
Seismic refraction study of the southeastern Arizona
crust between Globe, Arizona and Cananea, Sonora

Item Type text; Thesis-Reproduction (electronic)

Authors Hiller, Jerry Wayne, 1952-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:04:49

Link to Item http://hdl.handle.net/10150/558051

http://hdl.handle.net/10150/558051


SEISMIC REFRACTION STUDY OF THE SOUTHEASTERN ARIZONA CRUST 
BETWEEN GLOBE, ARIZONA AND CANANEA, SONORA

by
Jerry Wayne Hiller

A Thesis Submitted to the Faculty of the
DEPARTMENT OF GEOSCIENCES

In Partial Fullfillment of the Requirements 
For the Degree of
MASTER OF SCIENCE 

WITH A MAJOR IN GEOPHYSICS
In the Graduate College

THE UNIVERSITY OF ARIZONA

1 9  8 6



STATEMENT BY AUTHOR

This thesis has been submitted in partial 
fulfillment of requirements for an advanced degree at The 
University of Arizona and is deposited in the University 
Library to be made available to borrowers under rules of the 
Library.

. Brief quotations from this thesis are allowable 
without special permission, provided that accurate 
acknowledgment of source is made. Requests for permission 
for extended quotation from or reproduction of the 
manuscript in whole or in part may be granted by the head of 
the major department or the Dean of the Graduate College 
when in his or her judgment the proposed use of the material 
is in the interests of scholarship. In all other instances, 
however, permission must be obtained from the author.

SIGNED:

APPROVAL BY THESIS DIRECTOR
This thesis has been approved on the date shown below:

T . C. Wallace 
[ssis/tant Professor of Geosciences

%  - JYu— g- -
Date



ACKNOWLEDGMENTS

Many thanks are owed to my advisor, Dr. Terry 
Wallace, who initiated the project. His guidance has been 
valuable and the assistance he gave, especially with the 
computer, greatly reduced the time to complete this study. 
His company was appreciated on the 9 mile walk to find a 
telephone after our vehicle quit cooperating with us on the 
backside of the Santa Catalina Mountains. Also, I wish to 
thank the other members of my thesis committee, Drs. Bob 
Butler and Clem Chase, who suffered through a review of this 
thesis.

Jun Kyoung Kim, Dave Dietz and Dave Wald helped with 
some of the field work. All help carrying car batteries to 
the seismometer sites was greatly appreciated, as was their 
help in loading and unloading the field vehicle. It was 
pleasant to have someone else along on the ride to share the 
beauty of Arizona’s outdoors with, even if they did have a 
tendency to fall asleep.

The guys (Ben, Larry and Dave) in the electronic 
shop provided support by keeping the portable seismometers 
functional and by fixing the TUC seismograph when it became 
obstinate. Discussions with John Sumner provided insight on 
the gravity and magnetic anomalies of Arizona. He also 
kindly provided me with a copy of his 1986 paper. Elizabeth

iii



iv
Anthony helped identify the location of the mine blasts in 
the Sierrita Mountains; Thanks are due to the many 
University of Arizona graduate students who changed, 
although sometimes begrudgedly, the seismic records of TUC 
every two days. Much of the ease of use of the computer is 
due to the work of the computer wizard.

Anna Domitrovic, of the Arizona-Sonora Desert 
Museum, was very helpful in making available the Museum’s 
seismic records. Dr. George Spence graciously provided a 
missing part of the explanation of how to use his program, 
RAYAMP, without which the forward modeling of this study 
would have been much more difficult. Thanks are also due Dr. 
Jeff Barker, who provided a copy of the writeup on how to 
use the inverse program to identify mine blast locations. 
Permission to operate the seismometers on State Trust Land 
was given by the State Land Commissioner, Robert K . Lane.

The Keck Foundation provided a Prime 2550 computer, 
dedicated to the use of the geophysics group at the 
University of Arizona. The donation made a computer readily
available and without the Prime, it would have been
unfortunately necessary to resort to the University
Computing Center’s DEC10.

