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ABSTRACT

Detailed refraction and gravity surveys in Central Avra Valley 

locate concealed bedrock pediments adjacent to the Tucson and Roskruge 

Mountains. Interpretations based on travel time equations and two- 

dimensional gravity modeling indicate that the subsurface pediments oh 

the eastern and western sides of the valley extend approximately 1.3 and 

2.2 miles into the basin, respectively. The basinward dip for both 

bedrock pediments remains relatively shallow until bedrock reaches a 

depth of approximately 350 feet. Beyond this depth, the interpreted dip 

of the bedrock surface increases to between 10 and 40 degrees. A marked 

velocity contrast of 5,000 to 7,000 ft/sec also occurs at a depth of 

approximately 350 feet for basin fill sediments throughout the study 

area and can be related to the formation of the bedrock pediments. 

High-speed basin-fill velocities and low-velocity layers complicate the 

interpretation of bedrock depths within the study area.
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CHAPTER 1

INTRODUCTION

Over the past several decades, the population of Arizona has 

increased threefold and appears to be continuing on a trend of rapid 

growth (Ariz. Stat. Rev., 1984). Pima County, which encompasses Tucson, 

Avra Valley, and much of Southern Arizona, has shared in this growth. 

While the warm desert climate of this region is largely responsible for 

the rapid growth in population, this environment provides only a limited 

supply of fresh water. Since its dramatic growth, Pima County's water 

needs of have been met solely by ground water sources. Extensive ground 

water pumping, however, has lowered the water table by more than 140 

feet in portions of Avra Valley since 1940 (Whallon, 1983). A growing 

concern for an adequate future water supply has developed and is 

exemplified by the implementation of a multi-billion dollar Central 

Arizona Project (CAP) plan which will bring Colorado River water to the 

region. The CAP is currently scheduled to be completed through Avra 

Valley by the early 1990's.

Development of water resources for Pima County involves solving 

many hydrologic and geologic problems. One problem common to both 

ground water development and planning of the CAP canal is the 

identification of concealed bedrock pediments. Bedrock pediments are a 

common physiographic feature in Southeast Arizona. These piedmont 

pediments separate basin bounding faults from the mountain fronts and
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are frequently buried beneath several hundred feet of basin fill. Well 

data indicates that the edge of the bedrock pediment can be very abrupt 

and can signify changes in overburden thicknesses of over 1,000 feet. 

Additionally, the pediments can extend from the mountain front several 

miles out into the basin (Menges and McFadden, 1981).

In terms of ground water development, pediments represent non- 

water-producing barriers. Wells drilled over concealed pediments often 

encounter bedrock before encountering the water table. Wells drilled 

off the edge of the pediment are generally more consistent in producing 

water. Thus, knowing the location and depth of the bedrock pediment 

will help predict the success of water wells.

For planners of the CAP canal, concealed pediment edges represent 

potential areas of geologic instability. Subsidence rates as high as 

three feet per decade have been measured in the deep basins just north 

of Avra Valley (Robinson and Peterson, 1962). The concealed bedrock 

pediments have relatively little sediment cover and are therefore not 

subject to these high rates of subsidence. Differential subsidence 

rates are thus expected across pediment edges. Additionally, the 

differential settlement of the basin fill across the pediment edges may 

be great enough to produce dramatic earth fissures (Robinson and 

Peterson, 1962). Knowing the location of the edge of concealed 

pediments will help planners of the CAP canal know where special 

reinforcement of the canal might be needed.
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Purpose and Scope

The objective of this thesis is to locate the edge of concealed 

bedrock pediments in Central Avra Valley using the gravity and 

refraction methods of geophysical exploration. The data set used for 

this study consists of four miles of refraction data and a ten mile 

long detailed gravity survey extending east-west across the width of the 

valley. Refraction interpretation, combined with forward modeling of 

the gravity data, provides the basis for a depth-to-bedrock profile 

defining the lateral extent of the buried pediment perpendicular to the 

mountain front. The east-west gravity profile traverses the entire 

width of the valley and also incorporates newly acquired well log data 

along the basin's eastern margin. A final evaluation of the gravity and 

refraction methods is made in terms of their respective abilities to 

resolve the pediment edge.

The gravity and refraction methods were chosen for this study 

because each has proven to be successful at mapping buried pediments, 

although usually at vastly different scales. On a regional scale, sharp 

gradients in the gravity contours provide an approximation to the edge 

of the bedrock pediment and the beginning of the basin bounding fault 

(Shaw, 1932). On a much more local scale, seismic refraction surveys 

have provided detailed velocity and depth-to-bedrock information over a 

small section of the pediment (Rutledge, 1984). This study is unique in 

collecting both detailed gravity and refraction data across the edge of 

a buried pediment within Southeast Arizona. The similar scale at which 

both data sets are collected should provide a good comparison of the 

resolution offered by each method.
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Location of Study Area

The field area for this study is located just west of the Arizona 

Sonora Desert Museum in Central Avra Valley. All data was collected 

within a region bounded by townships 13 and 14 south and ranges 10 and 

11 east (Fig 1). Because of easy access, most of the seismic and gravity 

surveys were performed along the shoulders of Mile Wide Road.
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Central Avra Valley was chosen for this study for several reasons. 

First, a regional gravity contour map of this area shows that a sharp 

gravity gradient begins roughly a mile away from the mountain front on 

both sides of the valley, suggesting the existence of significant 

bedrock pediments. Second, this area is easily accessible from the 

University of Arizona for the many field trips required to collect the 

data. Third, substantial well control exists for this area and helps 

constrain depth and density values for modeling. Fourth, the CAP canal 

is scheduled to pass through this area and would greatly benefit from a 

study of the pediment edge. Finally, regional gravity modeling 

indicates that a bedrock saddle is located in central Avra Valley. 

Thus, central Avra Valley provides an opportunity to map the bedrock 

refractor beyond the extent of the pediment edge.

Previous Studies

Many theses and published reports discuss geological and 

hydrological aspects of Avra Valley Both because of its importance to 

Tucson as a source of ground water and because of its close proximity to 

the University of Arizona. Geophysical studies have been a key element 

of these investigations. The geophysical techniques used in Avra Valley 

include gravity, magnetics, electrical, seismic and borehole methods.

Beginning with a United States Geologic Survey (U.S.G.S.) report 

published in 1961, gravity surveys have played a major role in 

determining basement structure in Avra Valley. In the 1962 report, 

gravity measurements provided the first geophysical evidence for large 

faults bounding the eastern edge of the basin (Plouff, 1962). Hundreds
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of gravity measurements were made in Avra Valley in the late 1960's by 

University of Arizona students and provided the basis for a thesis by 

Robert West (1970). In his thesis. West produced the first detailed 

gravity contour map of Avra Valley and provided the first estimates of 

basement depth using simple one dimensional gravity/depth 

transformations. His gravity contour map was the first to delineate the 

basement saddle in Central Avra Valley. A decade later, Joan 

Oppenheimer produced the first depth to bedrock map of Avra Valley in 

her 1980 thesis. Oppenheimer used two dimensional inverse modeling to 

interpret gravity profiles across the basin and then contoured the 

resulting two dimensional depth profiles to produce a contour map of 

basement depth. A fully three dimensional inversion of the gravity data 

was accomplished by Scott Maclnnes et. al. in 1982. Depth estimates to 

the top of the basement saddle in Central Avra Valley by West, 

Oppenheimer, and Maclnnes are 2,000 feet, 2,000 feet +_ 500 feet, and 

1,300 feet +_ 300 feet respectively.

Magnetic methods have generally provided poor results in mapping 

basement structure in Avra Valley. The magnetic susceptibility of Pre- 

Miocene basement rocks and the basin fill derived from those rocks is 

generally not appreciable (Dr. Robert Butler, pers. com., 1985). 

Magnetic methods, however, have proven to be successful at recognizing 

changes in shallow basement lithology which correspond to large changes 

in magnetic susceptibility (Davenport, 1963).

Several electrical surveys: resistivity, resistivity soundings, 

complex resistivity, and Controlled Source Audio-Magnetotellurics have 

been performed in Avra Valley by private contractors in cooperation with



7

the University of Arizona (Davenport, 1963; Sumner et al. 1980). 

Detailed information was obtained from these surveys for vertical and 

horizontal changes in the near-surface resistivity. This information 

proved useful in identifying shallow weathering layers and in 

interpreting shallow basement lithology. These methods, however, did 

not provide good resolution of basement structures or depths. The 

three-dimensional nature of basement morphology in central Avra Valley 

made depth-to-bedrock estimates based on electrical methods vary by up 

to 60 percent.

Arizona Portland Cement Company contracted for some of the first 

seismic studies within central Avra Valley (Heinrichs, 1969). These 

surveys were performed along the eastern flanks of the valley to locate 

bedrock depths. Most of this early refraction work had poor data 

quality and relatively short offset distances. In 1976, refraction 

surveys were again conducted for Arizona Portland Cement Co. along the 

flanks of the Tucson Mountains (Cooksley, 1976). This time, however, 

offset distances were increased to 2,000 feet, and the survey produced a 

more reliable depth/velocity interpretation. Seismic surveys were also 

conducted by University of Arizona faculty and students along the 

western edge of Central Avra Valley in 1980 and 1982. The first, a 

refraction survey, consisted of two 1,100-foot reversed profiles and one 

2,200-foot profile laid end-to-end to provide geophone coverage of 4,400 

feet at a group spacing of 100 feet (Sumner et al., 1980). The second 

survey was a 1,000-foot-long shallow reflections survey conducted along 

the same profile line as the earlier refraction survey. The interpreted 

velocity and depth structure for both surveys was virtually identical.
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with the deepest interface being 300 feet beneath the surface and 

dipping eastward at approximately one to two degrees (Sene, 1983).

A city of Tucson test drilling project undertaken in 1979 and 1980 

has provided extensive borehole geophysical data in Central Avra Valley 

to a depth of 1,000 feet. Reports by Rahman and Allen (1981), Allen 

(1981), and Whallon (1983) provide additional information on this 

project and also provide correlations between the well logs. Among the 

well logs that are available are compensated density and three- 

dimensional velocity. Bore hole gravity data is also available to a 

depth of 1,000 feet at well location T13S R U E  S31 CDD in Central Avra 

Valley. (Tucci et al., 1982).

Ongoing geophysical exploration in Central Avra Valley is being 

conducted by the U.S.G.S Water Resources Division. They are 

implementing extensive refraction and borehole geophysical 

investigations to aid in the planning and design of the Central Arizona 

Project canal which is scheduled to pass along the eastern edge of the 

valley.

Geologic History

The geologic history of central Avra Valley and the surrounding 

Tucson and Roskruge Mountains includes many different depositional and 

tectonic environments. A short summary of this geologic history 

provides insight into the complexity of the present day basin geology 

and thus aids in understanding and interpreting the geophysical data.

