

Bouguer anomaly; the remaining stations were plotted on maps with a 

25-foot contour interval, such that elevations of these stations are 

accurate to within about ±6 ft and gravity values will have an error of 

±0.36 mgal. All but 12 of the Exxon stations were replotted on maps 

with a scale of 1:24,000 and contour intervals of 10 and 20 feet. Loca

tions of these Exxon stations have errors of ±2.5 and ±5 feet vertically 

(±0.15 and ±0.3 mgal) and ±60 feet horizontally (±0.01125 mgal).

Locations of new gravity stations established as part of this 

investigation were obtained by leveling in the field. Errors associ

ated with the locations of these stations were based upon data obtained 

upon closure of level lines at established bench marks and on the at

tainable precision of the individual measurements made with the auto

matic levels. New stations were located within ±20 feet horizontally 

and within ±0.2 feet vertically. Gravity values at these stations have 

a maximum error of ±0.0045 mgal in the observed gravity and anomaly 

values due to the error in horizontal location and an additional error 

of ±0.012 mgal in the complete Bouguer anomaly, if the error in vertical 

location is accounted for. Errors due to horizontal and vertical control 

attained in Pape’s (1983, written commun.) survey and in the survey 

conducted by Franzoy, Corey and Associates (Miracle, 1983, written corn- 

nun.) are comparable. The root mean square error due to errors associ

ated with independent calculations was used to represent that total 

error of the complete Bouguer gravity anomaly and is given by:

°T = ±^°i2 + 022 + * * * ai2)>2 (30)



where oT is the total error and are errors associated with i indepen

dent calculations. For example, the total error for the complete 

Bouguer gravity anomaly for the new values obtained as part of this 

investigation, considering only errors associated with the precision of 

the gravity meter and with horizontal and vertical control, is less than 
±0.02 mgal.
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CHAPTER 4

INTERPRETATION

All contour maps discussed in this thesis were originally gener

ated with SURFACE II (Sampson, 1978), a computer software graphics sys

tem. SURFACE II proved to be invaluable for quickly gridding and con

touring irregularly spaced data and for displaying maps at any scale 

with as much detail as desired. However, an inherent disadvantage with 

any gridding and contouring routine is the purely analytically deter

mined result, which often contains artifacts that cannot necessarily be 

justified with the available data. Therefore, contours on some 

computer-generated maps were manually smoothed in order to incorporate 

geologic and physical reasonableness into the results and to eliminate 

unnecessary features not supported by the data.

Free-air Gravity Anomaly

Free-air gravity anomalies represent the sum effect of anomalous 

mass distributions, elevation, and degree of compensation of the ter

rain. The free-air gravity anomaly map of the south basin of Vekol 

Valley, which is not included in this report, is dominated by a 20-mgal 

negative anomaly in the basin surrounded by positive anomalies of much 

larger amplitude over the mountains. The shape of the large positive 

anomalies are determined by relatively few data points compared with the 

shape of the anomaly associated with the basin. The addition of more 

data points in the mountains would probably greatly alter the shape of

44
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the anomalies there. The zero free-air contour does not closely follow 

pediment edges in the basin as it is observed to do so in southeastern 

Arizona (Aiken and Sumner, 1974). This may be due to the large scale of 

the area under investigation as well as the probable lack of a true 

pediment in the entire southwestern part of the basin. Hargan (1978), 

however, also observed that zero free-air contours do not parallel pedi

ment edges throughout the Papago Indian Reservation. In Vekol Valley no 

other free-air contours are observed to follow pediment edges either. 

Because of its large scale, the free-air gravity anomaly map of the 

south basin is really not useful for verifying the degree to which the 

crust in this region is isostatically compensated.

Complete Bouguer Gravity Anomaly

The most prominent feature on the complete Bouguer gravity anom

aly map of the south basin of Vekol Valley (Figure 6, in pocket) is the 

large negative anomaly centered over the basin. The amplitude of this 

anomaly is 10 or 19 mgal, depending on the azimuth of the profile ob

served. The steepest gradients, up to 6 mgal/km, are found north and 

south of the center of the basin. The shape of the anomaly is somewhat 

equilaterally pentagonal. The gravity anomaly associated with the north 

basin of Vekol Valley (Pape, 1983, written commun.) is also prominent. 

The anomalies associated with both basins are clearly separated by an 

east-west-trending positive anomaly, which parallels a buried ridge. A 

broad saddlelike anomaly also separates the anomalies associated with 

the south basin and the alluvial basin immediately to the east. The 

crest of this saddlelike anomaly aligns with the north-northwest strike
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of the Paleozoic and Precambrian rocks of the Vekol Mountains. A promi

nent local minimum and a lobate anomaly northwest of the center of the 

major anomaly trend northwest. To the north and northwest of the lobate 

anomaly are very prominent positive anomalies associated with the White 

Hills and northern Sand Tank Mountains. The only other very prominent 

positive anomaly is centered over the southern Vekol Mountains.

The Table Top Mountains are associated with a broad gradient, 

which decreases to the southeast and increases to the northeast. One 

may speculate about the validity of the shape of the anomaly here be

cause it is greatly controlled by one data point at the peak of Table 

Top Mountain. The value obtained here during this investigation, how

ever, agrees to within 0.1 mgal with an independent observation (Holer 

and Baer, 1981), if the same terrain correction is used in both calcu

lations. The values differ by less than 3 mgal if Holer and Baer’s 

original terrain correction is applied. If Holer and Baer’s terrain 

correction is used, the complete Bouguer anomaly value at Table Top 

Mountain would be even more negative, resulting in a less pronounced 

gradient and still no positive anomaly directly over the mountain. The 

positive anomaly associated with the Vekol Mountains thins to the west, 

becoming an elongate west-northwest-trending positive anomaly, which is 

well defined by data points along the northeast-trending pipeline road. 

This elongate anomaly in the vicinity of the pipeline road forms one end 

of a broad, northwest-trending saddlelike anomaly, which divides the 

gravity lows associated with the south basin and southern Sand Tank 

Mountains. The trend of the crest of this saddlelike anomaly aligns to 

the northwest with two subtle positive anomalies and the end of a large
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necklike positive anomaly, which extends east-southeast into the basin. 

The broad negative anomaly associated with the southern Sand Tank Moun

tains is separated from the large positive anomaly associated with the 

northern Sand Tank Mountains by a steep gradient, which corresponds to 

the contact between the different rock types of the two parts of the 

range. The magnitude of the gravity low over the southern part of the 

Sand Tank Mountains is almost as large as that over the south basin.

First-order Residual Bouguer Gravity Anomaly 

The first-order residual Bouguer gravity anomaly map (Figure 7, 

in pocket) closely resembles the complete Bouguer gravity anomaly map. 

Around the edges of the map, where data are sparse, contours have been 

drawn so as to coincide with contours on the first-order residual grav

ity anomaly map of the Ajo 1° x 2° quadrangle (Lysonski and others, 

1981), which is based on gravity values within and exterior to the area 

of the current investigation. The major effect of compensating for the 

northeast-decreasing statewide regional gravity gradient is the steepen

ing of southwesterly decreasing gradients and shallowing of northeaster

ly decreasing gradients of complete Bouguer values. The magnitudes of 

the anomaly values have changed and are no longer tied to any datum. 

The relative sizes of anomalies have changed as well. For example, the 

magnitude of the anomaly associated with the southern Sand Tank Moun

tains is now about 3 mgal larger than the magnitude of the anomaly asso

ciated with the south basin. The lobate anomaly northwest of the center 

of the basin has become a subtle local minimum. Also, the positive 

anomaly over the White Hills has become distinct from the positive
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anomaly over the northern Sand Tank Mountains. A small local minimum 

has developed in the southeast part of the basin on the pipeline road.

A wide range of magnitudes of the first-order residual gravity 

anomaly values is associated with the consolidated rocks surrounding the 

valley. The highest value, -5.6 mgal, occurs in the northern Sand Tank 

Mountains, whereas the highest value in the Vekol Mountains is -16.5 

mgal. A value of -11.8 mgal defines the center of the anomaly associ

ated with the White Hills. A value of -14.1 mgal on Table Top Mountain 

lies on the flank of a large positive anomaly whose center is located 

northeast of the Table Top Mountains over basin-fill material. The 

gravity values in the northern Table Top Mountains are higher than 

gravity values in the southern part of the range, which reach -22.0 

mgal. The southern Sand Tank Mountains are associated with a large 

negative anomaly with values as low as -38.0 mgal.

