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ABSTRACT

A gravity survey was conducted in the Picacho Basin area,

located approximately midway between Phoenix and Tucson, Arizona, to
✓

define the bedrock surface configuration. Regional gravity effects 

were removed from the gravity data using a double Fourier series trend 

surface technique, and the gravity data were modeled by using a two- 

dimensional iterative program.

Analysis of both the complete Bouguer and residual gravity 

anomaly maps indicates that the Picacho Basin is a north-south trending 

graben-like structure with significant pediment development beneath as 

much as 2000 feet of alluvium. The maximum basin depth is nearly 15,600 

feet. A thick (as much as 6000 feet) and extensive body of massive an

hydrite lies situated between buried basin fault scarps that sometimes 

are in excess of 10,000 feet in vertical extent. Modeling also reveals 

an apparent strong correlation between modeled buried bedrock surface 

irregularities (generally recognized as scarps and ridges) and the loca

tion of earth fissures near the basin periphery. Of the peripheral 

earth fissures crossed by profile lines, 83̂ 5 could be correlated within 

+ -g- mile to a modeled bedrock surface irregularity.

ix



INTRODUCTION

Picacho Basin is an interesting structural feature lying, in 

large part, within the lower Santa Cruz River drainage system in south- 

central Arizona. Much of the basin’s boundaries are delineated by 

isolated or discontinuous, barren, rocky peaks and ranges of Precambrian 

age. The Santa Cruz River in the vicinity of the Picacho Basin is 

ephemeral, and because of its poorly defined banks perhaps more aptly 

should be called a wash. The Santa Cruz River joins the middle section 

of the Gila River a short distance northwest of the Picacho Basin.

This gravity survey is contained within a 30 x 30 minute rectangle lo

cated approximately midway between the cities of Phoenix and Tucson, 
Arizona (Fig. l).

Climatically the Picacho Basin is classified as desert. Annual 

rainfall is close to 10 inches and the mean summer and winter tempera

tures are 89°F and 52°F, respectively. In spite of the scanty rainfall, 

the Picacho Basin historically has been an important region of agri

culture. As early as 1200 A.D. (Halseth, 1947)» the Indians in the 

northern portion of the basin near Casa Grande were cultivating the 

land using flood irrigation from the Gila River. The ground-water 

problems at that time were considerably different from those of today.
It is believed that flood irrigation eventually raised the water table 

and forced abandonment and emigration by the Indian peoples living in 
that region. The construction of the Hohokams, with their successive

1
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3
room floors and interstitial wall filling, are thought to represent 

efforts by the indigents to store and save harvest grains from the 

deleterious effects of the encroaching .water table. The ground-water 

situation of today has changed dramatically. With the advent of deep- 

well pumping in the 1930’s, the water table has been in steady decline. 

Ground-water levels have been depressed hundreds of feet. Subsequent 

land subsidence and earth fissuring have accompanied the ground-water 

declines and have posed serious questions concerning future land use of 

the Picacho Basin and geologically similar regions.

Purpose of the Study

This thesis reports the results of a gravity study conducted in 

the Picacho Basin area to investigate the relationship between ground- 

water declines, land subsidence, and earth fissuring. The primary ob

jective was to determine the bedrock configuration of the Picacho Basin 

from gravity data and to find what dependence, if any, the earth fis

sures near the basin periphery have to bedrock topography. A secondary 

goal of this study was to examine the usefulness of bedrock modeling as 

a predictor of earth fissures.

Previous Work

The first published investigation of earth fissuring in the 

Picacho Basin was by Leonard (1929). Early discussions of the earth 

fissuring in the basin by Fletcher et al. (1954)» Heindl and Feth 

(1955)» and Pashley (1961) cited several mechanisms for fissuring, 
including differential subsidence.
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D. E. Peterson (1962) used gravity data to derive information 

about the bedrock configuration of the Picacho Basin, and he concluded 

that the most likely cause of earth fissuring in this basin was differ

ential subsidence. More detailed geophysical surveys by D. L. Peterson 

(1968) produced Bouguer gravity anomaly maps of several areas in west

ern Arizona, including the Picacho Basin. Sauck (1975) reviewed geo

physical studies near subsidence fissures of central Arizona. An 

aeromagnetic map encompassing the Picacho Basin has been released by 

Sauck and Sumner (1970).

Discussions and documentation of land subsidence and earth fis

suring in the Picacho Basin have been published by Winikka (1964)» 

Winikka and Wold (1977)» Schumann (1974)» Schumann and Poland (1971), 

Holzer (1977)» and Laney, Raymond, and Winikka (1978). Eberly and 
Stanley (1978) have provided the most recent interpretation of Cenozoic 

stratigraphy and history of the basin.



GEOLOGY

The RLcacho Basin is located within the Basin and Range 

physiographic province in southern Arizona. The basin is elongated 

along a north-south trend and is approximately 15-20 miles in width 

and 30-35 miles in length. The Sacaton Mountains, Picacho Mountains, 

and Casa Grande Mountains, all of PreCambrian age, delineate the nor

thern, eastern, and western boundaries of the basin (Fig. 2). The 

Sawtooth Mountains and Silverbell Mountains are the limits of the basin 

to the southwest and south, and they are composed of volcanic and in

trusive rocks whose composition ranges from granitic to basaltic. The 

Casa Grande Mountains are schistose in composition, while the Picacho 

and Sacaton Mountains are granitic and gneissic. The age of the rocks 

of the Sawtooth and Silverbell Mountains range from Precambrian to 

Quaternary, but the bulk of these rocks is believed to be Tertiary.

Picacho Peak, lying just south of the Picacho Mountains, was 

first described by Feth (1951) as a volcanic neck. Briscoe (196?) 

later studied Picacho Peak, and concluded it to be steeply dipping vol

canic flows intercalated with sediments. The age was unclear; but 

Briscoe believed, on the basis of quartz veining and copper mineraliza

tion, that the rocks were pre-Laramide in age. Recently Shafiqullah, 

Lynch and Damon (1976) have investigated ages in the Picacho Peak area 

and have radiometrically determined the volcanics of the peak to be

5
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7
between 22 and 23 m.y. old. This age for the Picacho Peak volcanics is 

in relatively good agreement with the age of other volcanics in the 

basin area.

The subsurface Picacho Basin is characterized by a thick accumu

lation of post-Laramide clastic sediments, evaporite, and some volcanic 

extrusives. Exxon Corporation, in its recently completed exploration 

program of the Cenozoic stratigraphy of the Basin and Range Province of 

Arizona, drilled several exploration holes and ran seismic profiles 

from Tucson to Yuma. One drill hole (Exxon State (74)-l): Section 2,

T. 8 S., R. 8 E., Pinal County, Arizona) reached bedrock in the Picacho 

Basin and penetrated roughly 9900 feet of sediments of which nearly 

6000 feet was massive anhydrite (Table l). This drilled section indi

cates that the Picacho Basin anhydrite body may be one of the thickest 

of such deposits in the world.

The Cenozoic rocks of the Picacho Basin appear to be of nonr- 

marine origin. They were deposited in fluvial and lacustrine environ

ments under oxidizing conditions. The Cenozoic section of the basin 

was barren of marker fossils. It was possible to make radiometric age 

determinations, however, by using K-Ar ratios of the interbedded ex

trusive volcanics and to correlate these ages with the magmatic chronol

ogy used in Arizona (Damon, 1964) • Eberly and Stanley (1978), in a 

report of Exxon’s exploration effort in southwest Arizona, decided that 

the most useful way to subdivide the Cenozoic section of southwestern 

Arizona was to select stratigraphic units by "their position in the 

stratigraphic sequence in relation to the unconformity surface” (p. 929)•
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Table 1. Generalized Drill-hole Log of Exxon State (74)-l» —  After 
__________ Pierce (1973)« Total drill-hole depth (feet) 10,177._____

Interval in Feet Age

V A A  V  v z v y  V  /  , _L. 1 | •

lithology

UNIT II
0-660

660-2335
2335-8320
8320-9060
9060-9670

Holocene to 
late Miocene

Sand and gravel
Clay, minor anhydrite,
halite 2140 to 2220 ft
Anhydrite
Conglomerate
Basalt

unconformity

UNIT I
9670-9880 late Miocene 

to Eocene
Conglomerate (gneiss 
pebbles)

unconformity

9880-10,177 pre-Eocene Gneiss
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This scheme divides the Cenozoic section into two principal 

unconformity-bound units. Unit I rocks are Eocene to late Miocene 

in age and are separated from pre-Eocene bedrock and the Unit II rocks 

by major unconformities (Table 1). Unit II rocks are late Miocene to 

Holocene in age. The unconformity separating Unit I rocks from Unit II 

rocks was caused by a period of widespread block faulting, uplift, and 

erosion. Damon, Shafiqullah, and lynch (1973) date this period of 

tectonism by K-Ar analysis as occurring between 17 and 12 m.y. ago. 

Additional information as a result of Exxon’s exploratory work apparent

ly restricts this period to 13-12 m.y. ago (Eberly and Stanley, 1978).

In the Picacho Basin, Unit I rocks are underlain primarily by a 

bedrock crystalline complex of Precambrian granitic and gneissic rocks. 

The Unit I rocks are a result of post-Laramide alluviation and were 

deposited 53 m.y. ago (early Eocene) to 13-12 m.y. ago (late Miocene). 

The end of deposition of Unit I rocks coincides with a late Miocene in

crease in volcanism and accompanying large-scale block faulting. The 

late Miocene block faulting destroyed the existing drainage pattern 

and created horst and graben structures. Unit II (fluvio-lacustrine 

sediments) accumulated in the subsiding basin and locally formed a 

thick body of anhydrite in the Picacho Basin. The thick Luke Salt body 

in the Phoenix basin is at least partially assumed to be time correla

tive with the Picacho Basin anhydrite. From this assumption, the 

Picacho Basin anhydrite is between middle Miocene and late Miocene in

age
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Although the Picacho Basin evaporite is principally anhydrite, 

small occurrences of salt have also been noted. In the development of 

a lake, evaporite composition could vary from place to place, depending 

on the location and salinity of inflow. Whether anhydrite or gypsum 

would be precipitated was primarily a function of temperature and the 

presence of other salts. Usually lake evaporite deposits are ellipti

cal or circular in plan. The geometric outline of the Picacho Basin 

anhydrite is somewhat uncertain, but gravity modeling indicates that 

the evaporite shape is a rather general ellipsoid slightly waisted at 

its middle (Fig. 3» in pocket).

Structure

The Picacho Basin is one of five rather similarly shaped deposi- 

tional basins extending from Tucson to Phoenix. The desert mountains 

are horsts and the graben structures form flat or nearly flat valleys. 

Overall the linear structural features trend in a northwest direction, 

but the Phoenix to Tucson region also displays an overprinted north-

south structural trend



LAUD SUBSIDENCE

The two major man-related causes of land subsidence have been 

the abnormal lowering of the ground-water level and the depressuriza

tion of oil reservoirs due to gas and fluid removal. Additional, but 

not necessarily man-related, causes of land subsidence might be (Mayuga 

and Allen, 1969) compaction of shales and siltstones interbedded with 

oil sands, surface loading, vibration due to land usage, movement along 

known faults, lack of rigidity of geologic structural features, and 

lack of preconsolidation in sediments. Of interest to this study, how

ever, are the excessive withdrawals of ground water and possibly the 

effects of vibration. Although in some cases land subsidence has been 

arrested (notably in the Wilmington oil field by seawater injection 

techniques), most land-lowering and the deformation related to hydro- 

logic causes can only be halted by reducing ground-water pumpage until 

a steady-state condition exists with the recharge.

The damage caused by differential land subsidence is of various 

kinds (Schumann and Poland, 1971? McCauley and Gum, 1975)• Concrete 

structures often shear and become unsafe for use. Pipes tend to bend 

or buckle and well casings commonly collapse or are jacked out of the 

ground. Land subsidence also increases the vulnerability of many areas 

to flooding.

