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ABSTRACT

Over 31,000 gravity observations in Arizona are incorporated into 

a residual Bouguer gravity anomaly map. The International Gravity Stan

dardization Network 1971 is used as the gravity datum. All observations 

are terrain corrected by computer for a radial zone of 2.6 to 167 km. An 

isostatically controlled regional gravity correction derived from a two- 

harmonic Fourier trend surface of elevations in and near Arizona is ap

plied. Scale stability analysis of the Arizona 1971 Base Station Network 

indicates that the network may be in error by as much as 0.092 mgal.

The dominant negative residual anomalies over the Basin and 

Range province of southern Arizona have trends that parallel the trends 

of alluvial-filled basins. Many residual anomalies over the Colorado Pla

teau province of northern Arizona are probably associated with near

surface structure and with lateral density inhomogeneities within the 

crust.

A least-squares linear regression analysis of Arizona gravity data 

suggests that the crustal density of Arizona is less than normal. The 

analysis also suggests that Arizona may be characterized by very mild 

isostatic disequilibrium, but because the topographically derived regional 

correction works so well in accounting for the regional gravity field, very 

near overall isostatic equilibrium is indicated.
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CHAPTER 1

INTRODUCTION

The primary object of this thesis was the creation of the IGSN 71 

residual Bouguer gravity anomaly map of Arizona (Fig. 1, in pocket).

This map is the culmination of a series of gravity maps published by the 

University of Arizona Laboratory of Geophysics. The result of each new 

map has been a better and more interpretable picture of the gravity field 

of Arizona.

The data base used for this map consisted of 31,744 gravity ob

servations. Some of these observations were remeasurements at old sta

tions, so the actual number of discrete gravity observations is somewhat 

less but still over 31,000. The station density is greatest in the southern 

half of the state, with 23,653 stations located below lat 34° N ., and 8,091 

located above that latitude. If the data base were thinned to a station 

spacing of no less than 0.4 minutes (about half a mile), it would contain 

22,633 observations.

This map is a successor to the residual Bouguer anomaly map of 

Arizona by Aiken (1975). The map is different from Aiken's in that a 

terrain correction for a radial zone of 2.6 to 167 km was used. Aiken 

used a terrain correction for a radial zone of 7 to 167 km. Other differ

ences are that Aiken's map was compiled with a data base containing 

approximately 22,000 observations, while this map was compiled with the 

expanded data base described above. Also, this map is based on the 

most recently established gravity standard of the International Gravity

1
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Standardization Net 1971 (IGSN 71), while Aiken's map was based on the 

Potsdam datum. In Arizona, the difference between the IGSN 71 gravity 

standard and the Potsdam datum is 13.700 mgal. Complementary to the 

use of the IGSN 71 was the use of the Geodetic Reference System 1967 

(GRS 67) as the reference spheroid. Aiken's map was also computer con

toured, while this map was hand contoured. Hand contouring results in 

smoother contours and also allows the use of geologic information for 

weighting the shape of the contours in areas of sparse data density.

The scale of Aiken's map is 1:1,000,000, while the scale of this map is 

1:500,000.

Also included in this thesis is a discussion of the state of isostasy 

in Arizona. It appears that Arizona is overall very nearly isostatically 

compensated with the possible exception of the southwestern part of the 

sta te . Free-air anomalies also indicate that the Colorado Plateau may be 

in mild disequilibrium. Also, the crustal rocks in Arizona appear to have 

overall less than normal density.

Previous Work

The first Bouguer gravity anomaly map of Arizona, compiled at a 

scale of 1:2,500,000 with only a small fraction of the present volume of 

data, was made by Woollard and Joesting (1964). West and Sumner (1973) 

compiled a simple Bouguer gravity anomaly map at a scale of 1:500,000. 

Their map included approximately 19,000 stations. Aiken (1975), with an 

expanded gravity data base of approximately 22,000 gravity stations, com

piled a residual Bouguer gravity map of Arizona at a scale of 1:1,000,000. 

Schmidt (1976) contributed to improving the status of the Arizona Gravity 

Data Base (AGDB). Also included in the list of Arizona gravity maps is
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the free-air gravity anomaly map of Arizona (Aiken, Schmidt, and Sumner, 

1976) compiled at a scale of 1:1,000,000. Each of the maps compiled prior 

to this thesis has been referenced to the Potsdam gravity datum.

Sources of Data

Location and source of gravity data acquired and entered into the 

AGDB are shown on Figure 2. The figure presents only a partial compila

tion of the sources of gravity of the AGDB because all the sources could 

not be exactly defined in terms of a particular study area. Also, much of 

the gravity data could not be assigned to any source at all because no 

source identification had been attached to the gravity observations. A 

large number of the gravity stations that could not be defined in terms of 

a particular study area have been obtained from the Defense Mapping 

Agency Aerospace Center (DMAAC) files and also from private companies 

(see West, 1972, p. 7-8). The DMAAC gravity files for Arizona are in 

large part filled with data collected by U.S. Army Topographic Command 

(TOPOCOM) gravity crews. The TOPOCOM crews have collected gravity 

data in Arizona on a coarse regional grid for many years. Data collected 

by the U.S. Geological Survey are also included in the DMAAC files. A 

search was made of the most current 1979 DMAAC gravity data files for 

stations not already in the AGDB. The search was done by a computer 

program that uses a simple Pythagorean distance relationship for station 

comparison between the AGDB and DMAAC files. Approximately 890 addi

tional stations were acquired in this manner, approximately half of which 

were located east of long 115° W. on the Las Vegas Army Map Service 

(AMS) sheet. The remainder were distributed throughout the state.



Figure 2. Index map for sources of data in the Arizona Gravity 
Data Base

1. Abuajamieh (1966) 22. Montgomery (1979)
2. Andrews Geophysical Company

Copeland (1950)
3. Benham (1972)
4. Bhuyan (1965)
5. Bittson (1976)
6. Case and Joesting (1973)
7. Christie (1978)
8. Cloran (1977)
9. Davis (1967)

10. Deslauriers (1977)
11. Eaton and Timmons (1966)
12. Goodoff (1975)
13. Greenes (n .d .)
14. Hargan (1978)
15. Bench (1968)
16. Hendricks (1976)
17. Jennings (1977)
18. Lausten (1974)
19. Lynch (1972)
20. Matis (1970)
21. Menges (n .d .)

23. Parker (1978)
24. Peterson (1965a)
25. Peterson (1965b)
26. Peterson (1966)
27. Peterson, Conradi, and

Zohdy (1967)
28. Peterson, Conradi, and

Zohdy (1969)
29. Plouff (1961)
30 Plouff (1962a)
31. Plouff (1962b)
32. Popenoe (1968)
33. Robinson (1975)
34. Spangler (9169)
35. U.S. Geological Survey (1979)
36. University of Arizona (1979a)
37. University of Arizona (1979b)
38. University of Arizona (1979c)
39. Wagner (1979)
40. West (1970)
41. Wynn, Otton, and Stawicki

(1978)
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The areal density of gravity stations in Arizona varies from a 

station spacing of a mile or less such as in the highly populated Phoenix 

and Tucson basins to an average spacing of one station every 5 or so 

miles in the more inaccessible and remote regions of Arizona. The IGSN 

71 residual Bouguer gravity anomaly map of Arizona (Fig. 1) shows the 

location of stations that are farther than 0.4 minutes apart.

Digital Terrain Data Base

A computer program by Plouff (1977), which was used for making 

terrain corrections, requires a digital terrain data base. Elevations were 

averaged for compartment sizes of 1 minutes by 1 minute of latitude and 

longitude to compute terrain corrections down to an inner radial zone of 

2.6 km. The entire state of Arizona, along with a 21-km strip into conter

minous states and Mexico, were digitized according to this 1-minute for

mat. Each 1-minute compartment was visually averaged by the same 

strategy that is used to average the elevations for Hammer or Hayford- 

Bowie terrain correction compartments. The average elevations are stored 

on magnetic tape in blocks of 225 according to a 15-minute topographic 

map scheme. Each block of 225 elevations can then be referenced accord

ing to the corresponding 15-minute topographic map name. Where the 

U.S. Geological Survey has published 7i-minute topographic maps for all 

four quarters of a 15-minute section, the blocks of 225 digitized elevations 

are referenced according to the name of the 7jrminute topographic map in 

the northwest corner of the section. In areas where only 1 by 2 degree 

AMS topographic maps are available, the blocks of 225 are referenced by 

the AMS map name plus a number designator.
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The digital terrain correction program uses a combination of 1- 

minute digital average elevations and 3-minute digital average elevations. 

The 3-minute digital average elevations were the same as those used by 

Aiken (1975). The 3-minute average elevations are stored in blocks of 

800 and can be recalled by AMS map name. The terrain correction program 

uses the 1-minute elevations to calculate the terrain correction for a radial 

zone of 2.6 to 21 km and the 3-minute elevations to calculate the terrain 

correction for a radial zone of 21 to 167 km. A considerable amount of 

computer time is saved by using a system combining 1-minute and 3-minute 

elevations, and no accuracy is lost in calculating the terrain correction by 

doing so. Terrain corrections cannot be made for a radius of much less 

than 2.6 km because the 1-minute latitude-longitude digital average eleva

tion grid is too coarse. Also, the algorithm of the terrain correction pro

gram approximates the gravitational attraction of a terrain compartment 

by a formula that assumes that all of the mass within the compartment is 

concentrated along a vertical line mass at the center of the compartment, 

an approximation that becomes poorer and poorer as the distance to the 

station decreases. Because of their availability hand terrain corrections 

for Hammer zones smaller than 2.6 were input for the survey areas of 

Greenes (n .d .) and Menges (n .d .).



CHAPTER 2

THE IGSN 71 GRAVITY STANDARD

Part of the work of this thesis consisted of converting all the data 

from Potsdam gravity datum to International Gravity Standardization Net 

1971 (IGSN 71) datum. The IGSN 71 represents the most recent effort to 

standardize worldwide gravity measurements to a common datum. The 

Geodetic Reference System 1967 (GRS 67), which determines the theoret

ical sea level gravity, must be used in conjunction with the IGSN 71 to 

compute anomaly values. As will be discussed in this chapter, additional 

evaluation of the Arizona IGSN 71 Base Station Network is indicated to re

solve an apparent error of up to 0.092 mgal in the Arizona gravity datum.

Development of the Worldwide IGSN 71 

Unlike the Potsdam gravity datum, which was based on an abso

lute gravity value at a single point, the IGSN 71 was derived from a 

mathematical model that combined absolute, pendulum, and gravimeter 

measurements to arrive at a datum with a high degree of internal consis

tency. The combined effect of 10 absolute measurements and approxi

mately 1,200 pendulum measurements determine the scale of the IGSN 71, 

while some 12,000 long-range LaCoste & Romberg gravimeter measurements 

provide the relative strength of the network. Approximately 11,700 ex

center gravimeter measurements make up the remainder of the network. 