The oldest formation occurring in southeast Arizona crops out in a 

few remote locations in the Tucson Mountains. This formation is the
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Precambrian Pinal Schist and is composed of a thick (6 km ?) sequence 

of metamorphosed deep water sands, silts, and muds (Silver, 1978). 

Another Precambrian outcrop was found by Harold Drewes (1981) in the 

Twin Peaks area of the Tucson Mountains. Drewes interpreted this 

outcrop to be a porphyry quartz monzonite that originated as crystalline 

basement and formed as part of a pluton within the Pinal Schist.

Minor outcrops of Paleozoic rocks are found in the Tucson 

Mountains, including the Boise Quartzite, the Abrigo Formation, the 

Martin Formation, the Escabrosa Limestone, and the Naco Group 

(Schowalter, 1982). Deposition of these units occurred uniformly over 

much of southeast Arizona as transgressive-regressive sequences along a 

relatively tectonically stable continental shelf (Coney, 1978; Drewes, 

1981).

Mesozoic age rocks comprise most of the surface exposure in both 

the Tucson and Roskruge Mountains. The oldest Mesozoic unit, the 

Triassic (?) Recreational Redbeds, crops out on the westernmost flanks 

of the Tucson Mountains adjacent to the gravity survey profile. 

Mudstone, siltstone, and fine grained sandstones are the primary 

lithologies which comprise the 3,000-foot (?) thick redbeds, but 

fragmented volcanic and intrusive rocks are also present (Mayo and 

Davis, 1976). The source of the vocanics which comprise the redbeds is 

most likely related to the subduction of the Farallon plate to the 

southwest and the formation of a magmatic arc across southeast Arizona 

during the late Triassic and Jurassic (Coney, 1978). Uplift and erosion 

proceeded in the late Jurassic after the deposition of the redbeds 

(Hayes and Drewes, 1978). The Early Cretaceous marked a period of
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tensional tectonics in present day Avra Valley and saw the opening of 

the Gulf of Mexico and the invasion of the Bisbee Sea to the southeast 

(Bilodeau, 1982; Coney, 1978). Over 2,000 feet of sediment was 

deposited at this time within the margins of a fresh-water lake to form 

the Amole Arkose of the Tucson Mountains (Risley, 1982). The Amole 

Arkose is widely exposed in the western Tucson Mountains and is believed 

to correlate to the lithologically similar Cocoraqui formation along the 

eastern flanks of the Roskruge Mountains (Bikerman, 1968).

The late Cretaceous, early Tertiary Laramide orogeny produced 

extensive uplift, erosion, vocanisra, compression, and plutonism in 

southeast Arizona (Coney, 1978). These effects have been well 

documented in the Tucson and Roskruge Mountains. Showalter (1982) 

mapped extensive folding and tear faulting in the Amole Arkose which he 

attributed to early Laramide compression. Laramide granitic plutons and 

widespread volcanic deposits crop out in both the Tucson and Roskruge 

mountains.

The Laramide magmatic arc prograded northeastward during the early 

Tertiary and produced a period of magmatic quiescence and sustained 

erosion in southeast Arizona during the Eocene (Coney 1978). In the 

Middle Tertiary, the magmatic arc moved back across southeast Arizona 

and produced one of the most dramatic periods of volcanism in North 

American history (Coney, 1978). A stratigraphic study by Eberly and 

Stanley published in 1978 grouped the sediments of the Eocene quiescence 

and the volcanics of the Mid-Tertiary orogeny into a single unit which 

they recognized over much of southwest Arizona. They defined this unit 

as "Unit 1." Volcanics belonging to "Unit 1" are seen as outcrop in the
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eastern corners of the Tucson Mountains and also along the eastern edge 

of the Roskruge Mountains.

Separating the rocks of "Unit 1" from younger rocks (collectively 

grouped together to form "Unit 2") is an angular unconformity caused by 

the rifting event which created Avra Valley (Eberly and Stanley, 1978). 

This tectonic event is called the Basin and Range disturbance and began 

11 to 17 million years before present (Menges and McFadden, 1981). 

During the Basin and Range disturbance, block faulting proceeded along 

northwesterly trends of weakness established during the Laramide, thus 

accounting for the northwestern elongation of Avra Valley.

The Pliocene and Quaternary sediments which compose the basin fill 

in Avra Valley have been classified into two stratigraphic units by 

Allen (1981) on the basis of well logs. The oldest of these units is 

simply called the "older alluvium" and consists of a coarse-grained 

fanglomerate facies and a fine grained mudstone facies. The 

depositional environment of the "older alluvium" is interpreted to be 

that of an internally drained basin with local shallow playas separated 

by large alluvial fan deposits emanating from steep mountain slopes 

(Scarborough and Pierce, 1978; Allen, 1981). Deposition of this unit 

began during the initiation of the Basin and Range Disturbance.

A suite of geophysical logs provides evidence of a sharp vertical 

transition (unconformity ?) between older basin fill and younger basin 

fill at depths ranging from 280 to 480 feet in Avra Valley (Allen, 

1981). A change in depositional environment from interior basin 

drainage to exterior basin drainage is interpreted to occur across this 

boundary. The "younger alluvium" unit of Allen was deposited above this
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boundary as sheet flood and distal fan deposits. Deposition of this 

unit began only after the cessation of Basin and Range faulting, and 

continues today within Avra Valley. Studies from basins south of Avra 

Valley indicate that this unit is associated with the waning of tectonic 

activity in Southeast Arizona from 3 to 6 million years before present 

(Menges and McFadden, 1981). These authors also note that this unit has 

lower depositional rates than the "older alluvium" and may be associated 

with the development of piedmont pediments (Menges and McFadden, 1981).



CHAPTER 2

DATA ACQUISITION AND REDUCTION

The Arizona gravity data base, the present version of which was 

established .by Lysonski in 1980 and is on file at the University of 

Arizona, provided the main source of bedrock information in central Avra 

Valley prior to this study (Fig 2). The 1980 gravity data base was 

compiled from U.S.G.S. and University of Arizona geophysical 

investigations in Avra Valley between 1960 and 1980 (Plouff, 1962; West, 

1970; Sumner et. al. 1980). The data from these surveys were 

reprocessed by Lysonski in 1980 to produce a consistent first order 

residual gravity data base for the region.

The station spacing and accuracy of the gravity values within the 

data base varies greatly. Within Central Avra Valley, station spacing 

varies from 500 feet to more than one mile. Additionally, many of the 

established gravity stations have poor elevation control. Elevations 

for many stations were obtained from altimeters and from interpolation 

of elevation contours. West (1970) estimates that poor elevation 

control can account for errors as large as 1.5 milligals (mgals) in the 

established gravity stations in Avra Valley. Despite its limited 

precision, the existing data base provides good resolution of regional 

features such as the bedrock saddle in central Avra Valley, and it is 

well suited for constructing regional depth to bedrock models 

(Oppenheimer, 1980; Maclnnes, 1982). For this study, models were

13
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constructed on a very local scale; and thus, they require more accurate 

and more detailed information than offered by the 1980 gravity data 

base.
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Gravity Data Acquisition and Reduction

The gravity data used for this study were collected along a ten 

mile east-west profile line extending from the base of the Tucson 

Mountains to the base of Cocoraque Butte (Fig 3). Gravity measurements 

were taken every 300 feet along this profile line. To improve the 

reliability of two-dimensional modeling of the bedrock structure, the 

survey was conducted roughly perpendicular to the regional gravity and 

structural trend.
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The change in gravitational acceleration between survey stations 

was measured to within l/100t 1̂ of a scale division on the LaCoste and 

Romberg Model gl74 gravimeter. Absolute gravity values were obtained by 

transferring the University of Arizona International Gravity 

Standardation Net 1971 (IGSN71) base station value to field base 

stations on each of the six required field days. The field base station 

was reoccupied every two hours to measure the repeatability of gravity 

values. Elevation control was accomplished by leveling stations to 

bench marks and known points of elevation using a Lietz self-leveling 

level. Elevation accuracy was measured by comparing elevation 

differences between bench marks and by closing elevation loops. In 

neither case were discrepancies larger than nine inches over the length 

of the traverse.

Processing of the data followed the procedure of Lysonski (1980) to 

obtain first order residual gravity values. The reduction algorithm is 
summarized by the following formula:

Sfor ” S0bs + Stid + Slat + Sel “ Scc

+ Site + Sptc + Sreg ** 8tsg (2.1)
Where,

gfor = First order residual gravity anomaly value

Sobs = Observed gravity value referenced to the IGSN 71 
University of Arizona base station for this study

Stid = Correction for earth tides

glat = Latitude correction for effect of earth flattening

gel = Elevation correction. That is, free air - Bouguer slab 
correction, to adjust gravity values to sea level datum

gcc = Correction to account for curvature of Bouguer slab
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g^tc = Local terrain correction to account for topography within 
2.6 km of the survey station

grtc = Regional terrain correction based on digitized 3° maps 
extending from 2.6 to 167 km around the survey station

greg = Regional correction to remove the state-wide second-order 
gravity trend surface

gj. = Theoretical sea level gravity values computed from the 
Geodetic Reference Surface GRS67

Lengthy discussions of this formula and its components are given by 

Lysonski (1980) and Davis (1984) and will not be repeated here. 

However, a few factors concerning the application of this formula to 

this study need to be addressed.

The Bouguer, curvature, and terrain corrections used in this 

formula are based on the commonly cited density of 2.67 g/cm^. A table 

by West (1970) shows that the 2.67 g/cra^ is in good agreement with an
Oaverage 2.64 g/cm wet bulk density value sampled from bedrock outcrops 

throughout the valley.

All corrections in formula 2.1 were implemented with reduction 

programs on file at the University of Arizona. The local terrain 

correction was calculated with a Hammer chart and a 1:24,000 scale 

topographic map. The outer H ring of the Hammer chart corresponds to 

the boundary separating local terrain corrections to the regional 

corrections utilizing a digitized elevation data base. To ensure the 

consistency of local terrain corrections between closely spaced survey 

stations, Hammer chart measurements were computed twice at each half 

mile interval and then interpolated to fit survey stations lying between 

these points. The maximum hand terrain correction applied to any 

gravity value was 0.5 mgals.
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Gravity Data Error Analysis

An important consideration for gravity interpretation is the 

precision of the data set. Errors in the gravity data arise through 

imperfect collection and reduction processes and limit the accuracy of 

depth interpretations. The magnitude of errors within the gravity data 

set can be estimated in two ways: by estimating the error associated 

with each phase of the reduction process, and by remeasuring previously 

occupied, well constrained gravity stations within the field area.