It has been noted that areas of land subsidence due to ground- 

water extraction often share certain geological and hydrological

11
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features (Poland, 1971)• typically the deposits of these areas are 

unconsolidated to semiconsolidated elastics of Cenozoic age. The de

posits are mainly alluvial and lacustrine, although a few are fluvia- 

tile and shallow marine. The aquifer systems in areas of hydrologically 

related land subsidence tend to be confined, and clayey aquatards are 

often interbedded with more permeable sands and gravels.

Land Subsidence in the Picacho Basin

The extensive development of ground-water resources in the 

Picacho Basin began in 1936 in response to a strong market for cotton. 

Prior to 1936 ground-water use was minimal and probably well below the 

natural ground-water recharge for the area. Differential land subsi

dence in the Picacho Basin was first documented in 1948 by releveling 

the 1905 U. S. Geological Survey first-order level lines by the U. S. 

Coast and Geodetic Survey. The observed land subsidence was apparently 

in response to the intensive ground-water usage within the area.

The 1948 survey indicated that the ground surface near Eloy had 

subsided about 0.1 ft (Schumann and Poland, 1971)• Subsequent relevel

ing in 19671 using the 1948 datum, revealed a maximum subsidence of 

7.51 ft (2.29 m) near the town of Eloy. For the period of 1967-75» a 

maximum subsidence of 3*05 ft (0.93 m) was documented at the town of 

Picacho, resulting in about a 6 km southeasterly shift of the point of 

maximum subsidence along the Casa Grande-PLcacho Peak profile line 

(Winikka and Wold, 1977). A similar migration in the location of the 

cone of depression of the water table has occurred, but coincidence of 

the point of maximum land subsidence with the deepest part of the cone
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of depression is rather crude. The maximum total subsidence using the 

1952 datum is about 12.5 ft (3.69 m) just west of Picacho (Winikka, 
personal communication, 1978).

Well data from March, 1965 to October, 196? indicate that as 

much as 35% of the sediment compaction occurs below the 830 foot depth 

of the compaction well (Schumann and Poland, 1971). The thickness of 

the Picacho Basin aquifer is thought to be about 2300 feet (Hardt and 

Cattany, 1965), and this seems to put a lower limit on the depth of 

compaction. Poland (1971) noted that the maximum depth of compaction 

measured in a water well in .the United States at that time was 2200 ft 

(670 m).
Ground-water development has figured prominently in the history 

of differential land subsidence in the Picacho Basin. In 1937 the 

annual pumpage for the basin was 64,000 acre feet. By 1948, the pumpage 

had reached 360,000 acre feet per year (Peterson, 1964). Many of the 

wells were pumping from depths as great as 2100 ft (64O m) and they 

tapped several aquifers. Post-1948 pumpage in the Picacho Basin has 

decreased slightly but it is still on the order of 300,000 acre feet 

per year and is well above the recharge for the area. Although the 

ground-water levels near Eloy and other areas were in slow decline for 

several years before the 1940’s, levels did not fall precipitously 

until about 1941 (Fig. 4)» For the period 1923-77, the ground-water 

decline in some locales in the Picacho Basin has been as great as 
300 feet (Laney et al., 1978). Figure 5 shows the estimated annual 

pumpage from 1940 to 1977 in the Lower Santa Cruz Basin, which includes 

and has an areal extent nearly twice that of the Picacho Basin.



Figure 4» Cumulative Average Water-level Decline in Feet versus Year in the ELoy Area. —  
After Babcock (1973)•

Figure 5» Estimated Annual Pumpage in Units of Hundreds of Thousands of Acre Feet in the 
Lower Santa Cruz Basin. —  After Babcock (1977)•

£



15
Causes of Land Subsidence

Land subsidence within the Picacho Basin can likely be 

interpreted as being caused by one or more of three processes: (l)

hydro compaction, (2) increased effective stress due to loss of buoyancy, 

(3) basin adjustment.

Hydrocompaction

Studies of collapsing soils have shown that clay colloids are 

of significant importance in maintaining the open structure of the soil 

prior to collapsing (Knight, 1961; Anderson, 1968). The clay mineral 

most often cited in connection with such soils is montmorillonite. The 

theoretical basis for a collapsing soil is the ability of clay particles 

to act as colloids in water and as such to retain a surface charge. The 

clay colloids have a net negative charge, and therefore are able to 

surround themselves with water dipoles and cations. As a saturated 

soil dehydrates, capillary forces draw and hold together a matrix of 

grains. Grains virtually have no surface charges and are dominated by 

body forces. The clay particles are brought together and concentrated 

between grains by the capillary forces as the soil undergoes dessica- 

tion. Finally, the clay particles and possibly some cementing material 

(depending on the type of cation present with the clay colloid) form a 

bridge between grains, holding the soil in an open structure.

Burland (1965) describes the means by which soil structure will 

collapse. A shear force (T) and a normal force (P) exist at each grain- 

to-grain boundary of loose soils. In opposition to these gravitational
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forces are grain-to-grain friction (y) and the forces of resistance of 

the clay binder (F). The condition of equilibrium exists for the soil 

structure when:

T/P 1  V + F (1)

If a formerly unsaturated soil is saturated, the clay binder 

will typically swell upon wetting, changing the sign of F to negative. 

This can reduce grain-to-grain friction (y) enough to allow collapse of 

the soil, particularly if a small amount of overburden is applied. The 

condition leading to collapse can be stated as:

T/P > y - F (2)

Some conclusions based on field observations may be stated 

(Anderson, 1968):

1. Collapsing soils tend to be geologically recent in age and ap

pear to be related to the bottom portions of alluvial fans or 

wind-blown soils.

2. The optimum clay content of collapsing soils tends to be around 

15$.
3. The moisture content of collapsing soils is usually less than 

the liquid limit moisture content.

4. Collapsing soils often contain a significant percentage of 

solid salts, calcium carbonate, or gypsum.

In the Picacho Basin, soils examined near ELoy showed a consid

erable amount of clay, some of which was montmorillonite. Many of the
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soil samples react positively to tests for carbonates. The soil is 

geologically recent in age and is related to the low gradient portions 

of alluvial fans. Most of the soils were undoubtedly unsaturated until 

the advent of extensive irrigation. It is reasonable to assume that the 

overburden of flood irrigation and the resultant saturation of the soils 

during such irrigation account for some portion of the land subsidence 

in the Picacho Basin. The depth at which the near-surface compaction 

occurs is not clear, but hydrocompaction has been documented in Cali

fornia to depths in excess of 100 ft (30 m).

Increased Effective Stress 
Due to Loss of Buoyancy

Effective stress refers to the stress that is transmitted 

through grain-to-grain contacts. The physical properties of permea

bility and void ratio are directly influenced by the effective stress. 

The effective stress is defined as the average grain-to-grain force 

per unit area felt by the granular skeleton of sediments. Hence, above 

the water table, the effective stress is equal to the weight per unit 

area of the overlying sediments and moisture (Lofgren and KLausing,

1969)• Below the water table, the effective stress equals the submerged 

weight per unit area of the overlying sediments plus the weight of the 

sediments and moisture above the water table. Additionally, seepage 

forces (hydrodynamic drag) may add to or subtract from the effective 

stress depending on the direction of fluid flow through the sediments.

Calculations based on elastic•theory (Bouwer, 1977) yield sub

sidence rates of 2-20 in (5-50 cm) per 33 ft (10 m) of ground-water
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level decline. The modulus of elasticity (E) is determined for 

unconsolidated sediments either by laboratory tests or by field measure

ments of compression after a drop in the piezometric surface. The sub

sidence rate for the Picacho Basin falls near the high end of Bouwer* s 

(1977) calculations and is probably around 15-17 in (38-43 cm) of sub
sidence per 33 ft (10 m) of ground-water level drop. In the Picacho 

Basin, increased intergranular stress due to the dewatering of the 

aquifer is almost certainly the most important cause of land subsidence.

Basin Adjustment

In the Picacho Basin this phenomenon consists of sediment 

settling or the consolidation of valley fill and possibly movement 

along bedrock faults. There is some evidence for the former. Between 

1905 and 1934, first-order leveling showed that the land surface had 
subsided by 0.066 ft (Peterson, 1962). During that same period, ground- 

water level changes appeared to have been negligible. Whether or not 

land subsidence was occurring at a slow rate prior to ground-water 

development may be a moot question, however, since land subsidence due 

to ground-water extraction has completely overshadowed the natural pro

cess. Bedrock fault movement, although suspected periodically in the 

case of the Picacho crack, has yet to be verified.



EARTH FISSURING

Description and Review of Earth 
Fissurine; in the Picacho Basin

There are more than 75 fissures located within the Picacho 

Basin (Holzer, 1977)• Usually the width of the fissures, at least 

when initially apparent, is less than an inch (Schumann and Poland,

1971; Holzer, 1977)• The length of the fissures varies and can be as 

great as 8.6 mi (13.8 km) (Winikka and Wold, 1977) > but more commonly 

the length is from î -l mi (0.8-1.6 km). Most fissures tend to form 

parallel to and near the basin peripheries (Fig. 6). As such, they are 

generally perpendicular to the natural surface drainage and intercept 

the overland flow. The fissures, as a result, slump and erode into 

gully-like features. Some of the eroded fissures are 15-20 ft (4*6 m) 

deep and 10 (3 m) or more feet wide at the surface. While there is 

little doubt that the depth of earth fissures exceeds that which is 

visually evident, the true depth is unknown. One technique to estimate 

depth uses the cross-sectional area of the unfilled portion of the gul

lied fissure (Holzer, 1977)* Assuming the initial width of the fissure 

(about 1 inch or less), the depth of the fissure is varied until the 

product of the width and depth equals the cross-sectional area of the 

unfilled portion of the eroded fissure. Depth estimates by this method 

have indicated fissure depth may be greater than 460 ft (140 m) (Holzer, 

1977)* The accuracy of this method, of course, depends on the ability 

of fissure openings to act as a sink for sediments.
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V  32°31'
5 miles 111*16'

SHADED AREA Approximate area of land subsidence > 7 feet
--  -200--  Approximate line of equal water level change, 1923-77

Interval $0 feet
• 8.4 Land subsidence of representative bench marks 1952-77
/^ Earth fissures as of 1977

Figure 6. Map of Earth Fissures, Land Subsidence, and Water-level 
Declines for Study Area. —  From Laney et al. (1978).
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The first recorded occurrence of an earth fissure in the 

Picacho Basin was made September 12, 1927 by Leonard (1929)• The crack 

was located about 3 miles southeast of the town of Picacho and appeared 

after a severe rain and wind storm. A seismic tremor had been recorded 

at about that time, and Leonard assumed that the crack was probably of 

seismic origin. Fissures also appeared in 1935j 1949, 1951» and from 

1952 to the present with no incidences of seismic activity coincident 

with the appearances of earth fissures. It has been generally observed 

that the appearance of new fissures commonly follows the heavy summer 

Storms.

• Fletcher et al. (1954) considered the earth fissures of Picacho 

to be the results of the phenomenon "piping." He claimed that when 

these pipes or pipe-like channels intersect the surface they appear to 

be large cracks. In a rebuttal, Heindl and Feth (1955)> while acknowl

edging the existence of "piping," rejected the notion that "piping" 

was responsible for the earth fissures of the Picacho area. They cited 

several field observations including the partial filling of the fis

sures, which indicated that there was no free discharge as might be ex

pected in "piping." Heindl and Feth felt that the fissures could be 

explained by differential subsidence across a buried pediment edge, as 

was first suggested in 1949» Furthermore, Heindl and Feth (1955» P*

345) concluded that the relationship of summer storms to fissuring may 
not be coincidental and that the rains may "result in differential load

ing of the sediments on either side of a possibly concealed pediment 

edge or in reduction of bearing strength so as to permit movement or
both."