Special thanks must go to Linda, my wife. She wanted 
to help, at least for one trip, with my field work, but the 
closest she got was a nighttime rescue of Terry and I from 
Peppersauce Canyon. She did, however, help by inputting some



V
of the arrival times into computer files and preparing some 
figures. She somehow managed to put up with my lack of 
presence at home. More than anything else, she deserves 
acknowledgment for all of the support she has given me 
between here and Sach Khand.

")



TABLE OF CONTENTS

Page
LIST OF ILLUSTRATIONS ...........................  viii
LIST OF TABLES ..................   xi
ABSTRACT .......................................... xii

1. MOTIVATION FOR THIS STUDY ..........................  1
Regional Geophysical Setting: Prior

Geophysical Work ........... .
Crustal Structure ................
Upper Mantle Structure ..... .
Gravity .....................   10
Aeromagnetics ...............  13
Heat Flow ..............    13
Electromagnetics ......      17

Regional Geological Setting .........    18
The Catalina-Rincon Metamorphic

Core Complex ............................  18
Regional Tectonics .........................  25

2. OBSERVATIONS ....................................... 28
Data Acquisition .............    28

Choice of Field Locations ......   28
Equipment Preparation ......................  32
Field Set-Up ...............................  34
Instrument Retrieval .......................  35

Data Reduction ........       36
Source Identification .....................   36
Timing Corrections .........................  43
Time Calculated Relative to TUC ...........  44
Organization of Data .................   45
Time-Distance Plots .................   45
Anomalous Data Points .......  46

3. INTERPRETATION OF DATA ............................  48
Theory .......................................... 49

Inverse Velocity ...........................  50
Crossover Distance .........................  53
Simple Model Examples .....................   55
Time Term Concept ..........................  61

vi

CO CO O'



Predicting Moho Structure
From Topography .........................  64

Analysis .........................    71
Modeling With RAYAMP .......................  72
Models From Travel-Time Data ...............  76
Low Velocity Layer Models .................. 83
Composite Crustal Models ............. 89
Analysis of Off-Azimuth Sources ............  92

Sierrita ................................  93
Morinci ...........       93
Tyrone .....................     97

Azimuthal Velocity Variations ............  100
4. SUMMARY AND CONCLUSIONS ..........................  102

APPENDIX A: STATION AND SOURCE LOCATIONS ........  107
APPENDIX B: A LIST OF EVENTS AND STATION

ARRIVAL TIMES ...........................   109
APPENDIX C: AZIMUTHAL VELOCITY PLOTS........ . .... 128

vii
TABLE OF CONTENTS— Continued

REFERENCES 170



LIST OF ILLUSTRATIONS

Figure Page
1. Arizona, indicating seismic sources and some

previous refraction work..........................  2
2. Epicenter map of the western United States.......7
3. Residual Bouguer gravity map of Arizona..........  12
4. Residual aeromagnetic map of Arizona..........  14
5. Significant Arizona gravity and magnetic

anomalies..........      15
6. Diagram of a typical metamorphic core complex.... 19
7. Development of metamorphic core complexes.........  21
8. Isostatic uplift and detachment fault of a

metamorphic core complex........    23
9. Map of study area with seismic station

locations........................................... 29
10a. Example of TUG record for a Globe event............. 39
10b. Examples of TUG records of events from Tyrone,

Ray and Morinci..............      40
10c. Examples of TUG records of Nacozari and Cananea

events...............       41
lOd. Examples of TUG records of Sierrita and San

Manuel events....................................  42
11. Composite travel-time plot of approximately in

line sources.......   52
12a. Raypaths (bottom) and predicted refraction 

arrival times (top) from a layer sloping up 
away from the source.......  56

12b. Raypaths (bottom) and predicted refraction 
arrival times (top) from a faulted refraction 
surface......................................   57

viii



LIST OF ILLUSTRATIONS— Continued
12c. Raypaths (bottom) and predicted refraction 

arrival times (top) from a horizontal refractor 
with a lateral velocity change....... ............. 58

12d. Raypaths (bottom) and predicted refraction
arrival times (top) from a graben structure.... . 59

13a. Elevations and predicted crustal thickness from
Globe to the border near Cananea............ ......68