This wide range of residual gravity values associated with con

solidated rocks results from density contrasts between the various rock 

types. The highest gravity values, found in the northern Sand Tank 

Mountains, the White Hills, and the northern Table Top Mountains, are 

associated with schist. The gravity anomaly over the southern Vekol 

Mountains, whose magnitude may prove to be as large as that in the 

northern Table Top Mountains upon collection of more data in the center 

of the range, is associated with schist and Precambrian and Paleozoic 

sedimentary rocks. A relative low in the southern Table Top Mountains 

is associated with granite. The negative anomaly associated with the 

volcanic rocks of the southern Sand Tank Mountains is part of the edge 

of a large regional negative gravity anomaly encompassing these and
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other primarily volcanic ranges such as the Sauceda, Batamote, Crater, 

Sikort Chuapo, Little Ajo, and Ajo Mountains (Wilson, Moore, and Cooper, 

1969; Lysonski and others, 1980). This regional anomaly is most likely 

due to sequences of low-density volcanic rocks as much as 3 km thick 

(Sumner, 1984). Klein and Johnson (1983) found average densities for 

samples of basalt, andesite, rhyodacite, and rhyolite collected through

out the Ajo 1° x 2° quadrangle to be 2.54, 2.66, 2.38, and 2.54 g/cm3, 

respectively. The average density of 2.35 g/cm3 for 21 samples of such 

rock types collected in the Sand Tank Mountains, however, is relatively 

low (Klein and Johnson, 1983; this thesis).

The magnitude of the gravity anomaly associated with the schist 

of the Table Top Mountains is not nearly as large as the magnitude of 

the anomaly associated with the schist of the northern Sand Tank 

Mountains, although the areal extent of the schist in both ranges is 

comparable. Because the granite intruded the schist, the contact 

between the two rock types may be highly irregular. Probably the depth 

to granite below the schist in the Table Top Mountains is less than the 

depth to granite in the northern Sand Tank Mountains. The positive 

gravity anomaly that overlies basin-fill material northeast of the Table 

Top Mountains is the southern end of a north-northwest-trending positive 

gravity anomaly whose axis coincides with the Palo Verde and Sierra 

Estrella Mountains. Northeast of the Sierra Estrella Mountains, this 

anomaly joins a large positive anomaly associated with dense amphibolite 

gneiss and schist in the South Mountains near Phoenix (Reynolds and 

Rehrig, 1980; Sumner, 1984). The composition of the rocks in the Sierra 

Estrella and Palo Verde Mountains is similar, although the amphibole
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content seems to decrease to the south (Reynolds, 1984, personal com

mon. ). A burled body of rock may extend southeast from the Sierra 

Estrella and Palo Verde Mountains. A high amphibole content of the rock 

constituting this body compared with Pinal Schist would explain why a 

gravity high overlies alluvium northeast of the Table Top Mountains.

Second-order Residual Bouguer Gravity Anomaly 

The first-order residual Bouguer gravity anomaly map depicts 

gravity anomalies that are the result of density contrasts not only 

between consolidated rock and basin-fill sediments but also between the 

various types of consolidated rocks. To produce a map that more nearly 

depicts the anomaly due to the anomalous mass of the basin, the effects 

of the local consolidated rock density contrasts must be removed. Pre

vious investigators (West, 1970; Bittson, 1978; Christie, 1978: Hargan, 

1978) have removed such effects by subtracting a double Fourier series 

trend surface of "bedrock" gravity values from the first-order residual 

gravity surface. This is a legitimate step if the bedrock gravity 

values are fairly numerous and widespread and if the term "bedrock" is 

appropriately defined. Clearly, "bedrock" can be defined as any consol

idated rock not underlain by unconsolidated sediments. In gravity ex

ploration, bedrock is often defined in terms of density as well. In 

this investigation, therefore, bedrock consists of consolidated rocks 

with densities close to or greater than 2.67 g/cm3. Such rocks include 

Pinal Schist and Oracle Granite as well as more recent intrusive igneous 

rocks such as quartz monzonite and granite and Precambrian and Paleozoic 

sedimentary rocks. Volcanic rocks of all types, generally, are not
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considered bedrock because of their relatively low densities and 

unknown thicknesses and because they are often found, either in surface 

exposures or in core and drill holes, interbedded with unconsolidated to 

semiconsolidated sediments. The volcanic rocks in the southern Sand 

Tank Mountains are therefore not considered bedrock. Modeling the south 

basin as if the southern Sand Tank Mountains were bedrock would be un

realistic and incorrect. To do this, one could compute a local trend 

surface of "bedrock" gravity values, including those on volcanic rock in 

the Sand Tank Mountains. The anomaly resulting from subtracting this 

surface from the first-order residual surface could then be modeled by 

using one body with one value for a density contrast. The density con

trast between the volcanic rocks and basin-fill sediments, however, is 

about 0.32 mgal less than the contrast between true bedrock and sedi

ments. The magnitude of the gravity anomaly associated with the Sand 

Tank volcanic rocks is nearly the same as the magnitude of the anomaly 

associated with the south basin. If the volcanic rocks in the Sand Tank 

Mountains were relatively thin such that rocks of higher density were 

near the surface, a steeper, more pronounced gravity gradient parallel 

to the southwestern side of the south basin would be expected. Instead, 

the anomalies associated with the south basin and the volcanic rocks are 

distinguished only by a saddlelike anomaly. This evidence, as well as 

the large areal extent of the volcanic rocks making up the southern Sand 

Tank Mountains, suggest that modeling may be done more realistically 

with multiple bodies representing basin-fill material, bedrock, and the 

Sand Tank volcanic rocks. Nevertheless, the gravity effect due to the
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relatively small density contrasts between the various types of rocks 

that constitute bedrock must be removed prior to modeling.

A local trend surface of bedrock first-order residual gravity 

values (Figure 8) was generated manually. A trend surface over a wider 

range than the immediate area of investigation was determined from 

first-order residual values stored on the AGDB and plotted on the Ajo, 

Phoenix, Tucson, and Mesa 1° x 2° quadrangle maps (Lysonski and others, 

1981). In the Papago Indian Reservation, this surface did not closely 

resemble that of Hargan (1978), who considered volcanic rocks to be 

bedrock. The major feature of this trend surface is a gradient de

creasing from the White, Sierra Estrella, and South Mountains in the 

north to the Sierra Blanca, Quijotoa, and North Comobabi Mountains in 

the south. The surface is not defined where there are large outcrops of 

volcanic rocks such as in the southern Sand Tank and Sauceda Mountains. 

By eliminating gravity values obtained on volcanic rocks, few bedrock 

values remained, especially in the vicinity of the Vekol Valley. What 

values were available from the AGDB and from leveling traverses that 

ended on bedrock were supplemented with new observations taken in rugged 

terrain in the surrounding mountains by using a helicopter for transpor

tation. Some of these new values were extraneous to the map area of 

Figure 8. No attempt was made to compute a double Fourier series trend 

surface to fit the bedrock data primarily because of the lack of abun

dant, evenly distributed data and because of the total lack of data in 

the southwestern third of the field area. Contour lines were projected 

into the area of the Sand Tank Mountains where no data exists such that 

the south-trending gradient there is very gentle. The wavelength of the
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features in this trend surface (about 22 miles, 36 km) 

is much smaller than the fundamental wavelengths used to construct the 

first-order residual trend surfaces of Christie (1978) (193 km, 120 

miles) and Hargan (1978) (575 km, 320 miles). However, their areas of 

investigation are also much larger, such that much larger fundamental 

wavelengths are warranted. Computation of a regional trend like this is 

a very subjective procedure no matter what method is used.