22
Later Pashley (1961) and Peterson (1962), as well as others 

since then, have come out in favor of some form of differential subsi

dence as being the cause of the fissures. More recently, two alterna

tive mechanisms for fissuring have been suggested by Lofgren (1972) 

and Holzer and Davis (1976). It is almost of catholic acceptance that 

ground-water declines, ground subsidence, and earth fissuring are intern- 

related. Locales of land subsidence are more or less superimposed over 

areas of strong ground-water decline. Earth fissuring tends to be 

peripheral to the areas of land subsidence, as well as perpendicular to 

the trend of the natural drainage system. Three theories have evolved 

to explain the relationship between ground-water declines and earth fis

suring: differential subsidence (Feth, 1951), horizontal seepage forces

(Lofgren, 1972), and capillary stress build-up (Holzer and Davis, 1976).

Failure Due to 
Differential Subsidence

Differential compaction of sediments across bedrock irregulari

ties results in shear and tensions! stress build-up in the sediment 

above the bedrock feature. When the stresses become greater than the 

shear or tensile strength of the sediment, rupture or fissuring occurs. 

If the compacting sediments lack consolidation, then shear forces will 

predominate in regions above the bedrock irregularity and a vertical 

offset should be detectable across the fissure. In the Picacho Basin, 
vertical offsets across most fissures appear to be negligible. A dif

ferent condition possibly exists if the subsiding sediments have some 

degree of cohesive strength and plasticity. Instead of forming a
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shearing plane, the bedrock irregularity, generally either a scarp or 

ridge, may act as a structure about which sediment flexure could occur 

(Fig. 7a). The dominant stresses in the sediment layer above the struc

ture would then be tensile and multiple fissuring might be expected 

across the sediment flexure. Bouwer (1977) suggests that the bedrock 

irregularity may act as a pivot point for a rotating, relatively con

solidated slab (Bouwer, 1977) of sediment (Fig. 7b). The cohesive unit 

of sediment, in this case, will generally be underlain by more compres

sible sediment, either clays or dewatered aquifers. Simple trigono

metric calculations for a rotating slab using land subsidence data of 

the Picacho Basin yield a fissure width of about 2 in (5 cm). This is 

in rough agreement with the observed width of some newly formed earth 

fissures in the Picacho Basin (M. C. Carpenter, personal communication, 

197&). It is difficult, however, to visualize sediments of the Picacho 

Basin as having enough consolidation to actually pivot about a bedrock 

feature as a cohesive unit.

The differential subsidence mechanism for earth fissuring offers 

a method for prediction. If the bedrock topography can be determined 

by geophysical means and drilling, then locales of high probability for 

fissuring can be interpreted from the ground-water use history and bed

rock surface of that area. It is the main thrust of this study to test 

and establish such methods of earth fissure prediction.

Failure Due to 
Horizontal Seepage Forces

Lofgren (1972) advanced the horizontal seepage force theory.

It purports that hydrodynamic drag can create tensional forces that
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ZONE OF FISSURING
SURFACE BEFORE COMPACTION

SURFACE AFTER COMPACTION

SCARP 7T77
BEDROCK

a. Differential compaction of sediments across a bedrock scarp.

FISSURE
SUBSIDENCE

COMPACTION

SCARP

BEDROCK 
/  /  /

b. Rotation of alluvial slab about bedrock scarp due to compac
tion of underlying sediments. —  After Bouwer (1977)•

Figure 7 Diagrammatic Representations of Earth Fissure Formation due 
to Differential Compaction of Sediments.
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result in the cracking of the sediment fill. The decline of the 
ground-water levels increases the hydraulic gradient of the recharge 

from the mountain fronts and basin periphery. Horizontal seepage forces 

develop as a result of the viscous drag of the flow towards the cone of 

depression. The magnitude of the seepage forces is a function of flow 

velocity. In the Wilmington oil field, horizontal ground displacements 

as great as 11.8 ft (3.6 m) are thought to have resulted from seepage 

forces. Steep hydraulic gradients are set up as a result of the pump

ing of fluids from the oil reservoirs. The natural hydraulic equilib

rium of the surroundings thus disturbed generates a lateral flow with 

its associated viscous drag toward the reservoir. A limitation of 

horizontal seepage forces in explaining earth fissure is that they 

should not produce fissures near the center of the cone of depression 

because the forces in that zone are compressional (Holzer, 1977)•

Failure Due to 
Horizontal Contraction

Tensile failure, as suggested by Holzer and Davis (1976), is 

independent of both vertical subsidence and locales of fissure occur

rences. Fundamentally this theory proposes that intergranular capillary 

stresses brought on by the dewatering of sediments can be additive in 

their effect. Flssuring occurs where the capillary tensile stress 

build-up overcomes the tensile strength of the sediments. The depth 

of the fissures would extend from the surface to the drained zone, and 

fissuring would tend to express itself in a polygonal pattern (Holzer, 

1977).



DATA COLLECTION AND PROCESSING 

Data Collection

The gravity survey of the Picacho Basin was completed during 

the period July, 1976 to July, 1977• A total of 732 gravity stations 

were established with a nominal density of one station per square mile 

(Fig. 8, in pocket). Both 15 minute (scale 1:62,500) and 7*5 minute 

(scale 1:24,000) U. S. Geological Survey topographic maps were used to 

provide horizontal and vertical control for the location of field 
stations.

The type of gravity meter used for the survey is the Lacoste 

and Romberg model G. Two meters were employed in the course of the 

field work: University of Arizona's G-174 and Arizona State Univer

sity's G-359. The Lacoste-Romberg is an astatic, thermostatically 

controlled, null-type gravimeter. The response system of the gravim
eter is essentially that of a horizontal moment-arm with a weight on 

one end supported by a zero-length spring. The zero-length spring is 

designed with a pre-tension such that if external forces were removed 

the spring would try to contract to zero length. It cannot, of course, 

because of physical dimensions of the wire forming the spring. The 

stress-strain curve for the zero-length spring is totally linear; hence, 

any increment in gravity causes a change in the length of the spring 

proportional to the gravity increment itself. The Lacoste-Romberg 

instrument is accurate to 0.01 mgal (Telford et al., 1976).
26



Because the Lacoste-Romberg gravimeter measures only relative 

changes in gravity, gravity observations must be tied (usually by the 

closed-loop method) to a base station of known absolute gravity. Three 

base stations were used during this survey: University of Arizona

station, 979253*851 mgal; Toltec station, 979393*571 mgal; and the La 
Palma station, 979394*932 mgal. The technique was to obtain a gravity 

reading from the base station at the beginning and end of a day of 

field observations. No loops in this survey were longer in duration 

than 18 hours.
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Gravity Anomalies and Corrections 

Before use in exploration, gravity data must be corrected for 

effects of station elevation, latitude, Bouguer slab, and other factors. 

All data reductions and residuals were accomplished on The University 

of Arizona CDC-6400 and DEC-10 system computers. Raw gravity data were 

initially reduced to the free-air and simple Bouguer anomalies by means 

of The University of Arizona Laboratory of Geophysic's XGRAV program.

The XGRAV program makes corrections.for tidal effects (earth tides), 

meter drift, station elevation departure from mean sea level, latitude, 

and the Bouguer effect. These are standard gravity data corrections 

and the writer will only elaborate on them briefly. Detailed discus

sion of these corrections are in any good text on gravity methods, 

e.g., Telford et al. (1976), Nettleton (1976), and as specifically im

plemented by XGRAV, in theses by Bittson (1976), Robinson (1975), and 

Hargan (1977)*
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Field stations were, whenever possible, established at 

triangulation stations, bench marks, section comers, checked spot 

elevations, and unverified spot elevations (from U.S. Geol. Survey 

maps) in order of preference. Contour derived elevations were infre

quently chosen as field stations, but only when the contour interval 

did not exceed 25 feet. In addition to the above, a few stations were 

located along surveyed profiles across fissures of special interest.

In these cases the survey lines were anchored to map-referenced bench 

marks. For each field station established the latitude, longitude, 

elevation, type of elevation control, date, time (relative to Greenwich 

Mean Time), and meter reading as well as other relevant information 

were recorded.

Free-air Correction

The free-air correction compensates for the variation in gravi

tation acceleration (g) with elevation above or below the geoid. The 

general expression is:

d£= _ 2® _ 2g
dr r3 r (3)

where r equals radial distance from the earth’s center of mass, M 

equals the mass of the earth, and G equals the gravitational constant. 

At sea level, equation (3) yields -0.09406 mgal/ft. Since elevation 

departures of the observation station from the geoid are slight in 

comparison with the earth’s radial distance to the geoid, the gradient 

(dg/dr) is considered a constant in most reduction schemes. XGRAV uses



29
the sea-level gradient of -0.09406 mgal/ft. Figure 8 is a free-air 

anomaly gravity map of PLcacho Basin.

Bouguer Correction

To account for the gravitational attraction (zg) of the materi

al between the gravity station and the datum (geoid), the Bouguer cor

rection must be made. This correction idealizes the excess material 

as an infinite horizontal slab of thickness h and density p . The 

Bouguer slab effect can then readily be calculated as (Garland, 1971, 

p. 175):

Ag = 2H Gph (4)

If a density of 2.67 gm/cm^ is assumed, the Bouguer correction is 0.034 

mgal/ft. Sumner and Schnepfe (1966) have arrived at average densities 

of 2.6-2.7 gm/cm^ for several thousands of rock samples taken from 

southeastern Arizona. The program XGRAV uses a density of 2.67 gm/cm^ 

to perform the Bouguer correction. For a gravity station above the 

datum, the Bouguer correction is subtracted; below the datum, the 

Bouguer correction is added. The Bouguer slab effect and the free-air 

effect are always opposite in sign for any gravity station.

Latitude Correction

It is known that the shape of the earth with its flattened 

poles and equational bulge more nearly approaches an oblate spheroid 

than a sphere. This departure of the earth1s solid geometry from a 

sphere and the centrifugal force due to its rotation are the principal
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source of the variation of gravity over the earth’s surface. The 

mathematical spheroidal surface which best coincides with the geoid is 

known as the spheroid. The theoretical gravity at any level on the 

spheroid is predicted by the International Gravity Formula. The 1930 

formula is:

g = 978.049 (1 + 0.0052834 sin2 <j> -0.0000059 sin2 2$) gals (5)

where: g = gravitational acceleration
<{> = latitude in degrees.

Primarily as a result of satellite orbital studies, the 1930's formula 

has undergone a series of refinements, the latest of which was in 1967 

(Jacobs, 1974)• All data within the Arizona Gravity Data Base has been 

reduced using the 1930 formula. To ensure compatibility with the data 

base, the 1930 International Gravity Formula has been used for the re

duction of data gathered by this survey.

Earth Tides

The relative motion of the sun and moon with respect to the 

earth results in a tidal periodicity of the observed gravity at a 

station. The gravity aberration is on the order of 0.1-0.2 mgal for a 

complete tidal cycle in the Picacho Basin. This gravity variation 

arises from two processes: (l) the competing gravitational attraction

of the sun and moon on the gravimeter, (2) the physical distortion of 

the earth’s land surface (usually only a few inches) which increases 

the radial distance between the station and the center of mass of the
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earth. The formula giving the tidal effect for a perfectly rigid earth 

is (Dobrin, 1976, p. 372):

3GrMM (COS 2Am + l/3) - 3GrMS (COS 2A„ + l/3)

V  ^s3 . (6)

tidal force caused by sun and moon 
gravitational constant 
radius of earth 
mass of moon
mass of sun
distance of moon from earth 
distance of sun from earth
geocentric angle of moon and sun with observation station.

Equation (6) is usually multiplied by the factor 1.2 to compensate for 

the lack of rigidity of the earth. XGRAV incorporates equation (6) in 

the subroutine IS Tide to correct for tidal effects.

Terrain Correction

Topographic features such as hills and valleys near the vicinity 

of a gravity observation act to reduce the gravity measurement. Excess 

mass above the station exerts an upward pull; mass deficiencies below 

the station cause a lessening of the downward attraction. The net re

sult, whether hill or valley, is always to decrease the observed gra

vity; hence, terrain corrections are always added to the station reading. 