13b. Elevations and predicted crustal thickness 
along a line between Globe and Nacozari, north 
of the Arizona-Sonora border.................  69

13c. Elevations and predicted crustal thickness 
along a line from Ajo, Arizona to Tyrone, New 
Mexico.................     70

14a. Raytrace model for a Nacozari source..........  77
14b. Predicted arrival times for the model in

figure 14a and observations......... .............  78
15a. Raytrace model for a Globe source.................. 81
15b. Predicted arrival times for the model in

figure 15a and observations........................82
16a. Raytrace model for a Nacozari source with a

LVL.................................................  85
16b. Predicted arrival times for the model in

figure 16a and observations.... ............... . 86
17a. Raytrace model for a Globe source with a LVL......  87
17b. Predicted arrival times for the model in

figure 17a and observations........................  88
18. Composite of Nacozari and Globe models, no LVL....  90
19. Composite of Nacozari and Globe models, with

LVL.................................................  91
20. Travel-time plot for a Sierrita source, using

stations north of the source.................   94
21. Travel-time plot for Morenci events............   95

ix



LIST OF ILLUSTRATIONS— Continued
22. Arrival times of Morenci events, plotted

against station distances from Globe............... 96
23. Travel-time plot for Tyrone25 events...... ........98
24. Travel-time plot for Tyrone33 events ....... 99

X



LIST OF TABLES

Table Page
1. Compatibility of Portacorders and their drums......33
2. Seismic velocities and Crossovers from Figure 11... 54
3. Elevations and Depths (from seismic studies)....... 67

xi



ABSTRACT

To gain insight into the crustal structure of south
eastern Arizona, several portable seismometers were placed 
in numerous locations along a line from the area of Globe, 
Arizona south to the southern end of the Huachuca Mountains, 
near the border with Sonora, Mexico. Seismic arrivals from 
copper mine blasts in Arizona, Sonora and New Mexico were 
recorded and timed relative to TUG, a WWSSN station near 
Tucson.

The observed data were modeled using.a ray tracing 
program for a crust both with and without a low velocity 
zone. The data of this study alone cannot be used to 
absolutely determine the presence of a low velocity layer, 
but it can indicate crustal structure. It appears that in 
the Santa Catalina and Rincon Mountains area near Tucson, 
which is a known metamorphic core complex, there exists both 
shallow crustal and Moho structure resulting from 
compensation of these mountains.

xii



CHAPTER 1

MOTIVATION FOR THIS STUDY

Southeastern Arizona occupies an area transitional 
to several tectonic provinces. The area is part of the 
Southern Basin and Range, and extends from the edge of the 
Transition Zone (Peirce, 1985), south of the Colorado 
Plateau, along the indistinct edge of the Mexican Highlands 
and the Sonoran Desert (Eaton, 1979), to the north of the 
Sierra Madre Occidental (see figure 1). To the east, in New 
Mexico, lies the Rio Grande Rift and to the west is an area 
of lower elevation known as the Sonoran Desert part of the 
Southern Basin and Range. Southeastern Arizona is a region 
which experienced large scale extension during Tertiary 
time. Metamorphic core complexes are structural features 
which are a remnant of this extension. The crustal structure 
in sountheastern Arizona is poorly defined and, until 
recently, has been addressed primarily by surface geology 
and potential methods of geophysics. Most seismic data 
collected has been for very shallow (< 3 km) structure. This 
study was undertaken in part because copper mines in the 
Globe, Arizona and northern Sonora areas provided an 
opportunity to use their frequent blasts as sources for 
reversed seismic-refraction profiles. These profiles pass

1
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Arizona, indicating seismic sources and some
previous refraction work. T , Tucson; P, Phoenix; G , Globe; 
F, Flagstaff; Ty, Tyrone; M, Morinci; C , Cananea; N, 
Nacozari; W-W, Warren (1969); Ty-G, Gish et al. (1982); S-G, 
Sinno et al. (1982).
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through the Santa Catalina/Rincon Mountains, a metamorphic 
core complex, possibly determining whether there exists 
crustal structure related to isostatic compensation of the 
mountains.