Subtracting the first-order residual trend surface of bedrock 

values from the surface of the first-order residual values results in 

the second-order residual Bouguer gravity anomaly map (Figure 9, in 

pocket). The major features of this map are changed only slightly from 

the first-order residual gravity anomaly map. The main difference be

tween the two maps is the absence of anomalies associated with bedrock 

features outside the basin such as the Table Top and northern Sand Tank 

Mountains. This, of course, is the consequence of removing the local 

exposed bedrock trend surface. The south basin is associated with a 

-17.7-mgal anomaly, which is only slightly elongate to the north and 

south. The gradients north and southeast of the center of the anomaly 

are not as steep as on the first-order residual anomaly map. The lobate 

negative anomaly northwest of the center of the south basin is still 

clearly indicated but is constrained only by the one line of gravity 

values. The magnitude of the low over the southern Sand Tank Mountains 

is still larger by about 2 mgal than the magnitude of the low over the 

south basin.

The depth to bedrock in the south basin may be roughly estimated 

by using the formula for the attraction of a Bouguer slab. For a
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residual value of -17.7 mgal and a density contrast of 0.42 g/cm3, the 

depth is about 3,300 feet (1,006 m). The Bouguer slab formula under

estimates the depth to bedrock, because the slab is infintely extended. 

Similarly, the depth to bedrock underneath the Sand Tank volcanic rocks, 

for a density contrast of 0.32 g/cm3, is about 4,870 feet (1,484 m).

The location of steep normal faults can be inferred where 

gravity anomaly gradients are large. A positive gravity anomaly due 

south of the center of the basin is flanked on the northeast and 

southwest sides by steep gradients. This anomaly forms the southeast 

end of the northwest-trending saddlelike anomaly that separates the 

anomalies of the south basin and Sand Tank volcanic rocks. The west 

side of the middle of this saddlelike anomaly exhibits a steep gradient 

to the west and a moderate gradient to the east into the basin. The 

north end of this anomaly is a steep north-northwest-trending gradient 

headed toward the outcrops of Precambrian and Paleozoic sedimentary and 

igneous rocks. The lobate anomaly northwest of the south basin is ap

parently associated with a subbasin that trends northwest. This basin 

is probably bounded on the east, south, and north sides by steep faults; 

however, no gravity data north of the subbasin center exists to verify 

the presence of steep faults there. The rather large magnitude of the 

gravity anomaly associated with the subbasin compared with its small 

areal extent suggests that its structure must be dominated by steep 

faults. Other steep gravity anomaly gradients occur north, east, and 

southeast of the center of the south basin.

Many investigators who have previously conducted gravity surveys 

in alluvial basin in southern Arizona have interpreted profiles of
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gravity anomalies by modeling in two dimensions (for example, Christie, 

1978; Hargan, 1978; Halverson, 1984). Two-dimensional modeling of an 

alluvial basin is adequate if profiles trend perpendicularly to the long 

axis of the basin and the long axis is much longer than the width of the 

basin. Two-dimensional modeling clearly is not suitable for the south 

basin of the Vekol Valley, whose gravity anomaly is not greatly elongate 

in any particular direction. Modeling the south basin, therefore, was 

modeled more realistically in three dimensions.

The Inverse Problem

The inverse problem consists of determining a set of model pa

rameters given a set of observations; the forward problem consists of 

determining a set of measurable quantities given a set of model param

eters. In both techniques, the physical relationships that describe the 

response criteria of a model must be known. The forward problem is a 

"trial-and-error" method in which the interpreter generates theoretical 

response functions based on some model until satisfied that the theoret

ical function closely resembles the observed data. Although this method 

demands relatively little computer time, generating models may be time 

consuming for the interpreter, especially if models are three dimen

sional. The forward approach also gives no estimation of the errors 

associated with the final results. The inverse method, however, results 

in a least-squares type of solution whose values have errors that can be 

estimated. These errors are related to the estimated errors associated 

with both the observed gravity values and initial model parameter 

values. Modeling the south basin turned out to be somewhat of a



57

combination of the two methods: the results of one run through the

inversion scheme were often modified and input as the starting model for 

another run.

A problem inherent with both the inverse and forward techniques 

as applied to gravity modeling is the general non-uniqueness of poten

tial fields: two bodies differing in size and density may yield the

same gravity anomaly. This can, in part, be overcome by constraining 

the model to be geologically reasonable and by using results of prior 

geological and geophysical investigations. In the forward technique 

this is straightforward because the interpreter has complete control 

over the parameters of the model. Constraints can also be applied in 

the inverse technique to assure that changes made to the starting model 

upon inversion also result in a geologically reasonable model.

Inverse Theory

The gravitational effect of a geological structure may be repre

sented by:

<y> = f(<&> + <n>) + <e> (31)

where: <y> = vector of gravity observations

<&> * a vector of estimated model parameters such as density, 

size, shape, and depth

f = set of physical laws relating model parameters to gravity 
anomaly

<ri> = a vector of errors associated with the parameter

estimates
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<e> * a vector of errors associated with the observations and 

with the results of the forward functional.

The inverse problem seeks to find the true set of model parameters such 

that <n> and <e> are minimized. Minimizing <e> is achieved by 

minimizing the residual error, J^(x), between the model response and the 

observed data (Maclnnes, 1982):

Jy(x) = (<y> - f(<£>)) [Cy]""1(<y> - f(<&>)) (32)

,-1[Cy] = weighting matrix, commonly the inverse variance-where: y
covariance matrix of data errors (Inman, 1975). 

Based on the assumptions regarding data acquisition and processing, er

rors in the actual observed gravity values and the complete Bouguer 

anomaly values are essentially uncorrelated. Removal of regional trend 

surfaces from the gravity data, however, may introduce highly correlat- 

able yet unknown errors in the first- and second-order residual gravity
__ i  _ _ 2

anomaly values (Maclnnes, 1982). Therefore, [Cy] = (Sy )[I], where 
—2Sy is the variance of data measurements and [I] is the identity 

matrix. Minimization of <ri> is achieved by minimizing the weighted 

residual error, J^(x), between the model parameter estimates, <&>, and 

the starting model parameter estimates, <xo>, which are assumed to be 

the best estimates for the actual model parameters (Maclnnes, 1982):

Jx(x) = (<x> - <xo>) [Cx]_1(<k> - <xQ>) (33)

The weighting matrix, [Cx] * is the inverse variance-covariance matrix 

of errors associated with the starting model parameters. Generally,
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such errors are unknown and are assumed to be the inverse of the 

estimated variances for the starting model parameters. These errors are 

also assumed to be uncorrelated. Therefore,

S -1

t y 1 - (34)

gwhere: is the estimated variance of the 1th starting model parame

ter. These weighting schemes assign greater weight to the more accurate 

data and normalize the weight of the model parameters. Maclnnes (1982) 

defined a weighted sum criterion, J(x), as the sum of the residual er

rors defined above:

J(x) = Jy(x) + Jx(x) (35)

Assuming relatively large variances for the estimates for the starting 

model parameters will emphasize fitting the data, whereas assuming large 

variances for the data will tend to keep the estimated parameters close 

to those of the starting model (Maclnnes, 1982). Those values of x 

for which J(x) is a minimum will be the desired set of solutions.

Problems in which the forward relation between the model parame

ters and the measurable response is nonlinear (which is the case in 

gravity problems if one of the model parameters is distance) can be 

linearized by expanding f(x) in a Taylor series and dropping higher 

order terms (Braile and others, 1974), giving, ignoring errors:
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fj/x)
■fi(xi.) +

m
I

j=i

8fi(x)

x=x
(36)

where the summation is over m inversion parameters and the partial de

rivatives of the ith observation are taken with respect to the jth in

version parameter and evaluated at the initial estimate of the jth in

version parameter of the current iteration. If Ay^ = f^(x) - 

equation (36) becomes:

l
j=l

af1(x)

x=x.
(37)

or in matrix notation,

<Ay> = [A] <Ax> (38)

where: [A] = matrix of partial derivatives

<Ax> = a vector of changes made to the starting model 

parameters.

If errors are considered, <Ax> becomes (see Maclnnes, 1982; Tarantola 
and Valette, 1982):

<Ax> = ([A] [Cy]*"1[A] + [yb̂ UAUC r1 Ay
+ [cx]""1(<x0> - <x%>)) (39)

where: <x^> * the estimate of <x> in the kth iteration.