Terrain corrections for this survey were made using a computer program 

written by Plouff (1966). This program calculates corrections from a 

radius of 1.5 mi (2.5 km) out to 13.1 mi (21.0 km) using 1 minute digi

tized elevations and from 13.1-37-.3 mi (21.0-60.0 km) using 3 minute

Ag =

where: Ag =
G = 
r =

MM =
MS =
\  =
Ds =

a m ,a s =



digitized elevations. Inside of the 1.5 nti. (2.5 km) radius the program, 
as implemented by The University of Arizona Laboratory of Geophysics, 

does not compute terrain correction, and these corrections must be made 

manually. Only bedrock stations in this survey were manually corrected.

Embodied in the terrain correction program of Flouff (1966) is 

a curvature correction. This correction adjusts for the inadequacies 

of the Bouguer correction, which uses an infinite horizontal slab, in 

taking into account the curvature of the earth.

Error Analysis
Full consideration of any study demands some estimate of the 

error involved. Typical sources of error in a gravity survey might 

include the instrument inaccuracies and imprecision, the location and 

elevation of the station, tidal corrections, and the terrain correction. 

Instrumental errors due to the Lacoste-Romberg can be considered negli

gible. The Lacoste-Romberg is accurate to 0.01 mgal (Telford et al., 

1976, p. 41)» and in this survey it was attempted to read the gravi

meter to the nearest l/lOOO of a mgal. Conversely, the plotted gravity 

values used in the map contouring and modeling were only required to be 

accurate to the nearest l/lO of a mgal. Also judged to be minimal are 

the errors induced by non-linear meter drift. No survey loop in this 

study was of longer duration than 18 hours. It is likely, therefore, 

that the assumption of linear meter drift, which is compensated for by 

the drift correction, is perfectly reasonable in this study. Errors 

arising from the use of the tide table published by the European 

Association of Exploration Geophysicists were reviewed by West (1970b).
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For the Avra Valley just west of the Tucson Mountains, West (1970a) 

concluded that the tidal correction errors were on the order of 0.01 

mgal. Due to the proximity of the Picacho Basin to the Avra Valley, it 

is felt that this is also a reasonable value for tidal correction errors 
of the Picacho Basin.

Horizontal and vertical control for this study was provided by 

15 minute (scale 1:62,500) and 7»5 minute (scale 1:24,000) U. S. Geo

logical Survey topographic maps. National Map Accuracy Standards call 

for a horizontal accuracy of 100 ft (31 m) and 40 ft (12 m) for 15 

minute and 7*5 minute maps, respectively. Latitudes were determined 

from the topographic sheets by using the Gerber Graphanalogue, a pro

portional divider. The writer’s experience agrees with Hargan’s (1977) 

opinion that the Gerber cannot determine latitudes to better than 0.01 

degrees. Since 0.01 degrees equals approximately 100 feet, the maximum 

total horizontal error involved, in determining latitudes with the Ger

ber from topographic sheets, is + 200 feet. By equation (5) this 

translates to a latitude-dependent error of + 0.02 mgal for each station. 

Errors due to lack of vertical control are slightly more difficult to 

assess, and undoubtedly the largest source of error to be found in this 

survey. Of the gravity stations established during this survey, 92% 

were located on bench marks, writer surveyed points, triangulation sta

tions, section corners, and checked spot elevations. These stations all 
have a vertical accuracy of at least + 1 foot. The remaining 8% of the 

stations are located on unverified spot elevations and contour eleva

tions. In reference to Marsden’s (i960, p. 436-37) discussion of the



National Map Accuracy Standards, unverified spot elevations determined 

by photogrammetric methods are correct to within of a contour inter

val, and interpolated contour elevations are correct to %  of a contour 

interval if the slope is less than 15$» No contour elevation stations 

in this study were on slopes of 15% or greater, and the largest contour 

interval was 25 feet. Hence, all contour elevations and unverified spot 

elevations used in this study are assumed to be accurate to within 

+ 6 feet. The most disconcerting elevation error, however, was not due 

to the accuracy of the topographic sheets, but to the active land sub

sidence that has occurred since the last comprehensive topographic 

survey was completed during the late 1940's and early 1950's. Limited 

periodic releveling has indicated roughly what degree of land subsi

dence has occurred.

Land subsidence has taken place in the Picacho Basin in a some

what regular manner (Fig. 6). This suggests that the elevation error1 

attributed to each station due to land subsidence be broken up along a 

subsidence boundary. For this analysis, the 7 foot land subsidence 

boundary (shaded portion of Fig. 6) will be chosen. Stations outside of 

the shaded area (approximately 70% of the total number of stations), 

then, have a maximum subsidence elevation error of 7 feet. For sta

tions inside the shaded area, the maximum subsidence error is 12.5 

feet. The total elevation error may be summarized as follows. Assum
ing a random distribution of station types (i.e., bench marks, contour 

elevation picks, etc.), approximately 64% of the stations have a maxi

mum total elevation error of + 8 feet; 28% have + 13 feet; 6% have + 12 

feet; and 2% have a maximum error of + 18 feet. From equations (3)
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and (4)i this is equivalent to an error of + O .48 mgal, + 0.78 mgal,

+ 0.72 mgal, and + 1.08 mgal, respectively. It is acknowledged that 

the assumption of random distribution of station types is not strictly 

true, but it nearly represents the situation to the exactness of this 

analysis. Because the error due to land subsidence varies smoothly 

with horizontal distance, it should be noted that the error involved 

probably will not create any bedrock surface irregularities during 

bedrock modeling. It may, however, decrease the interpreted depth to 
bedrock.

The last error to be considered is that resulting from the ter

rain correction. Outward of the 1 .5 mi (2.5 km) radius for each sta

tion, the terrain correction is computerized (program by Flouff, 1966) 

and uses digitized elevations. The digitizing was performed by several 

individuals, and the writer knows of no effective way to estimate the 

amount of error involved. This study will assume the errors due to the 

computer terrain corrections to be minimal and they will be neglected, 

since these corrections are made outside of Hammer’s H zone (Dobrin, 

1976). The inner ring (out to the 1.5 mi (2.5 km) radius) must be 

terrain-corrected manually. Bedrock stations were the only ones manual

ly terrain-corrected in the inner ring. Valley stations, which comprise 

about 95$ of the total number of stations, were not manually corrected 

in the inner ring and because of this had a maximum associated error of 

+ 0.03 mgal. The small value of error is due to the low topographic 

gradient of virtually all valley stations.



36
The total error for a complete Bouguer value is given by the 

root mean square of the independent errors (Bevington, 1969)• The 

equation is:

= (Eg + E y + . . . ) 2

where is the total error for the complete Bouguer value and Eg, Ey, 

etc. are the independent errors. From equation (?) the maximum total 

errors, sorted according to control and location of the observation 

are:

STATION TYPE AND LOCALITY ERROR % OF STATIONS

1. Bench marks; section comer, etc., 
located outside of 7 ft subsidence 
contour (Fig. $).

+ 0.48 mgal 6496

2. Bench marks; section comer, etc., 
located inside of 7 ft subsidence 
contour.

+ 0.78 mgal 2&f,

3. Contour elevation picks; unveri
fied spot elevations located out
side of 7 ft contour.

+ 0.72 mgal

4. Contour elevation picks; unveri
fied spot elevations located in
side of 7 ft contour.

+ 1.08 mgal 2?6

Drill-hole Data

Numerous wells, mostly for irrigation purposes, have been 

drilled in the Picacho Basin. The irrigation wells, although extending 

to depths as great as 2000 feet, are of limited usefulness in modeling, 

however, because of the lack of density logs. Five exploratory drill 

holes are also known in the Picacho Basin; three are Central Arizona
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Project (C.A.P.) drill holes varying in depth from 827 to 2007 feet, 

one is a geothermal drill hole with a total depth of 5861 feet, and 

the other is a drill hole by Exxon Corporation encountering bedrock at 

10,175 feet. Table 2 gives the location, depth, and some particulars 

of these drill holes. Exxon State (74)-l is the only drill hole to 

penetrate the massive anhydrite body and to reach bedrock. This drill 

hole was used to provide stratigraphic control for a seismic profile by 

Exxon Corporation that extends northward through the Picacho Basin into 

Chandler Basin (Pig. 9). Exxon State (74)-l was used extensively by 

this study to model the Picacho Basin.



38
Table 2. Drill-hole Data from the Ficacho Basin Area.

Name and Location Depth (feet) Density gm/cm-
Pima Farm, Inc. #L 0-2380 2.29
T. 7 S., R. 8 E., S8, 
Pinal Co., TD(feet) 5861

2380-2500 3.0+?
2500-3190 2.79

* 3190-3720 2.42
3720-4510 2.30
4510-5070 2.43
5070-5843 2.65

Name and Location Depth (feet) Description
(D-7-8) 31 bba 
C.A.P., near ELoy 
TD(feet) 828

0-433 Silty sand and gravel average 
density 1.79 gm/cm3

433-828 Clayey silt and sand, aver
age density 1.83 gm/cnr

(D-7-8) 25c c c 0-181 Sand and gravel, average 
density 1.92 gm/cnrC.A.P., near Eloy

TD(feet) 1944 181-1673 Silty to clayey sands and 
sandy clays, average den
sity 1.84 gm/cnr

1673-1944 Silty clay with interbedded 
evaporites

(B-9-7) 34ada 0-1050 Sandy to silty clay with
C.A.P., TD(feet) minor sand and gravel (27-
2007 67'), average density 2.01 

gm/cnr
1050-1200 Sandy silt to silty sand, 

average density 1.94 gm/cnr
1200-2007 Conglomerate, average den

sity 2.32 gm/cm3

Exxon State (74)-l 0-361
T. 8 S., R. 8 E., S2, 0-361 Gravel, coarse, unconsoli
Pinal Co., TD(feet) dated
10,177 361-650 Sand, unconsolidated; occa

sional gravel lense; few clay 
stringer, red-brown

650-2320 Clay, red-brown; occasional
silty lense; gypsum and an
hydrite nodules and stringers 
in basal 755 ft; sandy and 
silty from 1952-2182 ft.
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Table 2, Continued*

Name and Location 
Exxon State (74)-l 
T. 8 S., R. 8 E., S2, 
Pinal County 
TD(feet) 10,177

Depth (feet)
2320-8274

8274-8399

8399-9072

9072-9665

9665-9846

9846-10,177

________ Description_________
Mostly anhydrite; occasional 
claystone stringer, green 
and greenish-gray; few thin 
tuff beds, green, bentonitic; 
scattered limestone nodules, 
few thin salt beds in upper 
part
Sand, reddish brown, con
glomeratic ; claystone string
er, varicolored 
Conglomerate, reddish stained, 
poorly consolidated; chiefly 
composed of volcanic frag
ments, purplish red 
Basalt, purplish red, selec
ted cuttings from 9160-9209 
ft yielded middle Miocene 
age of 17 m.y.
Conglomerate, reddish 
stained, consolidated chiefly 
composed of quartz-diorite 
gneiss fragments in a matrix 
of sandstone and siltstone, 
dark red-brown, clayey 
Quartz-diorite gneiss, green
ish gray, highly fractured. 
Biotite separate of core 
sample from 10,174-10,177 ft 
yielded a K-Ar age of 26 m.y. 
whereas a Rb-Sr whole rock 
determination indicated a 
PreCambrian age of from 1275- 
1540 m.y. Reduced K-Ar age 
probably represents recrystal
lization of the gneiss during 
the mid-Tertiary orogeny.
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INTERPRETATION AND ANALYSIS

Free-air Gravity Anomaly

The free-air anomaly map (Fig. 8, in pocket) of the Picacho 

Basin shows that the net free-air anomaly over the basin is negative.

The -15 mgal contour is the gravity value which most closely follows 

the edge of exposed bedrock of the area. Interpretation of the state

wide free-air gravity anomaly (Sumner, Schmidt, and Aiken, 1976) indi

cates that the 0 mgal contour generally follows the pediment edge of 

the exposed bedrock in regions of isostatic equilibrium. This seems to 

indicate that the mountainous ranges in those regions are lithospheri

cally supported. Negative free-air values along the pediment edge in 

south-central and southwestern Arizona are thought to represent areas 

slightly out of isostatic equilibrium due to the presence of the East 

Pacific Rise in the Gulf of California (Sumner et al., 1976).

