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ABSTRACT

A depth-to-bedrock nap has been cocpleted at a scale of 

1:500,000 for the area covering the Basin and Range Province in southern 

Arizona. The depth-to-bedrock values were codeled from residual gravity 

data based on 22,000 gravity stations. The 2-D, iterative, modeling 

program accounts for variations in density between the middle and the 

edges of the basins and the density of any known salt bodies. A large 

amount of well data were used to refine contours shallower than 600 m.

The average accuracy of a depth-to-bedrock value is 30 percent 

for the entire study area. The accuracy, however, is much better in 

areas with abundant gravity and well data than in areas with poor cover

age.

The depth-to-bedrock map is useful for many types of exploration 

work including groundwater, mineral, petroleum, and geothermal explora

tion. Also, potential areas of land subsidence can be located over 

areas where the bedrock slope changes.

The deepest part of several basins is also the portion with high 

concentrations (greater than 60 percent) of fine sediments between 100 

and 300 m below the surface. Ignoring problems of land subsidence and 

water quality, depth-to-bedrock map. the volume of water in storage in 

the study area between the water table and 500 m below the surface is 

6,900 krn̂  using a porosity of 25 percent, and is 2,800 km^ using a stor

age coefficient of 0.1.

viii



CHAPTER 1

INTRODUCTION

An adequate supply of water is one of the biggest problems for 

the expanding population of the semi-arid Southwestern United States.

The present study is the first phase of a project funded by the U. S. 

Geological Survey concerned with developing groundwater resources in the 

Basin and Range Province of Arizona. A depth-to-bedrock map that was 

creat’d during the study will be used by the U. S. Geological Survey to 

determine boundary conditions for modeling groundwater potential (Figure 

1).
The Basin and Range Province, comprising parts of Oregon, Idaho, 

California, Nevada, Utah, Arizona, and northern Mexico, is one of the 

major physiographic provinces in western North America. The study area 

for this project is the Basin and Range Province in Arizona, covering 

57,000 sq. mi. (Figure 2). Some of the basins near the Transition Zone 

between the Basin and Range and Colorado Plateau provinces are not asso

ciated with a clear negative residual gravity anomaly and, therefore, 

could not be modeled. Alternating block-faulted mountain ranges and 

alluvial basins form the basin-range structure, the result of late Ceno- 

zoic extensional faulting. In southeastern California, southern Ari

zona, and southwestern New Mexico, the ground-surface elevations of the 

valleys average 550 to 850 m while the mountain heights average 1250 to

1
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Figure 2. Location of Study Area



2250 n. Average elevations in the reminder of the Basin and Range 

Province average 500 to 1000 n higher (Stewart, 1978).

The characteristic geophysical properties of the Basin and Range 

Province include high heat flow, unusually thin crust, and shallow upper 

mantle. The crust in Arizona in the Basin and Range Province (20 to 35 

km) is much thinner than in the Colorado Plateau (35 to 50 km); the 

crust thickens smoothly from the Basin and Range Province to the Colo

rado Plateau (Warren, 19^9)• Arizona generally is seisnically quiet.%
Except for the southwestern corner, Arizona is in regional isostatic 

equilibrium (Lysonski, 1980).

3

Geology

Cenozoic History

Following the Laranide orogeny, the landscape of Arizona was 

heavily eroded during a period of tectonic and magmatic quiessence last

ing from approximately 50 to 32 m.y. (Scarborough and Peirce, 1978). 

These inclusive dates are approximate and intended only as a guide.

From approximately 32 to 20 m.y., during the mid-Tertiary orogeny, ash 

flows were extruded in tremendous volumes throughout Arizona. This 

back-arc volcanism was caused by the subduction of the eastward-driven 

Farallon plate beneath the North American plate. Between the mid-Terti

ary orogeny and the Basin and Range disturbance, tectonism and magmatic 

activity continued. During the Basin and Range disturbance 

(approximately 13 to 5 m.y.), extension of the crust resulted in
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normal-faulted basin-range structure. Minor alkali basalts commonly 

were extruded at weak zones probably along the numerous Basin and Range 

faults which penetrate to the upper mantle. Strontium isotopes suggest 

that the alkali basalts originated in the upper mantle deeper than the 

mid-Tertiary calc-alkaline volcanics. Although the crust was extended 

and block-faulted during the Basin and Range disturbance, earlier block 

faulting also occurred during the mid-Tertiary orogeny. The magnitude 

of block-faulting during this mid-Tertiary orogeny, however, is unknown.

The actual basin and range structural formation was preceded by 

the uplift of both the Colorado Plateau and the Basin and Range Prov

ince, indicated by the nature of the high gravels on the Mogollon rim 

(Peirce, Damon, and Shafiqullah, 1979)• With the thinning of the crust 

during the Basin and Range disturbance, the basins foundered, leaving 

the mountains n the Basin and Range Province at about their original 

level.

Despite general agreement that extension created the basin-range 

structure, several theories for the origin of the extension have been 

suggested: (l) Atwater (1970) suggests that the extension was due to

shear stress between the North American and Pacific plates. This shear 

stress distributed extension along trends running obliquely to the trend 

of the San Andreas fault system. The San Andreas fault system was cre

ated when the spreading East Pacific Rise intersected the subduction 

zone where the Farallon plate was subducting beneath the North American 

Plate. (2) Extension could be due to upwelling of the mantle where the
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subducting plate sinks (cited in Stewart, 1978). (3) Extension could be

due to upvelling of the East Pacific Rise, a divergent boundary, as it 

subducts beneath the North American plate (Damon, 1979)• (U) Extension

could be due to deep-mantle convection from narrow mantle plumes (cited 

in Stewart, 1978).

Basin Geology

Basin fill is composed primarily of sediments eroded from the 

surrounding ranges as well as evaporite deposits and volcanic strata.

All basin fill is Cenozoic since the deepest strata are at most Eocene 

(Eberly and Stanley, 1978). Classification of the basin material into 

stratigraphic or chronologic units is difficult because most basin fill 

lacks fossils, distinct lithologic units, and evidence of faulting. The 

only basin material that can be radiometrically age-dated are the vol

canoes.

Eberly and Stanley (1978) devised a stratigraphy using subsur

face unconformi'oiesdetermined by reflection seismics measurements and by 

dated volcanic strata. The two major stratigraphic units are separated 

by a major unconformity that resulted from "a period of subsidence, 

block-faulting, and erosion...dated as forming between 13 and 12 m.y. 

ago and somewhat less than 10.5 m.y." (Eberly and Stanley, 1978). This 

is the initial Basin and Range faulting event.

Figure 3, a geologic cross-section of a hypothetical basin in 

the Basin and Range Province, southern Arizona, is a composite of sev

eral basins. A basin may include none to all of the components of basin



Figure 3» Geologic Cross-Section of a Hypothetical Basin
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fill. Although this basin is symmetrical, the basin shape commonly is 

non-symnetrical. Even though the Basin and Range faults are shown only 

in the middle of the basin in Figure 3, Basin and Range faults are also 

found near the mountain front. The dislocation fault in Figure 3 is 

characteristic only of netamorphic core complexes (Scarborough, R.,

1980, pers. comm.). Bedrock and lower basin fill (including mid-Terti

ary volcanic flows) may be found outcropping as inselbergs. Unit I of 

Eberly and Stanley (1978), the sediments deposited prior to the major 

unconformity, was deposited in topographic lows, some of them different 

from the present grabens. Unit II, the material deposited above the 

major unconformity, was deposited in the grabens formed during the Basin 

and Range disturbance. In Unit II, the sizes of the sediments range 

from coarse material in the basin-edge fanglomerates to muds, sands, and 

evaporites at the valley center. The lacustrine material is shown in 

Figure 3 at the middle of the basin, but is found anywhere from the mid

dle to against the mountain edge of a basin. The fluvial fine sediments 

(fluvial overbank material) were deposited by streams, that flow through 

the basins. Some Unit II deposits contain thick salt bodies: the Luke 

salt body, west of Phoenix, possibly more than 3000 m thick; the anhy

drite body in the lower Santa Cruz basin (Picacho Basin), more than 1800 

m thick; and the Red Lake salt body in the Hualapai Valley in western 

Arizona near the Transition Zone, more than 1200 m thick (Peirce, 197^, 

1978; Eberley and Stanley, 1978). All the salt bodies resulted from 

evaporation of saline lakes created by rapidly subsiding basins. Low 

bromine content in.the Luke Salt body is evidence for non-marine 

sedimentation (Eaton, Peterson, and Schumann, 1972).



8

Drainage in all Basin and Range basins was internal until 

between 10.5 and 6.0 a.y. ago (Eberly and Stanley, 1978). Presently, 

most of the drainage is connected. Because eustatic change and upwarp- 

ing have increased their hydraulic gradient, the Gila and Colorado 

Rivers have removed large amounts of sediment from their lower valleys 

(Eberly and Stanley, 1978). Fine lacustrine sediments are much more 

abundant in central Arizona than in western Arizona, such as in the 

Vekol Valley (Laney, R., 1980, pers. comm.); perhaps, rivers removed 

much sediment from lower valleys, taking away the fines near the sur

face.

Basin fill in this project is the material in the basins that 

has an average density less than 2.67 g/cc. Using the classification of 

Eberly and Stanley (1978), basin fill is assumed to include Units I and 

II. Scarborough and Peirce (1978) define basin fill differently than I 

have. They define basin fill as the material deposited since the Basin 

and Range disturbance (Unit II). Basin fill in this project is, there

fore, thicker than that of Scarborough and Peirce (1978). Unit I is 

difficult to differentiate from Unit II by gravity measurements because 

their densities grade into one another.

Facies changes, salt bodies, and volcanic layers complicate the 

relationship between density and depth. The depth where average density 

becomes 2 .67 g/cc can not be predicted empirically. The problem of 

where bedrock in gravity modeling actually lies is discussed in the sec

tion on the definition of bedrock.



Previous Work

Several theses and dissertations have produced depth-to-bedrock 

data for snail areas within Arizona, all listed in Lysonski (1980). 

Although these works offer local detail, none of them contain all the 

gravity corrections used in this study. Thus, this study is the first 

study where all the basins in southern Arizona are uniformly assessed. 

Previous depth-to-bedrock, or alluvial thickness, naps in Arizona 

include: a map of the Tucson and Phoenix basins at a map scale of

1,250,000 by Cooley (1973a, 1973b) and a map of the Basin and Range 

Province in Arizona at a map scale of 1:1,000,000 by S.G. Brown (1976). 

These maps are based only on well data.



CHAPTER 2

DATA

Density Data

To calculate the depth-to-hedrock values using the Bouguer slab 

formula, the density contrast between the basin fill and the surrounding 

bedrock is needed. The uncertainty in the density of basin fill is one 

of the largest sources of error in calculating depth-to-bedrock values. 

The sensitivity of the depth-to-bedrock values to changes in density can 

be large, and this probwlem is discussed in Chapter U. Bulk density mea

surements and borehole density logs provide density values.

Bulk Density Measurements

In measuring bulk density, the procedure affects the quality of 

the measurement. The laboratory procedure itself usually is an insigni

ficant source of error. For bedrock samples, measurements of dry bulk 

density are acceptable since dry bulk density is easier to measure than 

wet bulk density (West, 1972). For samples of basin fill, however, wet 

bulk density should be used. Samples of bedrock should ideally be taken 

from the volume surrounding the basin. Instead, samples are taken near 

the surface and therefore the density is lower than average since bed

rock near the surface is weathered and less dense than bedrock at depth.

Measuring density of basin fill in the field rather than in the 

laboratory is preferred because by the tine samples are measured in a

10
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laboratory, the samples have dried out and clays do not readily resatu

rate. West (1972) found that in the Tucson basin samples of basin fill 

measured in the laboratory were less dense (up to 0.3 g/cc) than those 

sanples measured in the field.

Because samples are taken from the upper part of the basin fill, 

these samples have lower densities than the average density of basin 

fill for the whole basin. Changes in stratigraphy, compaction, diagene

sis, and cementation can cause large variations in the density of basin 

fill. The density can vary greatly locally, thus the density of a sam

ple may vary considerably from the average density of the surrounding 

volume. The densities of evaporates, clays, and volcanic rocks compli

cate the general increase in density with depth and are discussed in 

chapter 3, where procedures on how to handle these rock types are given.