Excenter stations are those that are not connected in total to the main 

worldwide gravity network but rather are connected only to a single or

7
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possibly several gravity stations in the main network. Eight of the abso

lute measurements used in determining the scale of the network were the 

results of experiments by Hammond and Faller (1971), who used their 

transportable laser-interferometer free-fall gravity measurement apparatus. 

Two of the absolute measurements included in the net were taken from the 

experimental results of Sakuma (1971) and Cook and Hammond (1969), who 

also used a free-fall apparatus.

The problem of scale in the gravity datum of the IGSN 71 has been 

resolved in large part by including absolute gravity measurements in the 

datum determination. The IGSN 71 gravity standard provides worldwide 

base station gravity values with standard errors of less than 0.1 mgal 

over the entire range of gravity on the earth (Morelli and o thers, 1974, 

p. 18).

All absolute, pendulum, and gravimeter measurements collected 

for the IGSN 71 determination were incorporated into a single least- 

squares adjustment in such a way that the pendulum and gravimeter mea

surements were given a best fit to the absolute gravity measurements.

The adjusted value for each station in the network was adopted as the 

IGSN 71 value. The 10 adopted values of absolute gravity used in the 

IGSN 71 determination were also slightly adjusted as a result of the least- 

squares adjustment to arrive at the IGSN 71 values for the absolute value 

measurement sites. Woollard (1979) tabulated a comparison of the adopted 

absolute gravity values and the IGSN 71 values; the greatest difference is 

0.161 mgal at the Bogata, Columbia, site. Woollard also provided an assess

ment of the scale stability of the IGSN 71 gravity standard; he believes 

that the IGSN 71 has a scale stability of 0.03 mgal per 1,000 mgal of scale.
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For a more detailed description of the development of the IGSN 71 

gravity standard, the reader is referred to Morelli and others (1974). 

Included in this volume is a listing of all worldwide IGSN 71 base-station 

gravity values; also included is a list of the values and site locations for 

the absolute gravity measurements used in the IGSN 71 determination.

IGSN 71 Arizona Gravity Base Station Network 

The Arizona Gravity Base Station Network was established by the 

U.S. Army Topographic Command during the period May 1967 to June 1968 

and was based on the Potsdam gravity datum. This network was refined 

by a least-squares adjustment of all base stations within the network, with 

the Phoenix J base station held fixed at the Potsdam value of 979,490.602 

mgal. Many base stations of the Arizona network were recoveries of those 

previously established by J. S. Sumner oh The University of Arizona (see 

Bhuyan, 1965).

As a result of government reorganization, the responsibility for

maintenance and upkeep of gravity files and base-station networks was
\

transferred from the U.S. Army Topographic Command to the Defense 

Mapping Agency Aerospace Center (DMAAC). In July 1973, DMAAC con

verted its entire gravity data base to the IGSN 71 gravity standard. In 

the process, all base-station networks were also converted to the IGSN 71 

gravity standard. In Arizona, conversion of the Arizona Gravity Base 

Station Network to IGSN 71 was accomplished at DMAAC through a least- 

squares adjustment, with the Phoenix J base held fixed at the IGSN 71 

value of 979,476.79 mgal. The U.S. Army Topopgraphic Command lists 

the Potsdam datum base station gravity values to three decimal point ac

curacy, while the DMAAC uses two decimal point accuracy for IGSN 71
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values. Only the Phoenix J station was reoccupied in carrying out this 

conversion. As will be discussed, there is reason to believe that the 

IGSN 71 adjustment to the Arizona gravity network may be in error by as 

much as 0.092 mgal.

The addition of new gravity values to the Arizona Gravity Data 

Base on the IGSN 71 gravity standard presents no problem, as it is only 

necessary to reference the gravity meter to the IGSN 71 value of gravity 

at the base station. However, because the original data of the Arizona 

* Gravity Data Base did not contain information regarding the base station 

of origin, it was necessary to compute an average conversion constant that 

represents the average statewide difference between the Potsdam datum 

and IGSN 71 base-station values before the data could be converted from 

Potsdam datum to IGSN 71 gravity standard. This average difference is 

13.700 mgal. This average difference was computed by averaging values 

for all base stations that had an exact IGSN 71 value listed by the DMA AC 

(Table 1). Two base stations, Phoenix J and Phoenix K, were excluded 

from the average because there is reason to believe that a relative error 

exists between these two base stations and the rest of the network, as 

will be discussed la ter.

The entire base station network encompasses a gravity range of 

622.6 mgal. Most IGSN 71 base-station values listed in Table 1 were taken 

from DMA AC listings; however, because their listings are incomplete, 

some Potsdam datum base stations do not have corresponding DMAAC IGSN 

71 values. The IGSN 71 values for the base stations not listed by DMAAC 

were computed by subtracting 13.700 mgal from the Potsdam datum values 

of the base stations.
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Table 1. IGSN 71 and Potsdam datum gravity values for base stations in 
base-station gravity network, in mgal

Base Station

IGSN 71 
Gravity 

(1)

Potsdam * 
Gravity 

(2)
Difference 
(2) - (1)

1 Ajo 979 368.49 979 382.186 13.696
2 Bagdad 979 303.84 979 317.538 13.698
3 Beaver Dam 979 608.77 979 622.472 13.702
4 Benson* 979 118.46 979 132.157 13.7
5 Bisbee-Douglas 979 044.59 979 058.290 13.700
6 Casa Grande AMS 979 402.56 979 416.257 13.697
7 Casa Grande AP 979 404.68 979 418.382 13.702
8 Casa Grande PC 979 402.17 979 415.868 13.698
9 Chinle 979 323.68 979 337.377 13.697

10 Clifton-7 979 154.40 979 168.105 13.705
11 Clifton-7A* 979 154.43 979 168.127 13.7
12 Cottonwood * 979 333.81 979 347.514 13.7
13 Dateland 979 503.43 979 517.135 13.705
14 Flagstaff 979 128.35 979 142.050 13.700
15 Florence 979 393.50 979 407.197 13.697
16 Fredonia 979 456.79 979 470.485 13.695
17 Garden Peace* 979 441.00 979 454.702 13.7
18 Gila Bend 979 441.51 979 455.211 13.701
19 Globe 979 254.98 979 268.678 13.698
20 Grand Canyon N Rim 979 124.42 979 138.119 13.699
21 Grand Canyon S Rim 979 213.56 979 227.265 13.705
22 Gray Mountain 979 295.92 979 309.618 13.698
23 Havasu City* 979 589.83 979 603.527 13.7
24 Heber 979 107.36 979 121.058 13.698
25 Holbrook* 979 212.37 979 226.065 13.7
26 Hope 979 471.00 979 484.696 13.696
27 Jacob Lake* 979 217.94: 979 231.643 13.7
28 Kayenta 979 359.12 979 373.818 13.698
29 Kearny* 979 324.42 979 338.118 13.7
30 Kingman 979 405.11 979 418.808 13.698



Table 1. Continued

IGSN 71 Potsdam
Gravity Gravity Difference

Base Station (1) (2) (2) - (1)

31 La Palma* 979 381.23 979 394.932 13.7
32 Lukeville 979 326.73 979 340.431 13.701
33 Marana* 979 302.72. 979 316.422 13.7
34 Marble Canyon 979 464.10 979 477.803 13.703
35 Maricopa* 979 416.18 979 429.884 13.7
36 Mobile* 979 417.29 979 430.988 13.7
37 Nogales UA 979 055.24 979 068.941 13.701
38 Nogales W* 979 055.28 979 068.977 13.7
39 Papago Well* 979 393.40 979 407.104 13.7
40 Parker 979 583.42 979 597.118 13.698
41 Payson 979 211.53 979 225.235 13.705
42 Peach Springs 979 324.95 979 •338.650 13.700
43 Phoenix J 979 476.83 979 409.602 13.772
44 Phoenix K 979 476.95 979 490.755 13.805
45 Prescott 979 226.39 979 240.090 13.700
46 Quartzsite* 979 513.79 979 527.494 13.7
47 Ryan Field* 979 222.35 979 236.052 13.7
48 Safford 979 206.14 979 219.843 13.703
49 San Manuel* 979 199.21 979 212.905 13.7
50 Second Mesa 979 269.58 979 283.278 13.698
51 Sells 979 256.18 979 269.879 13.699
52 Show Low 979 076.25 979 089.948 13.7
53 Sonoita PC* 979 010.18 979 023.881 13.7
54 Springerville* 979 006.94 979 020.635 13.7
55 St. Johns 979 147.67 979 161.367 13.697
56 Stone Cabin* 979 415.47 979 429.137 13.7
57 Temple Bar 979 629.53 979 643.230 13.700
58 Toltec * 979 379.87 979 393.571 13.7
59 Tombstone* 979 044.68 979 058.377 13.7
60 Tuba City 979 334.14 979 347.843 13.700
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Table 1. Continued

Base Station

IGSN 71 
Gravity 

(1)

Potsdam
Gravity

(2)
Difference 
(2) - (1)

61 Tucson UA 979 240.15 979 253.851 13.701
62 Tucson J 979 206.62 979 220.320 13.700
63 Tule Well* 979 380.94 979 394.644 13.7
64 Tuweep 979 394.01 979 407.709 13.699
65 Wellton 979 491.46 979 505.163 13.703
66 White River 979 128.47 979 142.167 13.697
67 Wickenburg 979 405.56 979 419.262 13.702
68 Wickieup* 979 462.25 979 475.947 13.7
69 Willcox 979 083.11 979 096.812 13.702
70 Williams * 979 169.56 979 183.255 13.7
71 Winslow 979 263.55 979 277.254 13.704
72 Yuma 979 515.18 979 528.877 13.697
73 Sells FB* 979 252.06 979 265.758 13.7

Average difference** 13.700

*Exact IGSN 71 values were not available from DMAAC. The IGSN 71 
values given at these base stations were computed by subtracting 13.700 
mgal from Potsdam datum values.

**Average difference for all stations for which both IGSN 71 and Pots
dam datum values were available, excluding Phoenix J and Phoenix K.
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Figure 3, which plots the differences between IGSN 71 and Pots

dam datum base-station gravity values against absolute gravity, gives an 

estimate of the scale stability of the Arizona base-station gravity network 

over the range of gravity values contained in the network. The data 

plotted in Figure 3 was taken from Table 1 and includes values for only 

those stations for which exact IGSN 71 values were available from DMA AC. 

A plot of this nature gives an estimate of the scale stability of the Arizona 

base-station gravity network. The analysis used to assess the scale sta

bility of the Arizona network is similar to that used by Woollard (1979) 

for his assessment of the scale stability of the worldwide IGSN 71 network.

Figure 3 shows that the differences in values for all base stations 

for which both IGSN 71 and Potsdam datum were available, except the 

Phoenix J and K base stations, are within 0.005 mgal of 13.700 mgal, the 

average statewide difference. Because the differences for Phoenix J and 

K depart as markedly from the statewide average difference by 0.072 and 

0.105 mgal, respectively, there is reason to believe that a relative error 

exists between the values for the two Phoenix base stations and those of 

the rest of the network. For this reason these two stations were excluded 

from the computation of the statewide average difference.