The north-south trending free-air gravity low of the Picacho 

Basin is divided into two lobes by a northwest-trending gravity high. 

Because of the similarity between the trend of the gravity high and the 

overall trend of the Basin and Range structures of Arizona, it is pos

sible that the gravity high represents a ridge-like bedrock feature 

related to the Basin and Range orogeny. The northwest-trending gravity 

high unilaterally terminates in the general proximity of the Precambrian 

granite and gneiss contact in the Picacho Mountains (Fig. 2). The

a
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transverse gravity high characterizes the gravity map and residuals of 

the Picacho Basin.

The free-air gravity anomaly map also shows steepened gravity 

gradients along the fronts of the Picacho Mountains, Sawtooth Mountains, 

and the Casa Grande Mountains. These gravity gradients may reflect 

frontal faults that are the delineating faults of the horst and graben 

structure of the Picacho Basin.

Complete Bouguer Gravity Anomaly

, The complete Bouguer gravity anomaly map (Fig. 3> in pocket)
shows most of the features of the free-air map, including the strong 

gravity gradients near mountain fronts and the transverse gravity high 

dissecting the basin gravity anomaly low into a northern and southern 

lobe (refer to discussion on the free-air gravity anomaly). The 

southern lobe’s complete Bouguer gravity low is about -96 mgal; the 

northern lobe’s low is nearly -86 mgal. Exposed bedrock in the basin 

is outlined by contour gravity values between -70.0 mgal and -76.0 

mgal. The low disparity of gravity values near the edges of exposed 

bedrock is taken to indicate that the regional gravity value in the 

Picacho Basin can be represented by a nearly planar trend surface on the 

order of -70.0 mgal dipping by a few tenths of a milligal per mile to 

the southeast. Because of the apparent simplicity of the regional 

gravity value surface in the Picacho Basin, the complete Bouguer gravity 

values were considered to be good for depth-to-bedrock modeling. Sev

eral profile lines were modeled using the complete Bouguer gravity 

anomaly map (see section on profile analysis).



Comparison of the complete Bouguer gravity anomaly map with the
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residual aeromagnetic data (Sauck and Sumner, 1970) for the basin 

shows little correlation except in the vicinity of the Picacho Movu>- 

tains. There the magnetic data seem to define the pediment edge and 

offer some support, albeit slightly, to the notion of a northwest

trending bedrock scarp, as inferred from the free-air gravity data. No 

attempt, beyond a cursory level, is made in this study to interpret 

magnetic data.

Regional-residual Separation

To more clearly reveal and facilitate the interpretation of 

gravity anomalies of interest, it is important to remove the confusing 

and conflicting effects of interfering gravity anomalies. By defini

tion, residual anomalies are those local anomalies of interest to the 

analyst, whereas regional anomalies are broader features in which the 

analyst has no interest (Nettleton, 1954)• While it is generally true 

that regional anomalies are of longer wavelengths and residual anomalies 

are of shorter, they need not be restricted to such by their definition 

(Aiken, 1977).

Although there are several analytical methods available for 

removing regional anomalies, the method chosen for this study is the 

trend surface technique using double Fourier series. James (1966), 

Whitten (1968), and Davis (1973) have discussed this method, and the 

technique has been used successfully to analyze gravity anomalies in 

Arizona by Robinson (1975)t Bittson (1976), Aiken (1976), Hargan (1977), 

and Parker (in preparation). James (1966) has written and Aiken (1976)



has altered a Fortran IV computer program to generate the coefficients 

for the double Fourier series. Inasmuch as the Fourier series is 

linear with respect to its coefficients, the coefficients can be calcu

lated using a least-squares method. Before use of the coefficient 

generating program, the origin of the waveforms and the fundamental 

wavelengths in the north-south and east-west directions must be selec

ted. There is essentially no restriction on the choice of the funda

mental wavelengths, and input data need not be regularly gridded. 

typically, suitable wavelengths are 2.3 times the length and width of 

the area of interest (C. Aiken, personal communication, 1977)•

Investigation into the sources of free-air and Bouguer gravity 

anomalies (Aiken, 1977) indicates that the longer wavelength free-air 

anomalies are related to the degree of isostatic compensation of a 

region or to asymmetric mass distributions in the earth, while short- 

wavelength free-air anomalies are associated with local elevation 

changes. Local topography is essentially supported, on the average, 

by the strength of the lithosphere. Hence, short-wavelength free-air 

anomalies reflect the local terrain to the extent of the thickness of 

the Bouguer slab in that area. The Bouguer correction is intended to 

ameliorate the strong correlation between short-wavelength free-air 

anomalies and local topography. In the process of the Bouguer correc

tion, a longer wavelength anomaly corresponding to the regional 

topography is introduced. The sympathetic relationship of the long- 

wavelength Bouguer anomaly to regional elevation changes is not unex

pected (Woollard, 1962; Strange and Woollard, 1964; Wilcox, 1974)> and

44
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is a consequence of iso statically compensated, or nearly so, long- 

wavelength topography. While a regional free-air gravity value may be 

a few tens of milligals, the Bouguer correction, depending on eleva

tion, may be on the order of 200 or 300 mgal. Thus, on a regional 

scale, due to the near isostatic equilibrium of long-wavelength crustal 

sections, the Bouguer correction is essentially over-correcting for 

what is only an apparent excess of mass (i.e., the mass above sea 

level).

The simple Bouguer correction (see equation 4) is a function of 

density and slab thickness. Strictly speaking, the slab thickness need 

not be the elevation above the sea-level datum, and Aiken (1976) sug

gests that a more appropriate datum may be the mean regional altitude, 

which is variable over the area. The use of such a variable regional 

datum would effect a residual Bouguer gravity anomaly freed from the 

interference of regional topography. In other words, by use of a vari

able regional datum, a means has been found to reduce the interrelation

ship between regional elevation and long-wavelength Bouguer gravity 

anomalies.

The variable regional datum is described by the double Fourier 

series. If the double Fourier series is expanded to too many harmonics, 

then not only does the number of coefficients and the associated calcu

lation time increase, but the elevation trend surface generated mimics 

the actual surface topography so closely that only the free-air anomaly 

results from the trend surface removal. The other extreme, resulting 

from too few harmonics, is a datum of sea level. The correct number of



harmonics, as well as the wavelength, must be determined by the 

investigator for a particular area of interest.

The degraff-Hunter equation (Aiken, 1976) describes the rela

tionship between the elevation trend surface and the residual Bouguer 

gravity values:

46

SqH = SpAT “ 2nGp(h - hm) (8)

where: gr„ = residual Bouguer gravity value
g
3GH
FAT terrain-corrected free-air gravity value

p = density
h = elevation o f the g rav ity  sta tion 

hm = elevation o f trend surface.

The variable datum reduction program back-calculates terrain-corrected 

fre e -a ir  g rav ity  values from the complete Bouguer g rav ity  values.

Using the elevation difference between the sta tion  and trend surface 

as the thickness o f the slab, the Bouguer e ffec t is  subtracted from the 

terrain-corrected fre e -a ir  values to  y ie ld  the f irs t-o rd e r residual 

Bouguer g rav ity  values.

F irs t-o rder Residual

Figure 10 shows the two-harmonic elevation trend-surface com

puted for the State of Arizona (Aiken, 1976). Using topographic maps 

(scale 1:250,000), elevations were averaged over 3 x 3  minute blocks 

generating over 34t000 input data points for the Fourier analysis pro

gram (James, 1966; Aiken, 1976). The descriptive double Fourier series 
has two sine and cosine harmonics in two senses (representing the north- 

south and east-west directions) and a total of 25 coefficients. The
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Figure 10. Two-harmonic Trend Surface of Digitized Terrain Elevations. 
—  After Aiken (1976). Contour interval = 500 feet.



fundamental wavelength was 1120 miles in both the north-south and east- 

west directions. It is interesting to note that the regional elevation 

trend-surface is, on the average, nearly 1000 feet above the topographic 

surface of the Picacho Basin. This does not affect the validity of the 

variable datum reduction process. The elevation difference between 

the trend surface and topographic surface may suggest, however, that 

tectonic uplift conditions exist in this region as a response to the 

demand for lithospheric equilibrium.

The anomaly map produced from the employment of the elevation 

trend surface of Figure 10 in the degraaf-Hunter equation (equation 8) 

is presented by Figure 11 (in pocket). This is the first-order resid

ual. The gravity values of the residual are relative and are no 

longer in reference to the spheroid. Comparison of the complete Bouguer 

anomaly with the first-order .residual reveals that the gravity low in 

the northern half of the basin loses its distinctiveness in the resid

ual. The gravity low in the northern part of the basin is about 6 mgal, 

while the low in the southern half of the basin is -12 mgal. Strong 

gravity gradients still exist along the mountain fronts, as was the 

case in the complete Bouguer and free-air anomaly maps, and seems to be 

indicative of some sort of scarp development along these fronts.

Gravity contour values following the pediment edges varies from 0-l6 

mgal. Because of the disparity of these pediment edge values and for 

reasons discussed in the section on the second-order residual, the 

first-order residual was not considered suitable for modeling.
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Second-order Residual

To produce an anomaly map that more clearly resolves the 

density contrast of basin fill, the effects of local bedrock density 

changes must be removed. This is accomplished much in the same manner 

as removing the interfering effects of regional elevation changes.

For the Picacho Basin, a two-harmonic trend surface of 295 first-order 

residual bedrock data points was computed (Fig. 12). This surface is 

not an elevation surface as for the first-order residual, but is a 

bedrock residual trend surface. The fundamental wavelength in both 

the north-south and east-west directions is 120 miles. The trend sur

face is subtracted from the first-order residual gravity values to 

yield what is referred to as the second-order residual (Fig. 13, in 

pocket). The majority of the bedrock data points used in the formula

tion of the residual trend surface were obtained from The University of 

Arizona Gravity Data Base. The bedrock data were located as much as 30 

minutes outside the study area to enhance development of a surface for 

the Picacho Basin free from possible boundary perturbations.

Examination of the second-order residual anomaly map (Fig. 13, 

in pocket) discloses two prominent gravity lows of -22.0 and -24*0 mgal 

located in the northern and southern halves of the basin, respectively. 

Ironically, the second-order residual map resembles the complete 

Bouguer map. This is because in the Picacho Basin two longer wavelength 

anomalies, one due to regional topography and the other to bedrock 

density changes, are destructively interfering with.each other in the 
complete Bouguer gravity data. When effects of regional topography
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Figure 12. Two-harmonic Bedrock Trend Surface. —  Contour interval = 
4 mgal.
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were removed from the complete Bouguer data to yield the first-order 

residual, the effects of changing bedrock density were allowed to 

predominate. The result was that for the first-order residual data 

the gravity low in the northern half of the basin became attenuated. 

Thus, the first-order residual anomaly map was not considered useful 

for bedrock modeling. Most features of the second-order residual are 

similar to those of the free-air and complete Bouguer gravity anomaly 

maps: pediment edges show steepened gravity gradients, a transverse

gravity high dissects the basin, and a gravity high connects the 

Picacho Mountains, Picacho Peak, and the Samaniego Hills. The latter 

high fairly certainly represents a bedrock divide between the Picacho 

Basin and the Bedrock Basin to the southeast. The depth to bedrock 

along the divide is difficult to estimate, but the results of some 

drill holes (Peterson, 1962; and writer’s observations) indicates that 

the depth is probably under 1000 feet and more likely near 600 feet. 

Approximately four miles north of the town of Picacho, there is an 

interesting small gravity-high closure along a more general northwest

trending gravity high. Because the detailed geometry of the high- 

density anhydrite body is not well known in this area, it is equivocal 

whether or not this closure represents a knob-like bedrock structure. 