Since density information is scarce, an effort was made to com

pile all existing data. Figure 4 and Table 1 summarize most bulk den

sity laboratory measurements in Arizona. The density of bedrock varies 

greatly. In Figure U and Table 1 the range in bedrock density is from 

2.15 g/cc to 2.99 g/cc. The average density of the volcanic rocks is 

less than that of other bedrock primarily because the mid-Tertiary tuffs 

include pumiceous strata and are relatively young. These subduction- 

related volcanics have densities that vary greatly, depending on the 

degree of welding. Nonplutonic rocks have an average density of 2.67 

g/cc. Although the average bedrock density, not including Cenozoic vol

canics, is 2.64 g/cc, 2.67 g/cc is used for gravity modeling in this



BULK DENSITY DATA

DENSITY g/cc
BEDROCK 1.8 2.2 2.6 3.0

i ' i ' i ' i

1. METAMORPHIC AND _____
SEDIMENTARY “ °

2. PLUTONIC --------- -—

3. AVERAGE ( I + 2 )  -o-----------

4. TERTIARY VOLCANICS ------- -------

5. VOLCANICS -------- --------

6. BEDROCK ( 3 + 5 )  -----------------------

7. AVERAGE BEDROCK o

BASIN FILL

8. TERTIARY — -----------------

9. CENOZOIC (INCLUDES 8) ......... ....—...

10. BASIN FILL IN MODEL -----------

Figure U. Bulk Density Data from Southern Arizona —  for
references see Table 1
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Table 1. Bulk Density Data

Rock 'Type Mean Range No. of
g/cc g/cc Samples

Bedrock

1 Hetamorphic and 2.67 2.57 to 2.99 98
Sedimentary

2 Plutonic 2 .6 2 2.27 to 2.79 81
3 Average of 1 and 2 2.61* 2.57 to 2.99 159
U Tertiary Volcanics 2.1*5 2 .1 6 to 2.69 1*0
5 Volcanics (includes U) 2.1*7 2 .15 to 2.75 111
6 Bedrock 2.57 2 .15 to 2.99 270

(Average of 3 and" 5)

Basin Fill

7 Tertiary 2.25
8 Cenozoic (includes 7) 2.12

1.81, to 2.58 
1.81 to 2.58

29
323

The bulk densities compiled in this table were measured by 
Davis (1967), Hargan (1978), Lausten (197M, Parker (1978), Robinson 
(19.75.) , and West (1972).
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study "because the average bedrock density is of rocks sampled near the 

surface, and 2 .67 g/cc has classically been cited as the average density 

of crustal rock above a sea level datum.

The density of basin fill also varies greatly. In Figure 4 and 

Table 1 the range in density of basin fill is from 1.8l g/cc to 2.58 

g/cc. This range is partially accounted for in this project through a 

modification in the computer program (variable density scale) described 

Chapter 3* The range in density of the variable density scale is shown 

in Figure 4.

In the past, the density of basin fill used in modeling was too 

low because the basin fill was sampled from the upper part of a basin. 

Davis (1967) assumed an alluvial density value of 2.27 g/cc based on 

laboratory measurements of drill cores from the Tucson basin. Unfortu

nately, the drill cores measured by Davis (1967) did not go deeper than

2.500 feet. With a density of 2.5 g/cc at the bottom of the well around

2.500 feet, Davis (1967) chose an average density of 2.27 g/cc for mod

eling. The basin, however, is much deeper, at least four times so, and 

the average density of a column of basin fill is higher than the value 

used by Davis (1967). At the Exxon test well site south of Tucson, the 

depth-to-bedrock value modeled by Davis (1967) using a basin fill den

sity density of 2.27 g/cc was 5,200 feet, but subsequent drilling proved 

that pre-Cenozoic bedrock is actually at 12,000 feet (Davis, 1967;

Ebe *ly and Stanley, 1970). Davis' depth-to-bedrock value at the Exxon 

site is 6,800 fe:t too shallow. The average density based on the forma

tion density log of the Exxon well south of Tucson is 2.41 g/cc, much
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greater than 2.27 g/cc. Unfortunately, cost gravity studies in Arizona 

have been modeled by using the same basin fill density values that Davis 

used. Since this value is too low, depth-to-bedrock values in these 

studies are too shallow.

Borehole Geophysics

Borehole geophysical logs are useful in measuring basin fill 

density needed in gravity modeling. Of all borehole geophysical methods 

that measure density, the formation density (also called the gamma-gamma 

or bulk density) and the borehole gravity methods yield the best results 

for basin fill in the Basin and Range Province (Goodoff, 1975)*

Although both methods yield good results, the advantages of the borehole 

gravity method over the formation density method are: l) the borehole 

gravity logger measures the density to a greater radius than the forma

tion density logger and 2) the borehole gravity logger is less affected 

by hole rugosity, changes in the diameter of the borehole, than the for

mation density logger sitting against the side of the hole (Healey,

1970; Goodoff, 1975). Since both tools are calibrated from solid rock 

rather than the unconsolidated sediments in the basin, calibrating both 

logging tools from basin material will improve the reliability of both 

logs.

Although the borehole gravity method is more accurate than the 

formation density method, the logs of both the borehole gravity and for

mation density methods are very similar, as shown by a U. S. Geological 

Survey study of 5 wells in Arizona shown in Figure 5 and by a study at
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BASIN FILL DENSITY Wcc

MILEWIDE-2 IM  WEST KIA FARMS AK CHIN BUTTER VALLEY, ,2f, ., ; &

Figure 5. Borehole Gravity Logs of 5 Wells in Arizona



IT

Hot Creek Valley, Nevada (Healey, 1970; Schnoker, 1980, pers. coma*)*

At Hot Creek Valley, Nevada, the formation density log is only O.Oh g/cc 

on the average (or 2 percent) more dense than the borehole gravity den

sity log (Healey, 1970). Using this percent difference, Eaton, Peter

son, and Schumann (1970) ran a formation density log in the area of the 

Luke salt body west of Phoenix, and transposed this log into a borehole 

gravity log. In Avra Valley, the density of the gravity log of West Kai 

Farms water well and the formation density log of City of Tucson water 

well WR-17 agree very closely. The close correlation indicates that the 

difference in methods depends on the calibration of the loggers.

There are a few borehole density logs availabe in the Basin and 

Range Province in Arizona and adjacent states. One of the deepest bore

hole geophysical logs in the Basin and Range Province extends to 6,400 

feet at Hot Creek Valley, Nevada (Healey, 1970). The average density of 

the Hot Creek Valley log is less than the logs in Arizona. An average 

bulk density log of the Exxon well south of Tucson extends to 12,571 

feet, shown in Figure 6. The average density is 2.hi g/cc. Since all 

deep wells in Arizona are now plugged (filled in), they are not avail

able for geophysical logging. Hopefully, density logs will become 

available from the Anschutz well being drilled near Florence.

Unfortunately, all other geophysical logs in the study area are 

from wells shallower than 2,000 feet. The average formation density of 

a shallow well (City of Tucson well WR-18) within one mile of bedrock is 

2.18 g/cc. Since this 755-foot long well does not penetrate bedrock, 

the average density is greater than 2.18 g/cc. Shown in Figure 5, the
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Figure 6. Bulk Density Log of Exxon Well, South of Tucson



19
borehole gravity logs do not extend deeper than 1,600 feet where the 

need for density information is greatest (Schaoker, J., 1980, pers. 

con.”..). Although the borehole gravity logs were not used to calibrate 

the variable density scale, they are included in Figure 5 since they 

point out similarities and differences in density for different parts of 

basins, and show that density can increase with depth.

Borehole density logs show how the density varies throughout the 

basin. Logs usually show the greatest increase in density within the 

first kOQ feet, probably caused by the presence of the water table. 

Because water fills the pore space of the alluvium below the water table 

and water is denser than air, the alluvial density increases sharply 

when the logging tool descends below the water table. A change in stra

tigraphy rather than the water table can also cause sharp jumps in den

sity; sometimes the change is larger from a change in stratigraphy than 

from the water table.

In comparing bulk density and borehole density logs, bulk den

sity measurements of samples from a drill core agree poorly with bore

hole logs from the same well (Healey, 1970). The scatter of the labora

tory measurements is due primarily to random sampling of heterogeneous 

basin fill material (Healey, 1970).

Since measurements have been biased toward the upper part of a 

basin, attempts have been made to estimate the uncertain basin fill den

sity at depth. Cordell (1973) calibrated an exponential function of 

density versus depth from densities determined by seismic refraction
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measurements in the San Jacinto Basin in southern California.

Cordell 's exponential funtion estimates densities at depth. There is a 

general increase in depth of basin fill material, and the rate of 

increase in density is greatest just below the surface. Cordell (1973), 

however, did not indicate the location of the water table. So, it is 

not clear whether the large increase in density below the surface is due 

to compaction, the water table, or a change in lithology.

Residual Gravity Data

The residual Bouguer gravity anomaly map of Arizona by Lysonski 

(1980) was the datum for modeling depth-to-bedrock values. The correc

tions made to produce this first-order residual map include the most 

recent state-of-the art techniques. The International Gravity Stan

dardization Network 1971, IGSN 1971, is the gravity reference. Each 

gravity station was terrain-corrected within a radial zone of 2.6 to 167 

km (Lysonski, 1980). Over 31,000 gravity stations in Arizona, with at 

least 22,000 in the Basin and Range portion of the state, on file in the 

University of Arizona Gravity Data Base, AGDB, were used to make the 

map. The gravity coverage is most dense near population centers and 

scarcer in western Arizona. The majority of the gravity stations in the 

Basin and Range portion of the state are in the basins, as the fre

quently steep ranges are not readily accessible. The regional correc

tion., computed by a double Fourier trend surface analysis of elevations, 

is appropriate for Arizona (Aiken, 1976; Lysonski, 1980). The elevation 

values used to prepare the regional correction were calibrated by
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averaging the elevations within 1 X 1  minute squares on a topographic 

sheet. The regional correction, increasing gradually from the south

western to the northeastern area of Arizona, indicates that the crust in 

Arizona thickens from the southwest to the northeast, also shown by 

increasing elevation from the southwest to the northeast, seismic 

refraction and heat flow measurements (Warren, 19^9)• The regional 

correction removes the effect of crustal thickening, ideally leaving a 

short-wavelength negative anomaly associated with the mass deficiency of 

the basins. Other features of anomalies remaining on the residual grav

ity map will be discussed later. Despite these other types of anomalies 

and the many corrections made, the negative anomalies associated with 

the basins are remarkably clear and well defined.



CHAPTER 3

GRAVITY MODELING PROCEDURES 

Gravity Model

The two-dimensional, iterative computer modeling program trans

poses gravity data into depth-tc-bedrock data using the Bouguer slab.

The program was originated by Bott (i960), refined by Morris and Suit2- 

bach (1967), adopted for the computer at the University of Arizona by 

West (1971), and in this research was modified to include a variable 

density scale and the program was fully documented. This documentation 

in Appendix A describes how the program works, how to create an input 

file, defines the variables that are inputted and calculated in the pro- 

gran, and explains how to execute the program.

Let's now look at the definition of bedrock, the treatment of 

voloanics in gravity modeling, and the variable density scale.

Definition of Bedrock

Brown (1976) did not clearly define bedrock in his depth-to-bed- 

rock map of Arizona; Cooley (1973a, 1973b) also did not clearly define 

bedrock in his alluvial thickness maps of Arizona. Bedrock in their 

maps is apparently the top of semi-consolidated basin fill and volcanic 

rock that underlies unconsolidated basin fill.

Although defining bedrock or basement seems superfluous, this 

definition is very important because we are measuring depth-to-bedrock.
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A clear definition of bedrock is essential to understanding the nap 

(Figure l).

As shown in Figure 3, the different bedrocks are: geologic, the

crystalline and sedimentary rock overlain by unconsolidated material; 

stratigraphic, pre-Cenozoic rock; hydrologic, almost impermeable rock 

too tightly cemented to yield water overlain by permeable material; and 

density, rock having a density greater than 2.67 g/cc underlying mater

ial having a density"less than 2.67 g/cc. Since a gravimeter detects 

physical properties, that is, the effect of mass and density, the depth- 

to-bedrock values modeled from gravity data are depth-to-density-bedrock 

values. Density bedrock is the bedrock used in this project.

As shown in Figure 3, all of the bedrock definitions refer to 

the same boundary in the basins of southern Arizona except possibly 

hydrologic bedrock. Because of the lack of hydrologic information below 

2,000 feet, the exact location of hydrologic bedrock with respect to 

other bedrock definitions is unknown. For this reason, hydrologic bed

rock in Figure 3 is not shown deeper than approximately 2,000 feet.