Events from copper mine blasts were recorded with 
portable seismometers, which were placed in various 
locations from the Globe area south through the Santa 
Catalina/Rincon Mountains to the Arizona-Sonora border. 
These events were timed relative to the direct arrival at 
TUG, . a permanent WWSSN station. Forward modeling of the 
travel times provided some insight into the crustal 
structure of southeastern Arizona.

Regional Geophysical Setting: Prior Geophysical Work

Crustal Structure
Warren (1969) described some early crustal

refraction work in Arizona (see figure 1 for line
locations). In southwestern Arizona, near Gila Bend, a
crustal thickness of 21 km was determined. Along a line from 
southwest to the northeast, the crustal thickness increases 
toward the Mogollon Rim, at the edge of the Colorado 
Plateau. Beneath the Colorado Plateau, the crust was found 
to be about 40 km thick. Seismic data along the line 
indicated a three layered crust (not including the shallow 
sedimentary cover). Southwest of the Mogollon Rim, the upper 
layer velocity was about 5.8 km/sec, with the intermediate
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layer being 6.1 km/sec. Northeast of the Rim, the 
intermediate layer velocity was about 6.2 km/sec. The lower 
layer was reported to have velocities of 7.0 and 6.8 km/sec, 
respectively, southwest and northeast of the Rim. Along the 
northwest to southeast line, the crustal thicknesses varied 
between about 35 km and 40 km. For both profiles, the Moho 
velocity (Pn) was 7.85 km/sec. More recently, Hearn (1984), 
using time term analysis of earthquake arrivals recorded on 
the USGS/Caltech southern California seismograph array, 
found Pn ranged between 7.8 km/sec to 8.0 km/sec. In the 
Yuma area the velocity was found to be 7.8 km/sec with a 
crustal thickness of 22 km.

Sinno et al. (1981) reported on a crustal refraction 
study in west-central Arizona, between Parker and Globe (see 
figure 1). A two-layered crust 22-25 km thick was found, 
with a thickness of about 24 km at Globe. The Pn velocity 
was 7.67 km/sec, a low value. The Sinno et al. line was 
continued to the east of Globe toward Tyrone, New Mexico, by 
Gish et al. (1981). This profile (see figure 1) indicates a 
thicker crust. A thickness of 28 km was found for the Globe 
area, which increased to 32 km at Tyrone. Pn velocities in 
these areas ranged from 7.82 to 7.58 km/sec. The lower Pn 
velocity may relate to the higher heat flow of the Tyrone 
area. Shallower velocities were about 6.1 and 6.6 km/sec. In 
the vicinity of Morenci, there appeared to be a sudden
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thickening of the crust toward the east, where there was an 
additional uppermost layer with a velocity of 5.84 km/sec.

Langston and Helmberger (1974) interpreted nuclear 
explosion data to indicate an average crustal thickness of 
about 30 km between NTS and Tucson. They used eight portable 
seismograph stations, extending from about 93 km from NTS to 
Luke AFB, which is just west of Phoenix and about 517 km 
from the blast. A Pn velocity of 7.9 km/sec and a direct 
velocity (Pg) of 6.1 km/sec were found. Langston and 
Helmberger also used records from TUG of ten other nuclear 
tests to model Rayleigh waves. They did not find an 
intermediate layer of faster velocity above the Moho, which 
is identified as the Conrad discontinuity in some other 
areas. Their crust acted as one layer. Bache et al. (1978), 
using Rayleigh waves from NTS explosions, reported an 
average crustal thickness of about 31 km between NTS and 
TUG.

Local refraction surveys indicate a shallow bedrock 
velocity of about 4.2 km/sec. Rutledge (1984) found 4.4 
km/sec for the fastest bedrock velocity of the pediment on 
the west side of the Santa Rita Mountains. For Avra Valley, 
west of the Tucson Mountains, Dietz (1985) reports a fastest 
pediment velocity of 3.9 km/sec.