Depth interpretations for this study are based solely on newly 

acquired data within a very locally defined field area. Analysis of 

errors within the gravity data can thus be restricted to factors 

affecting the internal consistency of this data set. These factors 

include meter drift and reading errors, along with errors in tidal, 

latitude, elevation, and topographic corrections. Other regional 

corrections should be consistent over the field area.

Errors associated with meter drift, reading errors, and tidal 

corrections can be directly measured by repeating field base station 

readings. Based on 26 reduced gravity values for stations reoccupied 

over periods of hours, days, and months, the average error due to the 

combined factors of meter drift, reading errors, and tidal corrections 

is 0.021 mgals. Assuming a normal distribution for this error, the 

standard deviation is 0.017 mgals. In order to minimize any consistent 

trend in this error, the data set was hand smoothed to make overlapping 

readings equivalent. This was accomplished with minimal change (less 

than .00005 mgals/ft) in the gravity gradient.
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The eastern two-thirds of the gravity stations were acquired 

adjacent to a road of constant latitude. The constant latitude 

correction applied to this portion of the data set therefore does not 

affect its internal consistency. In the west, gravity stations were 

located along well defined dirt roads and section boundaries. Using a 

1:24,000 scale map, the gravity stations could be located to an accuracy 

of within 100 feet (0.0003°). For a latitude of approximately 32°, this 

corresponds to a latitude correction accuracy of 0.023 mgals (West, 

1970).

Over the length of the profile, the maximum elevation discrepancy 

observed through leveling between known elevation points was less than 

nine inches. Assuming this value for the maximum elevation error at any 

survey station, the maximum elevation correction error would be 0.045 

mgals.

Topographic corrections using the Hammer chart were unnecessary for 

most of the data collected away from the mountain fronts. Assuming a 

maximum of 20 percent error in the calculation and interpolation of the 

Hammer chart values, the maximum local topographic error would be 0.1 

mgals and would occur within two miles of the mountain fronts.

The combined RMS error introduced into the gravity data set through 

the collection and reduction process is estimated to be less than (0.04^ 

+ 0.022 + 0.052 + 0.102 )1/2 = 0.12 mgals.

The repeatability of previously establishedf well constrained 

gravity stations within the field area provides another measure of the 

precision of the newly acquired gravity data. Seven stations 

established in central Avra Valley in 1980 by University of Arizona
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personnel are believed to have good elevation control and were 

reoccupied to within 100 feet during the course of this survey. The 

repeatability of the seven readings averaged 0.074 mgals with a standard 

deviation of 0.038 mgals. This value is in good agreement with the 

previous 0.12 ragal error estimate. Several stations established previous 

to 1980 and believed to have poor elevation control were also 

reoccupied. In this case, the newly acquired data differed from the 

older data by as much as one mgal.

Over the length of the profile errors arising in the gravity data 

are estimated to be less than 0.15 mgals using the above two methods of 

error analysis. Additionally, relative errors between adjacent stations 

should be minimal and thus allow for a close approximation of the 

gravity gradient.

Refraction Data Acquisition and Reduction

Seven in-line refraction profiles were conducted during the course 

of this study and produced over four miles of new refraction data (Fig 

3). Six of these profiles were located along the flanks of the valley 

to constrain shallow bedrock depths and determine the overburden 

velocity structure. These profiles were reversed to identify bedrock 

dip and included off-end shots to examine parallelism of refractors on 

the travel time curves and to increase maximum offset distances. A 

geophone spacing of 90 to 100 feet was chosen for these profiles to 

allow reconnaissance mapping over a large area. When possible, adjacent 

spreads shared an overlapping geophone to ensure consistent arrival 

times between shots. One of the six profiles was conducted in a north-
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south direction to measure the dip perpendicular to the east-west 

profile direction.

The seventh profile was located in the center of the valley and was 

7,800 feet long. The purpose of this profile was to measure deep 

refractors and to compare refraction depth estimates with depths 

obtained from nearby wells, A geophone spacing of 100 feet was also 

used for this profile because of a limited takeout distance on the 
geophone cable.

The seismic recording system used for this study was provided by 

the University of Arizona Department of Geosciences. The heart of the 

system is a Nimbus Model ES 1200 digital seismograph. This unit records 

twelve channels of input with a signal sampling rate of 0.25 to 2.0 

milliseconds. Additionally, each channel has a separate manual gain 

which can be adjusted over a 74 decibel range. While stacking of 

channels is also possible with this unit, this feature was not utilized 

for this study. Other important components of the seismic recording 

system include a Nimbus Model 6724-S digital magnetic tape recorder, 14 

Hz Models PE-3 and L10A-374 ohm land seismometers, a non-shielded 

geophone cable with 100-foot takeouts, and an electronic blasting 

machine with hard wire connections to the shot and seismograph.

A ready supply of plastic explosives (Iremite 60 and 80) and 

seismic grade blasting caps were made available for this study from 

local mining suppliers. Depending upon the offset, "shot" sizes ranged 

from 1/2 to 12 pounds. Shot holes dug with a two person auger, or more 

typically a caliche bar and post hole digger, ranged from two to five
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feet in depth. Larger shots required the simultaneous shooting of 

multiple holes to avoid excessive blowout of the holes.

The refraction data was stored on digital cassettes in the field in 

a multiplexed, hexidecimal format. A minimal amount of processing was 

performed on this field data to produce interpretable shot records. 

Programs on file at the University of Arizona, written by R. Richardson 

and S. Sene, convert the field data to decimal format and store it on 

nine-track magnetic tape. Additional programs allow shot records to be 

plotted with various amplitude scaling factors to enhance first 

arrivals.

In a few instances shot records were filtered before being plotted. 

This was necessary to remove 60 Hz noise due to transformers located 

near the survey line. The filter program was a 50 Hz, low-pass, non- 

causal algorithm written by Sene (1980). For records with low amplitude 

arrivals, this filtering program was only moderately helpful in 

enhancing first arrivals.

Assigning arrival times to the processed shot records was, in 

general, a straightforward process. In most cases a distinct amplitude 

increase marked the onset of refracted energy (Fig 4,a). When the 

arrival energy was weak or the background noise was strong, arrival 

times were assigned by examining the wave form of the first break 

energy. Because the group and phase velocities of refracted waves are 

the same, the time difference between the better-defined peaks or 

troughs of the first arrival wave forms can be used to define changes in 

arrival times (Fig 4,b). This method of determining arrival times must 

be used with caution, however, because the recorded wave form from a
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3200.- 3600.z 6800.- 7200. = Offset Distance (ft) 
350 - 600/ 825 - 1075 = Travel Time (msec)

a. Well defined first break arrivals (Profile 4)

3500. i

3300. i

b. Weak first break arrivals. Changes In arrival time 
are defined by first arrival waveform (Profile 2)

i

f f irst  
a r r i v a l 1075.

Fig, 4 Examples of picking arrival times from shot records



24

constant velocity refractor can change between adjacent traces when 

there is interference from arrivals from other refractors or when 

increased attenuation causes a loss of high frequencies between the 

recorded wave forms.

Refraction Data Error Analysis

Although the shot records were carefully examined to determine 

arrival times, the limited quality of the shot records resulted in a 

margin of uncertainty for arrival time measurements. For high energy, 

low noise records, this margin of uncertainty was relatively 

insignificant: = 1 msec. The accuracy of arrival times was mainly of 

concern for far offset, low energy, low frequency arrivals and for 

arrivals occurring near cross over distances. In these instances, the 

arrival wave forms were poorly defined and may result in errors of 

several milliseconds or more. In general, the symbols plotted on the 

travel time curves (Fig 5, in pocket) were made larger than the margin 

of uncertainty in assigning arrival times to the shot records.

An additional source of error was encountered in producing the 

travel time curves. Time delays of unequal size were apparently 

incorporated into some of the shot records. Evidence for these time 

delays was twofold: 1) negative arrival times were implied for a few of 

the shot records; and, 2) pairs of shot records sharing an identical 

source/receiver location were found to have inconsistent arrival times. 

Shot records indicating negative arrival times occurred, fortunately, 

for only one field trip and were caused by sporadic equipment problems. 

On several occasions, arrival time differences on the order of five
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milliseconds were observed for overlapping source/receiver locations of 

adjacent spreads. Factors which may have contributed to the discrepancy 

include: 1) difference in shot hole depth; 2) change in the elastic 

properties of the ground near the shot hole when a shot hole location is 

reused; 3) nonzero delays in the seismic grade blasting caps; and, 4) 

equipment problems. To correct for inconsistent time delays, a delay 

factor (usually negative) was added to a shot record(s) to force arrival 

times from overlapping source/receiver locations to be equal. Because 

this correction is applied to the entire shot record, it does not affect 

the consistency of relative changes in arrival times between traces. 

Time shift errors of up to 5 msec may, however, exist for some shot

records.



CHAPTER 3

INTERPRETATION METHODS
The refraction and gravity data of Chapter 2 provides information 

on both the velocity and density structure of the central Avra Valley 

basin. It is important to recall that density and velocity are closely 

related through the elastic constants. Interfaces with a high density 

contrast typically have a high velocity contrast and vice versa. It is 

therefore possible to integrate the information from both data sets and 

make a combined depth interpretation.

Although the interpretation of refraction and gravity data should 

lead to consistent and complementary results, the method of interpreting 

each data set is very different. An understanding of the theory and 

method of interpretation used in this study shows the unique aspects of 

each method and their resolution capabilities.

The gravitational method of geophysical exploration is based on 

Newton's law of gravity:

Gravity Interpretation Method

F = -G«(M1*M2/r2)-r (3.1)
Where

F = Vector force of gravity M2 = Mass of second body

G = Gravitational constant r = Distance between centers of mass

M^ = Mass of first body r = Vector direction from M^ to M2

26
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In practice, changes in the vertical acceleration of gravity (gz) 

are measured instead of the force (F) of gravity. Also, the mass of the 

first body, M-p is expressed in terms of its volume (dxdydz) and density 

contrast (Ap) with the host bedrock. Equation 3.1 is thus transformed 

to

gz = (F/M2 ) * (z/r) • (ap-dxdydz/M^)
= -G•Ap•(z/r^)dxdydz (3.2)

Ideally, with all of the corrections applied in the data reduction 

process of chapter 2, the first order residual gravity values (gfor) 

measured at each survey station should be equivalent to the 

gravitational attraction expressed in equation 3.2 integrated over the 

volume of basin-fill sediments:

gfor = z y x ~G * A? *(z/r^)dxdydz (3.3)
where £ £ £ dxdydz defines the three-dimensional shape of the basin 

with respect to the survey point location.