Even though the density of basin fill generally increases with 

depth, the density of Cenozoic basin fill does not approach the average 

density of bedrock (2.67 g/cc). The location of density and geologic 

bedrocks are therefore similar. If boulders are at the bottom of a 

basin, density bedrock is above geological bedrock, as the density of 

huge boulders is approximately 2.67 g/cc. The grain size of eroded sed

imentary material is a function of climate and the rate and amount of 

uplift. There is no evidence that the initiation of the disturbance
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that created the sediments at the "bottom of the "basin was a larger tec

tonic event than later ones, and therefore there is no evidence that 

boulders are at the bottom of the basins*

Alluviation began during a period of quiessence that created the 

Eocene erosion surface and followed the Laranide orogeny (the boundary 

between the Cretaceous and the Cenozoic). The basins were filled during 

the Basin and Range disturbance and the mid-Tertiary uplift. The bound

ary between the Cenozoic and the pre-Cenozoic is probably the boundary 

between basin fill and the earlier crystalline and sedimentary rock.

This observation also suggests that the locations of stratigraphic, geo

logic and density bedrocks are similar.

Even though at least 95 percent of the water wells have been 

drilled in unconsolidated material, hydrologic bedrock is at the base of 

semi-consolidated basin fill (Harshbarger, J., 1980, pers. comm.).

Semi-consolidated basin fill, by yielding water along fractures, can be 

mori permeable than the overlying unconsolidated basin fill 

(Harshbarger, J., 1980, pars. conn.). Clay is above hydrologic bedrock 

because water is eventually available from clays through gravity drain

age due to its high porosity (Harshbarger,J., 1930, pers. comm.).

Treatment of Volcanics in Model

Not enough information about volcanic rocks exists to distin

guish them from other rocks in the gravimeter measurements. In this 

project, volcanics were not differentiated from the other types of bed

rock in the ranges and volcanics were not differentiated from other

basin fill in the basins
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The effect of volcanics in the basin fill depends on density. 

Volcanic material in the basins is composed both of flows and volcanic 

clasts in the sedimentary fill. Volcanic flows within a basin compli

cate the relationship between density and depth. Volcanic rocks from 

the mid-Tertiary orogeny vary greatly in density depending on the degree 

of welding. Where volcanic ash flows are tuffaceous and the density is 

close to the density of other basin fill, the depth-to-bedrock value is 

accurate. Where volcanic flows are denser than that of other basin 

fill, the basin depths are too shallow.

The effect of volcanics in the ranges depends on density. Where 

the density is less than 2 .67 g/cc negative anomalies are created, and 

the depth-to-bedrock value are in error. Repeating prisms, discussed 

below, is one way to partially correct for this less-than-average bed

rock density.

Variable Density Scale

The computer model handles 4 horizontal layers of variable den

sity, and can easily be modified to handle more than 4 layers. Although 

Christie (1978) used this layered method in the Picacho basin to account 

for the salt body, his approximations in the use of the layer method 

decreased the reliability of his results. West (1972) and Lausten 

(1974) have also used the layered model. Intuitively, the method of 

horizontal layers is more appealing because each horizontal layer can be 

denser than the one above to reflect that density increases with depth 

due to compaction. There is a major shortcoming, however, with the
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horizontal layer method because the depths of the layers above the deep

est layer must be inputted. Unfortunately, this information is usually 

not available. In the method of vertical prisms, however, the average 

density of each prism accounts for the fact that density increases with 

depth without having to know the actual shape of the basin. Since the 

model is two dimensional, the prisms are rectangular in the two dimen

sions of the gravity profile, as shown in figure 7 , and infinite in the 

third dimension along the strike of the length of the basin.

Since clay,commonly thousands of feet thick, is at the middle of 

a basin and coarse, cemented material is at the edges of a basin, the 

average density at the middle might seem to be less than the density at 

the edges. The opposite, however, is true. The average density at the 

middle is greater than that at the edges. The density of wet clay is 

greater than that of coarser saturated sediments (Telford et al., 1976). 

Since the density of clay increases with depth due to compaction, the 

density of clay at depth is significantly large. A clay sequence, even 

if thousands of feet thick, is a fraction of a column of sediment at the 

middle of a basin. In addition, logs from several deep and shallow 

wells confirm this range in average density across a basin. The ave.age 

density at the middle of a basin is greater than at the edges of a 

basin, principally due to compaction of the sedimentary material (Figure 

8 ). The computer model has been modified for this study to correct for 

this variation in density of basin fill. For each prism a density value 

is assigned based on the residual gravity value as shown in Figure 9.

The variable density scale is the set of commands in the computer
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program vhich causes each prism to be assigned a density value based on 

the residual gravity value. In the past, only one density was assigned 

to a profile. This one density caused the ends of a basin to be too 

deep and the middle of a basin to be too shallow.

Calibration of the variable density scale is difficult because 

density information does not generally exist beneath 2,000 feet. Cali

bration of the variable density scale began rather arbitrarily. The 

range of density in basin fill is 1.8l to 2.58 g/cc from the review of 

bulk density data (Figure 4) and 2.03 to 2.42 g/cc for the variable den

sity scale (Figure 9)« This scale was calibrated from density logs and 

by comparing computed depth values with well depths. The density values 

that generated the correct depth at the Exxon well site are 2.40 g/cc 

for profile 54-9, 2.45 g/cc for profile 54-14, and 2.44 g/cc for profile 

54-24. The density values vary because an incorrectly determined 

regional affected modeling of profile 54-9 and a negative anomaly in the 

bedrock density affected modeling at the west end of profiles 54-14 and 

54-24. The average density of the formation density log of the Tucson 

Exxon well is 2.4l g/cc. Although a depth of 13,800 feet at the Exxon 

well was obtained using a density of 2.40 g/cc, deeper than the 12,000  

foot depth-to-bedrock, 2.40 g/cc is the density value assigned to the 

gravity value of the Exxon well.

The sane technique was used on a profile intersecting the 

Chandler exploration well, 9200 feet deep. Of other deep wells in the 

study area, the Exxon well in the Picacho basin was not used for cali

bration because a major length of the well penetrates an anhydrite body.
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The Exxon well near Y u m  was not used because gravity data in California 

and Mexico were not available for constructing profiles. This well does 

not penetrate bedrock even though it is 11,445 feet deep. For other 

wells that do not penetrate bedrock, borehole gravity and formation den

sity logs were used to calibrate the scale. The borehole gravity logs, 

however, are not deeper than 2,000 feet. From a profile which inter

sected the site of the 1980 University of Arizona geophysics field camp 

near Three Points, Avra Valley, the variable density scale was altered 

slightly to match the depth-to-bedrock values obtained from other geo

physical methods. For the interval of residual gravity values from -5 

to -1.5 mgals, the density was altered from 2 .27 g/cc to 2 .26 g/cc.

The depth to the water table in 1975 in most of the Basin and 

Range Province was less than 500 feet below land surface, and less than 

200 feet in large parts of the Basin and Range Province (Davidson,

197,')• Consequently, an unsaturated layer comprises a significant por

tion of the shallowest prism. This layer is accounted for in the aver

age density of each prism.

For basins with unusual features, such as halite or anhydrite 

bodies, this study corrects for changes in density caused by unusual 

features by modifying the variable density scale. For example, the den

sity of salt subsurface features causes changes in the gravity values. 

Since the density of halite (2.03 g/cc for pure halite and 2.10 g/cc for 

sampled halite which contains fine-grained elastics) is less than basin 

fill, the basin is too deep if modeled with the variable density scale 

for most basins (Eaton, Peterson, and Schumann, 1972). To compensate
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for this effect, a variable density scale for a halite body was used for 

the Luke salt body (Figure 9)•

Since the density of anhydrite (2.93 g/cc for pure anhydrite) is 

greater than that of basin fill as well as that of average bedrock, a 

basin containing large amounts of anhydrite gives a model depth that is 

too deep if modeled with the variable density scale for most basins 

(Telford et al., 1976). Gravity contours grade much steeper in the 

Picacho basin than in most other basins in Arizona. If the sane vari

able density scale is used in the Picacho basin, geologically unreason

able depth-to-bedrock values will result. Although large errors can 

result, the thick anhydrite sequence in the Picacho basin is compensated 

for ty changing the depth-to-bedrock values in the anhydrite salt body 

by the percent between the modeled and actual depth-to-bedrock value of 

the Exxon test well from the Picacho basin.

Procedures

The following procedures were used to produce depth-to-bedrock 

contours at a map scale of 1:250,000. In the Tucson basin, because of 

the abundance of gravity and well data, the modeling was first done at 

1:62,500 before reduction to 1:250,000. For the other basins the model

ing was done at a scale of 1:250,000. To fulfill the contract require

ments of the U. S. Geological Survey, the maps were produced in British 

units. Since they are not a part of the U. S. Geological Survey con

tract, the calculations in the interpretation chapter are in SI units. 

The Army Map Service (AMS) topographic sheets were the usual base maps.
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Tha bedrock outlines were transferred to the AMS sheets from the 

1:375,000 scale counnty geologic maps. After overlaying a residual 

gravity plot on an AMS sheet, the gravity profiles were drawn perpendic

ular to the trend of the basin or the gravity contours or both. The 

ends of each profile were anchored one to two miles in bedrock to reduce 

tailing error as discussed below. The prisms were drawn at either 5,000 

or 10,000-foot intervals, depending on the abundance of data; profiles 

were drawn at 2,500-foot intervals in the Tucson basin. Once the grav

ity value for each prism center was recorded on a computer file, a com

puter model was run to transpose the gravity data into depth-to-bedrock 

data. Depth-to-bedrock data were plotted along the profiles. For each 

profile, hardcopy plots were made of distance along a profile versus 

residual gravity values, and distance versus depth-to-bedrock values in 

feet below land surface (Figure 7)• These plots are useful in removing 

mistakes and in seeing basin structure. They are on file at the Lab of 

Geophysics, University of Arizona, Tucson, AZ, 85721. Once a series of 

profiles was completed for a basin, a basin was contoured at U0 0, 800, 

and multiples of 1600 feet. The profiles are identified by number on the 

1:250,000 maps and hardcopy plots are on file at the Lab of Geophysics, 

University of Arizona.

Well plots at a scale of 1 :250,000 of the total depths of wells 

from the well logs in the U. S. Geological Survey files were provided by 

the U. S. Geological Survey in Tucson. These well plots refined the 

contours in basin areas shallower than 2,000 feet. In addition, total 

depths from Cenozoic oil and gas exploration wells in Arizona were



hand-plotted (Conley and Stacey, 1978). Only a handful of wells in Ari

zona penetrate bedrock, designated on the depth-to-bedrock map. For the 

wells that do not penetrate bedrock, a minimum depth-to-bedrock value is 

obtained.

Special Procedures

The following procedures were developed especially for this pro

ject and can be used in the future as well. The procedures account for 

geologic information, surface layers of basalt overlying basin fill, and 

variation in the density of bedrock.

The nap could be modified where geologic information was avail

able. In Avra Valley the depth-to-bedrock value was changed from 5000 

to 3200 feet based on information from a well (City of Tucson well 

WR-16) that penetrates a thick clay sequence, indicating a lower than 

average density.

In the last 12 m.y., flood basalts have erupted near the margins 

of the Basin and Range Province due to regional extension. A surficial 

layer of basalt overlying alluvium makes the alluvial thickness shal

lower than a layer of basin fill overlying basin fill since basalt is 

denser than basin fill. Where gravity data indicate basin fill under

lies a basalt layer, the depth-to-bedrock contours are drawn through the 

basalt layer. Although basalts have been extruded over at least the 

last 12 m.y., contours were drawn through only those basalts marked Qua

ternary basalt (Qb) on the state geologic map.

A new procedure partially corrects for the variation from 

average bedrock density. Figure 10 shows both uncorrected and corrected
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gravity and depth-to-bedrock profiles. In the uncorrected gravity pro

file, the gravity values above the line connecting the endpoints yield 

depth-to-bedrock values of zero. In the corrected gravity profile, the 

gravity values of the first four prisms are the same and yield not zero 

but negative numbers. The gravity value of the fourth prism has been 

repeated for the first three prisms. The gravity values of the first 

four prisms usually decrease from the first to fouth prism, from bedrock 

to basin fill. The gravity values of the first four prisms, however, 

increase from left to right as shown in Figure 10. In these situations 

the density of bedrock is lighter than average, or regional gradient is 

incorrect, or both. If a profile is drawn to end at the most positive 

prism rather than at bedrock, the modeled depth-to-bedrock values will 

be too shallow.