In west-central Arizona, near the Rawhide, Buckskin 
and Harcuvar Mountains, seismic reflection data indicates 
that the upper crust was composed mainly of vertical stacks



6
of anastomosing, lensoidal reflectors (Galvan and Frost, 
1985). Size ranged from 2-3 km thick and up to 8-10 km long. 
The reflectors dip gently and are interpreted to represent 
lens-shaped plutonic bodies, or groups of metamorphic and 
mylonitic rocks. Similar crustal structure extends to the 
area of the Phillips Petroleum Company Arizona State A-l 
well northwest of the Tortolita Mountains (Galvan, personal 
communication 1985).

The Northern Basin and Range is seismically active, with
Holocene normal faulting, while the Southern Basin and Range
is much less active. The Northern Basin and Range also has
generally higher elevations than the Southern Basin and
Range. In terms of seismicity, southeastern Arizona is an
extension of the Southern Basin and Range, but has had more
late Quaternary activity than the Sonoran Desert area
(Pearthree, Menges and Mayer, 1983). Between 1950 and 1976,
few earthquakes occurred in the area (see figure 2). DuBois,
Sbar and Nowak (1982) report only two historic eartquakes
with an intensity greater than or equal to VII, or magnitude
greater than or equal to 5.0, between 1830 to 1980 in
southeastern Arizona. Pearthree et al. (1983). determined a

5
recurrence interval of 10 years for southeastern Arizona,
as defined in their figure 5. The associated displacement

5
rate is less than 3m/10 years. These two numbers imply a 
low regional strain rate. Pearthree et al. (1983) also found 
evidence of no more than seven events which ruptured the
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EPICENTER MAP OF WESTERN 
UNITED STATES

Figure 6-6. Epicenter map of the western Interior of the United States (reduced scale of Plate 6-1). Data 
taken from NOAA, National Earthquake Information Service catalog. Instrumentally located earthquakes 
principally from 1950 through 1976, but some older earthquakes data are incorporated. Epicenters plotted 
from NO AA Hypocenter Data file by Paul Grim  and are courtesy of W ilbur A. Rinehart, both of the 
National Geophysical Solar-Terrestrial Data Center of NO AA, Boulder, Colorado. I t  is Important to note 
that this map contains data from both the California Institute of Technology and the University of California, 
Berkeley, epicenter catalogs. Magnitudes have not been differentiated. For California, the minimum-magnitude 
earthquakes plotted were o f M  —1, and for the rest of the Western United States, they were o f M  ~ J .

Figure 2. Epicenter map of the western United States. From 
Smith (1978).
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surface in southeastern Arizona in about the last 100,000 
years. According to a map by Gable and Hatton (1983), the 
vertical movement associated with crustal faulting in 
southeastern Arizona has been 500-1000 m in the last ten 
million years. This area is part of an arc defined by 
vertical movement, centering roughly in southwest Arizona 
near Organ Pipe Cactus National Monument, which is bounded 
on both sides by zones which experienced 1000-2000 m of 
vertcal displacement. At the center near the national 
monument, the vertical movement has been 2000-3000 meters.

The last major earthquake associated with 
southeastern Arizona was the 1887 event southeast of 
Douglas, across the border in northeastern Sonora, along the 
Pitaicachi fault (DuBois and Smith, 1980 and DuBois, Sbar 
and Nowak, 1982). The magnitude of the event has been 
estimated as 7.4 Ms. It has been given an intensity value of 
XI-XII at the epicenter and was felt in the Tucson area with 
an approximate intensity of VII on the Modified Mercalli 
intensity scale. Bullen (1965) relates that an intensity of 
XII causes total destruction of buildings, while for an 
intensity of VII the damage to well-built structures will be 
slight.
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Upper Mantle Structure

In general, the Basin and Range is a region of low 
upper . mantle velocities. In southeastern Arizona Pn 
velocities less than 7.8 km/sec have been reported (Stuart 
et al., 1964), although a velocity of 8.0 km/sec 
(Archambeau, Flinn, and Lambert, 1968) has also been cited. 
Herrin and Taggart (1962) gave Pn velocities of from 7.9 to 
8.2 km/sec for southeastern Arizona. Using Rayleigh and Love 
waves to determine Q structure, Patten and Taylor (1984) 
found a low shear velocity zone between 61.0 km and 117.0 km
beneath the Basin and Range, but the travel paths used in
this study only include the northwestern corner of
southeastern Arizona. The paths extended " from TUC
northwestward and northeastward to western Colorado.
Helmberger (1973) used body waves from nuclear explosions at 
the Nevada Test Site (NTS) and found a similar low velocity 
zone. Analysis of P and PL time differences, assuming the PL 
waveguide did not vary, indicated a thickening beneath the 
crust of a low velocity layer , from east to west in 
southern Arizona, or a thinning of the crust to the west 
(York and Helmberger, 1973) .