Two explanations for the relative error between the IGSN 71 

values for the Phoenix base stations and those for the rest of the Arizona 

network can be given. The first, and least likely, is that the values for 

the Phoenix bases are incorrect and need to be redefined. The second, 

and more likely explanation, is that the least-squares adjustment of the 

Arizona IGSN 71 network was not properly done.
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The first explanation is least likely because the Phoenix bases 

have been remeasured numerous times and are, in fact, part of the world

wide IGSN 71 gravity network (see Morelli and others, 1974, p. 48). 

Subsequent to the determination of the Arizona IGSN 71 gravity network, 

W. E. Strange (1979, personal commun.) reoccupied the Phoenix J base 

station and obtained a measured gravity value of 979,476.83 mgal. The 

published IGSN 71 network value for the Phoenix J Station is 979,476.79 

mgal. The value measured by Strange is thus in close correspondence 

with the published IGSN 71 value. Strange suggested that the Phoenix J 

base-station value should perhaps be the average of his value and the 

published value, or 979,476.81 mgal. However, this value makes the 

relative error between the Phoenix J base station and the rest of the net

work of even slightly greater magnitude, or 0.092 mgal. Using Strange's 

suggested gravity value for the Phoenix J base station and ignoring the 

Phoenix K base station because it is not as well established as Phoenix J 

and also because only the Phoenix J base station was used as the datum 

of the least-squares adjustment to the Arizona network, the indication is 

that the IGSN 71 least-squares adjustment of the Arizona base station net

work is in error by as much as 0.092 mgal. A reassessment of the least- 

squares adjustment is thus indicated.

A best-fitting straight line to the data of Figure 3 (excluding the 

Phoenix bases), using least-squares linear regression, has a slope of 

-0.002 mgal per 1,000 mgal of absolute scale (x origin = 979,000 mgal, y 

intercept = 13.700 mgal), indicating a systematic decrease of 0.002 mgal 

for each 1,000 mgal increase in absolute gravity. This slope has a stan

dard error of 0.003 mgal per 1,000 mgal. The distance of the differences
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of the Phoenix bases in Figure 3 to this best-fitting straight line is well 

outside the standard error, further indicating that there is a relative 

error between the Phoenix bases and the rest of the Arizona network. A 

two-sided t test of the data of Figure 3 (excluding the Phoenix bases), 

with a null hypothesis that the slope is equal to zero, shows that the 

slope is not significantly different from zero at the 5 percent confidence 

level. In other words, the slope of the best-fitting straight line could 

be zero and still be consistent with the data. This indicates that the 

Arizona base-station network, with the exclusion of the Phoenix bases, 

has a good degree of internal consistency and scale stability.

If the difference between the IGSN 71 and Potsdam datum values 

of the Phoenix J and Phoenix K base stations are figured into the state

wide average difference, the average difference would be 13.705 mgal.

A best-fitting straight line to the data of Figure 3, including the Phoenix 

bases, would show a slope of 0.024 mgal per 1,000 mgal of absolute grav

ity (x origin = 979,000 mgal, y intercept = 13.696 mgal). The standard 

error of the slope would be 0.018 mgal per 1,000 mgal. The sign of this 

slope is opposite to that of the slope determined when the Phoenix base 

stations were not included; however, the distances of the differences of 

the Phoenix bases to this slope is still greater than the standard e rro r .

A t test of the data of Figure 3, including the Phoenix bases, would show 

the same results as before.

All this discussion about a relative error that may be as much as 

0.092 mgal in the Arizona IGSN 71 base-station network might seem insig

nificant if one considers the normal usable accuracy of field survey data. 

In terms of routine gravity surveying, where errors and uncertainty in
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meter reading, in elevation, and in station position usually obscure all 

other sources of error in the data, the magnitude of the proposed relative 

error in the base-station network is not so significant. However, con

sidered solely in terms of the achievable accuracy of the base-station net

work using modern gravimeters, the error is indeed significant and is of 

concern.

Geodetic Reference System 1967

Complementary to the changeover to the IGSN 71 is the implemen

tation of the GRS 67 for defining the theoretical gravity at sea level. All 

IGSN 71 gravity anomalies are computed with reference to theoretical sea 

level gravity as defined by the GRS 67. The GRS 67 replaces the older 

1930 International Gravity Formula (IGF), which had been formulated in 

large part on the flattening of the earth as determined from surface geo

detic measurements. The flattening of the earth as defined for the IGF is 

f = 1/297. Data from satellite orbits has improved the accuracy of deter

mining the flattening of the earth with a precision that is more than an 

order of magnitude better than that obtained indirectly from geodetic mea

surements (Jacobs, 1974, p. 108), and it is with the more accurate satel

lite data that the GRS 67 has been derived. The major part of the change 

in the theoretical formula was that of adopting an earth flattening of f = 

1/298.247 (International Association of Geodesy, 1971). Other changes in 

the spheroid are a correction from the Potsdam datum that shows up as a 

sign change of the second-order latitude term, a change in the normal 

gravity value at the equator, and a change in the value for the earth 's 

equatorial radius. The change in constants between the old 1930 IGF and 

the GRS 67 are seen from a comparison of the two gravity formulas.
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1930 International Gravity Formula (IGF): 

go = 987,049 (1 + 0.0052884 sin2(f> - 0.0000059 sin22<j>) (1)

1957 Geodetic Reference System (GRS 67) formula: 

go = 978,031.846 (1 + 0.005278895 sin2* + 0.000023462 sin"*) (2)

where * is latitude and gQ is in milligals.

The GRS 67 formula of equation (2) is in open form and is accu

rate to 0.004 mgal (International Association of Geodesy, 1971, p. 60).

The closed form of the GRS 67 is given by Caputo (1966, p. 123, Eq. (15)), 

but it is not often used in computer calculations because of its longer cal

culation time. The GRS 67 formula must be used in the calculation of 

anomaly values for observed gravities on the IGSN 71 gravity standard.

For calculation of anomalies using the Potsdam datum the 1930 IGF should 

continued to be used.

Calculation of IGSN 71 Anomaly Values in 
Arizona from Potsdam Datum Values

 ̂ Conversion of Potsdam datum gravity anomalies to IGSN 71 anom

alies in Arizona is accomplished by two changes. The first is the adoption 

of the Arizona IGSN 71 Base Station Network as the reference datum. For 

Arizona, this amounts to subtracting 13.700 mgal from the Potsdam datum 

value of observed gravity if the base station of the original Potsdam datum 

reading is unknown. If the base station of the original reading is known, 

the difference value for that base station given in Table 1 should be sub

tracted from the Potsdam datum value of observed gravity. The IGSN 71 

value of observed gravity will always be smaller than the corresponding 

Potsdam datum value.
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The second change involved in converting to IGSN 71 anomalies is 

a change in the reference spheroid formula for computing the theoretical 

sea level gravity. For the Potsdam datum the 1930 International Gravity 

Formula was used to define theoretical sea level gravity. However, grav

ity measurements on the IGSN 71 gravity standard require the use of the 

GRS 67 theoretical sea level gravity formula for anomaly calculation. Once 

the observed gravity values are on the IGSN 71 gravity standard, the 

appropriate corrections such as free-air, Bouguer, terrain, and regional 

can be applied along with the GRS 67 to obtain anomaly values. For Ari

zona the difference between the 1930 IGF and the GRS 67 is on an average 

about 12.9 mgal and is opposite in effect to the 13.7-mgal conversion from 

the Potsdam datum to the IGSN 71 on anomaly calculations. Thus the IGSN 

71 anomalies in Arizona are on an average different from Potsdam datum 

anomalies by about 0.8 mgal.

If the only datum available for a station is the value of the Pots

dam datum anomaly, a Potsdam datum anomaly value can be directly con

verted to an IGSN 71 anomaly value by the procedure given by Woollard 

(1979, p. 1365) except that a datum correction of 13.700 mgal should be 

used instead of the 14.7-mgal datum correction used by Woollard. His 

datum correction was determined from a worldwide average and is not 

specific to Arizona.

For small survey areas, instead of using the theoretical sea level 

gravity formula for anomaly calculation a latitude correction in the form of 

the derivative of the theoretical formula can be applied to the observed 

gravity to compute anomaly values. In most references this latitude cor

rection is given as K = 1.307 sin 2$ mgal/mile ( e .g . , see Dobrin, 1976, p.
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421). The IGSN 71, because it requires the use of the GRS 67 theoretical 

sea level gravity formula, has a latitude correction in derivative form for 

Arizona of

K = 1.310 sin 2<}> mgal/mile (3)

or

K = 0.814 sin 2<f> mgal/km

where 4> is latitude. These equations have been derived using an average 

earth radius (between latitudes 31° and 37°) of 6,371,428 meters and an 

earth flattening of f = 1/298.247. The equations are accurate to 0.002 

mgal/mile.

Future of the IGSN 71 Gravity Standard 

The IGSN 71 gravity standard has to a great extent succeeded in 

establishing a worldwide gravity datum with a high degree of internal con

sistency and a scale stability. The 10 absolute measurements incorporated 

in the IGSN 71 have contributed greatly to establishing this internal sta

bility. The method of least-squares fitting used to establish the IGSN 71 

is much to be preferred over the method of the Potsdam datum, which 

relies on a single gravity measurement for establishing the datum. Wool- 

lard (1979) has found that a scale instability of approximately 0.03 mgal 

per 1,000 mgal of absolute gravity over the scale of the IGSN 71 may be 

probable. However, this discrepancy is very close to the limits of scale 

uncertainty originally established by the least-squares fit of the IGSN 71 

of 1 part in 40,000 to 1 part in 50,000 (Morelli and others, 1974. p. 134), 

corresponding, respectively, to 0.025 mgal per 1,000 mgal of scale and 

0.020 mgal per 1,000 mgal of scale. It may be that some of the scale 

instability of the IGSN 71 is related to the absolute gravity measurement



at the Bogata, Columbia, site, which may have been affected by local 

seismic activity during the period of measurement (Morelli and others,

1974, p. 132).

It is to be anticipated that if the scale of the network is con

trolled by the absolute measurements, the largest contribution for the 

scale comes from the largest gravity difference in the absolute measure

ments. In the IGSN 71, the extreme stations are at Bogata and Fairbanks, 

Alaska, which have an absolute gravity difference of 4,900 mgal. Thus, 

any doubt as to the accuracy of the absolute gravity measurment at the 

Bogata station would affect the scale certainty over the entire gravity 

range of the IGSN 71 and thus may possibly be the cause of the scale in

stability described by Woollard (1979). The IGSN 71 still represents the 

best available worldwide gravity standard.

In an earlier discussion it was noted that the Arizona IGSN 71 

Gravity Base Station Network may be in error by up to 0.092 mgal. An 

effort should certainly be made to resolve this discrepancy, perhaps by 

investigating the method of least-squares fitting used by DMAAC for the 

Arizona network.