Repeating prisms, prisms whose gravity values have been cor

rected as explained above, compensate for bedrock that is lighter than 

average. Additionally, repeating prisms do not overcompensate because 

the gravity value is repeated rather than made more positive as expected 

if average bedrock were at the profile end. Because the gravity values 

are repeated, the corrected depth-to-bedrock values are conservatively 

shallow.

Despite some loss of detail in this large study area, the map 

(Figure l) is the first compiled where well data have been used to check 

gravity-modeled depth-to-bedrock values. As shown in Figure 1, to por

tray all results on one map, the maps were reduced to 1 :500,000 and
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redrawn on the sane base as the state geologic map. Besides scale, the 

only difference betveeen the county and state geologic maps is the occa

sional discrepancy of the contact between bedrock and basin fill.

Despite some inaccuracies, the state nap has contacts between bedrock 

and basin fill of better quality than the county nap (Scarborough, 1980, 

pers. comm.). To find a scale suitable for publication, the map will 

again be reduced to 1 :1 ,000,000 and colors will be added to display the 

zones between the depth-to-bedrock contours. This nap will be published 

in the Arizona Geological Society Digest. All naps are available fron 

the Laboratory of Geophysics, as well as the residual gravity nap show

ing station locations (Lysonski, 1980).



CHAPTER U

SOURCES OF ERROR

An understanding of the accuracy of the depth-to-hedrock map is 

important because the reader must know how much confidence to put into 

it. Although previous researchers have calculated small sources of 

error from acquiring and reducing gravity data, they have not quantified 

t’;e major sources of error in determining depth-to-bedrock values from 

gravity data.

Quantitative Sources of Error

The gravimeter, tide tables, elevations of the topographic maps, 

and reduction corrections create insignificant sources of error, as 

indicated in previous studies (Lysonski, 1980).

The residual gravity map of Arizona by Lysonski (1980) does not 

include an inner terrain correction for each gravity station, a terrain 

correction within a radius of 2 .6 km around a gravity station, and 

therefore, an inner terrain correction for each gravity station was not 

used on the depth-to-bedrock map. The effect of an inner terrain cor

rection is almost zero for most of a basin due to flatness, and is at 

most 2 to 3 mgal in places where an alluvial basin borders a steep moun

tain front (Goodoff, 1975; Aiken and Sumner, 197^)• Since the terrain 

cor/ection is added to the gravity value regardless of whether the dif

ference in elevation is positive or negative, the depth-to-bedrock value
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is shallower if the terrain correction is not included than if it is 

included. When a gravity value is converted to a depth-to-bedrock 

value, the error for not making inner terrain corrections is less than 

on> percent for most stations and within 5 percent for gravity stations 

in extremely rough topography.

If a two-dimensional (2D) model is used rather than a three- 

dimensional (3D) model, the amount of error depends on the shape of a 

basin. In a 2D model, the direction perpendicular to the gravity pro

file is assumed to be infinite. Darracott (1976) evaluated the error 

for this 2D assumption, and using his tables, the error in the depth-to- 

bedrock values is less than plus or minus U percent for the parameters 

appropriate to southern Arizona.

A gravity model is sensitive to where a gravity profile ends, 

referred to as tailing error. Profiles end 1 to 2 miles beyond the 

bedrock-alluvium contact since a mass-deficient alluvial basin affects 

the gravity value of bedrock. Tailing error is particularly severe 

where a basin is bordered by a steep mountain-bounding fault. The per

cent tailing error was calculated between the depth-to-bedrock values 

of a typical profile (5^-11 in the Tucson basin) ending one mile from 

the bedrock-alluvium contact and the depth-to-bedrock values of the same 

profile ending two miles from the bedrock-alluvium contact. The error, 

the difference between the two depth-to-bedrock values divided by the 

average of the two values, is only 4 percent for the prism with the most 

negative gravity value in the profile. The tailing error in the shallow 

part of the basin is 30 percent. Well data, however, are used to refine



the depth-to-bedrock values in the shallow parts of the basin* This 

calculation is only for the nodeled depths.

The majority of the gravity stations are in the basins of the 

Basin and Range Province in Arizona because the steep ranges are often 

inaccessible, and this scarcity of data is also a source of error. This 

error is calculated for the same typical profile as above, profile 

5^-11i with the ends 1 mile in bedrock. At the basin-alluvium contact, 

the border between an alluvial basin and a mountain, the most extreme 

gravity gradient is 10 mgal per 5,000 feet southwest of the Tucson Moun

tains, and the average gradient is 3 mgal per 5,000 feet, from sampling 

several areas. The endpoint values are 10 mgal more positive than the 

gravity value of the adjacent prism for the extreme example and 3 mgal 

more positive than the gravity value of the adjacent prism for the aver

age example. The error, the difference between the deepest depth-to- 

bedrock values in the original profile and the profile where the end 

prism is changed divided by the average of the depths, is U5 percent for 

the extreme gradient and 17 percent for the average gradient. The 

extreme case is calculated to determine the maximum possible error. The 

large possible error indicates the need for more gravity data in the 

mountains.

Another source of error is the uncertainty of the density of 

basin fill, especially deeper than 2,000 feet. The error is calculated 

for the part of basin below 2,000 feet for both extreme and average 

range in density. The extreme range in density of the basin fill in the 

deepest part (middle) of the basin is 2.27 g/cc to 2.47 g/cc. Davis
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(1967) determined that the average density in the first 2,500 feet of 

sediment in the middle of the Tucson basin is 2.27 g/cc. 2.27 g/cc is 

used as the minimum. Since density increases with depth, the average 

density of a column of basin fill is at least 2 .27 g/cc. 2.47 g/cc is 

the maximum density. 2.47 g/cc, is slightly greater than the density 

(2.45 g/cc) at the Exxon well site south of Tucson; The density at the 

Exxon site is higher (2.45 g/cc) for profile 54-14 than for those densi

ties for other profilesdrawn through the Exxon site. The error, 67 per

cent, is the difference in the depth-to-bedrock values for the extreme 

range in density. Based on geologic knowledge, the actual range in den

sity of the basin fill more likely is between 2.4l and 2.47 g/cc rather 

than between 2 .2 7 and 2.47 g/cc, the extreme range. 2.4l g/cc is the 

average density calculated from the 12,571-foot deep Exxon bulk density 

log (Figure 6). The error in depth-to,-bedrock values for the average 

range in density, determined by dividing the difference in depth-to-bed- 

rock values (for 2.4l and 2.47 g/cc) by their average, is l4 percent.

Finally, unknown subsurface features cause large errors in the 

depth-to-bedrock values. The low density of halite and the high density 

of anhydrite compared to average bedrock density, drastically affect the 

accuracy of depth-to-bedrock modeling. The estimated maximum error 

caused by unknown unusual subsurface features is as much as 130 percent, 

double the error for the range in density of the normal basin fill.

Qualitative Sources of Error

If the residual gravity, map included only those negative 

anomalies associated with mass-deficient alluvial basins, the
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depth-to-bedrock values could be directly generated from the residual 

gravity values by calibrating an equation that transposes gravity values 

into depth-to-bedrock values. Other gravity anomalies, however, affect 

gravity modeling besides the negative anomalies associated with the 

mass-deficient alluvial basins. Despite the lack of alluvial basins in 

the Colorado Plateau, many gravity lows indicate other sources of grav

ity anomalies. The negative anomaly associated with an alluvial basin 

cannot be completely'separated from negative anomalies with other 

causes.

One source of error is the variation of bedrock density from the 

average. Although a gravity high is associated with most bedrock areas, 

a gravity lew is associated with some plutonic, volcanic and other bed

rock areas where the density is less than the average. Tertiary-Creta

ceous granites, TKg, generally, but not always, are associated with a 

negative gravity low, such as at the top of the Santa Catalina Moun

tains, in the Sierrita Mountains, and in parts of the Colorado Plateau. 

The gravity lows possibly result from plutonic intrusions during Lara- 

mide time, since granite has a lower density than average bedrock (Table 

1).

Negative anomalies are associated with such volcanic areas as 

the Chiricauhua and San Bernadino volcanic fields because of both the 

lower density of volcanics and the caldera structure. The densities of 

ash flows extruded during the mid-Tertiary orogeny can also be lower 

than the density of average bedrock. The density of the ash flow sam

ples ranges from 2.l6 to 2 .69 g/ec (average is 2.4$ g/cc) depending on



the degree of welding (Table l). Basins containing unknown thicknesses 

of volcanic strata appear too shallow since the density of the volcanics 

is between the density of bedrock and the density of basin fill. In 

areas where the ranges are principally composed of volcanic rocks, the 

source of error is probably greater than in areas where the ranges are 

principally composed of rocks of average bedrock density, even though 

the repeating prism method partially corrects for this problem.

Figure 4 of density data shows that the range in density of bed

rock is considerable. Since variation from average bedrock density can 

be a large source of error, perhaps different lithologies of bedrock 

with different densities can be modeled to account for this variation in 

density.

A second source of error is caused by near surface local inhomo

geneities. A feature just below the surface, such as a buried stream 

channel, has a greater effect on the gravity value than if the same fea

ture were deeper in the basin. The effect of a near-surface feature can 

be determined from half-width formulas for any depth (Telford et al., 

1976). At large enough depths, the effect on the gravity value is so 

snail that the effect becomes noise. The effect of an unknown near

surface feature can be interpreted incorrectly as a change in the depth- 

to-bedrock value.

A third source of error in assuming that the bedrock beneath the 

basin is of the sane lithology as the bedrock at the surface is probably 

insignificant because the rocks underneath the basins were dropped rela

tively recently, during the Basin and Range disturbance or the



nid-Tertiary orogeny or both. In modeling, all bedrock both beneath the 

basin and at the surface is assumed to have the same lithology. Since, 

volcanics, frequently less dense than average bedrock, are concentrated 

near the surface, and bedrock at depth is older and more metamorphosed 

than the bedrock at the surface, the density of bedrock beneath the 

basin is at least as dense as bedrock at the surface. Since the density 

of rocks, whether shale, granite, or another lithology, is similar at 

great depths, a change in lithology insignificantly affects gravity mod

eling. Lateral changes in the density of the lower crust could be cre

ated by large-scale thrusting. Such deep inhomogeneities could affect 

the modeling.

Fourth, some anomalies may be a fabrication of an incorrect 

regional gradient, a potentially large source of error (Aiken, 1976)•

In the Tucson basin, the gravity contours decrease in value from north 

to south, indicating an incorrect regional gradient. In the future, a 

second-order residual gravity map discussed in the procedues section 

could .greatly reduce this error (Aiken, 1976). In addition, since a 

state regional gradient was used to make the residual Bouguer anomaly 

map of Arizona, determination of the regional gradient for a basin could 

also reduce this error.

Finally, poor convergence in the model of the end prisms fre

quently is a fifth source of error. Possibly mountain-bounding faults 

or prisms on only one side of the end prism or both explain this source 

of poor convergence.



Calculation of Accuracy

Although not all the above sources of error can be quantified, 

the error in modeling can be estimated. This calculation of accuracy 

has not been done before.

As shown in Figure 11, the percent error between two depth-to- 

bedrock values reflects the error from all sources. Not crossing the 

contours perpendicular to the profile violates the two-dimensional 

assumption. The intersecting profiles emphasize to a greater degree 

than another method of calculation the error of a profile not crossing 

the contours perpendicularly. Other methods, however, do not exist.

The error is the difference between the values at the intersection of 

profiles divided by the average (Figure 11).

For the 11 pairs of profiles in the study area that intersect at 

less than 2,000 feet, the error based on gravity data only and not well 

data, is 79 percent. The high standard deviation, .52, indicates that 

the error is highly variable; that is, some depths are much more accu

rate than others. The large error, 79 percent, for the profiles above 

2,000 feet results from poor convergence at profile ends, tailing error, 

or inaccurate choice of prism width. Despite this high error, 79 per

cent, the depth-to-bedrock contours shallower than 2,000 feet are more 

accurate than 79 percent for several reasons: • (l) well data aided con

touring the depths shallower than 2 ,000 feet and (2 ) densities shallower 

than 2,000 feet are much better known than those deeper than 2,000 feet. 

Well data were used to refine the U00, 800, and 1,600-foot contours.