Farther south, a long-period seismometer array in 
northern Mexico , which operated for three years, provided 
data used in a study of the crust and upper mantle of the 
Central Plateau, the Sierra Madre Occidental and Sierra 
Madre Oriental (Gomberg et al., 1985). The results require a
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crustal thickness of 40-45 km and a shear wave low velocity 
zone in the upper mantle. They suggest that the uplift 
mechanism of the area is similar to that of the Colorado 
Plateau.

Gravity 1

A large amount of gravity data has been collected, 
covering the state of Arizona. The stations are located 
mostly in the easily accessible valleys of the Basin and 
Range, because of interest"in ground water in the basins. 
Relatively few measurements have been made in the rugged 
mountain areas. Much of the data is reported in theses and 
dissertations from the University of Arizona (see references 
in Lysonski et al., 1980). A statewide residual Bouguer 
gravity anomaly map has been published (Lysonski et al., 
1980), which includes references for much of the gravity 
data in Arizona. A depth to bedrock map of the basins of 
southern Arizona (Oppenheimer and Sumner, 1980) was derived 
from borehole data and by modelling the gravity of the 
basins.

On a regional basis, McGinnis et al. (1979) 
indicated a large, regional, negative free air anomaly which 
extends across southern Arizona. This anomaly results from 
averaging the free air gravity values within a 15* 
quadrangle. Aiken (1978) reported that the zero contour of 
the free air gravity correlated closely with the edge of
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bedrock, with negative values in the valleys and positives 
in the mountains.

The Residual Bouguer Gravity Anomaly Map of Arizona 
(Lysonski, et al., 1980) shows an apparent northwest to 
southeast trend of anomalies in southeastern Arizona. This 
map has been constructed with the assumption that Arizona is 
in isostatic equilibrium (Lysonski, 1980, page 36). The 
anomalies of this area tend to run from positive to negative 
in the directions east to west and north to south. The zero 
contour generally runs from the vicinity of Bisbee, 
northwest, through Tucson, to an area about 100 km west of 
Phoenix. The long-wavelength part of the gravity should 
indicate basement structure, although some anomalies are 
probably due to near-surface density variations, such as the 
density difference between the basin fill and bedrock. Some 
of the more obvious positive gravity anomalies suggest the 
possibility of an anomaly which was split and subjected to 
left-lateral displacement, extending from north of Morenci 
and Safford to just west of Tucson (see figure 3). This 
could be related to motion relative to the Colorado Plateau, 
which has experienced left-lateral slip on its southeastern 
border, along the Jemez lineament (Aldrich and Laughlin, 
1982). If this anomaly offset exists as a physical 
discontinuity in the crust, it would pass a little to the 
north of the Santa Catalina Mountains.
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RESIDUAL 
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Figure 3. Residual Bouguer gravity map of Arizona. From 
Sumner (1986).
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Aeromagnetics

The state Is completely covered by aeromagnetic data 
(Sauck and Sumner, 1970). The aeromagnetic map (figure 4)
indicates the same southeast to northwest trend of anomalies 
that the gravity data shows. Also indicated is a somewhat 
linear feature, extending from the Morenci area to the 
southwest, to the area south of Ajo. This feature also 
indicates left-lateral offset, just as the previous 
mentioned gravity feature and is indicated with an "A" in 
figure 5. Aiken and Sumner (1974) and Aiken (1978) have 
discussed the gravity and aeromagnetic anomalies in 
southeastern Arizona. The most apparent, short wavelength, 
anomalies are due primarily to Basin and Range shallow 
structure. The longer wavelength variations may give some 
insight to the large scale crustal structure of the area.