To keep the changes made to the model parameters small enough so that 

the linear approximation of the nonlinear function remains valid, a
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damping factor, X (X > 0), may be added to the diagonal elements of 

[A][Cy]-1[A] to give:

<Ax> = ([A][C ]-1[A] + [C I-1 >  X[I])_1([A][C ]-1 <Ay>y x y
+ tCx]-1(<xo> - <xk>)) (40)

where: [I] = the identity matrix.

This technique is called ridge regression, and it has the additional 

benefit of reducing the mean-square error of the final solution (Hoerl 

and Kennard, 1970; Marquardt, 1970). The optimum value of X can be 

determined only from the true set of solutions. In the nonlinear case, 

however, the value of X is allowed to change with each iteration (Inman, 

1975). The first estimate of <x> will be

<x^> = <Xg> + <Ax> (41)

If an improvement is made to J(x), X is reduced; otherwise it is in

creased. This technique is applied iteratively until J(x) is suffi

ciently small or until further improvements to J(x) cannot be made.

If the nonlinearity of the forward model is assumed to be not 

too great, the variances of the parameters of the final solution will, 

in general, be less than or equal to the variances for the starting 

model (Tarantola and Valette, 1982). The variance-covariance matrix of 

the solution parameters can be calculated as (Haclnnes, 1982):

c = t[a] [c i*"1 [a] + tc r 1]-1y a (42)
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Forward Modeling

The forward model, which determines the gravitational field of 

an arbitrarily shaped, homogeneous, three-dimensional body, was solved 

analytically by Barnett (1976). The gravitational potential at a point 

P due to a body of density p and volume V is:

U = GpJJJ I dV (43)
P v **■

where: R = distance from P to each elemental volume unit making up
the body.

Because £  = VU, the vertical component of gravitational acceleration
due to the body at P is:

g = GpJJJ V.(f) dV (44)
V

where <2> = a vertical unit vector.

By the divergence theorem, the volume integral in this equation may be 

expressed as a surface integral over the surface enclosing the volume:

= -Gp JJ dS (45)

where: <ft> = an outward-directed unit vector normal to the surface.

By approximating the body's surface with a finite number of triangular 

facets, this expression becomes:

^  s -Gp l  JJi ASj, i (46)
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where the subscripts refer to the ith facet and the summation is per

formed over all facets.

Modeling

A three-dimensional gravity inversion routine written by Mac- 

Innes (1982) was used to model the gravity response of the south basin 

of Vekol Valley. A maximum core-memory limit of 377,000 octal words on 

the CYBER-175 computer at The University of Arizona limited the maximum 

size of arrays allowable in the program. The sizes of many arrays 

needed in the program are functions of the number of model corner loca

tions, gravity observations, and inversion parameters. Although in

creasing the number of facets and corners of a model may more accurately 

depict the irregularities of the contact between basin-fill material and 

consolidated rock, this may also reduce the practical resolution attain

able for the resulting depths. A model that is too simple, however, 

will fail to fit the data as closely as desired.

Unfortunately, even seemingly simple bodies can be constructed 

only with very many corners. To have enough core memory to depict the 

south basin with moderate detail, the number of gravity observations was 

reduced. The very close spacing of gravity stations located along sev

eral roads in the valley results in superfluous but not necessarily 

redundant gravity data. These data were combined according to a 

weighted inverse-distance-squared scheme such that the closest spacing 

between data points is 1,066 feet (325 m). This reduction in the number 

of data values resulted in a change of less than 0.10 mgal to the 

gravity value at the data point at the center of each search radius.
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"Thinning" the data in this manner probably has no noticeable effect on 

the modeling results due to the much wider spacing of the model corner 

locations compared with the spacing of the gravity station locations. 

Additionally, data located beyond about 3 km of the basin boundary were 

eliminated. Such gravity values are influenced more by local geology 

that is not modeled in detail than by the basin itself and will result 

in causing the inversion scheme to solve for a model with a poor fit to 

the data. The total number of data values used in modeling was there

fore reduced to 280.

The inversion routine solves for successive sets of changes made 

to the starting model according to equation (40). Matrix [A] consists 

of the partial derivatives of the observations with respect to each 

inversion parameter evaluated at the values of the starting model. The 

inversion parameters consist of the corner locations that are allowed to 

move and the density contrasts of the bodies in the model. Aside from 

reducing the number of data points, the size of the [A] matrix may be 

further reduced by constraining the type of movement allowed for each 

corner of the model. Such constraints are also needed to assure that 

calculated models are geologically reasonable. Naturally, corners that 

lie at the surface at the contact between the basin sediments and con

solidated rocks are not allowed to move at all. Models can be con

structed such that some corners are also located in core holes or drill 

holes at the bedrock surface, if bedrock were indeed reached. These 

corners will also be constrained to not move upon inversion. If a model 

consists of two or more adjacent bodies, each set of corners that they 

have in common must move in the same manner to keep the contact between
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the bodies flush. Numbering corners of adjacent bodies must be done 

carefully. Because of the way in which facets are constructed, iden

tical descriptions of possible motions for common corners of adjacent 

bodies does not guarantee that adjacent facets will also have identical 

motions.

In the inversion routine the values of inversion parameters that 

are allowed to change can be described as:

<x> = <Xg> + <Ax^> + <Ax 2> + . . . <Ax^> (47)

where <x> = initial values of a parameters

<Ax^> = changes to be made to the values in the kth iteration.

An alternative description of x can be used to assure that the density 

of the body and the depth (if defined as positive downward) of a corner 

remain positive (Maclnnes, 1984, written commun.):

<x> = <xQ>(exp<Ax^>)(exp<Ax2>) . . . (exp<Ax^>) (48)

The motion of other corner locations may be further constrained to ver

tical movement only. Because the three-dimensional motion of a corner 

is described by three separate inversion variables (Maclnnes, 1984, 

written commun.), eliminating allowable movement in the horizontal 

direction will allow more corners in a model. This does not really 

decrease the versatility of the modeling scheme if the number of corners 

is fairly large.

The ridge regression damping factor, X, is initialized to 1.0 

and then allowed to change upon successive iterations of the inversion 

scheme. An initial value of 1.0 was recommended by Inman (1975) when
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the initial estimates for the starting model parameters may be far from 

the true solution.

The validity of the linearization of the nonlinear forward model 

may be estimated by calculating the residual sum of squares of the re

sidual gravity before and after the [A] matrix of partial derivatives is 

computed. The residual gravity is the difference between the observed 

value and the value calculated according to the model. The residual sum 

of squares of the kth iteration, S^, can be predicted prior to the kth 

iteration according to:

n ^^r(k-l) 

i=l

- L
.1=1

AXj) =
(49)

where the residual gravity values for the (k-1) iteration, are

used and the summations are over n observations and m inversion parame

ters. If the estimated solution is close to an acceptable solution 

(4x^50) or if the forward function behaves nearly linearly for the (k-1) 

solution (A^j=0), this predicted residual sum of squares value reduces 

to the actual residual sum of squares, S^, calculated after the kth 

iteration using recomputed partial derivatives:

e
i i  w » 2 „

n / (50)

The first detailed starting model consisted of three bodies: 

one representing basin-fill sediments of the south basin of Vekol Val

ley, one representing the basin-fill sediments of the north basin, and
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one representing the volcanic rocks of the southern Sand Tank Mountains. 

The bodies were constructed by assembling triangular facets into three- 

dimensional bodies as discussed earlier. The triangular facets repre

senting the bottom of the body representing basin-fill sediments in the 

south basin are depicted in map view in Figure 10. The perimeter of the 

body at the surface is located primarily along contacts between the 

basin-fill material and consolidated rocks as depicted in published 

geologic maps, as discerned on aerial photographs, and as discovered in 

the field. Southwest of the basin, this contact is defined by the 

volcanic rocks constituting the Sand Tank Mountains. Exposures of 

Paleozoic sedimentary rocks, Precambrian igneous rocks, and Tertiary or 

Cretaceous quartz monzonite limit the extent of the basin to the south. 