Since water well data refined the contours in the part of the 

basin shallower than 2,000 feet, the accuracy of the depth-to-bedrock
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Figure 11. Calculation of Accuracy from Intersecting Profiles



values shallower than 2,000 feet is evaluated by comparing an independ

ent set of depth-to-bedrock values not used in making the map with the 

depth-to-bedrock values on the map. A set of proprietary depth-to-bed- 

rock values became available after the map was finished. However, some 

of these depth-to-bedrock values had to be rejected since the so-called 

bedrock is probably a volcanic layer in the basin fill. The difference 

between map values and acquired values is larger where the map depth is 

deeper than the acquired depth than where the map depth is shallower 

than the acquired depth.

As shown in Figure 12, the error is the difference between the 

known depth and the depth interpolated from the depth-to-bedrock map 

divided by the known depth. Although the source of error is calculated 

only for depths deeper than the map depth-to-bedrock values, the source 

of error is assumed the same for deeper and shallower depths. For 12 £

wells, the average accuracy is 23 percent. A wide standard deviation, 

•36, indicates a wide range in the accuracy; that is, 68 percent of the 

data has an accuracyof 0 (no error) to 66 (30 and 36) percent.

Calculation of the accuracy of depth-to-bedrock values deeper 

than 2,000 feet was done by intersecting profiles. For the 2k pairs of 

profiles that intersect at deeper than 2,000 feet, the error is 38 per

cent .

The average of the percent error, 23 percent, for the depths 

shallower than 2,000 feet and the error, 38 percent, for the part of the 

basin deeper than 2,000 feet, is 30 percent. The accuracy of the depth- 

to-bedrock values is 30 percent for the entire study area. In areas
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where numerous gravity and well data exist, the accuracy is much better 

than 30 percent. Since this nap includes corrections not used on 

earlier ones, it is more accurate than previous maps at this scale.



CHAPTER 5

INTERPRETATION OF THE DEPTH-TO-BEDROCK MAP 

Interpretation of Map

Although the basins vary greatly in shape, on the average they 

aro 1.2 kin deep ( .7 6  miles, 4,000 feet), 21 km wide (13 miles, 69,000 

feet), and 55 km long (13 miles, 29,000 feet). The deepest is at least 

13,000 feet deep, but most are between 3,200 and 4,800 feet deep. In 

comparison the Grand Canyon is 1.6 km deep, 6 to 30 km wide, and 350 km 

long. The basins are on the average slightly shallower, slightly wider 

at the surface, and one-fourth as long as the Grand Canyon.

The Basin and Range Province can also be compared to the Valles 

Marineris on Mars. Unlike the Grand Canyon which formed by erosion, the 

Valles Marineris, an enormous canyon system encircling one-fourth of the 

Martian equator, is similar to the Basin and Range Province in that 

extensional tectonics appears to be the primary control on canyon form 

and evolution (Blasius et al., 1977). Although the martian canyons con

tain huge landslides and layered sediments, they are not filled as 

deeply with sediments as the basins in the Basin and Range Province 

because of a lack of water on Mars.

The Valles Marineris has a vertical relief of 2 to 7 km, a width 

of up to 700 km, and a length of 4,000 km. The vertical relief of the 

Tucson basin is 6 km (20,000 feet), from the bottom of the basin 3 .9 km
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(13,000 feet) below the surface to the top of Mount Lennon 2.1 kn (7,000 

feet) above the surface. The vertical relief of the Basin and Range 

Province is similar to and as impressive as the Valles Marineris.

Although at the surface the ranges comprise two-thirds and the 

basins comprise one-third of the Basin and Range Province in southern 

Arizona, the depth-to-bedrock map shows that the ranges actually com

prise a slightly larger percentage because of the buried pediment edges 

of the mountains. These buried erosional surfaces can be quite exten

sive such as around the Roskruge Mountains. When viewed from the air, 

the elongation of the basins appear to wrap around the edge of Colorado 

Plateau. The same pattern is found below the surface. On a map, the 

basins and ranges appear to zig-zag. The depth-to-bedrock map supports 

this observation by indicating that the deep parts of the basins are 

also offset. \

The deepest basins have the best data coverage. Gravity values 

for the deepest part of a basin or for the bedrock bordering a basin or 

both may not exist, and therefore the depth-to-bedrock values will be 
too shallow.

The existence of large scale Laramide thrust sheets has been 

proposed in southeastern Arizona (Drewes, 1978). The existence of over

thrusting, however, would not affect gravity modeling at this scale. 

Since low angle thrust sheets are involved, the density of bedrock would 

riot vary except possibly laterally. The residual Bouguer gravity map 

does not show an obvious correlation with the proposed overthrust belt.
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Several netamorphic core complexes in Arizona were examined for 

similarities in the basin shape bordering the metamorphic core complexes 

(Davis and Coney, 1979)• Not enough data near the basin edge were 

available for some of the metamorphic core complexes. For the White 

Tank, Comobabi, Tortolita, and Catalina-Rincon metamorphic core com

plexes, the basin shape bordering each of these complexes is steep with 

no well-developed pediments and the shape of the fill from the edge of a 

complex towards the middle of a bordering basin is wedge-like.

The basins that are deeper than 8,000 feet were examined to see 

whether each side of a basin is symmetrical in shape compared to the 

other side. Most of the basins are symmetrical, and if not symmetrical, 

the deepest parts are only slightly off-center. In the central San 

Simon Valley, the 9 >600-foot deep basin center is offset with respect to 

the surface edges of the basin. The depth-to-bedrock map, however, 

reveals a shallow buried bedrock surface or pediment that ends at the 

UOO-foot deep contour adjacent to the Gila Mountains. With respect to 

the edge of the buried surface of the Gila Mountains and the edges of 

the Pinaleno Mountains, the San Simon basin is symmetric. The 

8 ,000-foot graben in the southeastern San Simon Valley is symmetric to 

the steep-edged basin walls. In the Tucson basin, the 11,200-foot gra

ben is symmetric. In Avra Valley, the 9,^00-foot graben is slightly 

asymetric, with the deepest part closer to the Tucson Mountains. In 

Picacho basin, the 9>600-foot graben is symmetrical to the steep basin 

walls. The deepest part of this graben is larger in area than the nar

row buils-eye pattern of the other grabens deeper than 8,000 feet. In
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the Phoenix area, the 11,200-foot graben is slightly asymetric with a 

steeper wall at the southern basin edge. In Paradise Valley, the 

8 ,000-foot graben is slightly asynetric with a steeper wall at the west

ern basin edge. The 11,200-foot Luke salt body graben is asymetric to 

the steeper wall of the basin bordering the White Tank Mountains. For 

the deep basins that border Califonia and Mexico, the Great Plain basin, 

the basin in the Yuma area, and the basin southwest of the Black Moun

tains, information from California and Mexico are needed to determine 

the shape. In the Yuma basin, the eastern 1,200-foot contour shows a 

very steep drop southwest of the Tinaja Mountains. Conditions of sym

metry may be different for the Yuma basin, which is part of the Salton 

Sea Trough. Between the Sierra Estrella and the Maricopa Mountains, the 

9,600-foot graben is symmetrical. In the Santa Rosa Valley northwest of 

the Comobabi Mountains, the 8,000-foot graben is symmetrical. Between 

the Eagle Tail and Big Horn Mountains, the two 8,000-foot contours are 

slightly asymetrical to the wall of the basin adjacent to the Mohave 

Mount.-,.ins. In the Hualpai Valley, the si das of the 8,000-foot graben 

are symmetrical.

Comparison of the Depth-To-Bedrcck and Aeromagnetic Maps

The strongest features of the Basin and Range Province in south

ern Arizona on the Residual Aeromagnetic Map of Arizona are lineaments 

that trend northwest (Sauck and Sumner, 1970). Titley (1976) noted a 

Mesozoic linear tectonic pattern that trends northwest in southeastern 

Arizona. Others have noted Pre-Cambrian and Paleozoic 

northwest-trending lineaments that have been reactivated (Drewes, 1978).



Although many of the basins and ranges in the depth-to-bedrock 

map trend northwest, the trend is much more intense on the aeromagnetic 

map. There is no striking correlation between the two maps. This lack 

of correlation indicates that the residual magnetic intensity measure- 

ments are seeing deeper than the residual Bouguer gravity data from 

which this depth-to-bedrock map was produced. Upon closer examination, 

most of the high residual magnetic intensity areas are in the ranges, 

and a few are at the basin edges (e.g. edge of Tucson basin). The 

shapes of these areas and the associated ranges areas are similar. The 

high residual magnetic intensity trends are northwest and have low fre

quency compared to the Colorado Plateau. Of one northwest trend in 

western Arizona, the areas of high magnetic residual intensity correlate 

with the Harcuvar, Harqualla, and Buckskin Mountains, and the relative 

lows match with the basins in between. Unlike most of the other basins, 

these basins trend northeast. Areas of high residual magnetic intensity 

correlate with ranges in the other northwest magnetic trends, including 

a trend through AJo and through Tucson. The strongest northwest trend 

in the depth-to-bedrock map, the San Simon Valley, does not have an 

associated magnetic trend. Where the basins run approximately north- 

south, this north-south trend cannot be seen on the magnetic map, and 

therefore the two maps do not correlate. The northwest trend of some 

mountains in western Arizona, such as the Growler and Mohawk Mountains, 

is associated with a long wavelength, non-linear, magnetic pattern.
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Hydrogeologic Interpretation

Comparison of Basin Depths with Concentrations of Fine Sediments

Lithologic information from approximately 100 to 300 m indicates 

that the deepest part of a basin is also the part with high concentra

tions (greater than 60 percent) of fine sediment (clay and silt). In 

Avra Valley, Allen (1980) completed maps that show the concentrations 

of fine sediments ("percent fines maps") from samples taken every 1.5 n 

during drilling, of "younger alluvium", between the surface and 85 to 

ll6 m (280 to 380 feet), and "older alluvium", between 85 to 116 and 

approximately 300 m (1,000 feet). Although the percent fines map of 

"younger alluvium" does not correlate with the depth-to-bedrock map, the 

percent fines map of "older alluvium" correlates closely with the depth- 

to-bedrock map, as shown in Figures 13, l4, and 15*

In the Tucson area, Steve Anderson (1980, pers. comm.) completed 

maps of percent fines of the Fort Lowell Formation, between the surface 

and approximately 90 m (300 feet) depth, and of the upper Tinaja Forma

tion, between approximately 90 and 300 m depth. The highest concentra

tions of fine sediments correlate with the deeper parts of the Tucson 

basin, but slightly to the west of the deepest part. The locus of the 

percent fines contours of the Fort Lowell Formation is west of the upper 

Tinaja Formation and these locii are predicted to be west of the locus 

of the deeper fine sediments at 1,000 to 2,000-foot depths (Anderson,

S., 1980, pers. comm.) In addition, the aerial extent of a high concen

tration of fine material of the Fort Lowell is smaller than of the Upper 

Tinaja (Anderson, S., 1980, pers. comm.)
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These data suggest to ne that as the Tucson basin began to fill 

the locus of the deepest part of the basin moved westward, and the east

ern portion of the basin filled faster than the western portion. Either 

the basin was assymetrical or there was more tectonic activity in the 

mountains north and east than in those vest of the Tucson basin or both. 

As grain size of sediment is a function of slope which is controlled by 

the amount of uplift, the width of the basin, as well as basin shape and 

symmetry, the grain size of the sediment in the eastern portion of the 

basin should be larger than that in the western portion. In addition, 

since the surface material in both the Tucson and Avra Valley basins 

does not correlate with the depth-to-bedrock nap, this material indi

cates a lack of recent tectonic activity.

Groundwater development is unfavorable in sediments with a high 

concentration of fine material. Such areas can be predicted from the 

depth-to-bedrock nap. In unexplored areas, such as western Arizona, the 

map can be used to make initial assessments of where to drill explora

tory wells.

Calculation of Volumes of Water in Storage and Available For Pumping

The volume of water in storage is the product of a volume of 

sediment and the porosity. The volume of water that can be pumped is 

the product of the volume of sediment and the storage coefficient. Care 

must be taken in evaluating previous estimates of groundwater storage 

because some authors do not distinguish between the volume of water in 

storage and the amount available for pumping.
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The porosity, the percent of pore space in a material, of well- 

sorted unconsolidated material ranges from 25 percent for cobbles to 60 

percent for clay (Davis and DeWiest, I9C6 ). Several factors serve to 

decrease the porosity of material in the basins in southern Arizona. 

Since small grains fill the large pores in poorly-sorted sediments, the 

commonly poorly-sorted material in the basins is less porous than well- 

sorted material. Since the basins are in a semi-arid environment, cal

cium carbonate accumulates to form caliche that decreases the porosity. 

Also, compaction, especially of clays, decreases the porosity at depth. 