Exxon State (74)-l> located only l-g- miles to the southwest, documents 

the presence of as much as 6000 feet in thickness of massive anhydrite. 
In the eastern portion of the study area, contour aberrations between 

the Casa Grande Mountains and the Toltec Buttes are thought to indicate
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the presence of a relatively shallow bedrock bridge or extension 

between the mountains and the buttes. The region between the Casa 

Grande Mountains and the Toltec Buttes was not modeled. Several pro

file lines were, however, modeled using gravity for other portions of 

the Basin (Fig. 13)• The geometry of the massive anhydrite body of 

the Picacho Basin is somewhat a matter of conjecture. On the basis of 

a single drill-hole (Exxon State (74)-l) and seismic reflection work, 

the anhydrite is believed to be 5000-6000 feet thick and fairly ubiqui

tous in the northern portion of the basin. The presence of the anhy

drite in the southern half of the basin is not confirmed, but the 

writer has inferred its existence from modeling results. Gravity 

modeling indicates that if the high-density massive anhydrite were 

missing in the southern portion of the basin, a bedrock scarp as great 

as 7000 feet (upthrown to the south) would be required to compensate 

for the deficiency of anhydrite mass in the southern half of the basin. 

This seems unreasonable in light of total basin depths of around 13,000 

feet. Also, it is difficult to conceive of any naturally occurring 

scarp-like feature of the bedrock surface which would result in the 

smooth and regular gravity contours seen in the complete Bouguer and 

second-order residual gravity anomaly maps (Figs. 3, 13, in pocket).

The hatchured line of Figure 3 shows the lateral extent of the anhy

drite body as determined by gravity modeling.

Two-dimensional Modeling

Modeling along profile lines was accomplished using the two- 

dimensional iterative program, ITMOD. The premise of the program was
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developed by Bott (i960). Morris and Sultzbach (196?) further 

generalized the method, and West (1971) wrote the program essentially 

in its present form. West (1971) made the following improvements:

(l) a modification.allowing density variation with depth, (2) the in

corporation of boundary conditions from known surface and subsurface 

conditions, (3) writing the program in a more generalized form so that 

it would be applicable to other modeling problems as well as for al

luvial basin depths. Effective use of the program requires that there 

be a reasonable degree of symmetry about the profile line so as not to 

violate the presumption of two-dimensionality for the basin. Addition

ally, locations of bedrock-alluvium contact at the surface and density 

contrasts between bedrock and alluvium must be specified. A further 

assumption is that bedrock nowhere overlies alluvium (Morris and 

Sultzbach, 1967).

The vertical plane of the profile line may be divided into as 

many as 100 vertical rectangular strips with each strip having up to 4 

layered density contrasts. The gravity effect of each rectangular 

strip is calculated by (Morris and Sultzbach, 1967):

z22 + X-2 Z 2 + x 2
Ag = 2GAp X1ln(-^----- X2ln(-^--------~ )

V  + Y zr + Y
-l*!+ Z0 (tan -s---tan" -1 X2x

h

h
- Z1 (tan""1 ~  - tan-1 ^ )

(9)
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where: Ag = gravity effect at a profile, location P

G = universal gravitational constant

Ap = alluvium-bedrock density contrast.

and Xg are the horizontal distances from point P to the sides of 

the rectangular strip. Zj_ and Zg are the vertical distances from 

point P to the top and bottom of the rectangular strip, respectively.

For each rectangular strip, the coordinates of the strip, 

depths of the density boundaries, density contrasts with the strip, 

elevation of the top of the strip, the residual gravity value at the 

center of the top of the strip, and strip type (i.e., a code number 

designating the number of fixed and adjustable boundaries of each strip) 

must be given. Although all the boundaries of the density layers may 

be fixed, only the lower boundary of the lowest layer may be adjusted. 

If the lower boundary is to be adjusted, the new thickness Z (k) is 

determined by (West, 1971):

Z(k) = z(k) + Resid(k)/2nGAp(k) (10)

where: z = old thickness of kth strip
Z = new thickness of kth strip 

Ap = density contrast
Resid(k) = the calculated gravity effect minus the residual 

gravity anomaly.

The above process is repeated until the specified number of

iterations is reached or until the predetermined error tolerance is 
attained for all of the strips. In this study the number of iterations 

was set at 10 and the convergence error was 1 mgal. As many as four



density contrasts were used for each vertical rectangular strip, 

depending on the complexity of the substratum.

Basin Modeling

Both the complete Bouguer anomaly map and the second-order 

residual map were used in the modeling of depth to bedrock in the 

Picacho Basin by the program I'M®. Although modeling is usually 

reserved for residual gravity anomalies, the elevation and bedrock 

residual trend surfaces were of such a linear nature in the region of 

interest (Figs. 10, 12) that it was considered appropriate to also 

model the basin using the complete Bouguer anomaly gravity values.

Two advantages arose from modeling the basin with the complete Bouguer 

gravity as well as the second-order residual gravity values:

1) A method was provided from which infonnation lost due to trend 

surface removals could be checked. This was considered neces

sary, since much of the bedrock data used in the creation of 

the bedrock residual trend surface came from as far as 30 

minutes outside the study area and the regional elevation trend 

surface within the basin rather poorly reflected the topo

graphic surface.

2) Because portions of the complete Bouguer gravity anomaly map 

met the modeling requirements of the program better, two ad

ditional profile lines could be included in the complete 

Bouguer analysis.
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There is no hard and fast rule determining whether the complete 

Bouguer or the residual gravity anomaly is best suited for modeling.

It is quite possible, in fact, for one or the other to be most apropos 

in different portions of the basin. This is due to inadequacies of 

the trend surfaces in describing the actual interfering wavelength 

that is removed from gravity value. The inability of the trend sur

face may be the result of station location bias or other factors partic

ular to the individual study.

One of the most difficult problems associated with modeling 

the bedrock configuration in the RLcacho Basin is the unknown geometry 

of the massive anhydrite body. Anhydrite has a density of 2.89-2.98 
gm/cnr* (Hurlbut, 1971) which makes it more dense than the assumed bed

rock density of 2.6?. Thus, for the negative gravity anomaly of the 

RLcacho Basin, the greater the thickness and density of the anhydrite 

the deeper the basin must be to compensate for the excess mass that 

lies within it. Low-density basin alluvium provides the mass defi

ciency compensating for the excess mass of the anhydrite, resulting in 

the overall negative gravity anomaly recorded at the surface. Estima

tions of the density of basin fill in Arizona varies from 2.16-2.$6  

gm/crn^ (Sumner, 1974i Bittson, 1976; Robinson, 1975; Hargan, 1977)• 
Subsurface density information for the RLcacho Basin is rather scanty. 

The Eloy extensometer showed an average saturated density of 1.97 

gm/cm^ and an average dry density of 1.54 gm/cm^ for 830 feet of 

alluvium. Some density data is also available for a geothermal drill

hole penetrating 5860 feet of basin fill located in Section 8 , T. 7 S.,
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R. 8 E. about 6 miles north of Eloy. Gamma radiation logs for that 

drill-hole showed densities from 2.29 to nearly 2.79+ gm/cm^. The 

greater density values probably reflect the presence of evaporite. 

Values for the average density of alluvium and anhydrite were not read

ily determined, since at many horizons the evaporite and alluvium are 

intercalated and caliper hole size variations affect the gamma radia

tion density values (Paul and Tittle, 1951)• Density contrast values 

(i.e., the change in density with comparison to bedrock) in the Picacho 

Basin were arrived at by repeated two-dimensional modeling of a profile 

line that for practical purposes intersects the Exxon State (74)-l 

drill-hole. The density contrasts (&p ) of the alluvium and anhydrite 

were changed until the model demonstrated agreement with the drill

hole data. The best contrast values arrived at for the alluvium and 

anhydrite of the Picacho Basin are -0.33 gm/cnr* and 0.03 gm/cm^, re

spectively. In the modeling process the tacit assumption was that the 

bedrock density was 2.67 gm/cm^; therefore, the alluvium was considered 

to have an average density of 2.34 gm/cnP and the anhydrite was attrib

uted an average density of 2.7 gm/cm^. Additionally, the first 100 

feet of alluvium was given a density of 1.97 gm/cnP as taken from the 

Eloy extensometer data.

With more than 10,000 feet of penetration, the Exxon State 

(74)-l drill-hole and its associated seismic profile in the northern 
portion of the basin are the most important source of stratigraphic 
control in the Picacho Basin. The stratigraphic inferences of the



Exxon drill-hole and the seismic line were extended laterally throughout 

the basin during modeling. While side and bottom boundaries of the 

anhydrite body could be adjusted during modeling, it was found that if 

the lateral boundaries of the anhydrite were extended too far, a large 

error between the calculated and measured gravity residuals would 

occur near the margin of the anhydrite. In such cases the modeling pro

gram would try to place the bedrock surface above the lower edge bound

aries of the anhydrite. Although gravity modeling seems to limit the 

maximum lateral extent of the anhydrite, it does not give any similar 

information regarding the minimum extent. These boundaries were deter

mined by finding the most realistic bedrock configuration solution to 

the problem, and calls for a subjective judgment by the analyst. Al

though modeling the geometry of the anhydrite body is of interest and 

significance, especially in estimating the maximum depths of the basin, 

the main purpose of this study is to discover what relationship, if any, 

exists between bedrock configuration and fissure location in the Picacho 

Basin. Thus, it becomes important to know what effect dimensional 

changes of the anhydrite body will have on the modeled bedrock configura

tion, especially near the basin peripheries where most fissuring 

occurs. TO this end, the profile lines of the complete Bouguer gravity 

map were also modeled with a total absence of anhydrite. Modeling pro

file lines without anhydrite indicated that change in the geometry of 

the anhydrite body, while having a quite profound effect on maximum 
basin depth, are only moderately successful in disturbing the general
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bedrock configuration of the central basin area and rather minimal in 

their influence on the bedrock configuration of the basin peripheries.

The accuracy of depth-to-bedrock modeling is a function of, 

among other things, density contrast values, gravity data contouring, 

and rectangular strip width into which the profile line was divided 

(see page 53)* A density contrast inaccuracy of 0.01 gm/cm^ results in 

an approximate 5% error in the depth to bedrock. If more than one 

density contrast layer is used in bedrock modeling the results of the 

density contrast errors may be additive or subtractive depending on 

the sign of the density contrast error for each layer. Depth-to-bedrock 

errors arising from hand contouring of gravity values are difficult to 

estimate and depend on the person who does the contouring as well as 

the gravity station density. It is felt that gravity value contours 

used in this study are accurate to +0.7 mgal. Since a misplaced conr- 

tour line affects the gravity value of only one or two rectangular 

strips along a profile line, the depth-to-bedrock error due to hand 

contouring is considered to be rather minimal and probably under 5%«

The resolution of depth-to-bedrock modeling is related to the 

number of rectangular strips used per profile line. If not enough 

strips are used the modeled bedrock configuration is generalized and 

information concerning the depth-to-bedrock is lost. A sum of 30 to 40 

rectangular strips per profile line was considered appropriate for this 

study.

The maximum amount of error associated with the depth-to-bedrock 

models for this study is thought to be 10% and more probably nearer 5%
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for.most depth-to-bedrock iterations. Seme indirect support exists for 

this contention in that where profile lines intersect, modeled depths 

to bedrock are usually within 5% of each other.

Profile Analysis

Eight profile lines (A-B through C-l) cross various features of 

the complete Bouguer gravity anomaly map of the Picacho Basin (Fig. 3, 

in pocket). Five profile lines (J-K through J-Q) were drawn across the 

second-order residual anomaly map (Fig. 13, in pocket). The geographic 

location of profile lines J-K, L-N, 0-N, L-P, J-M, and J-Q exactly 

correspond to the location of profile lines C-B, D-F, G-F, D-H, C-E, 

and G-I, respectively. Not all locations of profile lines drawn across 

the complete Bouguer gravity anomaly could be duplicated by profile 

lines across the second-order residual anomaly. This is because in some 

places the second-order residual data violated the program1s requirement 

of contour orthogonality.

For all profile lines, model density contrasts were -0.33 gm/cm^ 

for alluvium and 0.03 gm/cm^ for anhydrite. Modeled bedrock configura

tions along the profile lines were sometimes hand-smoothed, especially 

at depth. This is because very small inflections of the residual 

anomaly, arising from high frequency data noise, cause large and un

realistic aberrations of the bedrock surface when that surface is loca

ted at great depths. Near the surface, modeled bedrock configuration 

is much less affected by such data noise. The most probably source of 

the high frequency data noise is near-surface lateral density



61

inhomogeneties rather than large amplitude bedrock surface undulations. 