Interpretation of gravity data is accomplished by solving equation 

3.3 for the density contrast(s) of the basin-fill material and the shape 

of the basin. The density contrast of basin-fill sediments is presumed 

known for this study from five borehole density logs located within two 

miles of the gravity profile line (Fig 3). This simplifies the 

interpretation problem to solving for the shape of the basin. A further 

simplification is made for this study by assuming the shape of the basin 

can be‘approximated by a two-dimensional structure; i.e., the measured 

vertical gravitational acceleration at each station is equivalent to the 

gravitational attraction of an infinite line mass (/-G•Ap«(z/r,3)dy )
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integrated over the cross sectional area ( x dxdz ) of the basin. 

Equation 3.3 thus becomes

gz = / x  ̂ -G*Ap.(z/r3)dy] dxdz
= -2'G'Ap / f (z/r^) dxdz (3.4)

The assumption of two-dimensional structure is often used in 

gravity interpretation. This assumption is justified when the regional 

gravity contours are nearly linear. Near linearity is observed for the 

north we st-trending gravity contours along the flanks of central Avra 

Valley, but is not observed in the center of the valley where the 

regional gravity contours indicate the presence of a bedrock saddle 

high. Because the northwest-trending gravity gradient is low in the 

center of the valley (as indicated by the broad contour band spacing), 

the three-dimensional bedrock saddle will not affect the recognition of 

sharp bedrock features using a two-dimensional interpretation method. 

The bedrock lows to the north and south, however, may cause bedrock 

depths along the crest of the saddle to be slightly overestimated using 

a two-dimensional interpretation.

Another important consideration for two-dimensional interpretations 

is the angle of the profile with respect to the structural trend. 

Ideally, the gravity profile should run perpendicular to the structural 

trend. In practice, this was not strictly possible in central Avra 

Valley because dense desert brush and property restrictions allowed 

surveying only on existing roads. Along the eastern portions of the 

valley, the survey line deviated by as much as 20° from being 

perpendicular to the regional gravity contours. Gravity anomalies 

measured at an oblique angle to the structural trend will be spread out



29

over a greater distance than if they had been measured perpendicular to 

strike. A two-dimensional gravity interpretation of data collected at 

an oblique angle to the structural trend can thus underestimate the 
sharpness of structural features.

Assuming that the conditions for a two-dimensional approximation 

have been adequately satisfied, equation 3.4 can be solved for bedrock 

depth by the use of forward modeling. In this method, a model of the 

basin is constructed, and the gravity values for this model are 

calculated from equation 3.4. Through an iterative trial and error 

process, a model of the basin can be constructed whose gravity response 

is similar to the observed data. The most serious shortcomings of this 

method are that the interpreter can overinterpret the data or bias the 

solution with preconceived ideas about the structure. Using only a 

minimum number of model corners, these problems can be minimized.

Gravity Gradient

To interpret the detailed gravity data for this study, both the 

vertical gravity and the horizontal gradient of the vertical gravity 

were examined. The horizontal gravity gradient (gzx) is defined as the 

incremental change in the vertical component of the gravitational 

acceleration (gz) measured in the horizontal (x) direction. The gravity 

gradient profile highlights changes in the gravity data which are 

associated with sharp changes in bedrock depth. For two-dimensional 

structures measured along strike, the horizontal gravity gradient is 
expressed by:

8ZX = &  Bz = -Z'G'Ap ‘ l l Cz/Cx2+z2)] dxdz



= 4'G'Ap £ £ x •z/r^ dxdz 

Computationally, gzx can be approximated by the difference in the 

gravity values of closely spaced stations divided by the distance 

between the survey stations. This, in fact, was the way gzx was 
determined for this study.

^ p e d i m e n t  edge

P X 2  X XI

d e p t  h to  p e d im e n t

Fig. 6 Two-dimensional approximation of a concealed bedrock pediment

The theoretical profile of gzx over the edge of a concealed bedrock 

pediment can be derived from Fig 6 (Heiland, 1940). In Fig 6, the 

horizontal gravity gradient at location P can be expressed as
zr rgzx = 4'G‘Ap W  [(x*z)/(x^+z^)] dxdz 

Heiland (1940) shows that this equation can be reduced to

gzx = G ‘4p [2» sin2(^)-Inf^/r^) - sin(2'#)'(Pi - (3.5)

Equation 3;5 provides the quantitative basis for interpreting the 

horizontal gravity gradient profile of this study. It can be shown 

(Shaw, 1932) that the maximum gravity gradient of equation 3.5 occurs 

when + 0 2 = ^ • This implies, after a little mathematical 

manipulation, that the maximum gravity gradient is located at 

locC max(gzx) ] = XI - [ (Z2-Z1)1 Zl-cot(0) ]/(Z2+Zl) (3.6)



31

An examination of equation 3.6 shows that near-surface pediments 

(Z1*0), and those which terminate with a vertical slope ( *90°), will 

have the maximum gravity gradient occurring directly over the pediment 

edge (XI). In all other cases, the maximum gravity gradient will be 

displaced basinward of point XI but not beyond half the distance from 

point XI to point X2 in Fig 6.

The symmetry and width of the gravity gradient anomaly across a 

bedrock pediment contains important information for the depth to the 

pediment surface and the slope of the pediment edge. Referring to Fig 

6, an asymmetrical gravity gradient profile occurs only when angle 0 is 

nonvertical. Additionally, an increase in the depth Z1 or Z2 will 

increase the width of the gravity gradient profile (Shaw, 1932).

The equations derived for the gravity gradient show a special 

sensitivity to the location, depth, and slope of the pediment edge. A 

good fit between the model gravity gradient and the observed gravity 

gradient is therefore important in order to preserve this information.

Gravity Modeling

While the gravity gradient profile is important for identifying 

sharp lateral changes in bedrock depth, the gravity profile is better 

suited for interpreting bedrock depths across the basin. To a first 

approximation, gravity contours within a basin represent contours of 

bedrock depth. No such simple connection exists between gradient 

contours and bedrock depth. The relationship of bedrock depths between 

widely spaced survey stations is thus easier to evaluate from gravity 

profiles than from gravity gradient profiles.
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Because of the inherent nonuniqueness of gravity data, it is 

important to incorporate all available depth/density constraints into 

the forward modeling procedure. Additionally, the location and 

elevation of model gravity stations must closely approximate field 

conditions in order to yield the proper gravity and gravity gradient 

response. Interpreting the data by forward modeling thus requires the 

ability to accurately solve equation 3.4 for a wide variety of detailed 
models.

A variety of methods are available for solving equation 3.4, 

including gravity graticules and numerical integration routines. The 

method most widely preferred for its speed and accuracy was developed by 

Taiwan! in 1955. The Taiwan! method was used for this study and 

requires a polygonal approximation of the basin with discrete density 

divisions (Fig 7). In general, these are not restrictive assumptions, 

because any number of model densities and model corners can be defined.

P(O.O)

P(0,0) = surface point at which gravity anomaly is calculated 
x̂k ,zk^* x̂k+lfZk+V = moc*el corners Ap^,Ap2 = density divisions

Fig. 7 Polygonal approximation of basin structure
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Once the forward problem is set up, equation 3.4 can be expressed as

g = -2'G'Ap.Z A- { [(1/2) ln(B)] + [C*tan"1(D)] } (3.7)ksl
Where,

A = { ( xk .zk+1 - xk+1. zk )/[ ( zk+1 - zk )2 + ( xk+1 - xk )2 ] }

S = [ ( x2+1 + zk+1 )/( x£ + z£ )

C = C ( xk+l “ xk )/( 2k+l zk )
0 = [ ( xk + r zk - xk-zk+1 )/( xk-xk+1 + zk.zk+1 ) ]

In the derivation of equation 3.7 from equation 3.4, no 

approximations are made (Grant and West, 1965). For polygonal bodies, 

equation 3.7 is exactly equivalent to equation 3.4.

Ideally, with the proper depth/density constraints, forward 

modeling of the field data will reproduce bedrock depths. In practice, 

the assumptions for modeling: two dimensionality, discrete density

divisions, etc. are only satisfied to a limited extent. Even with 

strictly valid assumptions, the gravity method offers poor resolution of 

deep features (1/r - l/tr+e)2’). For these reasons, the gravity data

collected for this study will be interpreted in terms of simple models 

showing only the main bedrock features.

Refraction Interpretation Methods

The path taken by refracted energy as it travels from shot point to 

receiver is determined by the subsurface velocity structure. Snell’s 

law of refraction describes the influence of velocity layers on the path 

of seismic waves and provides the theoretical basis for interpreting the 

refraction data. Using ray theory and the assumption of constant
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velocity layers, Snell's law is illustrated in Fig 8 and is expressed 
mathematically by

(sint^/v^ = (sin-*2)/v2 (3.8)

Slope-Intercept Formulas

From Fig 8, the arrival time (tfl) of the refracted ray at point R 

can be derived (Sheriff and Geldart, 1982) from simple laws of 
trigonometry:

tfl(R) = X-[ (cos0)/v2 ] + (hd+hu)*J? (3.9)

where, % = (l/v-̂ ) • [l-tv^/^)2]1^2

i

Fig. 8 Layer over a dipping—half-space refraction model
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A plot of ta(R) is shown in the upper half of Fig 8 and is similar 

to the observed travel time data collected along the flanks of Avra 

Valley. Assuming that the simplified velocity structure of Fig 8 

approximates field conditions, the unknown parameters of equation 3.9 

can be expressed in terms of measurable quantities on the reversed

travel time curve:

v^ = inverse slope of the line segment shown in Fig 8 (3.10)

6 = (l/2)*[sin~l(v^/v^) - sin“’1(v1/vu)] (3.11)

v2 = 2 cos(0)•[vd-vu/(vu+vd)] (3.12)

hd(u) = td(u)/[2-T?*cos(0)] (3.13)
Similar equations exist for a multiple flat layer velocity 

structure and are used to interpret refraction data gathered in the 

center of the basin.

Depth interpretations based on slope—intercept equations are 

typically accurate to within ten percent if slopes and intercepts are 

accurately determined and there are no unforeseen complexities in the 

subsurface velocity structure (Sjogren,1984). Slopes and intercepts 

for this study were defined from a least squares fit to the observed 

travel time data. A high correlation coefficient (generally greater 

than 0.999) shows that the interpreted line segments are well defined by 

the field data. Disagreement in arrival times from overlapping geophones 

of adjacent spreads (Chapter 2), however, causes uncertainties in 

absolute arrival times, which may affect the accuracy of depth values 

based on intercept times. For this reason, depths hd and hu are also 

calculated from crossover distance formulas.

hd(u) = %d(u)' [ (l/vi)-(l/vd(y))]/[2'i?' cos(6)] (3.14)
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Crossover distances (Xj(u)) depth interpretations for a layer-over- 
a-dipping-haIf-space model are not affected by a consistent shift in 

intercept times. They are, however, less well defined than intercept 
times on the travel time curve.