Since the sediments are generally subangular to subrounded, the slight 

rounding facilitates interdigitation and the porosity is less than for 

well-rounded and angular particles. Based on the above considerations, 

the porosity in the basins is less than the porosity of well-sorted sed

iments.

Based on borehole density and sonic logs, the porosity of the 

Tucson basin ranges from 20 to 35 percent, with 25 percent considered by 

Davidson (1973) as the average porosity. The average wet bulk density 

of the Tucson Exxon test well log between 6l and U90 m is 2.18 g/cc 

(Figure 5). Converting from wet bulk density to porosity:

a(l-n) + bn = c

where a = density of the rock matrix

1-n = percent volume of rock matrix/lOOjS 

b = density of formation fluid 

n = porosity/100%

c = wet bulk density of basin fill
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Assuming a = 2.67 g/cc and b = 1.0 g/cc 

n = .29

The average porosity at the Exxon well is 29 percent.

Since the Tucson test well is in clay and the density of the 

clasts is problably less than 2 .67 g/cc, 29 percent is a higher than 

average porosity for the basins in southern Arizona. Following Davidson 

(1973) and the calculated porosity of the Tucson Exxon well, the average 

porosity for all basins in southern Arizona is selected as 25 percent.

The storage coefficient is the unitless term that when multi

plied by the volume of sediment gives the volume of water that can be 

pumped. Storage coefficient is one of the most important parameters in 

the study of ground water. Although it is a more important parameter 

than transmissivity, it is difficult to measure• Specific retention is 

the percent volume of water that remains in an aquifer after pumping. 

Specific yield is the difference between porosity and specific reten

tion. . For unconfined aquifers, the specific yield is approximately 

equal to the storage coefficient.

Based on a range in porosity given above from 20 to 35 percent 

and a specific retention of 10 percent, the specific yield ranges from 

10 to 25 percent for the Tucson basin (Davidson, 1973).

Specific yield can be calculated by dividing the volume of water 

pumped from the saturated part of an unconfined aquifer by the volume of 

sediment. To calculate the volume of the sediment, the best method is 

to construct two maps of water level over a time span. Since storage
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coefficient measured after a well is drilled is smaller (approximately 

10-3) than after a period of time, from weeks to years, (approximately 

10“1) due to delayed drainage (Babcock, J., 1930, pers. comm.)*

When Davidson (1973) used this method he included only those 

volumes of sediment that are dominantly sand and gravel. His calcula

tions did not account for the water that can be drained from clay.

The depth-to-bedrock map provides the shape of the basin to help 

calculate the volume of sediment dewatered. Since constructing water 

level maps and calculating the volume between the two surfaces of water 

levels is beyond the scope of this project, the storage coefficient in 

Avra Valley using average water levels was calculated to see if a ball

park storage coefficient could be obtained. Although the water table is 

shaped concave-upward, a straight line was drawn through the middle of 

the concave line in calculating the volume of dewatered sediment. The 

water table has declined approximately 30 m (100 feet) between the 

1950's when the withdrawal of ground water increased significantly and 

1979 (Matlock and Morin, 1976). Between the 1950's and 1979, the volume 

of dewatered sediment in Avra Valley has been 27.6 kn^ (22,^00,000 acre- 

feat). 3,61*1,000 acre-feet of water were withdrawn since the first year 

of record, 1935 (U. S. Geological Survey, 1979)* The storage coeffi

cient calculated for Avra Valley is 0.l6. Since 1950, 3,385,000 acre- 

feet of water were withdrawn, and the average coefficient for Avra Val

ley is 0.15.

Following Davidson (1973) and the calculated storage coefficient 

for Avra Valley, the average storage coefficient for all the basins in 

southern Arizona is conservatively selected as 0.1.



The volume of sediment between 6l and 1*90 m (200 and 1,600 feet) 

for the basins in southern Arizona is 22,000 km^. The average depth-to- 

the-water table of the basins in the Basin and Range Province in south

ern Arizona was 6l m in 1975 (Davidson, 1979)• ^90 m (1,600 feet) is

the deepest depth that can be reasonably pumped. Although water quality 

is generally poor deeper than 3 0 0 m (1,000 feet) according to Laney 

(1972), and dewatering the water table to U90 m (1,600 feet) would cre

ate land subsidence,the volume of water in storage, between 6l and U90 
3m, is 5,600 km , using a porosity of 25 percent, and the volume that can 

be pumped is 2,200 k m \  using a storage coefficient of 0.1. This volume 

of water that can be punped is between the volume of water in Lake Huron 

(3,539 km^) and Lake Ontario (1,627 krv̂ ).

Land Subsidence

One of the most important problems with the development of 

groundwater resources in southern Arizona is land subsidence. No matter 

how much water is available in an aquifer, the problem of land subsi

dence must be accounted for in the management of groundwater resources. 

Much work is being done to find the mechanism that causes land subsi- 

,dence, earth fissures (open tension cracks) and vertical faults 

(vertically offset fissures) caused by groundwater extraction. Gravity 

is useful where the mechanism involves the shape of the basin.

Christie (1978) compared the location of earth fissures with the 

shape of the basin in the Picacho area. Two-thirds of the fissures cor

related with a change in bedrock slope. Earth fissures in the Phoenix
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area from a map by Laney, Raymond, and Winikka (1978), compared with the 

shape of the basin, show similar results. Christie (1978) located 

potential earth fissures from changes in slope of bedrock. Therefore, 

the depth-to-bedrock nap can be used to locate possible potential earth 

fissures. These predictions are beyond the scope of this project.



CHAPTER 6

CONCLUSIONS

A map of depth-to-bedrock values below the basins in the Basin 

and Range Province, southern Arizona, has been produced at a scale of 

1:500,000. For the first time, the basins in this area have been 

uniformly assessed using gravity and well data. The depth-to-bedrock 

values were modeled from residual gravity data based on 22,000 gravity 

stations using an iterative, 2-D model. Well data were used to refine 

the contours shallower than 600 m (2,000 feet).

Several innovations were introduced to the model and modeling 

procedures. The modeling program accounts for variation in density 

between the middle and the edges of the basins. The modeling program 

also accounts for the density of any known salt bodies. The repeating 

prism method compensates for the density of bedrock that is less-than- 

average. Contours were drawn, through surface layers of recent basalt 

flows where the gravity data indicated an alluvial basin lies beneath.

For the first time, the accuracy of the depth-to-bedrock map was 

calculated. The average accuracy, 30 percent for the entire study area, 

is much better in areas with much more gravity and well data than in 

areas with poor coverage.

The deepest part of several basins is also the portion with high 

concentrations (greater than 60 percent) of fine sediments between 100
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and 300 n below the surface. Areas dominated by fines, areas that have 

low yields, can be predicted from the depth-to-bedrock map. Ignoring 

problems of land subsidence and water quality, the volume of water in 

storage from the water table to a depth of 500 m below the surface is
o ?

6,900 kur using a porosity of 25 percent and is 2,800 km" using a stor

age coefficient of 0 .1.

Since much of the study area is undeveloped, this map provides a 

means for initial assessment of groundwater, mineral, petroleum, and 

geothermal resources in southern Arizona. Also, areas of potential land 

subsidence can be located over areas where there are changes in the bed

rock slope.

In the future, the residual Bouguer gravity and depth-to-bedrock 

maps could be compared further with the residual aeromagnetic map of 

Arizona by Sauck and Sumner (1970) and with seismic data for geologic 

interpretation. Second, more subsurface density data are needed, espe

cially by the borehole gravity method, for wells deeper than 600 n 

(2,000 feet), to provide greatly needed information on the density of 

basin fill at depth.

The acquisition, reduction and computer storage of gravity sta

tions, Arizona Gravity Data Base, has become a well-organized program at 

the Laboratory of Geophysics, University of Arizona. Since the largest 

source of error is in the scarcity of gravity coverage, a third goal 

should be to collect one gravity station per square mile, the density of 

data that provides adequate coverage at a scale of 1:250,000. The
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bedrock gravity stations should be collected possibly by helicopter 

since the mountains are generally poorly accessible by other means.

These bedrock gravity stations will provide data for the calculation of 

an improved regional map and provide data for the ends of gravity pro

files.

For this project the gravity data were corrected for a regional 

gradient over the whole state (Lysonski, 1980). On the residual gravity 

map, the gravity contours are not uniform over the bedrock areas 

(Lysonski, 1980). The gravity anomalies in the Colorado Plateau are due 

to causes other than the mass deficiency of an alluvial basin. Fourth, 

more work needs to be done to separate the negatiive anomaly associated 

with a basin from anomalies with other causes.