It is important to note that the latitude and longitude of most 

topographic maps in North America are based on the North American 

Datum, 1927. This datum was computed on the Clarke 1866 ellipsoid, 

which used an earth flattening of f = 1/295.0. Latitudes and longitudes 

determined from the North American Datum are thus inconsistent with 

latitudes and longitudes determined in Europe, which are referenced to 

the European Datum, which uses an earth flattening of f = 1/297.0. 

Furthermore, both datums are inconsistent with the GRS 67, which uses

22
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an earth flattening of f = 1/298.247. The effect of positional inconsistency 

with the use of different ellipsoids may be investigated to get an idea of 

the limits of error involved. Burkard (1968) gives a discussion of the 

various positional datums in use throughout the world as well as a brief 

description of the World Geodetic System, a system in which coordinates 

anywhere on the earth are compatible, which was developed by the De

partment of Defense. Heiskanen and Vening Meinesz (1958, p. 299-310) 

also address the issue of coordinate determination for different ellipsoids.

As satellite orbit data become more accurate, changes in the 

parameters determining the formula for theoretical sea level gravity will 

be forthcoming. These changes can be anticipated to be rather minor 

because most of the accuracy of the earth flattening has probably already 

been achieved without going to higher order terms.

v



CHAPTER 3

DATA REDUCTION AND MAP CONSTRUCTION

The purpose to this chapter is to present the data reduction 

method used for computing residual Bouguer gravity anomaly values. The 

data were initially free-air corrected and Bouguer corrected. Mean sea 

level (the surface of the geoid) was used as the reference datum, and 

2.67 g/cm3 was used as the value of the mean density of crustal rocks. A 

correction accounting for the curvature of the earth was applied to the 

Bouguer correction. Next, a digital terrain correction computed for a 

radial zone of 2.6 to 167 km was applied. The digital terrain correction 

also took into account the effect of earth curvature. Where available, 

hand terrain corrections for radial zones less than 2.6 km from the sta

tion were applied. An isostatically considered regional gravity correction, 

derived from a two-harmonic trend surface of elevation, was applied, and 

residual Bouguer gravity anomaly values were then computed with respect 

to the GRS 67 theoretical sea-level gravity formula.

The residual Bouguer gravity anomaly values were plotted and 

contoured on a Lambert conformal map projection at a scale of 1:250,000 

and photographically reduced to a scale of 1:500,000. The reduced maps 

were then drafted onto a stable base map provided by the U.S. Geologi- 

ical Survey. The scale of the drafted map allows an exact overlay on the 

Geologic Map of Arizona of Wilson, Moore, and Cooper (1969).

24
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Total Residual Bouguer Gravity Reduction 

The various gravity reductions necessary to compute residual 

Bouguer gravity anomaly values for stations above the reference datum 

can be combined into one equation, given here as

where

^res -  ^obs + ^fa ^ b  + ^cc ^tc^ + ^reg ^t 

greg = residual Bouguer gravity anomaly value 

9obs = 0^ servec  ̂ gravity value on the IGSN 71 gravity standard 

g^Q = free-air correction 

g^ = Bouguer correction

gcc = curvature correction to the Bouguer slab

gtc = terrain correction, curvature corrected beyond 14 km

greg = regional gravity correction

gt = theoretical sea-level gravity of the GRS 67.

(4)

In equation (4), the Bouguer correction, the curvature correction to the 

Bouguer slab, and the terrain correction are combined into one argument 

that accounts for the total attraction of the topography. Each correction 

term in equation (4) is described below in more detail.

Free-air Correction

The free-air correction, which accounts for the vertical decrease 

in gravity with increase in elevation, is given as

gfa = (0.30855 + 0.00022 cos 2*)h + 0.072 x I0 '6h 2 (5)

where g^ is in mgal, h in meters, and 4> is latitude. For a derivation of 

this equation see Pick, Pic ha, and Vyskocil (1973, p. 87). Equation (5) 

has been rearranged by trigonometric identity by Plouff (1973) as
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gfa = (0.30877 + 0.00044 sin2<|>)h + 0.072 x 10~6h2 (6)

where the variables are the same as before. Plouff's terrain correction 

program uses equation (6) for the free-air correction because sin24> is 

common to this equation and to the theoretical sea-level gravity formula, 

thus calculation of sin2<f> is necessary only once for each station. The 

free-air correction is most often seen as a term independent of latitude, 

or g^a = 0 .3086h mgal/m, which for low elevations is a good first approxi

mation. For stations above the reference datum, the free-air correction 

is added to the observed gravity value; for observations below the refer

ence datum, the free-air correction is subtracted.

Bouguer Correction

To remove the gravity effect of mass between the reference datum 

(mean sea level) and the station, the Bouguer correction is applied to the 

observed gravity. The Bouguer correction is

gfa = 2TiGph mgal/ft (7)

= 0j0127776ph m gal/ft

= 0.0419214ph mgal/m

where p is density in g/cm3 and h is the elevation above the reference 

datum. Equation (7) was derived with the gravitation constant G equal 

to 6.672 x 10-11 m3kg-1s-1 (Groten, 1979, p. 373). For stations above 

the reference datum, the Bouguer correction is subtracted from the ob

served gravity value; for stations below the reference datum the Bouguer 

correction is added. The sign of the Bouguer correction is always oppo

site that of the free-air correction.
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Earth Curvature Correction

Because the Bouguer correction is the'gravitation attraction of 

an infinite slab of density p and thickness h, a correction is needed to 

reduce the gravity effect of the infinite slab to that of a spherical cap 

curved to the radius of the ea rth . Lambert (1930) derived a formula for 

the gravitational attraction of a spherical cap in terms of Legendre poly

nomials. Oliver (cited in Plouff, 1973) substituted a power series in h
x

for the Legendre polynomials of Lambert to obtain the curvature correc

tion to the Bouguer slab as

gcc = 4.462 x i0 -4h - 3.282 x I0r8h2 + 1.27 x l(T15h 3, h in feet (8) 

or

gcc = 1.464 x l0_3h - 3.533 x 10~7h2 + 4.485 x 10“14h3, h in meters

where gcc is in mgal. A plot of equation (8) vs. elevation is shown in 

Figure 4. Bullard (1936) also studied the effect of such a spherical cap 

extending to the outside of the Hay ford-Bowie zone 0 (see also Pick and 

others, 1973, p. 90). Bullard's results are also plotted in Figure 4. 

Equation (8) is used by Plouff in his terrain correction program. For 

stations above the reference datum the curvature correction is added to 

the Bouguer correction; for stations below the reference datum it is sub

tracted from the Bouguer correction.

Terrain Correction

To account for the deviation of the actual topography from the 

Bouguer slab a terrain correction is necessary. The total terrain correc

tion is applied to the Bouguer correction and is almost always positive, 

but the effect of zones that are a large distance from the station and
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where the topography is below the line of sight due to the curvature of 

the earth can cause the total terrain correction to be negative. Swick 

(1942, p. 68) tabulated the effect of negative terrain corrections for the 

Hayford-Bowie system as modified by Bullard (1936). All negative terrain 

corrections in Swick's table occur at distances greater than the Hayford- 

Bowie zone N, or distances greater than 58.8 km from the station. The 

terrain correction of Hammer (1939) will always result in a positive value 

because this method accounts only for departures of topography from an 

infinite Bouguer slab and does not take into account effects of the earth 

curvature.

The FORTRAN IV computer program used for terrain correcting 

the AGDB data was originally designed by Plouff and published by him in 

1977. This program was adapted to the data format of the AGDB by 

Schmidt (1976). It is an advanced, version of an earlier terrain correction 

program written by Plouff (1966). A key aspect of the program is that it 

requires a grid of digitized average elevations surrounding each gravity 

station to a distance extending to the outer limits of the farthest radial 

zone requested. A digital terrain data base as described in Chapter 1 

was specifically made to fulfill the requirements of the program. The 

outer limit of the terrain correction is constrained by the availability of 

digitized 3-minute average elevations to the desired distance away from 

the gravity station. The presently established digital terrain data base 

can be used for a correction out to a distance of at least 167 km from any 

gravity station in Arizona, with the exception of a small area in south

western Arizona where the maximum allowable distance for the southern 

limit of the terrain correction is somewhat less than 167 km because of the



unavailability of sufficient 3-minute digitized averaged elevations inside 

Mexico. A distance of 167 km corresponds to the outer limit of the O ring 

of the Hayford-Bowie terrain corrections system.

The minimum allowable distance limit of the digital terrain correc

tion is governed by the coarseness of the digital terrain grid. Although 

a 1-minute digital terrain grid will allow a digital terrain correction for an 

inner radial distance of a few tenths of a kilometer less than 2.6 km, the 

outer radius of the Hammer H ring, the inner-ring distance was kept at 

2.6 km to allow incorporation of hand terrain corrections for zones of 

radius less than that of the Hammer H ring into the total terrain correc

tion. The overall digital terrain correction is computed using the 1- 

minute digitized average elevations for a ring zone of 2.6 to 21 km, the 

3-minute digitzed average elevations for a ring zone of 21 to 60 km, and 

3-minute digitized elevations combined into 12-minute blocks for a ring 

zone of 60 to 167 km. If hand terrain corrections are included in the in

put data, the total terrain correction includes them. The program has 

the ability to form an exact circular join to the cylindrical rings of con

ventional hand terrain corrections in which all parts of compartments 

closer to the station than the minimum specified distance are excluded and 

all compartments farther from the station than that distance are included.

Programmed into the heart of the terrain correction program are 

two equations that calculate the gravity effect of digitized elevation com

partments. One of these equations is used to calculate the gravity effect 

of compartments that are less than 14 km from the station, while the other 

equation is used to calculate the gravity effect of compartments that are 

farther than 14 km from the station. The difference between the two
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equations is that an earth curvature correction term has been included in 

the equation that calculates the gravity effect of compartments that are 

farther than 14 km from the station.

The equation in the terrain correction program used to calculate 

the gravity effect, g, of compartments closer than 14 km from the station 

is

9 = GpA[T  '  - F T W 1 (9)

where: G = gravitational constant 

p = density

A = area of the compartment

r = distance between station and center of compartment 

H = height difference between station and compartment, or e - c 

e = station elevation 

c = average elevation of compartment.

This equation, which was described by Bott (1959), makes the assumption 

that all the mass within each compartment is concentrated along a vertical 

line mass at the center of the compartment.

Plouff (1977) revised the vertical line mass formula of equation (9) 

to account for the effect of earth curvature to:

9 " GpAI <r= * d 2)i '  [ ( r2 + (d + H2) l i '  1101

where d is the depth below a horizontal tangent plane through the station, 

that is, the depth below the horizon to the level of the station elevation at 

a distance r from the station. The value of d can be closely approximated 

by 0 .5r2/a, where a is the radius of the earth. The value for a used by
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Plouff in his terrain correction program was 6371.2 km; this radius ap

pears to be that at the central latitude of the United States. A derivation 

of the transition from equation (9) to equation (10) is given in Appendix 

A. Equation (10) is not used for compartments with distances less than 

14 km because the approximations involved in the derivation of this equa

tion are not necessarily valid for lesser distances. The consideration of 

computer efficiency prompted Plouff to approximate both equations (9) 

and (10) in terms of their respective binomial expansions; where the de

gree to which higher order terms were truncated depended on the square 

of the ratio of H to r .