Unexpected shifts in intercept times can also arise from anomalous 

subsurface velocity structures: velocity inversions and hidden layers. 

Velocity inversions occur when interval velocities decrease with depth. 

This is known to occur in Southeast Arizona when well-cemented caliche 

layers overlie unconsolidated sand deposits (Rutledge, 1984). Low 

velocity layers increase both the arrival time and crossover distance of 

underlying refractors. Thin low velocity layers ("stringers") have 

minimal effect on depth calculations, but thick low velocity layers can 

cause depth values based on simple intercept and cross over distances to 

be dramatically overestimated (Knox, 1970).

Snell's law shows that no head waves are generated from low- 

velocity layers. Without refracted arrivals coming directly from the 

low-velocity layer, depth and velocity values for this layer are 

nonunique. Therefore its presence must be inferred from anomalous 

behavior of arrivals from other velocity layers. The presence of 

velocity inversions can often be inferred by a consistent jump in 

arrival times between two velocity segments on a travel time curve. 

This jump in arrival times is known to occur when a thin, high-speed 

layer overlies a thicker low-velocity zone. The cause of the apparent 

jump in arrival time is that low-frequency energy is poorly transmitted 

in the thin cap layer, causing the observed signal strength to become
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extremely weak at offset distances shorter than the crossover distance 

to the next high speed refractor (Whiteley and Greenhalgh, 1979).

Hidden layers are defined as velocity layers whose head waves are 

never first arrivals. Geometrical considerations show that hidden 

layers are usually thin, with interval velocities which are closer to 

the overlying layer than the underlying layer. As with velocity 

inversions, hidden layers are not directly observed on the travel time 

curves, but can greatly influence the intercept times and crossover 

distances of refracted energy passing through these layers. The effect 

of hidden layers on depth interpretation is opposite to that of velocity 

inversions: hidden layers cause depths to underlying layers to be 

underestimated.

Velocity inversions and hidden layers can produce dramatic changes 

in intercept time and crossover distances without affecting the slope of 

velocity segments on the travel time curve. Slopes will only be 

affected if there are changes in the thickness or velocity of the low- 

velocity or hidden layer. For this reason, velocities and dips 

(equations 3.10-3.12) are generally much better determined than depths 

(equations 3.13-3.14) when velocity inversions or hidden layers are 

present.

Generalized Reciprocal Method

An alternate method of refraction interpretation was also used in 

this study. This method provides a more detailed depth interpretation 

than the slope-intercept formulas and is less affected by velocity
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inversions and hidden layers. This technique is called the generalized 

reciprocal method (GRM) and is described in detail by Palmer (1980).

Using a reversed travel time curve, the GRM isolates the velocity 

structure over a very local area by defining a time depth (Tj) at point 

R as

Td(R) = (1/2)*(Tay + Tbx - Tab - XY/v2) (3.15)

«------------D------------»

Fig. 9 Ray path geometry for GRM time depth calculation

Fig 9 defines the parameters of this equation and shows the time 

represented by 2«Td(R) as the solid line segments of the ray paths. For 

the distance XY = 0, the refracted arrivals meet at a common surface 

point R, and Td becomes the conventional definition of time depth used 

in the ABC method of refraction interpretation (Sjogren, 1984). Of 

primary interest in GRM interpretations is the one XY distance (denoted 

D) for which the measured arrivals at X and Y leave from a common depth 

point P. Assuming that the distance D can be determined and the 

refractor dips less than 20°, the refractor velocity (v2), the average 

overburden velocity (v^), and the perpendicular depth (h) to the 

refractor can be calculated at point R for any overburden velocity
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structure (including velocity inversions and hidden layers) which does 

not vary between points X and Y.

As with the slope-intercept method, the GRM calculates refractor 

velocity (v^) from the slope of a time-distance curve. The time data 

for the new method, however, is expressed in terms of a velocity 

analysis function (Tv) instead of arrival times, where Ty is defined by 

the equation

V R > = < TAY - Tbx + Tab )/2 (3.16)

Fig. 10 Ray path geometry for GRM velocity analysis function

The purpose of the velocity analysis function is to eliminate times 

associated with upgoing rays from the observed travel time data. As 

illustrated in Fig 10, changes in Ty result only from time changes along 

the refractor surface. The refractor velocity can therefore be closely 

approximated by the inverse slope of the Tv profile.
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A unique and powerful aspect of the GRM is that an "average" 

overburden velocity (v^) can be defined (between the common depth 

point (P) and the receiver points (X and Y) ) which takes into 

consideration velocity inversions and hidden layers. v^ is equivalent 

to the radial distance PX divided by the observed travel time between 

points P and X. Mathematically v^ becomes

v^R) = [ (D/2)2 + h2 ]1/2/[ Td(R) + ( D / 2 ) / v 2 ]
= [ (v|*D)/(2*Td(R)*v2 + D) ]1/2 (3.17)

Fig 11 shows an example of v defined for a velocity inversion.

----------D/ 2 ---------- -
R Y

v,< v.

v2
True velocity structure.

----------D/ 2 ------------
R V

GRM velocity structure.

Fig. 11 Ray path geometry for GRM 
average overburden velocity calculation

Once v2 and v^ are determined, the perpendicular depth (h) from the 

point R to the refractor can be approximated from conventional time 

depth equations. Referring to Fig 11,

h(R) = Td(R).v1/[l-(v1/v2)2]1/2 (3.18)

The above equations for V2 * and h assume knowledge of the

separation distance D for which reversed arrivals emerge from a common
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depth point. Determination of this separation distance is a critical 

and "potentially most confusing" (Palmer, 1980) step in GRM

interpretation.

D i s t a n c e  ( f e e t )
4SO__________  900 _______ 13 50

A f t e r  R u t l e d g e  ( 1 9 8 4 )

Fig. 12 Determining the GRM 
separation distance from time depth plots
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The primary means of determining D is by comparing the time depth 

(Tj) profiles for various values of XY. Assuming a constant group 

spacing (n) for the refraction profile, Tj can be defined for XY 

distances of 0, n, 2n, 3n, , . . The value of XY which is closest to 

the separation distance D provides the highest resolution of local 

irregularities in the refractor surface. Other choices of XY will 

spread out the anomaly on the time depth profile by averaging the 

refractor surface across the anomalous zone (Fig 12).

It is seen, therefore, that small scale irregularities in the 

refractor surface are essential for using the GRM. Additionally, the 

group spacing of the refraction profile must be sufficiently small to 

distinguish small scale changes in the refractor surface. These two 

factors are critical limitations of the GRM.

The accuracy of the GRM is considerably improved over the slope- 

intercept method in the presence of velocity inversions and hidden 

layers. Under most circumstances, if one hidden layer or velocity 

inversion is present, GRM depth values should be accurate to within ten 

percent (Palmer, 1980). With a more complicated velocity structure, or 

more poorly defined D values, accuracy of GRM depths could be 

significantly reduced.

The generalized reciprocal method, along with the other 

interpretation techniques discussed in this chapter, will be used in 

Chapter 4 to analyze the field data from central Avra Valley and 

identify the concealed bedrock pediments.



CHAPTER 4

INTERPRETATION OF FIELD DATA

A changing depositional environment within Avra Valley has resulted 

in the stratification of basin fill sediments (Allen, 1981). 

Identification of these separate density/velocity layers is important 

for resolving changes in bedrock depth. As seen in Chapter 3, 

unrecognized density/velocity layers can cause large errors in 

interpreted refraction and gravity depth values. Additionally, poor 

knowledge of the overburden density/velocity structure can lead to 

dramatic misinterpertations of the refraction and gravity data. For 

example, lateral variations in overburden densities and velocities can 

be misinterpreted as bedrock features, and the density/velocity contrast 

occurring between two basin fill layers may be mistaken for the basin- 

fill/bedrock interface. Interpretation of bedrock pediments therefore 

begins by constraining the overburden density/velocity structure of the 

basin using refraction and well data.

Density/Velocity Structure of Near-Surface Sediments 

Beneath a thin surficial weathering layer, the first well-defined 

near-surface refractor within the valley has a calculated velocity of 

3,300 to 5,500 ft/sec (Fig 5). This layer was observed for all seven of 

the refraction profiles and is inferred to exist throughout the valley. 

A pronounced lateral variation in the velocity of the near-surface layer 

occurs along the eastern margin of the valley. There, over a distance

43
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of two miles, the velocity of this layer grades from 5,500 ft/sec to 

3,600 ft/sec as the profiles extend away from the Tucson Mountains. The 

higher velocity near the Tucson Mountains coincides with an increase in 

the sediment grain size observed in the shot holes (cobbles versus 

sands) and may also imply an increase in the calcium carbonate 

cementation of the sediments. The velocity of the near surface layer 

decreases to 3,400 ft/sec in the center of the valley, then increases 

again to 3,900 ft/sec for the profile conducted along the western margin 

of the valley. Two distinct velocity divisions (3,300 and 3,900 ft/sec) 

of this layer were also observed for the western profile. This 

observation is consistent with well studies in the center of the valley 

which show that the near-surface layer consists of interbedded layers of 

sands and gravels. The near-surface layer has been interpreted from 

well data (Allen, 1981) as unsaturated, semi-consolidated distal fan and 

sheet flood deposits. Although velocity logs are not available for the 

near-surface layer (they are restricted to depths beneath the water 

table), other seismic studies within Avra Valley are in agreement with 

the range of near-surface velocities observed for the current study 

(Sene, 1983; Cooksley Geophysics, 1976).

Arrival times from the short offset geophones (less than 500 to 

1,000 feet) which define the 3,300 to 5,500 ft/sec layer are 

consistently linear and have similar updip and downdip velocities. This 

suggests that the thickness of the overlying weathering layer is 

relatively constant over the length of each profile. Other refraction 

surveys within the valley have mapped the weathering layer and show that 

it has a velocity of approximately 1,500 ft/sec (Sene, 1983; Dietz et
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al., 1985). Using the 1,500 ft/sec velocity and the intercept time and 

crossover distance of the seven profiles collected for this study, the 

thickness of the weathering layer varies from 5 to 40 feet within the 

field area, with the thicker sections occurring in the central and 

eastern portions of the valley.