Heat Flow
The Basin and Range is generally considered to be an—6

area of high and variable (1.3 - 2.3 HFU; 1 HFU = 10—2 —1 2
cal*cm *s ■ 41.8 mW/m ) heat flow (Roy et al., 1968,
Warren et al., 1969, Sass et al., 1971, Lachenbruch and 
Sass, 1977 & 1978). Grose and Keller (1979) gave a median 
heat flow for the United States of 1.52 HFU and a median 
value of 2.01 HFU for the Basin and Range. Lachenbruch and 
Sass (1977, 1978) reported heat flow values in southern
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Figure 4. Residual aeromagnetic map of Arizona. From Sumner (1986).
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Arizona of about 1.5 to 2.0 HFU, low for the Basin and 
Range. .

Sass et al. (1971) reported heat flow values to the 
south of Tucson, between the Sierrita and Santa Rita 
Mountains, of about 1.5 to 3.0 HFU. This is greater than 
that of the central Colorado Plateau, which is about 0.75 - 
1.5 HFU (Lachenbruch and Sass, 1978) and greater than most 
of southern Arizona. North of Tucson, near Eloy, Christmas 
and San Manuel, Sass et al. (1971) gave a range of 1.3 to 
1.54 HFU. Reiter and Shearer (1979) presented values in the 
Gila and Peloncillo Mountains, near Safford, ranging from 
1.4 to 2.3 HFU, with an average of 1.9 HFU. These are from 
sites relatively close to the White Mountains volcanic 
field.

Water wells with anomalous geothermal gradients are 
also found in southeast Arizona (Giardina and Conley, 1978). 
Generally, in southeastern Arizona, the heat flow varies 
quite a bit, but there appears to be two main areas of high 
heat flow, which are around Tucson and near Safford. In the 
Safford/Gila Valley area, there is a nonthermal shallow 
ground water present in the alluvial flood plain sediments 
and deeper, artesian water, below the silt and clay in one 
or more layers, which has thermal properties probably 
derived from water flow along basement faults (Stone and 
Witcher, 1982). Giardina and Conley (1978) list three 
possible sources of geothermal anomalies:
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1. Upward convection of thermal water along fault 

zones; primary source of heat not known but 
possibly due to heated shallow crust.f

2. Heat generated by late Quaternary dikes and 
sills intruded into Cenozoic sediments.

3. Heat produced from the exothermic hydration of 
anhydrite within basins containing extensive 
evaporite deposits.

Electromagnetics
Warren et al. (1969) compared heat flow values with 

electrical conductivities derived from geomagnetic and 
magnetotelluric data across southern Arizona and New Mexico. 
They conclude that the high heat flow values of southeastern 
Arizona are related to high temperatures of the mantle.

A magnetotelluric sounding was conducted at the 
Tucson Magnetic and Seismological Observatory. Wojniak 
(1979) modeled the data. He used a high resistivity crustal 
layer below 4 + 2 km and a low resistivity layer between 
30 jh 10 km and 75 + 30 km. Below about 75 km, the resist
ivity rises. Wojniak concluded that the boundary between the 
lithosphere and the athenosphere was at about 30 ± 10 km
depth. This area of low resistivity possibly relates to an 
area with low Pn velocities.
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Regional Geological Setting

The Catalina-Rincon Metamorphic Core Complex
In southeast Arizona, adjacent to Tucson, are the 

Santa Catalina and Rincon Mountains, a metamorphic core 
complex. According to Davis (1980), the complex is a result 
of regional high-temperature extensional deformation, which 
was followed by tectonic denudation. This core complex (see 
figure 6) evolved after the Laramide orogeny and before the 
basin and range faulting (Coney, 1980).