The actual ground surface within every compartment surrounding 

a gravity station is usually not horizontal. More likely, the ground su r

face of each compartment to a first approximation has a surface that slopes 

through the nearby gravity station. The gravity effect computed from 

the vertical line mass formula of equation (9) of an elevation compartment 

bounded on top by a sloping plane that passes through the station is a 

close approximation to the gravity effect of the compartment computed 

from an exact equation (Plouff, 1977). Figure 5 shows that for distances 

greater than 4 km from the station the gravity effect computed from the 

vertical line mass formula is nearly identical with that computed from the 

exact equation. However, for distances less than about one kilometer 

from the station, the error of the vertical line mass formula increases 

rapidly. Thus, any change in the terrain correction program that per

mits the use of elevation compartments with a grid spacing finer than one 

kilometer will have to be accompanied by the implementation of a gravity 

equation that will calculate the gravity effect of nearby compartments more
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topped rectangular prism approximated by equation (9) and that 
calculated by an exact equation

Solid lines indicate broadside orientation; dashed lines indi
cate diagonal orientation. Compartments are one-km squares.
Direction of dip indicated by arrow. Numbers indicate slope of inclined 
plane that passes through station. Density is 2.67 g/cm2. From Plouff 
(1977).
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exactly than does equation (9). The U.S. Geolgical Survey now has digi

tal elevations on both a 30-second grid and in selected areas on a 15- 

second grid (F. Boler, 1979, personal commun.). However, these finer 

elevation grids contain only elevations picked at points with a spacing of 

30 to 15 seconds and do not contain the average elevation of the com

partment.

Regional Correction

A regional gravity correction was added to the observed gravity 

to remove the effect of the strong regional gravity field in Arizona. The 

regional gravity field tends to obscure and distort near-surface gravity 

anomalies. The regional gravity field is related to the structure of the 

crust and upper mantle. The structure of the crust and upper mantle is 

a topic that will be discussed in more detail in Chapter 6. The discussion 

in this section will focus on how the regional correction is applied to the 

data. A discussion of how the regional gravity correction was designed 

is also left to Chapter 6.

To compute the regional gravity correction it is first necessary to 

compute the regional elevation at the observation point. Aiken (1976) 

derived a two-harmonic Fourier trend surface series equation that de

scribes the regional elevation in Arizona. The regional elevation, Ereg , 

is computed by converting the latitude and longitude of the observation 

point into x and y coordinate values and substituting these values into 

the following equation:
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E = 2024.016091 + 7383.447287 cos —  - 4222.728021 s i n ^  reg UW UW

- 1673.108190 co s2^ - 700> - 3569.312464 sin^LiZ=Z221
V W V w

+ 3417.961810 cos ^  cos 27t(̂ 700) + 122.592006 sin cos 2Tr(̂ 7°-0)- 

+ 11798.006668 cos sin 2^ ~ ™ 0) - 3863.857710 sin ^  sin 2^ ~ —

- 459.527331 cos ^  + 3899.582012 sin ^

+ 3446.953853 coo4- (^ p —  '  68.103088 sin 4ff(^ 7" -  

+ 387.064963 cos ^  cos 2̂ M .  + 768.009214 sin ^  cos 2J I < «

- 1052.806508 cos ^  sin + 6553.661052 sin iH- sin 2- ^ 7°0)

- 6112.310636 cos ^  cos + 2103.131145 sin ^  cos —■(̂ f 0-0-)-

+ 2392.882007 cos ^  sin - 143.800700 sin ^  sin ■47t(̂ 70°)

+ 1698.129538 cos ^  cos 4tt(^ 7Q-̂  - 2006.876311 sin ^  cos 47T(̂ 7°0)

+ 675.209052 cos ^  sin + 771.959154 sin ^  sin ^Z =Z M 1
( 11)

where: Ereg = regional elevation, in feet

UW = east-west wavelength = 140, in Lambert inches at a scale of 
1:500,000

VW = north-south wavelength = 140, in Lambert inches at a scale 
of 1:500,000

x ,y  -  determined from latitude and longitude in Lambert inches at 
a scale of 1:500,000 (use algorithm of Appendix B ).

The regional gravity correction, greg. in mgals, is obtained by 

substituting the value for Ereg from equation (11) for h in equation (7).
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A density of 2.67 g/cm3 is also used. The regional gravity correction, 

greg, is thus defined by

greg = 0.0127776 *2.67 x Ereg (12)

Figure 6 shows the two-harmonic trend surface of regional gravity for 

Arizona defined by equation (12).

Equation (12) has the effect of changing the datum for the Bou^ 

guer correction from mean sea level to the variable elevation datum de

fined by equation (11). The assumption of equation (12) is that the 

regional topography of Arizona is a reduced mirror image of the crustal- 

upper mantle structure underlying Arizona; a priori to this assumption 

is that Arizona is in isostatic equilibrium .

The value of the first term in the Fourier series of equation (11), 

or the zeroth-harmonic term, is the average elevation of Arizona. The 

values of the Fourier coefficients are especially meaningful because they 

are in the same units as the data used to compute them. The dimensions 

of the coefficients in equation (11) are in feet because the dimension of 

the digital elevations used in the computation of the coefficients was also 

in feet. The values for the x and y coordinates used in equation (11) 

must be in Lambert inches at a scale of 1:500,000 because the latitudes 

and longitudes of the elevation grid used in the computation of the coef

ficients were converted to x and y coordinate values in Lambert inches at 

a scale of 1:500,000 prior to the computation of the coefficients. Thus, 

the process of using the coefficients to calculate the value of the regional 

elevation must also use x and y coordinates in Lambert inches at a scale 

of 1:500,000. Aiken (1976) chose an origin of x = 0 and y = 700 and a 

fundamental wavelength of 140 Lambert inches (scale of 1:500,000) for the
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computation of his coefficients. The origin corresponds to a latitude of 

29°25.81 N. and a longitude of 112° W. The fundamental wavelength cor

responds to a length of 1,105 miles.

Calculation of Residual Bouguer 
Gravity Anomaly Values

Residual Bouguer gravity anomaly values are computed by first 

applying all corrections previously discussed—free-air correction, Bou- 

/ guer correction (curvature corrrection and terrain correction included), 

and regional correction—to the observed gravity. The residual anomaly 

values are then computed by subtracting the theoretical sea-level gravity 

defined by GRS 67 from the corrected observed gravity values.

Lambert Conformal Map Projection 

The Lambert conformal map projection algorithm used for comput

ing the x and y values of the two-harmonic Fourier trend surface de

scribed by equation (12) is given in Appendix B. This same algorithm 

was also used for plotting the anomaly values used in making the residual 

Bouguer gravity anomaly map (Fig. 1). For Arizona, the central meridian 

must be maintained at long 112° W. and the standard parallels must be at 

lat 33° and 45° N. to produce x ,y  coordinate values that will be congruent 

with the Lambert conformal map projection used by Wilson and others (1969) 

for their geologic map of Arizona. The scale must be 1:500,000 for use in 

the Fourier series of equation (11). For other uses, the scale can be 

varied as necessary. The dimensions of the x ,y  coordinates will be the 

same as those of the semi-major and semi-minor axes; that is, if these 

axes are in meters, x and y will be in Lambert meters, and if the axes 

are in inches, x and y will be Lambert inches, and so forth.



CHAPTER 4
A

INTERPRETATION OF SELECTED PROMINENT 
RESIDUAL BOUGUER GRAVITY ANOMALIES

When overlain on the geologic map of Arizona (Wilson and others, 

1969), the residual Bouguer gravity anomaly map of Arizona (Fig. 1, in 

pocket) shows that residual Bouguer gravity anomalies have a* definite 

correlation with geology. The Basin and Range province of southern 

Arizona is dominated by short-wavelength negative residual anomalies, 

which, in most cases, show a striking correlation with the trends of the 

alluvial-filled valleys of the province. The correlation between residual 

anomalies and geology in the Colorado Plateau province of northern Ari

zona quite often does not lend itself to as easy an interpretation. Some 

small residual anomalies of the Colorado Plateau may be related to folded 

structures in the sedimentary rock sequence, while many large-scale 

anomalies may be related to density contrasts within the crust. In gen

eral, positive residual Bouguer gravity anomalies are related to underly

ing rocks that have a density greater than 2.67 g/cm3 (the density used 

for the Bouguer correction), and negative residual anomalies are related 

to underlying rocks that have a density less than 2.67 g/cm3.

Rather than describing at length all the prominent residual Bou

guer gravity anomalies shown on Figure 1, an attempt was made to include 

in Table 2 a set of "type anomalies" whose interpretation can be extended 

to other areas of the map.

39



40

Table 2. "Type" residual Bouguer gravity anomalies

Approximate
Location Description Geologic Significance

36°50' N., 114°00' W. 

Virgin River Basin

36°10' N ., 112°00' W. 

Grand Canyon

36° 15' N., 100°20' W. 

Black Mesa

35°13' N., 144°40' W. 

Flagstaff area

33° 15' N.; 114°05' W. 

Castle Dome—Kofa

32°45' N ., 113045' W. 

Mohawk Mountains

33°30' N ., 112°35' W. 

Luke salt body

negative residual negative residual anomaly indi 
anomaly with values cates a mass deficiency most 
less than -15 mgal probably related to alluvial fill

within basin and to occurrence 
of near-surface halite (see 
West, 1972, p. 91)

dumbbell-shaped 
negative residual 
anomaly with one 
lobe having values 
less than -20 mgal

anomaly could be due to iso
static rebound caused by ero- 
sional unloading (see Sturgul 
and Grinshpan, 1975). Inclu
sion of large inner zone terrain 
corrections diminish magnitude 
of the anomaly somewhat

large area of posi
tive residual 
anomaly flanked 
by NE-SW trends 
of moderate to 
steep gravity 
gradient

this large area could be indica
tive of a crustal mass anomaly 
(Aiken, 1976) or probably an 
extension of the Yavapai schist 
(Sumner, 1980, personal com- 
mun.) and accompanying min
eralization

area of fluctuating monoclinal structures and vol- 
positive and nega- canic plugs are likely related 
tive residual to some of these anomalies
anomalies
negative residual 
anomaly with a 
dumbbell-shape 
interior, both lobes 
of which are less 
than -60 mgal

NW-SE-trending 
positive residual 
anomaly

area of negative 
residual gravity 
with interior values 
less than -15 mgal

area of complex geology and 
complex volcanic flows. Some 
of the mass deficiency indicated 
by the negative anomaly is 
probably due to the low-density 
alluvial fill within the basins. 
Density contrasts between vol
canic and basement rocks may 
be an additional cause. Pos
sible caldera (Sumner, 1979, 
personal commun.)
probably related to tectonics 
of the Mohawk Mountains, which 
are composed of dense Mesozoic 
tilted metamorphic rocks
related to the Luke salt body 
also to alluvial fill above and 
below the salt body (see Eaton, 
Peterson, and Schumann, 1972)
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Table 2. "Type" anomalies—Continued

Approximate
Location Description Geologic Significance

33°52' N ., 109°20l W. large area of nega- probably related to density
tive residual anom- contrasts between Quaternary 

White Mountains aly less than -30 basalts of the area and base-
mgal * ment rocks. May also be re

lated to structure within the 
sedimentary rock sequence

33°04' N ., 109°24l W. sharp positive
residual anomaly

Morenci greater than 40
mgal

probably related to localized 
area of skarn alteration. 
Anomaly is in a mineral- 
producing area. Two similar 
sharp positive anomalies are 
located approximately 13 miles 
SSW and 40 miles SSE

32*52' N., 109*55' W.