To the southeast, the contact is defined by Cretaceous sedimentary 

rocks, which are assumed to lie directly on Paleozoic and Precambrian 

sedimentary rocks constituting the Vekol Mountains and by the nearly 

linear trend of Tertiary basalt outcrops. Elsewhere, the extent of the 

basin is defined by the exposed contact or pediment edge (where known) 

of Precambrian schist and granite that constitute the Table Top 

Mountains, the northern Sand Tank Mountains, and the White Hills. The 

contact is further defined by Paleozoic and Precambrian sedimentary 

rocks that crop out in the northwestern part of the valley as well.

Other constraints to the starting model include the known depths 

to bedrock or volcanic rock in six core and drill holes in the south 

basin. Overlying schist in SV-5 is a 474-foot-thick (144.5 m) sequence 

of dense basalt (2.82 g/cm3 for one sample), welded tuff and well- 

cemented conglomerate. Bedrock at this drill hole was therefore located
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at the top of the basalt layer for modeling purposes. Three other 

holes, SV-9, SV-10, and VEK-1, In the northern part of the basin reached 

either Precambrian or Paleozoic sedimentary rocks, all of which are 

considered bedrock. For example, the density of the dolomitic limestone 

reached at 1,162 feet (354.2 m) in VEK-1, according to results of gamma- 

gamma logging, is 2.60 g/cm3 compared with an average density of 2.3 

g/cm3 for the overlying sand and gravel. SV-6, in the southwestern part 

of the basin, penetrates the thickest sequence of volcanic rocks of any 

hole in the valley. The base of the basin-fill sediments in this hole 

occurs at a depth of 1,014 feet (309.0 m). This sedimentary sequence 

overlies a 938-foot-thick (285.9 m) sequence of alternating rhyolite and 

rhyolite breccia units. The base of the volcanic sequence at 1,952 feet 

(596 m) rests on 3 feet of conglomerate overlying an unknown thickness 

of quartzite, which is considered bedrock. This hole, therefore, also 

constrains the thickness of the body representing the volcanic rocks at 

this location. The Sand Tank volcanic rocks west of the valley were 

initially modeled as a tabular body about 500 feet (122.4 m) thick. The 

body was then constructed so as to extend underneath the basin-fill 

sediments beyond SV-6. The body was then forced to pinch out to the 

northeast because no other very thick sequences of volcanic rocks were 

discovered in other holes. The actual thickness of the volcanic rocks 

in the Sand Tank Mountains is unknown and is probably highly variable. 

Five hundred feet were chosen as a rough estimate of the median thick

ness based on the topography of the mountains themselves. Multiple 

volcanic rock units may be interbedded with sedimentary rocks or
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sediments. Modeling many separate units would however be prohibitively 

time consuming.

Starting depths for corner locations where no well information 

was available for both the basin sediment and volcanic bodies were 

interpolated between corners whose depths are known. Estimates for 

standard deviations of the starting depths of such body corners were 

therefore very large— at least half the starting depths.

Because the gravitational effect of the north basin of Vekol 

Valley would influence the modeling results in the northern end of the 

south basin, a third body was constructed to roughly depict the southern 

portion of the north basin. The depths for this body were obtained from 

profiles resulting from two-dimensional gravity inversion modeling using 

a density contrast of 0.37 g/cm3 (Pape, 1983, written commun.). The 

only two corners of the north basin body that were allowed to move upon 

inversion coincide with two corners from the south basin body at the 

bedrock surfaces midway between the exposed portion of the hurried ridge 

and the White Hills and Table Top Mountains.

Density for the body depicting the south basin sediments was 

determined from the borehole gravimeter survey, gamma-gamma logs, and 

densities of core samples. A top layer 500-600 feet (152.4-243.6 m) 

thick in which the density increases rather linearly with depth cor

responds to the upper gravel and silty units. A second layer in which 

the density is uniform corresponds to the lower gravel and conglomerate 

units. A weighted average density of 2.25 g/cm3 was used for the 

basin-fill material in the south basin. This figure was determined from 

the average densities of the two layers by assuming that the second.
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denser layer Is four times as thick as the top layer (a reasonable as

sumption based on core and drill-hole data). An average density of 2.35 

g/cm3 for the volcanic rocks was determined from densities for 19 

samples obtained from the Sand Tank Mountains (Klein and Johnson, 1982; 

this thesis) and for 2 samples from the north basin (Pape, 1983, written 

commun.). An average density of 2.67 g/cm3 for the bedrock material was 

determined from densities for 21 samples of schist, 43 samples of gran

ite, and 12 samples of Paleozoic carbonate rocks from the Vekol Valley 

area (Klein and Johnson, 1982; Pape, 1983, written commun.; this thesis) 

and from throughout the Ajo 1° % 2° quadrangle area (Klein and Johnson, 

1982). The density contrast between the basin sediments and bedrock 

with a density of 2.67 g/cm3 is then 0.42 g/cm3. This value is close to 

the density contrast of 0.40 g/cm3 used to model alluvial basins in 

southern Arizona by Davis (1967), Bittson (1976), Hargan (1978), and 

Greenes (1980). Oppenheimer (1980) contested that this value as not 

being small enough to represent denser sediments found below about 2,500 

feet in deep basins. Gravity modeling indicates that the south basin of 

Vekol Valley is only about 4,265 feet (1,300 m) deep. Furthermore, a 

marked increase in density is not observed on gamma-gamma logs and the 

borehole gravity profile below about 500-600 feet (152-244 m) in any 

hole in the south basin. Additionally, the density as a function of 

depth determined in VEK-2 with a borehole gravity meter is consistently" 

lower than density functions determined with the same instrument in five 

other holes in other alluvial basins in southern Arizona. Therefore, 

using a rather large density contrast of 0.42 g/cm3 seems justified.
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In the initial stages of the modeling process, greater emphasis 

was placed on fitting the data rather than on keeping computed models 

close to the starting model. The estimated standard deviation for the 

gravity values was therefore assumed to be rather small— 0.10 mgal. 

Because of this, computed results were not always as geologically rea

sonable as the starting model. Toward the edges of the basin, for exam

ple, where bedrock is shallow, the inversion routine succeeded in bring

ing the bedrock surface slightly up above the ground surface. To pre

vent this, changes made to such corner locations were recomputed 

according to equation (48) by using a logarithmic scheme.

In every run of the inversion scheme, the difference between the 

sums of squares of the residual gravity calculated according to equa

tions (49) and (50) was less than or equal to 0.1 mgal. This finding 

indicates that the forward functional behaved nearly linearly for the 

starting model parameters and linearizing the function was a valid ap

proximation.

Because of the rather large size of the model, a maximum of only 

84 inversion parameters could be implemented per run. Therefore, the 

basin could be model only in parts. In this way, a geologically reason

able model for the western portion of the basin overlying the volcanic 

rocks was obtained by keeping the remainder of the basin fixed. Then 

the western portion was fixed while modeling the major portion of the 

basin.

The parameters for the final "starting” model were the cumula

tive results of prior runs through the inversion scheme. The best esti

mates of the depths of model corners for the true (and unknown) solution
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were each assigned standard deviations equal to a sixth of the starting 

depth. To account for the ambiguity in estimating the density of the 

basin-fill material in the entire south basin, the starting density of 

2.25 g/cm3 was assigned a standard deviation of 0.10 g/cm". Additional

ly, the estimated standard deviation of the second-order residual gravi

ty anomaly values was increased from 0.10 mgal to 0.75 mgal. Removal of 

the local bedrock trend surface from the first-order residual values may 

warrant assigning an even larger (yet unknown) error to the second-order 

residual values. A higher order was not used, however, in order to 

place greater emphasis on the accuracy of the first-order residual data.

Analysis

Standard deviations of depth estimates for corner locations on 

the bottom of the body depicting basin-fill sediments in the final model 

(Figure 11) indicate that generally errors are greatest in the deepest 

parts of the basin. Standard deviations of depths can also be consid

ered standard deviations of the thickness of basin-fill sediments. 