Figure U of density data shows a wide range in density of bed

rock. The range in the density of bedrock is at least as large as that 

of basin fill. Fifth, the variation in density data suggests that this 

range in bedrock density should be accounted, as the range in density of 

basin fill has been in this project. Perhaps, lithologies with differ

ent densities can be modeled. Finally, more and better calculations of

accuracy should be attempted



APPENDIX A

ITM0D.F10

C
C
C ITtlOD IS AN ITERATIVE, TWO-DIMENSIONAL, GRAVITY
C MODEL FOR THE DEC 10 COMPUTER IN FORTRAN 10. ITMOD WAS 
C WRITTEN BY R. E. WEST, MAY 1971 AND WAS REVISED BY J. M.
C OPPENHEIMER, FEBRUARY 1980. ITMOD PROGRAM GENERATES 
C DEPTH-TO-BEDROCK VALUES BENEATH AN ALLUVIAL VALLEY FROM 
C GRAVITY DATA (RESIDUAL OR COMPLETE BOUGUER). THE OBSERVED 
C GRAVITY VALUES ARE FROM THE GRAVITY MAP AND THE CALCULATED 
C GRAVITY VALUES ARE COMPUTED IN THE PROGRAM FROM DEPTH-TO- 
C BEDROCK AND DENSITY VALUES USING THE BOUGUER SLAB FORMULA.
C IN AN ITERATION, THE EFFECT OF GRAVITY ON ALL THE PRISMS IN 
C A PROFILE HAVE ON EACH OTHER IS CALCULATED. THE PROGRAM 
C FINDS THAT DEPTH-TO-BEDROCK VALUE FOR EACH PRISM WHICH 
C HAS A CORRESPONDING CALCULATED GRAVITY VALUE THAT IS CLOSE 
C TO THE OBSERVED GRAVITY VALUE. THE COMPUTER CONTINUES 
C UNTIL EITHER A SPECIFIED NUMBER OF ITERATIONS IS COMPLETED 
C OR THE DIFFERENCE BETWEEN THE CALCULATED AND OBSERVED 
C GRAVITY VALUES OF EACH PRISM CONVERGES WITHIN A SPECIFIED 
C LIMIT.
C
C
C DEFINITIONS OF VARIABLES 
C
C THE UNITS OF VARIABLES THAT ARE LOCATIONS, X'S AND
C Z'S, ARE IN FEET. IF THE ALLUVIAL SURFACE IS 0 
C FEET IN THE TERM ZT, ALL DEPTHS HAVE A NEGATIVE SIGN.
C DENSITY TERMS (D1 TO DU) ARE IN GM/CM»*3. GRAVITY TERMS 
C ARE IN MGALS.
C
C
C INPUT VARIABLES 
C
C **XE(N)** IS THE COORDINATE OF THE LEFT PRISM EDGE.
C **Z1,Z2,Z3,ZU** ARE THE DEPTHS OF THE ALLUVIAL LAYERS IN 
C THE BASIN. UP TO THREE LAYERS MAY BE INPUTTED, AND THE 
C LOWEST DEPTH IS DETERMINED. THE PROGRAM, HOWEVER, CAN 
C BE EASILY MODIFIED TO INCLUDE MORE LAYERS THAN FOUR BY 
C ADDING MORE Z TERMS SUCH AS Z5 AND Z6 .
C **D1,D2,D3,DU*» ARE THE DENSITY CONTRAST VALUES. DENSITY 
C CONTRAST IS THE DIFFERENCE BETWEEN THE DENSITY OF BASIN
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C FILL AND AVERAGE BEDROCK DENSITY. AVERAGE BEDROCK DENSITY 
C IS 2.67 G/CC. A DENSITY CONTRAST VALUE CORRESPONDS TO 
C EACH LAYER.
C **GO(N)** IS THE GRAVITY VALUE AT THE CENTER OF THE TOP OF 
C EACH PRISM.
C **RESLIM** IS THE ASSIGNED RESIDUAL LIMIT, OFTEN .5 G/CC.
C **LUPLIM** IS THE ASSIGNED NUMBER OF ITERATIONS, OFTEN 10. 
C DEPTH-TO-BEDROCK VALUES CHANGE LITTLE AFTER MORE THAN 
C 10 ITERATIONS.
C **ITYPE** IS THE PRISM TYPE.
C ITYPE IS 1: ZT IS GIVEN AND Z1 IS DETERMINED.
C ITYPE IS 2: ZT,D1 ARE GIVEN AND Z1 IS DETERMINED.
C ITYPE IS 3: ZT,D1,Z1 ARE GIVEN AND Z2 IS DETERMINED.
C UP TO...
C ITYPE IS 8 : ZT,D1,Z1,D2,Z2,D3,Z3,DU ARE GIVEN AND
C ZB IS DETERMINED.
C USE ITYPE = 2 FOR THE VARIABLE DENSITY SCALE.
C
C
C VARIABLES CALCULATED IN THE PROGRAM 
C
C **XP(N)** IS THE COORDINATE OF THE PRISM CENTER 
C **GRES(N)** IS THE STANDARDIZE!} GRAVITY VALUE.
C GRES(N) IS OBTAINED BY SETTING THE GRAVITY ENDPOINTS TO 0. 
C AND MAKING THE GRAVITY VALUES RELATIVE TO THE 0 ENDPOINTS. 
C GRES = REGON + GO.
C **REGON** IS THE EQUATION OF THE LINE THAT CONNECTS THE 
C TWO GO ENDPOINTS.
C **GCALC(N)** IS THE GRAVITY VALUE CALCULATED FROM THE 
C BOUGUER SLAB FORMULA.
C **RESID(N)*» IS THE DIFFERENCE BETWEEN OBSERVED GRAVITY 
C AND MEASURED GRAVITY VALUES. RESID = GCAL - GRES.
C **NLOOP** IS THE NUMBER OF ITERATIONS EXECUTED FOR A 
C PROFILE.
C **XPN3(N)** = XP(N)
C **XEN3(N)** = XE(N)
C
c
C HOW TO CREATE AN INPUT FILE 
C
C TO CREATE AN INPUT FILE, TYPE SOS AND THE NAME OF
C THE FILE YOU WISH TO CREATE, SUCH AS SOS TUC.0C1.
C ENTER THE DATA IN THIS ORDER:
C
C ITYPE,GO,XE,ZT,Z1,Z2,Z3,ZB,D1,D2,D3,DU,
C
C MAKE SURE THERE IS A COMMA AFTER DU.
C TYPE NOTHING WHEN A TERM IS ZERO.
C THE FORMAT IS BASED ON COMMAS SO 3 , IS READ AS 30 NOT 3. 
C BELOW IS AN EXAMPLE OF AN INPUT FILE.
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C INPUT FILE EXAMPLE 
C
C 2 ,-3»,0000.,0 ,,,,,,,,,
C 2 ,-U.8,50CO.,0,,,,,,,,,
C 2,-6.,10000.,0,,,,,,,,,
C 2,-12.,15000.,0,,,,,,,,,
C 2,-lU.,20000.,0,,,,,,,,,
C 2,-17.,25000.,0,,,,,,,,,
C 2,-18.,30000.,0,,,,,,,,,
C 2,-16.,35000.,0,,,,,,,,,
C 2,-15.6,40000.,0,,,,,,,,,
C 2 ,-15.,45000.,0 ,,,,,,,,,
C 2,-15.,50000.,0,,,,,,,,,
C
THE FIRST LINE IS FOR THE FIRST PRISM,
C AND THE SECOND LINE IS FOR THE SECOND 
C PRISM, AND SO FORTH. FOR THE LAST PRISM, TWO LINES ARE 
C INPUTTED. IN THE NEXT TO LAST LINE OF THE FILE, XE IS THE 
C LEFT-EDGE COORDINATE AS IN THE OTHER LINES,
C AND IN THE LAST LINE OF THE FILE ALL TERMS ARE 
C THE SAME AS THE PRECEDING LINE, EXCEPT THAT THE VALUE OF 
C THE RIGHT-EDGE COORDINATE OF THE LAST PRISM 
C IS THE VALUE OF THE XE TERM.
C ALL D VALUES CAN BE LEFT ZERO SINCE THE D VALUES ARE 
C ASSIGNED BY THE VARIABLE DENSITY SCALE.
C THE SOS MANUAL IN THE COMPUTER ROOM IS HELPFUL FOR 
C UNDERSTANDING HOW TO TYPE AND EDIT AN INPUT FILE.
C ONE LAST NOTE, NOTE THE DIFFERENCE BETWEEN THE NUMBER 0 
C AND THE LETTER 0.
C
C
C 45,46,5 C
C 45,46, OR 5 ARE THE FIRST NUMBERS IN PARENTHESES IN THE 
C THE READ AND WRITE STATEMENTS.
C **45** IS THE NUMBER OF THE INPUT DATA FILE 
C **46** IS THE NUMBER OF THE OUTPUT DATA FILE.
C THE RESULTS ARE PRINTED ON THE TELETYPE.
C **5** IS THE NUMBER OF THE OUTPUT DATA FILE.
C THE RESULTS ARE PRINTED ON THE CRT TERMINAL.
C
C
C HOW TO EXECUTE THE PROGRAM 
C
C TYPE EX ITM0D.F10 GPX
C
C
C
C

COMMON XE(101),ZT(101),Zl(lOl),Z2(l0l),Z3(lCl),ZB(lOl),Dl(lOl), 
XD2(101),D3(101),D4(101),GO(lOl),XP(lOl),GRES(101)



X,RESID(101),NL00P,I1,ITYPE(101),GCALC(101).RESLIM,LUPLIM 
COMMON XPN3(101),XEN1(101)

REGON( X ) = SL0PE*X + BYI
SPLIT (I) = (XE(I+l) - XE(l))/2. + XE(I)

C INITIALIZE ARRAYS TO ZERO 
DO 10 N2=l,101 
XE(N2)=0.0
ZT(N2)=0.0 ; GRES(N2)=0.0 
Z1(N2)=0.0 ; RESID(N2)=0.0 
Z2(N2)=0.0 ; XP(N2)=0.0 
Z3(N2)=0.0 ; ITYPE(N2)=0 
ZB(N2)=0.0 ; GCALC(N2)=0.0 
D1(N2)=0.0 
D2(N2)=0.0 
D3(N2)=0.0 '
DU(N2)=0.0 
G0(N2)=0.0 

10 CONTINUE
C INITIALIZE COUNTERS 

11=0 
IIL00P=0

C TYPE Y IF THE GRAPHICS TERMINAL IS TO BE USED (N IF IT IS 
C NOT TO BE USED), THE RESIDUAL LIMIT (RESLIM),
C THE ITERATION LIMIT (LUPLIM) AND 
C THE NAMES OF THE INPUT AND OUTPUT FILES.

TYPE 20
20 FORMATC GRAPHICS TERMINAL (Y/N) ',$)

ACCEPT 30, IGRFF 
30 FORMAT(TA5)

IF (IGRFF .HE. 'Y') GO TO itO 
CALL INITT(30)
CALL BINITT 
CALL ANMODE 

ItO TYPE 50
50 FORMAT^/,' GIVE RESIDUAL LIMIT, ITERATION LIMIT'/)

ACCEPT * ,RESLIM,LUPLIM
60 FORMAT (FU. 2, lit)
C DIALOG MODE FILE ENTRY FOR DATA FILE

TYPE 70
70 FORMAT(' FILENAME OF INPUT DATA')

OPEN(UNIT=It5,DEVICE='DSK' ,ACCESS='SEQINOUT' .DIALOG) 
TYPE 80

80 FORMAT(' FILENAME FOR MODEL RESULTS')
OPEN(UNIT=lt6 ,DEVICE='DSK’ ,ACCESS=*SEQINOUT' .DIALOG)

C READ IN DATA AND STORE IN ARRAYS.
90 READ (U5,*,END=100) ITYPET,GOT,XET,ZTT,Z1T,Z2T,Z3T,ZBT, 

* D1T,D2T,D3T,DUT

11=11+1
IF( ITYPET .LT. -5) GO TO 100 

XE(ll)=XET

110



ZT(II)=ZTT 
Zl(ll)=ZlT 
Z2(I1)=Z2T 
Z3(H)=Z3T 
ZB(ll)=ZBT 
Dl(II)=D1T 
D2(I1)=D2T 
D3(I1)=D3T 
D4(I1)=DUT 
GO(II)=GOT 
ITYPE(I1)=ITYPET 
GO TO 90 

100 11=11-1
REWIND 45 

C CALCULATE REGON.
C THE ENDPOINTS (l AND II) ARE CONNECTED BY A LINE WHOSE 
C EQUATION IS Y = AX + B. REGON AND SPLIT ARE DEFINED 
C BELOW THE FIRST COMMON STATEMENT.

NLEF=1
NRITE=I1
DY=GO(NRITE)-GO(NLEF)
XX2=SPLIT(NRITE)
XX1=SPLIT(NLEF)
DX=XX2-XX1
SLOPE=DY/DX; YY1=G0(NLEF)
BYI=((-XX1/DX)*DY) + YY1 
WRITE(46,3010) SLOPE,BYI

3010 F0RI1\T( /' REGIONAL IS GIVEN BY: '1PE10.3,
* •* XP(N) + (',1PE11.4')' )

C CALCULATE XP(N) AND GRES(N).
DO 120 113=1,11

JJ3=N3
XP(N3)=SPLIT(JJ3)
XPN3(N3)=XP(N3)

GO(N3)=GO(N3) - REGON( XP(N3))
XEN1(N3)=XE(N3)

GRES(N3)=GO(N3)
C
C
C VARIABLE DENSITY SCALE 
C
C THE DENSITY OF BASIN FILL IS GREATER AT THE MIDDLE OF A 
C BASIN THAN AT THE EDGES OF A BASIN DOE TO COMPACTION.
C THE SCALE BELOW ASSIGNS A DENSITY CONTRAST 
C VALUE TO EACH PRISM IN A PROFILE.
C HI THE PAST, ONLY ONE DENSITY VALUE OF BASIN FILL 
C WAS ASSIGNED TO THE WHOLE PROFILE.
C THE DENSITIES OF BASIN FILL BELOW 2,000 FEET, ARE 
C UNCERTAIN. THE DENSITY CONTRAST VALUE IS ASSIGNED 
C BASED ON THE GRES VALUE.
C THE SCALE WAS CALIBRATED FROM INFORMATION OBTAINED FROM



o 
o 

o 
o 

o DENSITY LOGS, AND BY COMPARING COMPUTED DEPTH VALUES WITH 
WELL DEPTHS. FOR BASINS WHERE THERE ARE UNUSUAL FEATURES, 
SUCH AS SALT BODIES, THE SCALE IS MODIFIED.