Gila River-San ''Simon 
Valley

32*23" N ., 109*58' W.

Sulphur Springs 
Valley
31*55' N., 110*53' W. 

Tucson Basin

32*23' N., 110*49' W. 

Mt. Lemmon

elongate NW-SE- 
trending negative 
residual anomaly

negative residual 
anomaly less than 
-25 mgal; trend 
is NW-SE
N-S-trending neg
ative residual 
anomaly less than 
-40 mgal
negative residaul 
anomaly with in
terior values less 
than -15 mgal

indicative of low-density allu
vial fill within basin. May 
also be related to an old rift 
valley similar to the Rio Grande 
Rift Valley (Sumner, 1979, 
personal commun.)
related to alluvial fill within 
valley and also to low-density 
interbedded volcanics

associated with the deep, 
alluvial-filled, N-S-trending 
Tucson Basin

probably associated with a deep 
Laramide granitic plug of den
sity less than 2.67 g/cm3 (West, 
1972, p. 102; Sumner, 1979, 
personal commun.



CHAPTER 5

CRUSTAL STRUCTURE AND ISOSTASY IN ARIZONA

The method described in Chapter 3 for computing the regional 

gravity correction strongly depends on the isostatic condition of Arizona. 

The basic assumption of the regional gravity correction is that Arizona is 

in isostatic equilibrium and therefore the trend of topography in Arizona 

is a reduced mirror image of the crustal-upper mantle structure in the 

sta te . Seismic evidence as well as gravity data indicates that crustal 

thickness increases as one proceeds from the Basin and Range province 

to the Colorado Plateau province. Isostasy in Arizona is apparently con

trolled mainly by the Airy-Heiskanen model of isostatic compensation, al

though undoubtedly other isostatic models can be invoked to explain de

viations from that model. It is probable that isostatic equilibrium is not 

ubiquitous everywhere in Arizona. Deviations from equilibrium must be 

mild, however, otherwise the topographically derived regional gravity 

correction would not be as effective as it is in accounting for the regional 

gravity field.

Crustal Structure

Both seismic and gravity data indicate that crustal thickness in 

Arizona increases from the southwest to the northeast. Models of crustal 

structure from seismic refraction data show a variation of crustal thick

ness from 22 km in the southwest to around 42 km in the northeast. The 

gravity effect computed from the seismic models can be compared with the

42
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observed gravity. Large deviations of the computed gravity from the ob

served gravity may be indicative of lateral density inhomogeneities within 

the crust. The deviations may also be suggestive of isostatic disequilib

rium or some inadequacies in the seismic model.

Seismic Evidence

Seismic data are the best indicators of crustal structure. Several 

seismic refraction studies have been conducted over Arizona to determine 

the structural configuration of the crust and the upper mantle (Diment, 

Stewart, and Roller, 1961; Roller, 1965; Warren 1969; Langston and Helm- 

berger, 1974). Crustal thicknesses were determined from the depth of 

the Moho.

The refraction line of Diment and others (1961) extended from the 

Nevada Test site into mid-Arizona. They reported measuring a layer of 

7.8 km/s velocity at a depth of 28 km below ground surface and an 8.1- 

km/s layer at a depth of 53 km. They stated that the Moho could be 

either at the top or at the bottom of the 7.8-km/s layer. The more recent 

refraction survey by Langston and Helmberger (1974) showed that an 8.1- 

km/s layer as measured by Diment and others did not exist and that the 

Moho as distinguished by a velocity change to 7.9 km/s was probably at a 

depth of 30 km below the surface. Their results were corroborated by 

Warren (1969), who also used a layer velocity of 7.9 km/s to distinguish 

the Moho. Warren (1969) ran the most extensive network of refraction 

lines in Arizona. His results show a range of crustal depths from 22 km 

below the surface at Gila Bend in southwestern Arizona to a depth of 

about 42 km below the surface at Sunrise in the Colorado Plateau of north

eastern Arizona. Roller (1965) conducted a reverse refraction profile in
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the Colorado Plateau between Hanksville, Utah, and Chinle, Arizona. The 

results of the profile showed a crustal thickness of approximately 40 km 

with a velocity at the Moho of 7.8 km/s. Additionally, two crustal layers 

were defined: an upper layer with a velocity of 6.2 km/s and a lower 

layer with a velocity of 6.8 km/s. Preliminary results from a refraction 

survey conducted between Lake Havasu City and Globe show a crustal 

thickness of about 24.0 km with an upper mantle velocity of 7.7 km/s 

(Sinno, n .d . ). Also, preliminary results of a refraction survey con

ducted between Globe, Arizona, and Silver City, New Mexico, show a 

crustal thickness of about 27 km near Globe and of about 31 km near 

Silver City (Gish, n .d .) .

Upper mantle seismic velocities under Arizona are lower than 

those under normal continental areas. The crust is also anomalously 

shallow, probably due to recent tectonism and the proximity of the East 

Pacific Rise (Sumner, 1979, personal commun.).

Gravity Evidence

The Bouguer gravity anomaly map of Arizona by West and Sumner 

(1973) shows strong evidence of crustal thickening in Arizona under the 

Colorado Plateau region. A general northeast trend toward increasingly 

negative Bouguer gravity anomaly can be seen. This trend indicates a 

parallel trend toward greater crustal thickness. Synonymously, the 

northeast trend toward increasingly negative Bouguer gravity anomaly 

indicates a trend toward an increase in mass deficiency.

West (1972) compared the gravity effect calculated from a slightly 

altered version of the crustal models proposed by Warren (1969) with the 

observed Bouguer gravity anomaly over Warren's refraction profiles. For
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the crustal model of the refraction line paralleling the Mogollon Rim,

West's calculated gravity effect agrees well with the observed Bouguer 

gravity anomaly. For the crustal model of the refraction line running 

from the Basin and Range province into the Colorado Plateau province 

(Gila Bend to Sunrise) the comparison was not as good. Possible cause 

for the nonagreement was that the crustal models do not accurately rep

resent the crustal structure, that an anomalous mass excess may exist 

in the upper mantle, or that isostatic equilibrium may not be complete.

Isostasy and Gravity

Free-air, Bouguer, and isostatic anomalies can all be used to 

indicate whether an area is in isostatic equilibrium. In areas of low re

lief such as plains and plateaus free-air anomalies are a direct measure 

of the degree of isostatic equilibrium (Woollard, 1959). In mountainous 

areas, the free-air anomaly values will show a dependence on topography 

that is related to the regional compensation of the average elevation of the 

area rather than to the elevation of the observation site. Bouguer grav

ity anomalies show an inverse correlation with regional topography and 

are related principally to deep compensating masses associated with 

changes in crustal structure and compensation. Isostatic anomalies rep

resent departures of the actual compensating mass distribution from an 

assumed model.

Both the mean of the free-air anomalies and of the isostatic 

anomalies should approach zero for areas in isostatic equilibrium. Depar

tures from zero mean free-air anomaly, however, do not a priori indicate 

lack of isostatic equilibrium. A non-zero mean free-air anomaly may result
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from the effect of lateral density in homogeneities in layers of the earth 

below the depth of compensation rather than to a lack of isostatic compen

sation. The gravity effect of lateral density in homogeneities below the 

depth of compensation should be of long wavelength and of relatively low 

magnitude because of the distance of the inhomogeneities from the ground 

surface.

It can be inferred that some deviations of the geoid from the su r

face of the theoretical spheroid are related to mass anomalies below the 

depth of compensation. Stacey (1977) believes that the mass anomalies 

responsible for deviations of the geoid from the spheroid are probably 

located in the upper mantle at depths of several hundred kilometers. The 

surface of the geoid as determined from satellite measurements varies 

smoothly with a long wavelength. On an average, the geoid in Arizona is 

about 25 meters below the reference spheroid of flattening f = 1/298.258 

(Goposchkin and Lambeck, 1971). Introduction of a correction for the 

deviation of the geoid from the spheroid into the anomaly calculation, the 

so-called Bruns correction, may be a way to account for the gravity effect 

of lateral density inhomogeneities in the upper mantle. A mean free-air 

anomaly value that includes a correction for the deviation of the geoid 

should then be a better predictor of the degree of isostatic equilibrium 

than a mean free-air anomaly value that does not include such a correc

tion. For a rough first approximation to the geoid correction the free-air 

effect can be used. For a geoid that is 25 meters below the reference 

spheroid the correction would then be about 8 mgal. This correction 

would be added to the theoretical sea-level gravity and hence anomaly 

values would be smaller by that amount. The correction would be



47

subtracted from the theoretical sea-level gravity for a geoid above the 

reference spheroid. A more precise determination of the geoid correction 

would require the use of a more extensive mathematical treatment such as 

expansion into spherical harmonics.

In an area where there is geologic evidence for uplift or subsi

dence the sign of the mean free-air anomaly may be a clue to the condi

tions of the crust below the area. If the area has a negative mean 

free-air anomaly (and negative isostatic anomaly) and there is evidence 

of uplift, the crust probably has subnormal thickness and density for the 

surface elevation; if the regional anomalies are positive and there is evi

dence of subsidence, it is probable that the crust has a greater than nor

mal thickness and density for the surface elevation (Woollard, 1969, p.

324). If an area has negative mean free-air and isostatic anomaly values 

(subnormal crustal density and thickness for the surface elevation), 

isostasy is achieved when the surface elevation rises to an elevation where 

a balance is reached between the weight of the crust and the forces con

trolling isostasy. The mean free-air and isostatic anomaly values should 

ideally be zero for the surface elevation at isostatic equilibrium. In an 

area having positive regional anomaly values, the crust must subside to 

restore isostatic equilibrium.