These errors are crudely proportional to thickness because the initial 

estimated errors assigned to depth estimates in the starting model are 

large where starting depths are large. Errors of the depths for the 

final model are everywhere smaller than estimated errors of depths for 

the starting model, except where initial estimated errors are close to 

zero. For example, the estimated standard deviation of the initial 

depth estimate at the deepest part of the basin is approximately 17 

percent of the depth, whereas the standard deviation of the depth there 

in the final model is less than 7 percent. Naturally, where the depths
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are totally constrained by core-hole and drill-hole data, the errors are 

zero. Therefore, errors are relatively small in the northern part of 

the basin where four holes reach bedrock. The density of the body rep

resenting basin-fill sediments in the final model is 2.21 g/cm3— 0.04 

g/cm3 less that the starting model density. The error associated with 

this density in the final solution is at least an order of magnitude 

smaller than the initial estimate of the error. The decrease in density 

upon inversion may be due to an inaccurate estimate of the average 

density of basin-fill sediments. An average density was determined 

according to a weighted average scheme rather than a distance-weighted 

average scheme, based on the relative thickness of the two density lay

ers observed in the basin. This estimate will tend to underestimate the 

gravity effect of the low-density material near the surface. On the 

other hand, the average density of bedrock surrounding the basin may be 

closer to 2.71 g/cm3, especially because schist and the Paleozoic and 

Precambrian sedimentary rocks combined tend to predominate over the less 

dense granite. Regardless of the actual magnitudes of the densities, 

the inversion scheme indicates that a density contrast of 0.46 g/cm3 

between basin sediments and bedrock yields the best solution.

The fit to the data (Figure 12) was calculated as the difference 

between the second-order residual Bouguer gravity values and the gravity 

values calculated according to the final model. The residual sum of 

squares of these differences, 0.8 mgal, is not smaller than the esti

mated error of the second-order residual values of 0.75 mgal, as ex

pected. Where the difference is greater than 0.75 mgal, the fit to the 

data is considered poor, or in other words, the misfit is large. The
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fit to the data is very good throughout most of the basin. Where the 

fit is poor, the model may not be detailed enough to accurately depict 

the geology. For example, four relatively large negative anomalies 

occur along the southeast side of the map in Figure 12 over local allu

vial valleys located beyond the edge of the south basin. For simplic

ity, these valleys were not modeled as separate basins and were merely 

approximated as part of the bedrock. The second-order residual values 

at these locations, therefore, are expected to be smaller than values 

calculated according to the model. A large positive anomaly that occurs 

at the east edge of the basin may be due to a tailing error introduced 

when determining the local bedrock trend surface of first-order residual 

gravity values. So-called "bedrock" gravity values in the vicinity of 

this anomaly are located near the contact between unconsolidated sedi

ments and bedrock. These values may therefore be actually lower due to 

the gravity effect of the basin than values truly representative of the 

bedrock gravity effect. In that case, the values calculated according 

to the model will be smaller than the second-order residual values. The 

large positive anomalies, one in the south part of the basin and the 

other just beyond the southwest edge, may also be due to improper re

moval of the local bedrock gravity trend, which is not controlled by any 

gravity values in this area. The anomaly to the south, for example, 

coincides with an area of shallow bedrock and may essentially be the 

result of tailing error due to overestimating the regional bedrock trend 

in this area. Similarly, the positive anomaly associated with the ex

posed portion of the buried ridge at the north edge of the south basin 

as well as two other positive anomalies southwest of it, which are both
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located over areas of relatively shallow bedrock, are probably the 

result of tailing error. The negative anomaly west of the basin is most 

likely the result of the simplicity of the model because a more compli

cated test model at one point during the modeling process fitted the 

data at this location better.

Figure 13 depicts the correlations associated with the movements 

upon inversion of three typical model corner locations with the move

ments of all other comer locations. Generally, movements of corner 

locations are only slightly correlated with movements of neighboring 

corner locations. This is a reasonable result because the movement of a 

particular corner is not expected to be correlatable with that of a cor

ner in another part of the basin where the gravity field is different.

To verify that the final solution was not simply a local minimum 

in solution space, a totally different starting model was generated and 

run through the inversion scheme. This new model consisted of bodies 

whose corners had the same latitude and longitude as the corners in the 

previous models but had depths much shallower and associated estimated 

errors larger. Inversion of this model resulted in a model whose corner 

depths all fell within the estimated errors for the previous final 

model. This finding suggests that the solution is the best possible, 

given the current set of data values, model parameters, and associated 

estimated initial errors.

Figure 14 (in pocket) is the isopach map of the basin-fill sedi

ments in the south basin of Vekol Valley. Thickness contours on the 

isopach map also represent depths to bedrock, except in the southwest 

portion of the basin where basin sediments are underlain by volcanic
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rocks. Depths and thicknesses on this map are not absolute because the 

depth to each corner of the model has an estimated error associated with 

it. These errors are displayed as error bars on profiles that cross the 

valley (Figure 14). The error bars on these profiles represent the 

approximate width of a normal distribution— the half-width of each error 

bar therefore spans three standard deviations of a particular depth 

estimate. Error bars for corner locations coinciding with drill and 

core holes that do not penetrate bedrock do not extend above the total 

depth of any hole. This is a positive, independent test of the relia

bility of the model.

At first glance, major features on Figure 14 correspond well 

with major features on the second-order residual Bouguer gravity anomaly 

map; however, upon inspection, several bedrock features do not seem 

justified by the local gravity trend. For example, northeast of the 

center of the south basin, a trough-shaped bedrock feature trends north, 

askew to a southwest-trending gravity gradient. The troughlike shape in 

the bedrock becomes more subtle if extremes in depth estimate errors are 

considered. Even a fairly flat bedrock surface here, however, would not 

produce as steep and uniform a gradient as is observed. A plausible 

explanation is that no gravity data are available in the immediate 

vicinity of this bedrock feature such that contour lines in this area do 

not accurately depict the true local gravity field. A similar bedrock 

feature is a northwest-trending trough southeast of the center of the 

south basin. This feature disappears if errors in depth estimates are 

considered. However, the feature also occurs in an area with little 

gravity control. At the south boundary of the basin, depth contours are
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very closely spaced, although the gravity contours show a gentle gradi

ent rising to the south. This is a result of the placement of the basin 

boundaries in the model; Cretaceous rocks at the base of basalt flows 

here were assumed to be bedrock, hence defining the basin boundary. 

Also, the Tertiary basalt flows were assumed to be closely overlying 

pre-middle Tertiary rocks and sediments, which are probably denser than 

basin-fill material. The gravity low occurring south of the basin may 

be due to thick sequences of pre-middle Tertiary fanglomerates (or vol- 

canics) that have densities intermediate between basin-fill sediments 

and bedrock. Similarly, the subbasin northwest of the south basin is 

depicted as a deep, northeast-trending trough, whereas the gravity anom

aly is rather broadly circular. The extent of this feature is con

strained by outcrops of Cretaceous rocks to the west that were assumed 

to be closely overlying bedrock. The shape of the gravity anomaly, 

however, is governed only by a single line of gravity values. To model 

this subbasin more accurately, further geologic field work, more gravity 

data, and more detailed modeling are needed.

The prominent features on Figure 14 (in pocket), of course, are 

the 4,265-foot-deep (1,300 km) basin in the center of the valley and a 

smaller, 3,281-foot-deep (1,000 m) basin to the northwest. The deep 

part of the main basin is bounded on four sides by steep gradients that 

probably represent zones of faulting along steep normal faults or series 

of step faults in the bedrock. Where the gradients are particularly 

steep such as along profiles U-U’ and V-V* southeast at the basin center 

and along profiles A-A’ and B-B' to the east, displacement in the bed

rock may occur along a single fault. The size of the facets used in
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modeling is probably too large to precisely resolve the location of 

single faults with large displacements. A steep gradient paralleling 

part of the northeastern edge of the basin coincides with part of the 

northwest-trending basalt outcrops. These basalt outcrops are probably 

mid-Tertiary in age. They may indicate a mid-Tertiary normal fault or 

zone of weakness because their trend is so linear. Movement along such 

a fault or zone could have been reactivated during the Basin and Range 

disturbance. Extremely thin mid-Tertiary gravels underlying mid- 

Tertiary basalt on top of Table Top Mountain indicate that uplift of 

Table Top Mountain relative to the south basin could have commenced 

prior to the Basin and Range disturbance. Such uplift, however, may 

not necessarily have been accommodated by faulting along the eastern 

side of the current basin.