At offset distances greater than 500 to 1,000 feet, the travel path 

of first arrivals extends beneath the near-surface, 3,300 to 5,500 

ft/sec layer. The transition between the near-surface and deeper 

refractors varies considerably amongst the seven travel time curves of 

Fig 5. On profiles 1, 2, 3, and 7, arrivals from the 3,300 to 5,500 

ft/sec layer extend out until they are truncated by a higher speed 

refractor. For the remaining profiles, located along the eastern side 

of the valley, a discontinuous jump in arrival times is observed between 

the near-surface and deeper refractors. This jump occurs at similar 

offset distances (- 700 feet) for each of the shots within the three- 

profile region. This implies that the origin of the discontinuous jump 

is not fault related, but is instead the result of a velocity inversion 

(Chapter 3). The effects of the velocity inversion are observed within 

the region 6,600 to 11,500 feet west of the Tucson Mountains, and from 

Mile Wide Road to 1,000 feet south of Mile Wide Road. The low velocity 

zone could, however, extend significantly beyond this area without being 

detected. The linearity of the travel time curves for the deepest 

refractors within the known velocity inversion zone, and the consistent 

distance at which arrivals from the near-surface layer dies out, provide 

some indication that the thicknesses of the low velocity and near

surface layer are not changing abruptly within the observed region.
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Partial caving of sand at a depth of 160 feet for well TA-33, located 

less than two miles northwest of Sandario and Mile Wide Roads, suggests 

the velocity inversion is caused by an unconsolidated sand deposit 

(Miller, 1985).

Underlying the observed low velocity zone on profiles 4,5, and 6 

is a 6,600 to 7,700 ft/sec refractor which is not identified elsewhere 

within the survey area. Had the low velocity layer not been present on 

these profiles, arrivals from the 6,600 to 7,700 ft/sec layer would 

occur later than the near surface arrivals and the 6,600 to 7,700 ft/sec 

layer would have been detected only for profile 4. Outside the observed 

velocity inversion region, therefore, the 6,600 to 7,700 ft/sec layer 

may exist elsewhere as a hidden layer. Based on lithologic and drillers 

logs from TA-33, which show an increased reaction to HCL and a decreased 

drilling rate with depth within the first several hundred feet of basin 

fill (Miller, 1985), the 6,600 to 7,700 ft/sec layer is interpreted as a 

well-cemented extension of the near surface layer. •

Published borehole gravity data for well WR 25 (formerly called MW 

2), located within the center of the valley, defines the thickness of 

the upper basin fill layer as 350 feet and assigns to it an average 

density of 1.98 g/cra^ (Tucci et al., 1982). For the purpose of gravity
qmodeling, the 1.98 g/cra density value is used throughout the valley as 

the density of the weathering layer, the near surface refractor, the low 

velocity zone, and the 6,600 to 7,700 ft/sec refractor.
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Density/Velocity Structure at Intermediate Basin Depths 

The deepest layers defined by the travel time curves of Fig 5 have 

velocities from 10,000 to 14,000 ft/sec. This range of velocities is 

known to include both bedrock and high-speed basin fill refractors 

within the valley (Table 1). Table 1 is based upon the original 

interpretations of previous refraction studies conducted in and around 

Avra Valley and can be used to help distinguish bedrock from high-speed 

basin-fill refractors.

Table 1. Velocities of basin-fill and bedrock refractors 
based on previous prefractions studies in and around Avra Valley

Near Surface 
Velocity 
(ft/sec)

High-Speed
Basin-Fill
Velocity
(ft/sec)

Bedrock
Velocity
(ft/sec) Source

3,000-5,000 9,500-10,500 11,500-14,500*
Cooksley 
Geoph., 1976

4,000 8,600
Dietz, Wald, 
Richardson, 1985

4,300 5,000-9,200 11,200-14,500 Rutledge, 1984

4,800-6,700 11,000 Davis, 1967

3,300-3,900 9,800-12,600** Sumner et al.1980

* Bedrock interpretation is verified by 
** Resurveyed profile shows velocity range :

11,800-12,600 ft/sec
outcrop data. 
Is actually
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A velocity division at 11,000 ft/sec occurs on Table 1, separating 

bedrock refractors from high-speed basin-fill refractors. Due to the 

limited number of studies and the close proximity of basin fill and 

bedrock velocities, the 11,000 ft/sec velocity serves only as a 

tentative guide line for distinguishing between bedrock and basin fill 

refractors.

Profile 1 (Fig 5) was conducted in western Avra Valley at the 1980 

geophysics field camp site. Profile 1 reexamined a portion of the 

previous field area using increased offset distances to better constrain 

deep refractor velocities. The calculated deep refractor velocity for 

profile 1 is 11,800 ft/sec, tentatively placing it within the bedrock 

velocity range of Table 1. The calculated depth to this refractor using 

intercept and crossover distance formulas is 320 feet. A measured 

Bouguer anomaly of 3.1 mgals at this location (Fig 13) translates to a 

Bouguer slab depth of 350 feet (using a density contrast of 2.67 - 1.98 

= 0.69g/cm^), lending support to the interpretation of this refractor as 

bedrock. Additionally, a large gravity gradient high occurs basinward 

of the refraction profile, suggesting that the profile is located west 

of a major bedrock fault. To make the interpretation of this refractor 

more certain, profile 1 should be extended beyond the gravity gradient 

high to determine if the 12,000 ft/sec refractor is continuous across 

the inferred bedrock fault. A continuous 12,000 ft/sec refractor would 

definitively show that this refractor is a high-speed basin fill layer. 

A sharp change in the interpreted velocity or depth occurring across the 

inferred fault would support the interpretation of the 12,000 ft/sec 

refractor as bedrock. Because of limited time and manpower, most of the
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refraction work for this study concentrated in the central and eastern 

portions of the valley.

The north-south refraction survey conducted in the center of the 

valley (profile 2) provides an opportunity to compare refraction depth 

estimates with known well depths. Three high-speed refractors (greater 

than 8,000 ft/sec) are observed on the one-and-a-half mile long profile. 

Because of the great amount of work necessary to produce this profile, 

the profile was not reversed, and interpretations are made from 

intercept and crossover distance formulas using a flat layered earth 

model. Well control within the upper 1,000 feet of basin fill provides 

validity to the assumption of flat layers. The first high-speed basin 

fill layer that is evidenced on the travel time curve of profile 2 has 

an apparent velocity of 8,400 ft/sec and a calculated depth of 360 feet. 

This depth falls within ten percent of a lithologic boundary defined by 

well data (Allen, 1981). The good agreement between well and refraction 

depths implies undetected velocity inversions and hidden layers have 

little effect on refraction depth estimates within this area. It should 

be noted, however, that the 360-foot depth estimate is also within ten 

percent of the known water table depth of 370 feet (Reeter and Cady, 

1981). In a table given by Waters (1981), sand above and below the 

water table typically have velocities differing by 2,500 ft/sec. 

Because this value is well below the 5,000 ft/sec velocity contrast 

observed in Avra Valley, the 360-foot-deep refractor is interpreted as a 

lithologic boundary and not as a water table refractor. In Allen's 1981 

stratigraphic study of Avra Valley, the 360-foot lithologic boundary 

separates "younger alluvium" from "older alluvium" and is characterized
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by a decrease in the rounding and percent fines of the sediments and 

also by a sharp increase in the formation density. The rock types above 

and below this boundary are, however, similar. Borehole gravity data 

from well WR-25 records an average density of 2.20 g/cm^ for the 8,400 

ft/sec layer (Tucci, 1981). In both the borehole gravity and sonic 

logs, there is a linear density/velocity increase with depth within the 

8,400 ft/sec layer.

At a calculated depth of 850 feet, the 8,400 ft/sec refractor from 

profile 2 is truncated by a 10,800 ft/sec layer. The depth of this 

layer also falls with ten percent of a lithologic boundary constrained 

by well data (Allen, 1981). The 10,800 ft/sec layer has a higher 

borehole density (2.30 g/cm’*) than the 8,400 ft/sec layer, and generally 

has a lower silt and clay content. Both the 8,400 ft/sec layer and the 

10,800 ft/sec layer have velocities which are in agreement with high- 

velocity basin-fill refractors of Table 1.

The deepest refractor which appears on the travel time curve of 

profile 2 has an apparent velocity of 13,200 ft/sec. Interpretation of 

this layer is tentative because of poor data quality at the long offsets 

which define this layer, and because the profile was not reversed. The 

13,200 ft/sec velocity of this refractor falls within the bedrock 

velocity range of Table 1. Unfortunately, the calculated 1,600 foot 

depth of this layer extends beneath well control within the valley. The 

1,600 foot depth is not in agreement with bedrock depths interpreted 

through gravity modeling presented later in this chapter. Given the 

observed shallow and intermediate density control, bedrock depths at 

this location are interpreted to be 50 percent greater than the
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refraction depths. The 13,200 ft/sec refractor is therefore tentatively 

interpreted as a basin-fill refractor. The anomalously high velocity of 

this layer may be due to increased compaction within the deeper basin 

fill sediments. Because of the high apparent velocity of the deep basin 

fill layer, bedrock may be a hidden layer for refraction surveys or may 

require extremely long offset distances to be detected. Exploration of 

bedrock beneath the deeper basin fill sediments may therefore not be 

practical using refraction techniques. The increase in basin-fill 

velocity may also imply an increase in the density of the deep basin 

fill sediments. Because of the uncertainty of the refraction 

interpretation, and because deep bedrock features are not of primary 

importance for this study, the density of the 10,800 ft/sec layer is 

used as an approximate density for the 13,200 ft/sec layer.

The 8,400 ft/sec refractor which is observed in the center of the 

basin is not seen on profile 3, an east-west profile located along the 

eastern margin of the basin. Instead, the 10,600 ft/sec basin fill 

layer directly truncates the near-surface 3,600 ft/sec layer on the 

travel time curve. Density and velocity logs from wells TA-49 and WR- 

26, located within one mile north and south of profile 3, respectively, 

confirms the absence of the 8,400 ft/sec layer. Well TA-49 records a 

lithologic boundary at a depth of 350 feet, which is consistent to 

within ten percent of the refraction depth estimate based on intercept 

and crossover distance formulas (Miller, 1985). Apparent updip and 

downdip velocities for this layer indicate that it dips slightly 

basinwards at 1.5° with respect to the surface.
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Directly east of profile 3, the calculated velocity of the 10,600 

ft/sec layer increases to 11,000 ft/sec and the interface is virtually 

parallel to the surface in both the north-south and east-west directions 

(profiles 4 and 5, respectively). Depth calculations to this interface 

were attempted using the generalized reciprocal method and simple layer- 

over-a-dipping-half-space equations. Due to a lack of structure on the 

11,000 ft/sec layer, the generalized reciprocal method was unable to 

resolve depth values. This is unfortunate, because both profile 4 and 5 

show the presence of a velocity inversion and the semi-hidden (6,600- 

7,700 ft/sec) layer. Using layer-over-a-dipping-half-space models, the 

calculated depth to the 11,000 ft/sec layer is 360 and 370 feet for 

profiles 4 and 5, respectively. The consistency between the two 

calculated depth values (within three percent) implies there is little 

variation in the thicknesses of the low velocity and hidden layers 

between these two profiles. Extrapolated depth estimates from profiles 

4 and 5 agree to within fifteen percent of the refractor depth 

determined from well TA-49. This suggests that low velocity and hidden 

layers have minimal effect on the accuracy of refraction depth estimates 

for profiles 4 and 5.