McGinnis (1970) used the magnitude of the mean free-air anomaly 

value to estimate the amount of vertical crustal movement necessary to 

restore isostatic equilibrium. His analysis, however, ignored the possi

bility of lateral density inhomogeneities in layers of the earth below the 

level of isostatic compensation contributing to the magnitude of the mean 

free-air anomaly.
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Bouguer anomalies, as a first approximation, should show an in

verse linear relationship with elevation approaching 0.1119 mgal/m, the 

Bouguer effect for a density of 2.67 g/cm3 for an area in isostatic equi

librium. Higher order polynomial fits of Bouguer anomaly to elevation 

may reflect variations in crustal density (Woollard, 1959). Local compen

sation of small-scale topographic features probably does not occur, and 

it appears that a 2° by 2° area is probably near the minimum size neces

sary for complete isostatic compensation (Woollard, 1969, p. 326). Areas 

of 1° by 1° may be partially compensated but are not large enough to be 

totally compensated (Woollard, 1969, p. 326). The use of free-air, Bou

guer, or isostatic anomalies as predictors of isostatic equilibrium must 

therefore be considered over areas of at least the minimum size necessary 

for complete isostatic compensation.

The relationship between the mean Bouguer anomaly (g^) and 

mean free-air anomaly (9p^) over a region can be described by

ifi = 9pA ~ 2llGpch (13)

where 27iGpch equals 0.1119h mgal/m for an assumed crustal density, pc , 

of 2.67 g/cm3 (Garland, 1971, p. 184). This equation is analogous to the 

relationship used for deriving the Bouguer anomaly value from the free- 

air anomaly value at any observation point.

Woollard (1969) has used a least-squares linear regression on 

gravity data in selected regions of the world to derive relationships in 

the form of equation (13) to study abnormalities in crustal density and 

thickness and also the condition of isostasy in the regions. According 

to Woollard, equation (13) requires different interpretations according 

to the state of isostasy in the areas of study.
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One interpretation is for an area in isostatic equilibrium. The 

bias in equation (13) represented by the value of the mean free-air anom

aly in such case relates to the departure from normal of the density of 

crustal rocks. If the sign of the bias is positive the crustal rocks have 

greater than normal density. The gravity anomaly gradient with change 

in elevation exceeds the normal value if the crustal rocks above the datum 

(mean sea level) have greater than normal density. If the sign of the 

bias is negative the crustal rocks have less than normal density. The 

gradient is less than normal if the crustal rocks above datum have less 

than normal density.

The second interpretation is for an area where tectonic displace

ment of the crust has created an isostatic disequilibrium. The bias in 

the anomaly values then relates to the tectonic displacement. A positive 

bias indicates that the crust must subside to achieve isostatic equilibrium, 

and a negative bias indicates that the crust must rise to achieve isostatic 

equilibrium. Associated with a positive bias is a gravity anomaly gradient 

with change in elevation that exceeds normal. A gradient less than nor

mal is associated with a negative bias. Areas having both tectonic dis

placement and anomalous crustal composition require a more complicated 

and ambiguous interpretation.

Lyustikh (1960, p. 99-102) argued against the validity of using a 

linear relationship of the form of equation (13). He believed that the 

mean free-air anomaly can have an elevation dependence and that because 

of this, the use of the mean free-air anomaly as a constant in equation 

(13) is not valid. Woollard (1969), however, has demonstrated that the 

linear relationship of equation (13) can be used successfully (but not
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conclusively) to indicate conditions of isostasy and crustal thickness and 

density.

Analyses of Arizona Gravity Data by 
Least-squares Linear Regression

A least-squares linear regression analysis similar to that de

scribed by Woollard (1969) was performed on the Arizona gravity data.

The least-squares linear regressions made were station elevation against 

free-air anomaly value and station elevation against complete Bouguer 

gravity anomaly value. Such regressions can give clues as to the exis

tence of anomalous crustal thickness and density and to the state of 

isostasy.

A regression on an Arizona data set of 26,920 gravity observa

tions was first performed. The size of this data set is smaller than the 

size of the data set used to construct the residual gravity map because 

of later additions of data to the map data set. A second regression was 

done on a data set from which all observations with a terrain correction 

greater than 0.250 mgal were excluded. The terrain correction cutoff 

was used to remove observations located in areas of high relief because 

such observations probably have an elevation dependence unrelated to 

isostasy.

Two-dimensional histograms of the number of observations falling 

into categories of anomaly value and elevation are included in Figure 7. 

The regression of elevation against free-air anomaly value (Fig. 7A) sug

gests a dependence of free-air anomaly on elevation, which would seem 

to indicate isostatic disequilibrium. If free-air anomalies were indepen

dent of elevation, a condition expected in an area of isostatic equilibrium.
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Figure 7. Best-fitting lines describing the relation of free-air 
anomaly values and Bouguer anomaly values to elevation from least- 
squares linear regression analyses of Arizona gravity data and two- 
dimensional histograms
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the best-fitting line to the data would have a vertical slope. The depar

ture from vertical of the slope of the best-fitting line to the data in 

Figure 7A is probably the result of four causes: the data are biased be

cause they are unevenly distributed over the state; the data are biased 

by the predominance of observations located in alluvial-filled valleys; 

the data set is biased because it is limited by politically drawn state 

boundaries; and the free-air anomalies may actually have an elevation 

dependence, especially those observations located in areas of high relief.

An uneven distribution of data is indicated by the value for the 

average elevation of observations (3,121 feet; standard error = 1,972 feet) 

used for Figure 7. The average elevation of Arizona from the first term 

of the Fourier series of equation (11) is 2,024 feet. The difference be

tween these averages is suggestive of an uneven distribution of data in 

the Arizona data set. The bias of data located in alluvial-filled valleys is 

demonstrated by the histogram, which shows that most of the free-air 

values are negative, an observation that would be predicted for gravity 

data located in areas of low-density alluvial fill. That free-air anomaly 

values can have a dependence on elevation has been shown by Woollard 

(1959, 1969); however, the uncertainty of the dependence is g reat.

A least-squares linear regression of station elevation against 

terrain-corrected free-air anomaly value (free-air anomaly value plus the 

terrain correction used to obtain the Bouguer anomaly) was also computed; 

the results were nearly the same as those shown in Fgirue 7A. Despite 

the possibility of bias in the data set, the average free-air anomaly value 

of the 26,920 observations used in the linear regression is -13.4 mgal.



This value is not significantly different from zero mgal, and thus condi

tions of near-isostatic equilibrium are still indicated.

Figure 7B shows the results of regression of elevation against 

Bouguer anomaly. The best-fitting line to the data shows that the Bou- 

guer anomaly value corresponds closely to that defined by the expression:

gB = -31.0 - 0.0927h (14)

where h is in meters and gB is in mgal. This relationship, which is in 

the form of equation (3), has a negative bias and a gradient with change 

in elevation that is subnormal. The subnormal gradient is probably partly 

related to the predominance of observations in areas of low-density allu

vial fill. The same reasoning may be applied to partially explain the 

magnitude of the negative bias. /The areal limitation of the data by the 

political boundaries of the state and the unevenness of data distribution 

also probably adversely affect this regression.

The second least-squares linear regression was done on the same 

data set from which all observations with a terrain correction greater than 

0.250 mgal had been excluded. Accordingly, the total number of obser

vations used in the regression was 13,023. The choice of 0.250 mgal as 

the terrain-correction cutoff was not arb itrary . The cutoff was varied 

downward in one-mgal steps and later in steps of 0.1 and 0.05 mgal. At 

a terrain correction of 0.250 mgal, the linear regression produced an ex

pression for Bouguer anomaly of

gB = -24.3 - 0.1117h (15)

where h is in meters and gB in mgal. This expression, which is in the 

form of equation (13), indicates an average free-air anomaly value of
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-24.3 mgal. The average free-air anomaly value determined from a direct 

average of the free-air anomaly values of 13,023 observations was -24.1 

mgal. Because of the close correspondence between the two averages, a 

terrain-correction cutoff of 0.250 mgal was chosen as the proper value 

necessary to remove the nonisostatically related elevation effect of obser

vations located in areas of high relief. If the cutoff was varied either 

way of 0.250 mgal, the correspondence between the two values began to 

become less.

Two-dimensional histograms of the number of observations fall

ing in categories of anomaly value and elevation are included in Figure 8. 

It may be accidental that the slope of the best-fitting line to the data of 

Figure 9A shows that free-air anomaly values have a greater dependence 

on elevation than shown in Figure 7A. The correlation coefficient of 

0.3075 for Figure 8A shows that the reliability of the best-fitting line is 

less than that for Figure 7A, which has a correlation coefficient of 0.7015. 

The closer the correlation coefficient is to 1.0, the greater the reliability 

of the best-fitting line. Also, the value of the standard deviation of the 

slope of the best-fitting line of Figure 8A is more than twice the value of 

the slope, further casting doubt on the reliability of the value of the 

slope. The average elevation of the observations used in the regression 

of Figure 8 is 1,913 feet (standard error = 1,453 feet), which is close to 

the average elevation of Arizona determined from the Fourier series of 

equation (11), or 2,024 feet. The close correspondence between these 

average elevations seems to indicate that the Arizona data set that ex

cludes observations with a terrain correction greater than 0.250 mgal and 

hence has removed from it observations with an elevation dependence
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Figure 8. Best-fitting lines describing the relation of free-air 
anomaly values and Bouguer anomaly values to elevation from least- 
squares linear regression analyses of Arizona gravity data excluding 
stations with a terrain correction' greater than 0.25 mgal and two- 
dimensional histograms
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unrelated to isostasy is a more representative distribution for regression 

analysis, but because of the large standard error of the elevation this is 

not conclusive.

The expression for Bouguer anomaly from equation (15) can be 

interpreted according to the interpretation given equation (13)* by Wool- 

lard (1969). If it is assumed that Arizona is in isostatic equilibrium, the 

-24.3 mgal bias and the slightly less than normal gradient with change 

in elevation indicate that crustal rocks in Arizona have less than normal 

density. The effect of observations located in areas of low-density allu

vial fill may be responsible for part of the indication of less than normal 

density. If it is assumed that Arizona is not in isostatic equilibrium, and 

such may be the case, especially in southwestern Arizona (Sumner, 

Schmidt, and Aiken, 1976), the negative bias and subnormal gradient 

indicate that overall Arizona is in mild isostatic disequilibrium and that 

the crust in Arizona has subnormal thickness and density for the surface 

elevation. The surface must rise in order to restore isostatic equilibrium. 

It is probable that the conditions of Arizona are characterized by a com

bination of the two interpretations: subnormal crustal density and iso

static disequilibrium. In such case, because of the two interpretation 

possibilities it is not possible to isolate and determine either the magnitude 

of the anomalous crustal density or the magnitude of the isostatic disequi

librium solely from equation (15).

The free-air gravity anomaly maps of McGinnis and others (1979), 

however, may resolve some of the ambiguity of the interpretation. They 

constructed maps of free-air anomaly averages over the United States.

Of particular interest are the maps constructed from free-air anomaly
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averages for one 15-minute quadrangle, for twelve 15-minute quadrangles, 

and for ninety-nine 15-minute quadrangles. The interpretation of these 

maps shows some correlation to the interpretation of equation (15). The 

map constructed from one-quadrangle averages shows areas in Arizona 

with negative free-air anomaly values as well as areas with positive free- 

air anomaly values, with the greater percentage of the area having nega

tive anomaly values. The one-quadrangle average has little isostatic 

implication because the area of one quadrangle is too small to have anom

alies indicative of tectonics and isostasy. Rather, the one-quadrangle 

average is affected more by anomalous mass within the crust and also by 

topography. Because a negative anomaly value is associated with the 

greater percentage of area in Arizona according to the one-quadrangle 

average map, overall subnormal crustal density is suggested.