A steep gradient also parallels the southwest part of the north

east-trending basalt outcrops along the southeast side of the basin. 

This may be an artifact of the modeling process because relatively shal

low valleys south of this zone were modeled as part of the bedrock. 

Also, the gradient paralleling the basalt outcrops is not nearly as 

steep to the northwest where bedrock is well defined by the Vekol Moun

tains. Nevertheless, vertical faulting here is also indicated by the 

termination of this apparent mid-Tertiary structure, whether reactivated 

during the Basin and Range disturbance or not, of the two main north- 

northwest-striking ranges of sedimentary rocks in the Vekol Mountains. 

The next known occurrence of Paleozoic or Precambrian rocks northwest of 

the Vekol Mountains are at depths ranging between 1,162 and 1,955 feet 

(354.2 and 595.9 m) in four holes in the south basin of Vekol Valley.



83

Repeated sequences of Paleozoic and Precambrian rocks in the Vekol Moun

tains may have resulted from thrust faulting prior to the mid-Tertiary 

orogeny (Marie, 1984, personal commun.). The two main ranges are per

haps thrust sheets separated by a valley that is fault controlled. 

Approximately 1 km northwest of this valley on the southeastern part of 

the basin is a small but well-defined negative gravity anomaly that may 

indicate a "paleovalley" between two thrust sheets of Paleozoic and 

Precambrian rocks that have been faulted vertically down from the 

presently exposed range and buried in sediments. This buried structure 

is also apparent on the isopach map.

The depth-to-bedrock map depicts the northeastern part of a 

large basin southwest of the main basin. The two basins are separated 

by a broad northwest-trending bedrock ridge, which is probably bounded 

by steep faults on both sides. The depth to bedrock in the southwestern 

part of the valley is based on a model depicting a surface layer of 

sedimentary material with a density of 2.21 g/cm3 and a layer of vol

canic rock with a density of 2.35 g/cm9. However, if the sequence of 

volcanic rocks here are interbedded with or underlain by thick layers of 

tuff and fanglomerate, which have higher densities, the actual depth to 

bedrock could be greater than the depths indicated on the depth-to- 

bedrock map.

Ground-water Availability

The amount of ground water in the basin may be calculated if the 

volume of the aquifer is known. The volcanic rocks are considered 

hydrologic bedrock: surface basalt samples, although quite vesicular.
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are Impermeable because vesicles in basalt samples obtained from cores 

are often plugged with calcite, and the thick sequences of rhyolite and 

breccia from SV-6, although highly fractured, are mostly impermeable.

The volume of the aquifer composed of basin-fill sediments, therefore, 

may be calculated by summing the volumes of individual vertical triangu

lar prisms whose bottoms correspond to the bottom facets in the model 

and whose tops correspond to the water table. The volume of the aqui

fer, according to the final solution of the inversion modeling, is about 

79 km3. If a porosity of 20 percent is assumed, the total volume of 

water in the basin is about 16 km3. A specific yield of 0.1 would indi

cate that only 1.6 km3 of ground water in the basin is recoverable; 

however, the volume of recoverable ground water is even less than this, 

if 2,000 feet is considered the practical limit of the depth from which 

ground water is withdrawn with present-day technology (Marie, 1984, 

personal commun.).

Considerable ground water may also be stored in the volcanic 

rocks that constitute the southern Sand Tank Mountains. Ground water is 

stored and recovered from volcanic rocks in several areas in Arizona. 

For example, volcanic rocks constitute the aquifer that supplies ground 

water for the City of Ajo (Sumner, 1984, personal commun.). Also, wide

spread, thick sequences of volcanic rocks in east-central Arizona, 

southeast of the White Mountains, are the subject of a proposed ground- 

water recovery investigation by Sumner and Norton (1984). This area, 

like the southern Sand Tank Mountains, is associated with a pronounced 

regional negative Bouguer gravity anomaly. Average porosity of 11 

samples of andesite, basalt, rhyolite, and rhyodacite from the southern
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Sand Tank Mountains is 10.28 percent— less than typical porosities de

termined for basin-fill sediments, but also greater than porosities of 

denser rocks constituting bedrock such as schist, granite, and limestone 

(Klein and Johnson, 1983). Permeability in volcanic rocks depends most

ly on the degree to which fractures are interconnected. Thick sequences 

of aphanitic rhyolite and rhyolitic breccia that were penetrated by SV-6 

are highly fractured, yet exhibit mostly poor permeability (Weesner, 

1982, written common.). Data from one hole, however, are not necessari

ly representative of the very complex sequence of volcanic rocks in the 

entire Sand Tank mountain range.

Three feet of conglomerate were discovered underlying the rhyo

lite and breccia penetrated by SV-6. Thicker sequences of conglomerate 

that may underlie the volcanic rocks of the Sand Tank Mountains may be a 

major aquifer, just as the conglomerate in the south basin of Vekol 

Valley is considered to be part of the aquifer there. Temperature pro

files observed in numerous wells in the south basin indicate that the 

ground water is circulating— not lying stagnant (Marie, 1984, personal 

commun.). Circulation of the ground water suggests that the water must 

be flowing out of the basin. The south basin is fairly well bounded by 

relatively impermeable Paleozoic and Precambrian sedimentary, igneous, 

and metamorphic rocks on all sides, except adjacent to the southern Sand 

Tank Mountains. Perhaps water flows over the bedrock ridge from the 

south basin of Vekol Valley into an aquifer composed of permeable vol

canic rocks or fanglomerate underlying the southern Sand Tank Mountains.
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Comparison with Aeromagnetic Data 

The Residual Aeromagnetic Map of Arizona (Sauck and Sumner, 

1970) was made with data collected along flight lines with a spacing of 

three miles (5 km) and an altitude of 9,000 feet (2,743.1 m) over most 

of Arizona. Because of the wide spacing and high flight altitude, the 

map reflects magnetic effects due primarily to sources deep within the 

crust (Aiken, 1978). The map indicates that Vekol Valley lies on the 

northeast flank of a large regional positive magnetic anomaly, which 

trends northwest from Ajo and seems to be offset from a parallel trend 

that goes through Tucson. The Residual Aeromagnetic Intensity Map of 

the Papago Area (U.S. Geological Survey, 1980) was made with data col

lected along flight lines with one-mile spacing and an elevation of 

4,000 feet (1,219.1 m). Anomalies on this map therefore reflect mag

netic effects of shallower geologic features. The south basin of Vekol 

Valley is clearly associated with a broad negative anomaly. However, 

the center low of the magnetic anomaly is offset from the deepest part 

of the basin defined by the gravity anomaly and depth-to-bedrock maps. 

This apparent discrepancy may be due to the wide range of magnetic sus

ceptibilities associated with the rock types that constitute the bed

rock. The most magnetic rocks in the area are the volcanic rocks, 

schists, and granites (Klein and Johnson, 1983). The center low of the 

magnetic anomaly associated with the basin may overlie bedrock compris

ing Precambrian or Paleozoic sedimentary rocks such that the depth to 

more magnetic bedrock is greater. The magnetic low falls along the 

east-southeast projection of the tonguelike outcrop of sedimentary rocks 

on the west edge of the basin with which another low is associated.
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Precambrian and Paleozoic sedimentary rocks in the Vekol Mountains are 

also associated with a negative magnetic anomaly.

The volcanic rocks in the southern Sand Tank Mountains are asso

ciated with strong positive magnetic anomalies that indicate that they 

may be quite thick; the volcanic rocks in the Copperosity Hills south 

of the basin are associated with subtler anomalies that indicate that 

they may be relatively thin. The buried ridge seems to be reversely 

magnetized due to remanent magnetization because the positive lobe of 

the anomaly associated with this structure lies north of the negative 

lobe. The inflection point between the lobes probably roughly defines 

the center of the ridge. Apparently the exposed portion of the ridge 

lies close to the north edge of the ridge.