Such lateral density fluctuations may arise either from localized 

lithologic changes or from the explicit topography of the upper 

surface of the anhydrite body* 'While the available drill-hole and 

seismic data indicate that the upper surface of the anhydrite body is 

planar in a general basin-wide sense, no information exists concerning 

the detailed geometry of the upper surface. For expediency, all pro

file lines in this study were modeled using featureless horizontal 

upper and lower boundaries for the anhydrite body.

At the top of each profile line a tick has been placed where 

an earth fissure intersects the profile, as determined from the fissure 

map by Laney et al. (1978) (Fig. 6). An arrow above the profile line 

indicates likely sites of future fissuring.

Profile A-B (Fig. 14) crosses northwest to southeast from the 

Sacaton Mountains to the Picacho Mountains (Fig. 3). Complete Bouguer 

gravity values range from -6?.3 mgal over bedrock to -87.1 mgal over 

valley alluvium. Reflection seismic evidence indicates that the 

anhydrite is nearly 5000 feet thick in this portion of the basin. The 

top of the anhydrite has been placed at a depth of 2300 feet and the 

bottom at a depth of 7300 feet. Profile A-B shows that in order for the 

anhydrite to be of such thickness and yet produce a calculated gravity 

anomaly to match the residual anomaly, the anhydrite must be cradled 

between two large bedrock scarps. These scarps trend nearly parallel 

to the mountain fronts and are on the order of 7000 to 10,000 feet in
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vertical extent. The size and location of these bedrock scarps seems 

to suggest that their formation may be related to the Oligocene-Miocene 

Basin and Range orogeny. All modeling efforst in this study have shown 

a similar relationship between the anhydrite body and bedrock relief.

For the purposes of this study, most of the smaller bedrock features 

indicated by modeling of the various profile lines will be referred to 

in a descriptive rather than a genetic sense. It is conceivable, 

nevertheless, that many of the smaller bedrock slope changes, particu

larly those located at shallower depths, are fault-controlled and pos

sibly related to the interpreted tectonic faults bounding the anhydrite 
in the Picacho Basin.

Two earth fissures are depicted along the profile line A-B.

The fissure on the east end of the profile is located above a change in 

bedrock gradient. This location would be expected if the cause of the 

earth fissure was differential subsidence and the break in bedrock slope 

acted as a point of-flexure for a sediment slab. The earth fissure in 

the center of the profile is not easily explained by the bedrock con

figuration and may be due to loading and unloading of the Picacho Reser

voir. Commonly, this reservoir dries up during summers of low rainfall. 

On the basis of differential subsidence alone, likely sites of future 

fissuring may be inferred to lie above the first breaks in the pediment 

slope on the far eastern and western ends of the profile (arrows indi
cate predicted fissure sites along profile). Of course, such predic

tions of fissuring must be tempered by knowledge of the land subsidence 

and ground-water use in that area. The maximum depth of bedrock as 
estimated by modeling is 11,500 feet.



Profile a-b (Fig. 15) is the same profile as A-B except that no 

anhydrite was used in the modeling of the bedrock surface. Most 

shallow bedrock features of the profile A-B are recognizable in profile 

a-b, especially near the ends of the profile. It thus appears that the 

modeled bedrock surface near the basin peripheries is not a strong 

function of the geometry of the anhydrite. This is fortunate, consider

ing the paucity of information concerning the geometry of the massive 

anhydrite body.

Profile C-B (Fig. 16) crosses west to east from the Toltec 

Buttes to the Picacho Mountains. The complete Bouguer gravity values 

vary along the profile from -67.2 mgal over bedrock to -87.2 mgal over 

valley fill. The top and bottom of the anhydrite body, as interpreted 

from seismic data, are found at depths of 2300 and 7300 feet. The best 

fitting model indicates that the lateral boundaries of the anhydrite 

approximately coincide with large bedrock scarp developments along the 

pediment edges of the Toltec Buttes and the Picacho Mountains. Modeling 

of profile C-B depicts a gently sloping (4-5°) and mildly undulating 

buried pediment that stretches from the Toltec Buttes eastward for about 

4 miles. At this point, the pediment appears to end and the bedrock 

surface plunges precipitously at an angle of 54° from 1700 feet to al

most 11,000 feet in depth. The depth to bedrock then increases slowly 

beneath the massive anhydrite for another 6 miles, from 10,000 feet to 

a maximum of 12,000 feet, and then abruptly decreases from 12,000 to 

1300 feet within the horizontal distance of 2 miles. This escarpment
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is the termination of the pediment extending from the Picacho Mountains. 

The general demeanor, as well as the size of the bedrock scarps, is 

suggestive of horst and graben faulting.

Profile C-B shows a fairly weak relationship between earth fis- 

suring and the bedrock surface configuration. While the westernmost 

fissure is located only 3 /4 of a mile from a break in the bedrock slope, 

the three fissures on the eastern end of the profile seem to have no 

bedrock source. Two of these fissures may be related to the periodic 

loading and unloading of the Picacho Reservoir. The unusual trend of 

the third and easternmost fissure (Figs. 3 and 6) and its location with 
respect to the transverse gravity high that dissects the basin may ii>- 

dicate that the modeling requirements of two-dimensionality have been 

infringed upon in that area. Likely locations of future fissuring are 

thought to lie 1§- and 2 3/4 miles east of point B* (arrows indicate lo

cations). Profile c-b (Fig. 17) is profile C-B modeled without 

anhydrite.

Profile line J-K (Fig. 18) crosses the same geographic section 

of the basin as profile line C-B, but it is modeled with second-order 

residual gravity data. The lowest second-order residual gravity value 

intercepted by this profile is -22.4 mgal. The best fitting model for 

this profile uses essentially the same anhydrite dimensions as profile 

line C-B. This model of the bedrock configuration shows features simi

lar to the bedrock model for profile line C-B, except that the location 
of maximum basin depth is shifted west by 4 miles and that a small
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increase in the pediment slope is indicated about 3^ miles east of 

point I. The interpretations remain the same as for profile line C-B.

Profile D-F (Fig. 19) traverses in an east-southeast direction 

from the Casa Grande Mountains to the Picacho Mountains along the 

eastern margin of the basin. The complete Bouguer gravity values range 

from -66.2 mgal over bedrock near the Casa Grande Mountains to -89.5 

mgal over alluvium. Profile D-F nearly intersects the Exxon State 

(74)-l drill hole and thus has relatively good subsurface control. 
Drill-hole data placed the top and bottom of the anhydrite body at 

depths of 2300 and 8300 feet. From the bedrock contact C near the Casa 

Grande Mountains the modeled bedrock surface slopes at an angle of a 

few degrees, beneath the valley alluvium, eastward for about 2%-miles, 

drops across a small scarp, and continues at much the same grade for 

another 3& miles to a burial depth of 900 feet. The bedrock surface 

steepens its descent to almost 5° at that point, and reaches a depth of 

nearly 2300 feet over the next few miles where the pediment edge is 

encountered. The pediment edge approximately coincides with the 

alluvium-anhydrite facies contact. From the pediment edge the bedrock 

surface then descends rapidly across a large interpreted fault scarp 

from 2300 to 12,600 feet. The bedrock slope of this region is approxi

mately 53°. Beneath the anhydrite, the bedrock surface rises at a 

moderate rate eastwardly to a depth of 10,000 feet at the site of the 
Exxon drill hole. Two miles west of the drill hole, the model indicates 

that another major and parallel interpreted fault scarp raises the 

bedrock surface from 10,000 feet to around 2300 feet. From 2300 feet
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the bedrock ascends at a much slower rate to a depth of 200 feet and 

then nearly levels off to the Picacho Mountains. Along profile D-F, 

fissures show a strong correlation to the modeled bedrock topography.

The earth fissures occur near changes in the bedrock surface gradient, 

as would be expected in a region of differential subsidence. Profile 

D-F has been modeled without anhydrite (Pig. 20, profile d-f). The 

models with no anhydrite are not considered realistic, but are presented 

for comparison of peripheral basin bedrock features. It can be seen 

from the model of profile d-f that earth fissures still occur above the 

same breaks in bedrock slope.

Profile line L-N (Fig. 21) is equivalent to profile D-F except 

that it was modeled using the second-order residual gravity data.

Along profile L-N, the residual gravity low is -22.9 mgal. The major 
differences between the bedrock model of profile D-F and the bedrock 

model of profile L-N are that the latter shows a maximum basin depth of 

15i200 feet whereas the former indicates.a maximum basin depth of 12,600 

feet, and that the model of profile L-N attenuates the break in bedrock 

slope beneath the earth fissure of the western end of the profile. Ad

ditionally, the model of L-N suggests that a small undulation in the 

bedrock surface occurs near the western pediment edge.

Profile G-F (Fig. 22) extends northeasterly from the Sawtooth 

Mountains (Fig. 3, in pocket) to the Picacho Mountains and crosses pro
file lines D-H and C-I. The gravity values of the complete Bouguer 

anomaly range from -69.7 mgal over bedrock to -96.3 mgal over the
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valley floor. For modeling purposes the anhydrite is considered to be 

6000 feet thick with its upper boundary located at a depth of 2300 feet

76

These boundary values for the anhydrite were extrapolated from the 

Exxon Corporation drill-hole findings 4 miles to the north. The best 

fitting model of profile line G-F indicates that an expanse of nearly 9 

lateral miles of anhydrite is situated between two major buried intei>- 

preted fault scarps. Beneath the anhydrite the bedrock surface reaches 

a maximum basin depth of 15,200 feet. From the bedrock contact at the 

Sawtooth Mountains, the modeled pediment slopes basinward at 5-6° for 

almost 5 miles until the pediment edge is reached. About 1§- miles be

fore the pediment edge, the model G-F shows a small hump-like feature 

of bedrock relief on the order of a few hundreds of feet. This feature 

may not be real, as it does not appear on second-order residual models 

of the same profile line. It is likely that the source of the bedrock 

"hump" is related to the hand contouring of the complete Bouguer anomaly 

map from which data were inputted into the modeling program. Earth 

fissures along profile G-F occur over the pediment edge of the Plcacho 

Mountains and at the sites of pediment slope change located ij? miles 

southwest of the bedrock contact D* and l/5 mile northeast of bedrock 

contact G. Interestingly, although earth fissures seem to occur consis

tently along the interpreted fault scarp of the pediment edge of the 

Plcacho Mountains, they do not seem to occur along the very similar 

scarp development of the western margin of the basin. In general, the 

water-table levels have been more depressed in the eastern portion of
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the basin along the front of the Picacho Mountains than elsewhere in 

the basin. Keeping in mind an empirical relationship between ground- 

water declines and earth fissuring, it seems that such a fissuring 

pattern may be at least partially explained. Profile G-F has also 

been modeled assuming no anhydrite is present (Fig. 23, profile g-f).

Profile 0-N (Fig. 24) is geographically coincident with profile 

G-F, but was modeled using the second-order residual gravity values.

The residual gravity values vary from -6 mgal over bedrock to -23 mgal 

in the valley. The modeled bedrock surface of 0-N is very close to the 

surface modeled for profile G-F. The primary difference is the absence 

of a small hump-like bedrock structure located on the pediment about 

3& miles from the bedrock contact at the southwestern end of the profile. 

The interpretation and discussion of profile D-N is the same as for 

profile G-F. The maximum modeled basin depth along both profiles is 

about 15,200 feet.