The anomalies of the map constructed from 12-quadrangle aver

ages are also affected by anomalous mass distribution within the crust.

The 12-quadrangle average free-air anomalies, however, are probably 

also affected by isostasy because a 12-quadrangle area is nearly at the 

size area where partial isostatic compensation is possible. The anomalies 

of the map of the 12-quadrangle averages show trends similar to those of 

the map of one-quadrangle averages. As with the map of the one- 

quadrangle averages, the map of the 12-quadrangle averages shows that 

a negative anomaly value is associated with the greater percentage of area 

in Arizona. Again, overall subnormal crustal density is suggested.

The map constructed from 99-quadrangle averages does have 

isostatic implication because a 99-quadrangle area is large enough to elim

inate crustal mass anomalies. This map shows a trend of negative free-air
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anomaly values in southern Arizona, with the anomaly values becoming 

more negative to the southwest. This trend of negative anomaly values is 

suggestive of isostatic disequilibrium, with the magnitude of the disequi

librium becoming greater toward the southwest. A rise of the crust is 

necessary to restore isostatic equilibrium. Over the Colorado Plateau the 

anomaly values of the 99-quadrangle map are generally positive. The in

dication here is that the crust must subside to restore isostatic equilibrium.

Average free-air anomalies are not an indicator of the dynamics 

of the crust but only of the static condition of the crust. For example, 

an average free-air anomaly that indicates that a rise of the crust is 

necessary to restore isostatic equilibrium does not also indicate that the 

crust is actually rising. It could be that the crust is subsiding and that 

the isostatic disequilibrium is becoming greater.

Isostasy as a Factor in the Design of 
the Regional Gravity Correction

Concluding that Arizona was in overall isostatic equilibrium, Aiken 

(1976) designed a regional gravity correction around a two-harmonic 

Fourier series trend surface of elevation in Arizona. In an area that is in 

isostatic equilibrium, the trend of topography is a reduced mirror image 

of the depth of isostatic compensation. The trend surface of elevation 

can then be used as a variable datum upon which to construct a regional 

gravity correction. In general, the trend of elevation in Arizona shows 

that elevation increases from the southwest to the northeast. The trend 

of Bouguer anomaly values is inverse to that of elevations; Bouguer anom

aly values generally become more negative from the southwest to the 

northeast. Such an inverse relationship between the trend of elevation



and that of Bouguer anomaly value is to be expected in a region that is 

isostatically compensated. If it is assumed that the greatest amount of 

isostatic compensation takes place in the region of the crustal-upper 

mantle interface, the trend of elevation in Arizona is very close to being 

a reduced mirror image of the lower boundary of the earth 's crust.



CHAPTER 6

CONCLUSIONS

Residual anomalies of the IGSN 71 residual Bouguer gravity 

anomaly map of Arizona have a definite correlation to the geology of 

Arizona. The Basin and Range province of southern Arizona is dominated 

by short wavelength negative residual anomalies. Many of the trends of 

these anomalies can be correlated with the trends of alluvial-filled basins. 

Correlation of residual anomalies with the geology of the Colorado Plateau 

province of Arizona is more difficult. Crustal density anomalies and 

folded structures within the sedimentary rock sequence are probably re

lated to some of the residual anomalies in this province.

To illustrate the correlation of residual anomalies to known geo

logic features, a number of "type anomalies" are cited from the map. It 

is suggested that anyone doing regional geologic mapping in Arizona also 

compare his areal map with the residual anomaly map to obtain maximum 

benefit from his work.

A scale stability analysis of the Arizona IGSN 71 Base Station 

Network indicates that the network may be in error by as much as 0.092 

mgal. The error is apparent if the differences between IGSN 71 and 

Potsdam datum base station gravity values are plotted versus absolute 

gravity. The plot shows a relative error between the Phoenix J and 

Phoenix K base station values and the rest of the network. It appears 

that the relative error is due to an incorrect least-squares adjustment to 

the Arizona IGSN 71 network.
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An average of the differences between IGSN 71 and Potsdam 

datum base station gravity values shows that a correction of 13.7 mgal is 

necessary to convert from the Potsdam datum to the IGSN 71 in Arizona.

The IGSN 71 values are always less than Potsdam datum values. The dif

ferences of the Phoenix J and K base stations are not included in the 

average because these stations are believed to have IGSN 71 gravity \

values that are in error with respect to the rest of the network.

Arizona is apparently very nearly isostatically compensated, 

otherwise the topographically derived regional gravity correction would 

not work as well as it does in accounting for the regional gravity field of 

Arizona. The Airy-Heiskanen isostatic model best describes the struc

ture of the crust in Arizona. Crustal thickness varies from 22 km in 

southwestern Arizona to approximately 42 km in northeastern Arizona.

The trend of elevation of Arizona is generally a reduced mirror image of 

the crustal structure.

Linear regression of the Arizona gravity data set with the ex

clusion of observations with a terrain correction greater than 0.250 mgal 

shows that the Bouguer anomaly corresponds closely to the expression, 

gg = -24.3 - 0 .1117h. By excluding observations with a terrain correc

tion greater than 0.250 mgal a great portion of observations that have an 

elevation dependence unrelated to isostasy are removed. The expression 

for Bouguer anomaly can be interpreted in two ways. The first interpre

tation is for an area in which isostatic equilibrium is assumed. The equa

tion then indicates that the crust has a less than normal density. If 

isostatic disequilibrium is assumed, the equation then indicates a very mild 

disequilibrium; that is, the crustal thickness and density are less than
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normal for the surface elevation and an overall rise of the crust is neces

sary to restore equilibrium. Arizona is probably characterized by a 

combination of the two interpretations.

The map of the 99-quadrangle averages of free-air anomaly by 

McGinnis and others (1979) suggests that isostatic disequilibrium in Ari

zona is not uniform. The anomalies of this map are negative over south

ern Arizona and positive over the Colorado Plateau. The negative free-air 

anomalies in southern Arizona indicate that the crust must rise to restore 

isostatic equilibrium. The anomalies become more negative toward the 

southwest, indicating that the magnitude of the disequilibrium also be

comes greater toward the southwest. This disequilibrium is probably 

associated with the tectonics of the nearby East Pacific Rise (Sumner and 

others, 1976). The positive average free-air anomaly values over the 

Colorado Plateau indicate that the crust must subside to restore isostatic 

equilibrium. The free-air anomaly maps of McGinnis and others (1979) of 

the one-quadrangle and 12-quadrangle averages show that most of the 

area in Arizona is characterized by a negative anomaly values for these 

averages. The anomalies of these maps are associated with anomalous 

mass distribution within the crust, and overall less than normal crustal 

density is indicated.



APPENDIX A

DERIVATION OF THE CURVATURE-CORRECTED 
TERRAIN CORRECTION FORMULA

From the calculus, the vertical component of gravity for a line 

element is

g = GpA ( J _  ) (A-l)

where G = gravitational constant 

p = density

A = area of the terrain correction compartment 

r i  and r 2 = distances from station to ends of line element. 

For a perpendicular line element, equation (9) is the result

g GpA ( i *
( n 2 + H2)r

(9)

where r% = perpendicular distance from station to line element 

r 2 = distance from station to top of line element 

H = height of line element.

To account for the effect of the earth 's curvature, the line ele

ment formula was modified by Plouff (1973) according to Figure A -l. At 

a distance of 167 km from the station, the outer ring distance of the far

thest terrain correction compartment, the angle 0 is 1.5 degrees. For 

terrain correction compartments closer to the station than 167 km the 

angle 0 will of course be smaller than 1.5 degrees. Because angle 0 is
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small, cosines of 0 can be approximated by 1 and sines of 0 can be ap

proximated by the values of 0 in radians.

From Figure A-l

tan — (A-2)

from which we have

d = 0R
~T

because

tan 0
~T

sin (0/2) 
cos(0/2)

(A-3)

But also from Figure A -l,

r = 2a s in (0/2)

= a0 (A-4)

Now because the angles are small, r s R, hence 0 s R/2, and equation 

(A-3) may be rewritten as

d =. - g -  (A-5)

The distances from the station to the ends of the line element H 

of Figure A -l, from equation (A -l), yields the curvature-corrected te r

rain correction formula:

g = GpA (------- r ------------------ ----------- r )
(ri2 d 2)4 ( r i2 + (d + H)2)4

(10)
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s ta tto i

Fig. A-2. Schematic for curvature correction to the terrain 
correction

s ta t io n 7*1̂  yields positive  terra in  effect 

f  H , Yields negative te rra in  effect

Fig. A-2. Effect of earth curvature on terrain effect
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an elevation compartment that is divided equally by the horizon has a 

zero terrain effect because of earth curvature (Fig. A-3).
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Gravity data were obtained from surveys by the Laboratory of Geophysics of 

the University of Arizona, U S. Defense Mapping Agency, U.S. Geological Survey, 

Exxon Corporation, and mining companies and contractors. The index map gives 

primary sources of data for particular areas. A density of 2.67 g/cm3 was used for 

the Bouguer corrections. Terrain corrections were applied for a radial zone of 2.6 to 

167 km. An isostatically controlled regional gravity map as shown on the accom

panying index map was constructed from a two-harmonic Fourier trend surface of 

elevations in and near Arizona using a density of 2.67 g/cm3 (see Aiken, C. L. V., 

1976, Analysis of Gravity Anomalies in Arizona: Ph.D. dissertation, University of 

Arizona; Ann Arbor, University Microfilms Order DBJ77-02313 and Lysonski, J. C., 

1980, The IGSN 71 Residual Bouguer Gravity Anomaly Map of Arizona: M.S. thesis, 

University of Arizona). The residual gravity anomaly values are the differences 

between the regional gravity values and the complete Bouguer anomaly values. 

Stations closer than about half a mile are not shown.

Financial assistance for the production of this map was provided by the U.S. 

Department of Energy, Division of Geothermal Energy under contracts EG-77-S- 

02-4362 through the State of Arizona, Bureau of Geology and Mineral Technology, 

Geological Survey Branch, Geothermal Group; by the Nuclear Regulatory Com

mission under contract NRC-04-78-269; and by the U.S. Geological Survey under 

grants 14-08-0001-G-526 and 14-08-0001-G-527.

SOURCE DATA

Two-harmonic Fourier trend surface of topography 
Bouguer corrected by the following equation:

Qbc = -  SttG p[ELs -  ELr ] + CC + TC

where:
G = universal gravitational constant 
p = 2.67 g/cm3 
ELS = station elevation 
ELr = regional elevation 
CC = curvature correction using (ELS -  ELR) as 

thickness of slab 
TC = terrain correction

Regional gravity correction (derived from a 
two-harmonic Fourier trend surface of a topog
raphy using a density of 2.67 g/cm 3). Contour 
interval equals 25 milligals.
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