The most dramatic change in the character of the refraction data 

occurs between profiles 5 and 6. Within a distance of only 2,000 feet, 

the calculated velocity of the deepest refractor changes from 11,000 

ft/sec to 13,000 ft/sec, placing it within the bedrock velocity range of 

Table 1. A change in the calculated dip of the refractor also occurs 

across this 2,000 foot interval, increasing from 0.4° with respect to 

the surface for profile 3, to approximately 7° for profile 2. Perhaps
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most important, however, is the large discrepancy (greater than 50 

percent) in the calculated depth of the high-speed refractor between 

profiles 5 and 6. The interpreted cause of the abrupt change in the 

travel time data is that the high-speed refractor of profile 6 is not 

the basin-fill refractor of profile 5, but is instead the bedrock 

refractor. Because of the importance of this distinction, the 

interpretation of profile 6 must be examined more closely.

In a manner consistent with profile 5, the depth to the high-speed 

refractor of profile 6 was first calculated using intercept formulas for 

a layer-over-a-dipping-half-space model. The presence of the velocity 

inversion and of the 6,600 to 7,700 ft/sec layer on both profiles 5 and 

6 show that the layer-over-a-dipping-half-space model serves only as a 

first approximation of the true velocity structure. In both models, 

the near-surface (4,200 to 5,400 ft/sec) velocity was taken as the 

average velocity above the high-speed refractor. More realistic 

velocity models were not used because the velocity and thickness of the 

low-velocity layer is not known. It should be noted, however, that the 

low velocity layer and the 6,600 to 7,700 ft/sec layer have opposite 

effects on depth calculations, and that for profile 5, the approximation 

of a uniform overburden velocity produced depth values consistent with 

well control.

Because of complications from the low velocity layer, the accuracy 

of depth estimates from simple intercept formulas is uncertain for 

profile 6. To better constrain refraction depths beneath the low 

velocity layer, the generalized reciprocal method of refraction 

interpretation is also applied to the data. The reciprocal time (T^g)
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for this interpretation is equal to the travel time between shot points

2.500 and 4,700 (Fig 5, profile 6). The refractor arrival times T^y and 

Tb x » used to construct the GRM time depths, are determined from the 

high-speed arrivals of shot points 2,500, 4,700, 1,600, and 5,600. To 

use the arrival time data from shot points 1,600 and 5,600, it is 

assumed that the high-speed arrival times from these off-end shot 

locations parallel (phantom) the high-speed arrival times from shot 

points 2,500 and 4,700, respectively. A constant arrival time factor is 

then subtracted from the off-end arrival times to make these points 

consistent with the recorded high-speed arrival times from shot points

2.500 and 4,700. Knowing the T^g, T^y, and Tg% values, a series of time 

depth plots is produced for profile 6 with the separation distance (XY) 

between receivers varying between 0 and 800 feet (Fig 14). 

Unfortunately, as with profile 5, the time depth profiles do not show 

significant relief on the subsurface refractor. Only small amplititude 

(less than 4 msec), one-point anomalies are observed. The separation 

distance D at which arrivals leave from a common depth point is thus 

poorly defined. Because surveys for this study were performed for 

reconnaissance, coverage of a large survey area was considered more 

important than close geophone spacing. Higher spatial resolution may, 

however, be able to better define the small magnitude anomalies observed 

on this profile. A possible interpretation of the separation distance 

is presented on Fig 14 which is in agreement with intercept formula 

depth estimates. The generalized reciprocal interpretation, however, 

adds little confidence to the depths interpreted from intercept formulas 

for profile 6.



0.00 
45.00 

, 
60

Time Depth 
(msec3

56

Distance (feet) *10 1
340.00 290.00 240.00J

XY =800.

Fig. 14 GRM time depth plots for profile 6 *



57

An alternative interpretation of profile 6 is that the discrepancy 

in the calculated depths of the high-speed refractors of profiles 5 and 

6 is caused by variations in the near-surface velocity structure, and 

that the 13,000 ft/sec layer of profile 6 is a continuation of the 

basin-fill refractor. This is not the preferred interpretation for 

several reasons. First, there are no abrupt changes in the travel time 

curves of profiles 5 and 6 to indicate that a change in the near-surface 

velocity structure accounts for the calculated 50 percent discrepancy in 

depth to the high-speed refractor which occurs between these two 

profiles. Second, an increased dip in the high-speed refractor of 

profile 6 is consistent with the gravity gradient profile, which shows a 

pronounced high over the entire length of profile 6. Third, the 13,000 

ft/sec refractor velocity is observed for both profiles 6 and 7, and is 

anomalously high for basin fill sediments lying within 500 feet of the 

surface.

Another alternative interpretation of profile 6 is that the apparent 

downdip velocity of 10,200 ft/sec observed on profile 6 is caused by the 

basin-fill refractor, while the apparent 17,000 ft/sec updip velocity is 

caused by the bedrock refractor. Calculated arrival times for this 

velocity structure, however, show that the basin-fill refractor would 

not be a hidden layer for updip shots. Therefore, this interpretation 

is rejected.

Assuming the interpretation of the 13,000 ft/sec refractor as 

bedrock is correct, there remains a question about what happens to the 

11,000 ft/sec basin-fill refractor between profiles 5 and 6. 

Extrapolated depth values from profile 5 imply the basin-fill layer
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terminates against the bedrock refractor of profile 6. Profile 6, 

however, shows no indication of an 11,000 ft/sec.layer before the 

bedrock refractor is observed. One possible explanation is that the 

basin-fill layer is observed as the 9,300 ft/sec refractor on the 

western portion of the travel time curve of profile 2. The decreased 

velocity of this layer could be accounted for by a 4° dip of the 

refractor towards the Tucson Mountains, or by increased weathering 

within the basin-fill layer.

To a large extent, the refraction data from profile 7 supports the 

interpretation of the high-speed refractor of profile 6 as bedrock. The

13,500 ft/sec calculated refractor velocity from profile 7 is very 

similar to the anomalously high 13,000 ft/sec velocity of profile 6. 

Additionally, depths calculated from intercept times and crossover 

distances of profile 7 are in good agreement with bedrock depth values 

obtained from gravity modeling. As with profile 6, depth values to the 

high-speed refractor are not well constrained using the generalized 

reciprocal method, due to a lack of relief on the subsurface refractor. 

The lack of structure on the interpreted bedrock refractor is somewhat 

surprising, given the hilly nature of nearby surface topography.

Using off-end-shot information from profiles 6 and 7, refraction 

depth estimates can be compared for common surface locations. The 

calculated depth for the off-end shot located 900 feet east of profile 6 

is 260 feet. This depth value is within two percent of that predicted 

by the intercept times and cross over distances of profile 7. For the 

off-end shot located 1,000 feet west of profile 7, the calculated depth 

is approximately twenty percent greater than that predicted by the
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interpretation of profile 6. Although the fit to the second location is 

not as good as expected, the off-end refractor depth estimate of profile 

7 does show the increase in refractor dip which is recorded by the updip 

and downdip velocities of profile 6. This change in dip may contribute 

to the discrepancy between depth estimates.

Deep Basin Structure and Identification of Bedrock Pediments 

The refraction profiles conducted for this study provide important 

constraints for the depth and velocity of bedrock along the flanks of 

the valley. Indirectly, the refraction data also provides important 

constraints for the deep bedrock structures within the basin. Because 

of the linearity of the travel time curves, the refraction data suggests 

a lack of bedrock faulting within all seven of the profile regions since 

the deposition of the "younger alluvium" two million years before 

present (Hahman, G. and Allen T., 1981). Using the bedrock velocity 

value determined from refraction surveys conducted along the flanks of 

the valley, it is possible to calculate the minimum depth to bedrock for 

surveys which do not directly detect the bedrock refractor. This is 

particularly useful for long profiles, because exploration depth 

increases as offset distance increases. The maximum offset distance for 

profile 4, located along Sandario Rd, is 4,300 feet. The minimum depth 

to bedrock, assuming a 4,200 ft/sec, 11,300 ft/sec, 13,500 ft/sec 

velocity structure and that crossover distances can be accurately 

measured out to 4,000 feet, is 900 feet. Typically, the exploration 

depth for refraction surveys is one third the maximum offset distance. 

The reduced exploration depth for profile 4 is attributed to the high
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velocity of basin-fill sediments beneath 360 feet. Using similar 

formulas within the center of the valley, profile 2 constrains bedrock 

to be deeper than 1,600 feet.

The primary source of information for the deep bedrock structure 

within Avra Valley comes from gravity data, both through analysis of 

gravity gradient profiles and through gravity modeling. The gravity 

gradient profile of Fig 13 shows two regions of maximum gradients, 

occurring 1.4 miles west and 2.6 miles east of the profile ends. 

Barring significant lateral density variations within the basin-fill 

layers, these two regions define the locations of maximum change in 

bedrock depth occurring across the length of the profile. In the west, 

the maximum gravity gradient is sharply defined. Interpretation of this 

anomaly as the edge of a concealed bedrock pediment is consistent with 

the identification of a shallow, 12,000 ft/sec bedrock refractor of 

profile 1, which is located just west of the gradient high. The narrow 

region over which the maximum gradient occurs constrains the location of 

the pediment edge to lie between 2.2 and 2.7 miles east of the profile 

end.

In the east, the maximum gravity gradient occurs as a broad 

anomaly, and does not support the interpretation of a near-surface 

pediment which is abruptly terminated by a steep, basin-bounding fault. 

Instead, it is consistent with the interpretation of a high bedrock dip 

throughout the region of refraction profile 6. It is important to note 

that the gradient is dependent on the inverse cube of bedrock depth. 

Therefore, the gradient anomaly which occurs just east of Sandario Road 

implies a greater change in bedrock depth than does the gradient anomaly
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occurring closer in towards the Tucson Mountain, where bedrock depths 

are initially more shallow. This fact implies that the bedrock dip 

increases between refraction surveys 2 and 4. It also supports the deep 

(greater than 900 feet) minimum depth estimate of profile 4.

Gravity Modeling of Deep Bedrock Structure

Using the Taiwan! two-dimensional method of gravity modeling, 

relative changes in bedrock depth which are highlighted by the gradient 

profile can be interpreted in terms of absolute depths. Forward 

modeling of the observed gravity data provides bedrock depth values 

across the entire gravity profile, including portions of the valley 

where bedrock lies beneath refraction and well control. The accuracy of 

these depths depends to a large extent on the number of depth/density 

constraints imposed upon the forward model.