Comparison with Seismic Refraction Data

The general trends of the bedrock surface defined on preliminary 

interpretation results of seismic refraction profiles in the south basin 

(Pankratz, 1980, written commun) are similar to bedrock trends based on 

the interpretation of the gravity data. For example, seismic results 

indicate that basin-fill sediments thicken to the south from VEK-1 to 

VEK-2. An east-west seismic profile in the center of the south basin 

indicates a seismic layer of intermediate velocity that thickens to the 

west and overlies material of higher velocity. This layer may corre

spond to volcanic rocks that thicken to the west. Most detail on the 

seismic depth sections, however, occurs in the surface layers of sedi

mentary basin fill. The basin-fill sediments are divisible into at 

least four layers of different seismic velocity. Because only two
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layers were Identified based on density data and these two layers were 

modeled with only one density, seismic results were not needed to con

strain depths to different layers within the basin-fill sediments during 

gravity modeling.

Several discrepancies in the seismic results prevented reliable 

constraining of depth-to-bedrock estimates in the gravity modeling. For 

example, NV-8 was drilled to verify the depth to bedrock predicted by 

the seismic survey. Schist was reached at half the depth expected. 

Also, the top of a velocity layer that occurs just above limestone in 

VEK-1 occurs in the middle of a thick gravel layer in VEK-3 and VEK-2. 

Schist was reached in SV-5 at two-thirds the depth as modeled seismical- 

ly. Some of these discrepancies are probably due to a wide range of 

velocities possible for bedrock materials. However, the models derived 

from the two major perpendicular seismic refraction profiles in the 

south basin do not closely match where they cross at VEK-3.



CHAPTER 5

CONCLUSIONS

Depths to bedrock in the south basin of Vekol Valley have been 

determined based on the results of a detailed gravity survey. Errors 

have been determined for depth estimates as a result of the inverse 

method of gravity modeling by assuming reasonable errors for depths of a 

starting model. The gravity effect of the entire basin was modeled 

realistically in three dimensions. Constraints were used to model the 

known geology correctly and to maintain geological reasonableness where 

the geology is unknown. Clearly, defining the unknown geology was the 

primary goal; however, the complex geology has been necessarily simpli

fied in the modeling process.

Further studies are warranted to reinforce and refine the re

sults of this investigation:

1. More gravity data could be collected in those areas of the basin 

where data are presently sparse. This would probably result in better 

resolution of depth estimates in those areas. More data are needed in 

the mountains surrounding the basin to better define the local bedrock 

gravity trend.

2. The local trend surface of first-order residual Bouguer gravity 

values could be redefined by correcting for the misfit of the model to 

the data where the misfit is large, if it can be assumed that the misfit 

is not due to the coarseness of the model.

89
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3. The model could be made more detailed by constructing two bodies 

to represent the two main density layers constituting the basin-fill 

sediments and by using more corners and facets per body. To more rea

sonably model the Sand Tank volcanic rocks with any more complexity, 

geologic data from a new deep drill or core hole as well as more surface 

geophysical data are probably essential. A deep exploration hole or 

perhaps electromagnetic soundsings would verify the presence of fan- 

glomerate material underlying or interbedded with the volcanic rocks as 

well as the types and thicknesses of different volcanic units and the 

amount of ground water stored within them. A more detailed model may 

result in a better fit to the data, but it may also result in poorer 

resolution of corner depth locations.

4. Other geophysical data could be more fully integrated into the 

modeling scheme. For example, the inversion routine could be modified 

to find a least-squares type of solution to both gravity and magnetic 

data. This would probably improve the resolution of some solution 

parameters but may also yield a poorer fit to the data due to the com

plexity of a bedrock model necessary to represent the range of magnetic 

susceptibilities there.

5. Gravity modeling of the basin could be done with other inverse 

and forward routines. Independently determined results may provide a 

better indication of the errors associated with the final solution to 

the three-dimensional inversion scheme.

Host of these techniques would require a computer with much more 

core memory than is available on the CYBER-175 as well as more time on
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behalf of the interpreter. Modeling the basin in two dimensions may be 

relatively quick and informative; however, assuming that the structures 

in this particular basin are fairly uniform in the third dimension is a 

gross simplification. Perhaps the best plan prior to any further geo

physical investigations or modeling is a detailed geological and struc

tural investigation of the basin sediments and surrounding mountain

ranges.
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0  gravity station, previous investigations

—L- '  direction of strike and dip of bedding

direction of strike and dip of planar 
features in volcanic rock

GEOLOGY

Sedimentary dep o s its - unconsolidated sand and silt, also weakly consolidated gravel and conglomerate
near and locally on bedrock, also unconsolidated talus and debris fan deposits

SCALE 1: 62 500
0 1 2  3

QTg Gravel Tb Basalt Tv
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1 0  1 2 3 4 5 KILOMETERS Tkg Granite Tkqm Quartz monzonite

Andesite, rhyolite, dacite, and rhyodacite, undifferentiated

Keg

Pz/p€

Conglomerate -  includes Vekol Formation, Chiapuk Rhyolite and Phonodoree Formation in Vekol Mountains

Paleozoic and/or Precambrian sedimentary rocks -  includes Naco Limestone, Escabrosa Limestone,
Martin Formation, Abrigo Formation, Bolsa Quartzite, 
Mescal Limestone, Dripping Spring Quartzite, Pioneer 
Shale and Apache Group, also diabase and dacite dikes

Yo Oracle Granite Xp Pinal Schist Xp/Yo Oracle Granite and Pinal Schist, undifferentiated

Xp/Yo/Tkg Pinal Schist and granite, undifferentiated

geologic contact, dashed where uncertain

References: Dockter, R. D., and Keith, W. J., 1978, Reconnaissance geologic map of Vekol
Mountains quadrangle, Arizona: U.S. Geological Survey Miscellaneous Field 
Studies Map MF-931, 1:62,500.

Heindl, L. A., 1965, Mesozoic formations in the Vekol Mountains, Papago Indian 
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Tucson, Arizona Bureau of Mines and U.S. Geological Survey, 1:500,000.

Wilson, E. J., Moore, R. T., and Peirce, H. W., 1957, Geologic map of Maricopa 
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geologic con tact  be tween consol idated rocks and 
alluvium, dashed line ind ica tes known ex ten t  of c o n 
sol idated rocks covered by a thin layer of alluvium
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Figure 6 Stanley  G. Davis M.S.  Thesis
Dept ,  of Geo sc i ences ,  Universi ty of Ar izona,  1984
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FIRST ORDER RESIDUAL BOUGUER 

GRAVITY ANOMALY MAP OF THE 

SOUTHERN VEKOL VALLEY AREA,

Pinal and M ar icopa  Counties, A r izona
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geologic contact be tween consol ida ted rocks  and 
alluvium, dashed line ind icates known ex ten t  of con
sol idated rocks covered  by a thin layer of alluvium
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SECOND ORDER RESIDUAL BOUGUER 

GRAVITY ANOMALY MAP OF THE 

SOUTH BASIN OF VEKOL VALLEY,

Pinal and Mar icopa Counties, A r izona
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Stanley Graham Davis, 1984
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-10 grav i ty  anomaly contour, 
contour interval  1 mill igal

geologic con tac t  be tw een  consol ida ted rocks and 
alluvium, dashed line ind ica tes known extent  of c o n 
sol idated rocks  covered  by a thin layer of alluvium
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Figure 9 Stanley  G. Davis M.S. Thesis
Dept ,  of G e o s c i e n c e s ,  Universi ty of Ar izona,  1984
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ISOPACH MAP OF BASIN-FILL SEDIMENTS AND 
DEPTH TO BEDROCK IN THE 

SOUTH BASIN OF VEKOL VALLEY,
WITH CROSS SECTIONS*

Pinal and Maricopa Counties, Arizona

Stanley Graham Davis, 1984
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L >» volcanic rocks m bedrock

thickness of basin-fill sediments, dashed where geologic constraints used 
to simplify modeling have resulted in depth gradients with errors whose 

magnitudes are unknown (see text for discussion)
contour interval , 0.1 kilometer

depth to bedrock, where different from 
thickness of basin-fill sediments, 

contour interval, 0.1 kilometer

geologic contact betw een consolidated rocks and alluvium, 
dashed line indicates known extent of consolidated rocks 

covered by a thin layer of alluvium

Figure 14 Stanley G. Davis M. S. Thesis
Dept, of Geosciences, University of Arizona, 1984 *no vertical exaggeration
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