IF(GRES(N3).LT.-35•) D1(N3)=-.25
IF(GRES(N3 ).LE.-30. .AND. GRES(N3).GT.-35.) Dl(N3) = — 27 
IF(GRES(N3).LE.-25. .AND. GRES(N3).GT.-30.) Dl(N3) = — 30 
IF(GRES(N3).LE.-20. .AND. GRES(N3).GT.-25.) Dl(N3) = — 30 
IF(GRES(N3).LE.-10. .AND. GRES(N3).GT.-20.) Dl(N3) = — 30 
IF(GRES(N3).LE.-5. .AND. GRES(H3).GT.-10.) Dl(N3) = — 35 
IF(GRES(N3).LE.-1.5 .AND. GRES(N3) .GT.-5.) Dl(N3) = — 39 
IF(GRES(N3 ).LE.O. .AND. GRES(N3).GT.-1.5) Dl(N3) =— 6U 

120 CONTINUE
C THE PROGRAM CALCULATES THE RESIDUAL ANOMALIES (RESID) AND 
C TESTS TO SEE IF RESID FOR EACH PRISM.IS LESS THAN THE 
C RESIDUAL LIMIT (RESLIM). IF IT IS THE PROGRAM STOPS 
C ITERATING. IF IT ISN'T THE PROGRAM 
C TESTS TO SEE IF THE NUMBER OF ITERATIONS 
C HAS EXCEDED THE ITERATION LIMIT (LUPLIM). IF IT HAS, THE 
C PROGRAM STOPS ITERATING, IF NOT THE PROGRAM 
C MAKES ANOTHER ITERATION.
130 NRES=0

DO lUO N3=l, II
RESID(N3)=GCALC(N3)-GRES(N3)

XTEMP=RESID(N3) ; TEMP1=ABS(XTEMP)
IF(TEMPI.LT.RESLIM)l4 0,15 0 

150 NRES=NRES+1
lllO CONTINUE

IF(NRES .EQ.0)155,160 
155 WRITE(5,170)
170 FORMAT(IX,'NORMAL CONVERGENCE ')

NLOOP=NLOOP+1 
WRITE(5,180) NLOOP 

180 F0RI4AT(1X, ' ITERATION', 15)
190 CALL TYPEIT( IGRFF)

GO TO 200
C CHECK TO SEE IF NLOOP EQUAL TO LOOPLIM 
160 IF(NLOOP.GE.LUPLIM)210,220
210 WRITE(5,230)
230 F0RMAT(1X, 'MODEL DOES NOT CONVERGE ')
240 CALL TYPEIT( IGRFF)

GO TO 200
C CALCULATE THE DEPTH-TO-BEDROCK VALUES FROM THE BOUGUER 
C SLAB FORMULA.
220 N8=0
• 21 N8=N8+1

IF(N8.GT.I1 )G0 TO 26 
NTYPE=ITYPE(N8 )
GO T0(21,22,21,23,21,24,21,25,21).NTYPE 

22 Z1(N8 )=Z1(N8 )+RESID(N8 )/(.01277382*01(N8 ))



IF(Z1(N8).GE.ZT(N8))Z1(N8)=ZT(N8)
GO TO 21

23 Z2(u8)=Z2(N8)+RESID(N8)/(.01277382*D2(K8)) 
IF(Z2(N8).GE.Z1(N8))Z2(N8)=Z1(II8)
GO TO 21

2k Z3(N8 ) =Z3(N8 )-RESID(II8 )/(.01277382*03(N8))
IF(Z3(N8).GE.Z2(N8))Z3(N8)=Z2(N8)
GO TO 21

25 ZB(N8 ) =Z3( 118) +RESID(N8 )/(.01277382*DU(N8)) 
IF(ZB(N8).GE.Z3(N8))ZB(N8)=Z3(N8)
GO TO 21

C CALCULATE GCALC AT EACH XP(N).
C IN THIS NESTED DO LOOP THE GRAVITY EFFECT OF EACH PRISM ON 
C THE OTHER PRISMS IS CALCULATED IN THE INNER DO LOOP. THE 
C SUMIS RECORDED FOR EACH PRISM IN THE OUTER DO LOOP.
C GI IS CALCULATED IN A SUBFUNCTION BELOW.

26 DO 270J=1,I1 
GSUM=0.0
DO 280K=1,I1 
IF(ITYPE(K).EQ.1)280,29 

29 XA=XP(J)-XE(K)
XB=XP(J)-XE(K+l)
ZA=ZT(J)-ZT(K)
z c=z t (j )-z i (k ) 
de n i=d i(k )
GSUM=GSUM+GI(DENI,XA,XB,ZA,ZC) 
IF(ITYPE(K).EQ.2.0R.ITYPE(K).EQ.3)280,31 

31 ZA=ZC
ZC=ZT(J)-Z2(K)

DEN2=D2(K)
GSUM=GSUI 1+GI (DEN2, XA, XB, ZA, ZC) 
IF(ITYPE(K).EQ.U.OR.ITYPE(K).EQ.5)280,33 

33 ZA=ZC
ZC=ZT(J)-Z3(K)
DEIi3=D3(K)
GSUM=GSUM+GI(DEN3,XA,XB,ZA,ZC) 
IF(ITYPE(X).EQ.6.0R.ITYPE(K).EQ.7 )280,32  

32 ZA=ZC
ZC=ZT(J)-ZB(K)
DEN4=DU(K)
GSUM=GSU! 1+GI (DEN»+, XA, XB, Z A , ZC)

280 CONTINUE
GCALC(J)=GSUM

270 CONTINUE
NL00P=NL00P+1
GO TO 130

200 CONTINUE
9999 STOP
1000 FORMAT(7A5,FU.2,11;)
2000 F0RIdAT(F10.0,5F6.0,l;F5.2,2F7.3,I2) 

END
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C
C

SUBROUTINE TYPEIT(IGRFF)
C THIS SUBROUTINE PRINTS OUT ALL RESULTS WHEN IT IS CALLED

COMMON XE(lOl),ZT(101),Zl(lOl),Z2(l0l),Z3 (lOl),ZB(lOl),Dl(lOl), 
XD2(101),D3(101),D4(101),GO(101),XP(lOl),GRES(101)
X,RESID(101),NLOOP,II,ITYPE(101),GCALC(lOl),RESLIM,LUPLIM 
COMMON XPN3(101),XEN1(101)

WRITE(1+6,41+5) RESLIM ,LUPLIM, NLOOP
445 FORMAT(IX, 'RESLIM=', F4.2, ' LUPLIM*', 13, 'NLOOP*', 13)

WRITE(46,3002)
3002 FORMAT('XCOORD. ZT Z1 Z2 Z3 ZB RESID GRES GCALC'/

* SX'TYPE D1 D2 D3 D4'//)
DO 3 N1=1,I1’
IZT=ZT(N1);IZ1*Z1(N1);IZ2*Z2(Nl);IZ3=Z3(Nl)
IZB*ZB(N1)
WRITE(46,3000)XPN3(N1),IZT,IZ1,

* IZ2.IZ3,
* IZB,RESID(N1),GRES(N1 ),GCALC(Nl),Nl,ITYPE(Nl),Dl(N1 ),
* D2(N1),D3(N1),D’+(N1)

3000 F0BMAT(1X,F11.0,5(1X,I6),3(1X,F8.3),
* 1X,I3,5X,I1,5X,4(1X,F6.2))

3 CONTINUE
IF(IGRFF.NE. 'Y')GO TO 4 
TYPE 3025

3025 FORMAT(' CR TO BEGIN PLOT')
ACCEPT 3030 

3030 FORMAT(IX,Al)
CALL TEKGRF

4 RETURN 
END

C
C

FUNCTION GI(D,X1,X2,Z1,Z2)
C THIS FUNCTION CALCULATES GI THE GRAVITY EFFECT OF AN INDIVIDUAL 
C RECTANGULAR PRISM. XI AND X2 ARE THE HORIZONTAL DISTANCES OF THE 
C OBSERVER FROM THE EDGES OF THE RECTANGLE, AND Z1 AND Z2 ARE THE 
C VERTICAL DISTANCES OF THE OBSERVER FROM THE UPPER AND LOWER EDGES 
C RESPECTIVELY. D IS THE DENSITY CONSRAST.

A1=Z2*Z2+X1*X1 
A2=Z1*Z1+X1*X1 
A3=(A1/A2)**0.5 
A4=AL0G(A3)*X1 
B1=Z2*Z2+X2*X2 '
B2=Z1*Z1+X2*X2
B3=(B1/B2)**0.5
B4=AL0G(B3)*X2
C1=Z2*(ATAN2(XI,Z2)-ATAN2(X2,Z2)'
D1=Z1*(ATAN2(XI,Zl)-ATAN2(X2,Z1))
GI=.004066032*D*(A4-B4+C1-D1)



RETURN
END
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C
C

SUBROUTINE TEKGRF
C THIS SUBROUTINE PLOTS ON THE CRT TERMINAL GRES VALUES ALONG THE 
C PROFILE AND DEPTH-TO-BEDROCK VALUES ALONG THE PROFILE.

LOGICAL IFRST
C THE REGIONAL CORRECTION AT XP(N).

COMMON XE(lOl),ZT(101),Zl(lOl),Z2(l0l),Z3(lOl),ZB(lOl),Dl(lOl),
XD2(101),D3(101),DU(101),G0(101),XP(101),GRES(101) 
x ,r e s i d(101),NLOOP,Il,ITYPE(lOl),GCALC(101),r e s l i m ,lu p l i m 
COMMON XPN3(101),XENl(lOl)

INTEGER RESAN,FEETT,DEPTH,DISTAN
DIMENSION RESAN(l6),DISTAN(8),FEETT(4),DEPTH(5),MGLS(5)
DATA (RESAN(K),K=1,l6)/82,69,83,73,68,85,65,76,32,65,78,

* 79,77,65,76,89/
DATA(MGLS(K),K=1,5)777,71,65,76,83/
DATA (FEETT(K),K=1,U)/70,69,69,8U/
d a t a(d i s t a n(k ),k=i ,8)768,7 3,8 3,84,65,7 8,67,69/
DATA(DEPTH(K),K=1 ,5)768,6 9,8 0,8U,72/
CALL ERASE 
CALL NPTS(II)
CALL PLACE( 'UPH' )
CALL XLAB( 0)
CALL XFRM(lt); CALL XMFRM(3)
CALL YDEN( 9).
CALL SYMBL(7)
CALL CHECK( XPN3, GO)
CALL DSPLAY(XPN3, GO)
CALL FRAME
CALL MOVABS(5 , 690)
CALL VLABEL(5, MGLS)
CALL NOTATE(430,720,16, RESAN)
CALL XLAB(l)
CALL SLIMY( 150,1*59)
CALL SLIMX(150,850)
CALL LINE(3)
ZMM=9.E6;ZMX=-ZMM 
ZZM=Ztol;ZXX=-ZZM 
CALL MNMX(ZB,ZMM,ZMX)
CALL MNMX(Z3,ZMM,ZMX)
CALL MNMX(Z2,Z11I1,ZMX)
CALL MNMX(Z1 ,ZMM,ZMX)
CALL I4NI4X (ZT, ZMM, ZI DC)
CALL YDEN(8)
CALL YWDTH(5)
CALL DLIMY(ZMM,ZMX)
CALL miMX(XPN3,ZZM,ZXX)
CALL DLIMX(ZZM,ZXX)
CALL NOTATE(350,50,8 ,DISTAN)
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CALL NOTATE(5 20,5 0,U,FEETT) 
CALL LINE(3)
CALL CHECK(XPN3,Z1 )
CALL DSPLAY(XPN3,Z1)
CALL MOVABS(3,400)
CALL VLABEL(5,DEPTH)
CALL MOVABS(25,375)
CALL VLABEL(4,FEETT)
CALL FRAME 
DO 4 N1=1,I1
IF(Z2(N1).EQ.0.) GO TO 3012 
CALL LINE(2)
CALL CPL0T(XPN3,Z2) 
IF(Z3(N1).EQ.0.) GO TO 3012 
CALL LINE(l)•
CALL CPLOT(XPN3,Z3) 
IF(ZB(Nl).EQ.O.) GO TO 3012 
CALL LINE(O)
CALL CPL0T(XPN3,ZB)

4 CONTINUE
3012 CALL MOVABS(0,10)

CALL TINPUT(KEY)
RETURN
END
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EXPLANATION

4 0 0 ------------- Depth-to-bedrock contour

• 480 Wbll

0 12,500 Well

Dashed where interpretation is less certain 
Contours are at 400,800, and multiples of 1600 feet.
Depth, in feet, of wells that do not penetrate bedrock.
Deoth. in feet, of wells that do oenetrate bedrock.

Bedrock is rock with an average density of 2.67 glee.

In gravity modeling, the volcanics within the basin fill are considered alluvium, otherwise the volcanics are 
considered bedrock.

Where residual gravity data indicates that an alluvial basin underlies a surface layer of Quaternary basalt, the 
depth-to-bedrock contours are drawn through the layers.

The map scale used for modeling was 1:125,000 for the Tucson basin and 1 =250.000 for the other basins

• no uew vvs vuunaary, me u-tooi oepm-io-oearock contour, is taken from the geologic map of the state.

This map is available from the Lab of Geophysics, U. of Arizona, Tucson, AZ 85721, along with: the gravity profile 
data, the maps at scales of 1 =250,000 and 1 =1,000,000 (Oppenheimer and Sumner, 1980), and the residual
OravitV maD Of Arizona f Lvsonski anrl Sumner IQftm eKmulnn

i ne u. a. geological survey provided funding for this map project.
Accuracy of a depth-to-bedrock point is within ±  30%

Index Map of Gravity Profiles

On file at the Lab of Geophysics, University of Arizona 
are the gravity and depth-to-bedrock values for each profile.

>.\ - ' -'T- > 1 4 1/. k , .

' i V i .

I bOLO.
•  *  ■  ■  M M .  *  M  M . -- 37*

Base by U S. Geological Survey, 1959 
Lambert Projection 
Standard Parallels

SCALE 1:500000 

20 50 MILES

0

DEPTH -TO-BEDROCK MAP OF SOUTHERN ARIZONA
Figure 1

Joan M. Oppenheimer 
M.S. Thesis, 1980 

University of Arizona 
Department of Geosciences