Bedrock outcrops from the Tucson and Roskruge Mountains restrict 

bedrock depths at the ends of the gravity profile to be zero. Elsewhere 

along the profile, refraction and well data constrain bedrock depths 

and/or the overburden density/velocity structure. These constraints, 

along with the completed depth-to-bedrock interpretation, are 

illustrated in Fig 15.

In Fig 15, well constraints are projected onto the depth profile at 

the locations which lie closest to the wells. For surveys conducted 

perpendicular to two-dimensional subsurface structures, this would imply 

that wells are projected along equipotential gravity contour lines. In 

western Avra Valley, however, the equipotential projection of well WR 29 

lies 7,000 feet west of the "near-point" projection shown on Fig 15.
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This discrepancy results in an apparent inconsistency with the depth 

interpretation of Fig 15: Well WR 29 is known to intersect bedrock 

(Araole Arkose ?) at a depth of 970 feet (Allen, 1981), but does not 

intersect bedrock on Fig 15. If one chooses to project WR 29 along an 

equipotential line, however, the inconsistency disappears, and WR 29 

lies within 1,000 feet of the profile location at which the model and 

well bedrock depths agree. At all other locations within the valley, 

well depths are consistent with their "near—point" projections shown on 

Fig 15.

The location of the deep model corners shown in the two-dimensional 

interpretation of Fig 15 were chosen through forward modeling of the 

observed gravity and gravity gradient profiles. A comparison of the 

observed and modeled data (Fig 13) shows that the depth interpretation 

of Fig 15 preserves the major features of the observed gravity data. In 

both data sets, the location and width of the maximum gravity gradient 

anomalies are the same, the amplitudes for the maximum gravity anomaly 

are consistent, and both curves show the asymmetry of bedrock structure. 

Some discrepancies between the two data sets do, however, remain. In 

part, some differences between the observed and modeled data are 

expected because modeling assumptions are not perfectly valid (i.e. the 

basin is not two-dimensional, and subsurface densities are not perfectly 

uniform). Most differences between the observed and modeled data show 

that the model underestimates gravity anomalies, implying that the model 

may underestimate bedrock depths in some locations. Better agreement 

between the observed and modeled gravity data is possible by creating a 

more complicated bedrock model, but this is not desired for this study.



A more complicated model would be less constrained and more subject to 

interpreter bias. Additionally, the depth interpretation of Fig 15, 

based only on a minimal number (four) of model corners, shows enough 

resolution to define the maximum extent of the the bedrock pediments and 

to approximate the change in overburden thickness which occurs across 

the edge of the pediment.
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CHAPTER 5

DISCUSSION

The depth interpretation of Chapter 4 provides insight into the 

subsurface geology of central Avra Valley and has implications for the 

design of future pediment studies within southeastern Arizona. A close 

examination of Fig 15 reveals the important contributions of this model.

Analysis of Depth Interpretation

The interpretation of Fig 15 shows that the density/velocity 

structure of the basin is not symmetrical. The deepest bedrock 

structures of the basin are displaced towards the eastern side of the 

valley. Comparison of the eastern and western pediments of Fig 15 also 

reveals important differences between the density/velocity structures 

along the margins of the basin. Near the Tucson Mountains, the observed 

near-surface and bedrock velocities are higher than those in the west, 

and the overburden velocity structure is complicated by observable low- 

velocity zones. Along the western margin, the bedrock pediment extends 

further out into the basin and has a more sharply defined edge. The dip 

of bedrock east of the pediment edge is interpreted to be 18° in western 

Avra Valley. Near the Tucson Mountains, the interpreted dip of bedrock 

increases gradually from 4° to 9° and rapidly approaches 40° in the 

vicinity of Sandario Road.

65



66

Despite the interpreted differences between the eastern and western 

pediments of Fig 15, they share an important similarity: both indicate 

a marked change in bedrock dip occurring at or near the elevation of the 

high-speed basin-fill layer. This change in dip is interpreted to 

define the edge of the bedrock pediment, and suggests that the boundary 

between the "younger" and "older" alluvial layers defines the initiation 

of pediraentation within the valley. It is important to recall that the 

stratigraphic boundary between the "younger" and "older" alluvium also 

marks a change in the depositional environment of the basin: from an 

internally drained basin for the "older alluvium" to an externally 

drained basin for the "younger alluvium" (Allen, 1981). The formation 

of a through-going drainage system within a tectonically stable 

environment could allow for a stable local base level and the parallel 

retreat of the mountain front to form the observed pediments (Birkeland 

and Larson, 1978).

Analysis of Fig 15 provides important information for evaluating 

the geologic hazard of differential subsidence and earth fissures 

occurring near the intersection of Sandario and Mile Wide Roads, a 

planned site along the Central Arizona Project canal path. Fig 15 

indicates that this intersection is in close proximity to the edge of a 

concealed bedrock pediment. Fig 15 also suggests, however, several 

reasons why differential subsidence and earth fissures may be less 

problematic at this location than at other locations within the valley. 

First, the high refraction velocity beneath 360 feet implies basin-fill 

sediments are well consolidated at this location. Additionally, the 

360-foot interface shows little dip and no evidence of being faulted.
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Furthermore, the pediment edge is interpreted to be a gradual subsurface 

feature along the eastern margin of Fig 15. Finally, regional gravity 

data shows that the field area for this study is located over a bedrock 

saddle, and therefore has a maximum overburden thickness which is two to 

three times less than for other locations within the basin.

Evaluation of Exploration Techniques

Both the gravity and refraction techniques used in this study 

provide important constraints for the depth interpretation of Chapter 4. 

The resolution achieved by each method contributes to the accuracy of 

the combined model of Fig 15. In making this interpretation, the 

gravity and refraction methods were each found to have individual 

strengths and weaknesses in identifying the concealed bedrock pediments.

Detailed gravity data, expressed in terms of a gravity gradient 

profile, was most effectively used to determine how far the bedrock 

pediment extends out into the valley, and how abruptly bedrock depth 

values change across the edge of the pediment. The gradient profile was 

easily interpretable. Along the western margin of the valley, the 

interpreted gradient profile constrained the location of the pediment 

edge to lie within a half-mile region. The width of the gradient 

anomalies was used qualitatively to determine that the pediment edge was 

more sharply defined along the western margin of the valley than in the 

east.

The gravity data proved to be essential for estimating the depth 

and dip of bedrock basinwards of the pediment edge. The modeled depth 

values, however, offered limited resolution of the subsurface features
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and were heavily dependent upon the refraction and well constraints 

imposed upon the gravity model. To a lesser extent, the gravity data 

also served as a check upon the refraction depth-to-bedrock values. 

This was especially useful in differentiating between the high-speed 

basin-fill and bedrock refractors which were found to have similar 
velocities.

The refraction surveys conducted within the center of the valley 

accurately mapped the depths to basin-fill layers. Depth estimates 

based on simple intercept and crossover distance formulas were within 

ten percent of those determined from well logs. Along the margins of 

the valley, the resolution of the interpreted refraction data was 

significantly reduced. Depth values calculated from intercept times 

were uncertain due to low velocity zones, and depth values based upon 

the generalized reciprocal method were poorly defined because of the 

lack of structure on the refractor surfaces. The calculated refractor 

velocities along the margins of the basin provided only subtle 

distinction between the 11,000 ft/sec basin-fill velocity and the 

12,000 to 13,500 ft/sec interpreted bedrock velocity. The presence of 

the 11,000 ft/sec basin fill layer within 400 feet of the surface made 

attempts to map deeper bedrock structures unsuccessful because of the 

long offset distances necessary to identify the 1,000 to 2,500 ft/sec 

velocity contrast occurring between these two layers.

Recommendations for Future Studies
Resolution of bedrock pediments could be increased for future 

studies by modifying the field procedures followed in this study. Along
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the margins of the basin, future refraction survey should plan for at 

least one mile of reversed profiles to adequately identify the 

transition between the bedrock and the basin fill refractor. Long 

offset distances (greater than 3,000 feet?) must be a part of these 

profiles in order to map bedrock as it descends beneath the high-speed 

basin-fill layer. Because low velocity zones may occur in this region, 

the group spacing of the refraction spreads should be kept small (50 

feet?) to more effectively determine bedrock depths using the 

generalized reciprocal method. Sudden changes in the travel time curves 

occur as bedrock depths approach that of the high-speed basin-fill 

layer. To reduce the interpretation problems caused by this complex 

velocity structure, refraction profiles should overlap to provide 

continuous coverage of the high-speed refractors.

Implementing the suggestions of the preceding paragraph would 

require a significant amount of field work. To efficiently locate the 

refraction profiles, and to minimize the time actually needed in the 

field, gravity profiles should be analyzed to provide an approximate 

location of the pediment edge. This can be easily accomplished if a 

detailed (1/2 mile station spacing), regional gravity map (complete 

Bouguer or first-order residual) is available. The location of the 

pediment edge should correspond to the region of the most narrow gravity 

contour bands (i.e. highest gravity gradient). Without regional gravity 

information, a gravity survey should be conducted from bedrock outcrop 

to well beyond the expected pediment edge. A station spacing of 1,000 

feet could be accomplished quickly by a two-person field crew, and would 

provide a detailed gradient profile from which a preliminary location of
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the pediment edge could be quickly determined. This gravity data could 

then be used in conjunction with the refraction data to estimate bedrock 

depths basinwards of the pediment edge through a forward modeling 

procedure similar to that used in this study.

Alternative exploration methods provide additional options for 

identifying concealed bedrock pediments. Of particular interest are 

electrical methods, which can help distinguish between the similar 

velocity response of bedrock and the well-consolidated basin-fill layer. 

Because identifying pediments is important to a variety of interests, 

from individual property owners locating a well, to designers of the 

Central Arizona Project canal ensuring the stability of a major water 

supply to millions of people, the resolution required for each 

individual study will vary and may allow for a variety of geophysical 

techniques to be used efficiently.

Conclusion

Resolution of pediment edges in Central Avra Valley proved 

difficult despite the extensive gravity and refraction data collected 

for this study. Well-consolidated shallow basin-fill sediments reduced 

the expected density/velocity contrast near the pediment edge, and 

caused ambiguities in the depth interpretation. Near-surface low- 

velocity zones and hidden layers also complicated depth interpretations. 

The location of the pediment edges was deduced from a careful 

examination of both the refraction and gravity data and led to a 

combined depth interpretation across the valley. The lack of resolution 

of pediment edges was somewhat discouraging, but the different character



of the data sets collected on the eastern and western sides of the 

valley suggests the method may be more successful at other locations 

within the valley. Additionally, the recognition of the high-velocity 

basin-fill layer provides insight into the formation of pediments within 

the valley, and helps determine field parameters for future studies.
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