Profile D-H (Fig. 25) intersects the deepest portion of the
\

Picacho Basin and runs from the Casa Grande Mountains to the Picacho 

Peak in the southeastern part of the basin. Along D-H the complete 

Bouguer gravity values range from -66 mgal over bedrock to -90 mgal in 

the central basin area. Profile line D-H intersects profiles G-F and 

C-I. The upper and lower boundaries of the anhydrite were inferred to 

be the same as for profile G-F; that is, an upper boundary of 2300 feet 
and a lower boundary of 8300 feet. The modeling of profile D-H reveals 

a much repeated bedrock structural characteristic of the Picacho Basin:
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a large anhydrite body is bounded by two interpreted fault scarps with 

vertical throws sometimes in excess of 10,000 feet. The gravity 

anomaly near the southeastern end of profile D-H indicates that a 

sizeable, unusually horizontal, pediment buried beneath 300-400 feet 

of alluvium spans from Picacho Peak to 5 miles northwest along the 

profile. This pediment is terminated by a large scarp and the depth to 

bedrock rapidly increases to a maximum of 15,600 feet. A similar 

elaboration of bedrock topography occurs along the northwest end of the 

profile. From the bedrock contact E, the pediment slopes at close to 

3° for 4& miles and to a burial depth of 800 feet. At that point the 

pediment slope increases to 5 or 6° and extends another 3 miles until 

the pediment ends at a depth of 2200 feet. Two fissures are located 

above the break in the pediment slope of the northwest end of the pro

file. Another fissure is located in the central basin area 1 mile 

southeast of the site of the maximum basin depth and about 1 mile north

east of the point of maximum documented subsidence (12.5 feet) in the 

basin.

In general, fissures in the central basin area do not seem to be 

explained by bedrock topography. Since the central regions of the 

basins are usually areas of maximum subsidence, it is possible that 

mid-basin fissures are associated with internal horizontal tensional 

and compressional stresses arising from a sagging alluvium slab. From 

elastic beam theory, tensional stress would exist below the neutral 

plane of the alluvium and compressional forces above. A fissure 

resulting from such stresses would appear to propagate from the bottom
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up through a crush zone near the surface. Rains might easily erode 

the crushed alluvium into the fissure plane, giving the earth fissure 

its characteristic appearance at the surface. That many fissures in 

the Picacho Basin seem to have propagated upwards has been noted by 

Holzer (1977).

The fissure located nearest to bedrock contact H along the 

southeast end of the profile first appeared in the late 1920's 

(Leonard, 1929) and is referred to as the Picacho crack. This fissure 

is unusual in that a definite vertical offset of a couple feet is 

observable across the fissure. The downdropped side is to the north

west. From the model of the bedrock surface of the southeast end of 

profile D-H, it can be seen that the Picacho fault is located roughly 

a mile from the pediment edge where such fissuring would be deemed 

likely to occur. No explanation will be offered here. Profile D-H 

modeled with no anhydrite is shown by Figure 26, profile d-h.

Profile L-P (Fig. 27) is the same as profile D-H except that 

the second-order residual gravity values were used in the modeling.

The bedrock model of profile L-P displays the same overall characteris

tics as the model for D-H. However, in comparison to the model of pro

file D-H, the bedrock model of L-P has a shallower and less extensive 

pediment at the southeast end of the profile, and the Picacho crack is 

located within %  mile of the pediment edge. The maximum basin depth is 

15,700 feet and it is shifted 2 miles northwest of the location of 

maximum basin depth indicated by the model of D-H.
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Profile G-I (Pig. 28) passes essentially in a northwest- 

southeast direction from the Sawtooth Mountains to the Samaniego Hills 

in the southern portion of the basin. The range of complete Bouguer 

gravity values along the profile is from -74*0 to -93.2 mgal. For the 

purposes of modeling, the anhydrite intersected by the profile is cort- 

sidered to be 5000 feet thick. No other profile lines cross profile 

G-I, nor does any independent data exist to support this estimate of 

the thickness of the anhydrite along profile G-I. From the western 

bedrock contact at the Sawtooth Mountains, the model indicates that 

the bedrock surface slopes basinward at an angle of about 12° for 2g- 

miles. Several small bedrock surface irregularities (scarps?) within 

that distance seem to be probably sites of future fissuring (arrows 

denote locations of probably future fissuring). At the time of this 

study no known fissures intersect the profile line G-I. At 2|- miles 

from the bedrock contact at F, an interpreted fault scarp plunges the 

bedrock surface from 2300 to 9500 feet. This interpreted fault scarp 

is the western limit of the anhydrite body along the profile line. The 

bedrock surface then descends at a moderate rate for another 2300 feet 

to a maximum depth of 11,500 feet. From the Samaniego Hills on the 

east end of the profile line, a shallowly buried pediment extends 

basinwards uneventfully for 2 miles before increasing in slope to 15°. 

The bedrock surface continues its descent at this gradient for another 

1 3 /4  miles before reaching a large interpreted fault scarp bounding 

the eastern edge of the anhydrite body. The section of the profile 

directly above the scarp seems a highly likely site for an earth fissure



RESIDUAL ANOMALY

-20 —

Sawtooth
Mts
G 1 l

5000

10000

15000

40000

DISTANCE FEET
8000020000 60000

Figure 28. Gravity Profile G-I



87
on the basis of differential subsidence. In fact, several fissures 

located 2-3 miles to the north seem to be trending in that direction 

(Fig. 6). Profile G-I has been modeled with no anhydrite (Fig. 29, 

profile g-i). A profile equivalent to G-I but using the second-order 

residual was not considered appropriate because of a lack of two- 

dimensionality of the second-order residual anomaly in this region.

Profile C-E (Fig. 30) crosses west to east from the Toltec 

Buttes to the Picacho Mountains and passes through a peculiar knob

like gravity closure near the eastern margin of the basin (Fig. 3, in 

pocket). The complete Bouguer gravity values along the profile range 

from -69.3 to -87*6 mgal. The top and bottom boundaries of the anhy

drite body used in the modeling were 2300 and 7300 feet, respectively. 

From the bedrock contact at the base of the Picacho Mountains the model 

depicts a short, sloping, shallowly buried (up to 700 feet) pediment 

extending westward for I5- miles. The pediment comes to an end against 

an interpreted down-faulted block. The throw is about 3500 feet and the 

block appears close to mile in width. Just west of the block the 

relief is steepened and the bedrock surface, following a knoll-like 

structure, rises to a depth of 1300 feet. At that point, the bedrock 

surface again descends along a 12° slope for 1 mile, and then falls 

precipitously across a large interpreted fault scarp to a depth of 

14,500 feet. Near the western margin of the anhydrite body, the bedrock 

surface rises rapidly across another parallel, interpreted fault scarp 

to the pediment edge at 3700 feet. This pediment has an average slope
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of 5°, and from the Toltec Buttes spans about 4 miles basinward to the 

pediment edge. Several earth fissures are located along profile C-E.

In reference to the model, all fissures seem to be related to changes 

in bedrock gradient, and thus are probably the result of differential 

subsidence. Future fissuring may occur near the eastern edge of the 

interpreted down-faulted block. Profile c-e (Fig. 31) is equivalent 

to profile G-E but was not modeled with an anhydrite body.

Profile J-M (Fig. 32) is coincident with profile C-E and passes 

from the Toltec Buttes to the Picacho Mountains. The anhydrite has the 

same dimensions as for the model of profile line C-E. The bedrock 

model of J-M differs from the model C-E in that the interpreted down- 

faulted block at the termination of the eastern pediment has less throw. 

The maximum vertical displacement is on the order of 2300 feet as com

pared to the 3500 feet of displacement in the bedrock model of C-E.

Also the bedrock knoll west of the down-faulted block has a slightly 

flatter top. Maximum basin depth is nearly the same as for the model 

of C-E, and is around 13,400 feet.

Profile C-I (Fig. 33) crosses from the Toltec Buttes to the 

Samaniego Hills. The complete Bouguer gravity values range from -57*7 

mgal over bedrock to -96.1 mgal in the valley. Profile C-I intersects 

profiles D-F and G-F. The top and bottom boundaries of the anhydrite 

used in the modeling of C-I were set at 2300 and 8300 feet. The bedrock 

model of profile C-I is characteristic of the Picacho Basin, and indi

cates that the 6000 feet of anhydrite lies in a graben-like trough
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bounded by two interpreted fault scarps of 10,000 feet or more. From 

the northwest and southeast ends of the profile, pediments extend from 

the bedrock surface contacts basinwards to the interpreted fault scarps 

bounding the anhydrite. Initially the pediments slope from the bedrock- 

surface contacts toward the basin’s center at an angle of but a few 

degrees. After a few miles, though, the slope of the pediments ii>- 

creases to 7 or 8° which is more or less maintained until the pediment 

edge is reached at a depth of almost 2300 feet. The maximum modeled 

basin depth along profile C-I is 14,800 feet. Three earth fissures 

intersect the profile line C-I. These fissures occur within j? mile 

of breaks in slopes of the modeled bedrock surface. Profile C-I has 

been modeled without anhydrite (Fig. 34, profile c-i).

Profile J-Q (Fig. 35) crosses from the Toltec Buttes to the 

Samaniego Hills exactly as does profile C-I, but uses second-order 

residual gravity data in the modeling process instead of complete 

Bouguer gravity values. The residual values along the profile range 

from 2.8 to -22.3 mgal. The maximum depth of the modeled bedrock sur

face is 14,600 feet and the surface very nearly matches the modeled 

surface for profile C-I. One alteration, however, has been the slight 

basinward shift and accentuation of the second break in the pediment 

slope along the southeast end of the profile. Interpretation of the 

bedrock surface model of profile J-Q is the same as for profile C-I.
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CONCLUSION

The gravity data pollected and analyzed in this study indicate 

the Picacho Basin to be a deep symmetrical graben with significant pedi

ment development to depths of 2300 feet. The axis of the graben lies 

in a general north-south direction. A great thickness of massive anhy

drite, confirmed by drilling (Exxon State (74)-l) and seismic reflec

tion work, lies situated in the central basin area between fault scarps 

sometimes in excess of 10,000 feet. The maximum basin depth has been 

computed to be nearly 16,000 feet, using a density contrast of -0.33 

and 0.3 gm/cm^ for alluvium and anhydrite, respectively.

Significant in this study is the relationship between the 

modeled bedrock surface and the locations of earth fissuring. Of the 

29 fissures which crossed profile lines of the complete Bouguer gravity 

anomaly map, 69% could be correlated within -§• mile to a bedrock feature 

(generally either a scarp or ridge) of the buried pediment. Within 

3/4 mile of the fissure, 83% could be correlated. If fissures located 

in the central basin area are neglected and only those fissures located 

above the buried pediment are considered, then the figures change to 

83% correlation within -§• mile and to 100% correlation within 3 /4 mile. 

Similar results were obtained from modeling the basin using the second- 

order residual anomaly map. Two fewer profile lines were modeled and 

the total number of earth fissure crossing the profile lines was 2?.
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The percentage of fissures which could be correlated to within -jg- mile 

of a modeled bedrock feature was 70% and the percentage that could be 

correlated to within 3/4 mile was 85%. If only the basin’s peripher

ally located fissures are considered, those figures climb to 83% and 

100%, respectively.

The apparent relationships between ground-water declines, land 

subsidence, and earth fissuring in basin deposits of late Cenozoic age 

have been noted and studied in the arid regions of the United States. 

Although several theories have been developed to explain the dependency, 

it would seem that the results of this study support, at least for the 

Picacho Basin, a mechanism of differential subsidence. Lowering ground- 

water levels increases the effective stresses in the aquifer which re

sults in differential subsidence across bedrock surface irregularities. 

The bedrock features may act as flexure or possibly pivotal points for 

semi-consolidated alluvium or as a shear plane in utterly unconsoli

dated alluvium.

The seeming affinity of earth fissures to occur over irregular 

bedrock features suggests the plausibility of their prediction. Gravity 

modeling of the bedrock surface of alluvial basins might be a first 

effort in the prediction of locales with a high probability of fissur

ing. Such locales would be predicted by noting bedrock structures 

along which differential subsidence could occur.

Some caution should be observed, however. The gravity modeling 

method as outlined gives no information on fissures that occur in the
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central basin area, nor would it aid in the prediction of fissures 

caused by mechanisms other than differential subsidence. Additionally, 

the method only gives spatial and not temporal information about fis- 

suring. Finally, effective use of bedrock surface gravity modeling in 

prediction also requires knowledge of the ground-water use history, 

land subsidence, soil types, and subsurface geology of the area of

interest
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