There are four main components of a metamorphic core 
complex (Davis and Coney, 1979 and Davis, 1980): "core, 
metamorphic carapace, decollement, and cover." Mylonitic 
augen gneiss is the main constituent of the core. The 
metamorphic carapace is generally Precambrian and 
Phanerozoic material, which has been intruded and deformed. 
This carapace appears to be plated onto the core and is 
marked by much folding and boudinage. The core and carapace 
experienced brittle through ductile extension during 
deformation. Foliation and lineation of the fabric of the 
core and metamorphic carapace generally proceeded the onset 
of the decollement surface. The decollement is a low-angle 
faulting surface separating the metamorphic carapace from 
the overlying cover. If the carapace is absent, the 
decollement separates the core and the cover. It consists of



Figure 2. Schevnilic structural Mock diagram of typical domains o f Cordillera## metamorpMc core emnplexes; A» 
basement terrane; R, cover terrane; C\ decollement rone; a, older metasedimentary rocks; b, older pluton; c, 
younger pluton (earlty to middle Tertiary); d, mylonltic foliation; e, m ykin ilk  Mneatloo; f, marble leclonlle (Mack); 
g, lower to middle Tertiary sedimentary and volcanic rock*.

Figure 6. Diagram of a typical metamorphic core complex• From Coney (1980).

vO
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a low-dipping zone of mylonitic breccia. The cover is 
unmetamorphosed, but is deformed by extensional faulting.

According to Keith et al. (1980), there were three 
episodes of granitic intrusion in the Santa Catalina/Rincon 
Mountains. The Leatherwood suite was intruded 75 to 60 Ma. 
The Wilderness suite intruded between 44 and 50 Ma and 25 to 
29 Ma the Catalina suite intruded.

The nature of the core complexes' evolution has been 
the subject of much speculation. They can be found 
throughout the North American cordillera. According to Coney 
(1980, page 23), "...much of the metamorphism, deformation, 
and thermal disturbance so characteristic of Cordilleran 
metamorphic core complexes is of early to middle Tertiary 
age". The doming of the core complex appears to be 
superimposed on a pre-existing metamorphic basement, 
occurring after the Laramide orogeny. Generally, the 
complexes seem to have formed as a result of extension. 
Later, basin and range faulting accompanied further 
extension adjacent to the complex near Tucson.

Davis and Coney (1979) presented an interpretation 
in which the metamorphic core complexes were the result of 
megaboudins. As seen in figure 7, crustal extension produces 
thinning and deformation within the carapace. The 
unconformity is confined to the decollement surface due to 
ductility differences. The crystalline core experiences 
deformation, as well as intrusion. After uplift subsides,
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A MescrO'C stdimenfory ond volcanic rocks, 
unknown thickness
Poteozoc limtsîte, doiomiie, and shale
ibunger Precombrion omS Combnen quortuts and conglomerate
Prtcambrion crystalline basement, mainly porpnynhc quarts monionite

E
Unmetamofphased but deformed cover .’trtiary grave#

Decal lemem zone
Uneated, foliated biotite quartz montomtc coarse augtn gne*M

Uf̂ ê ormed basement

Meta morph* carapace 
Ductile growth fault

^ x P re - or syntectonic quartz 
monzonit* to gromt* intrusion

Figure 4. Geologic developm ent o f  m e u m o rp h k  core complexes in context o f  megaboudinage. 
Model portrays progressive strain o f (A ) crystalline basement overlain by Paleozoic sedimentary 
rocks. Cover is transformed in to  metamorphic carapace during metamorphism and flow  (B , C, D ). 
Upper m argin o f  basement begins to  become foliated ( i ) ,  and great unconform ity evolves in to  
d6collem ent zone (C, D X  D uctile  growth faults evolve (B , C, D ), and m etam orphic carapace 
m aterials are plated to  deep part o f  basem ent U p lift results in  denudation (E).

Figure 7. Development of metamorphic core complexes. From 
Davis and Coney (1979).
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the metasedimentary and sedimentary cover undergoes brittle 
to ductile tectonic denudation and gravity induced folding. 
This movement is along the decollement surface.

Spencer (1984) proposed a model of tectonic 
deformation where, in response to the removal of a wedge- 
shaped upper plate along a low angle normal fault, isostatic 
rebound would produce an antiformal arch on the fault 
surface. Figure 8a shows the pre-extension crust. After 20 
km of extension, figure 8b indicates the rebound of the 
decollement surface. Further extension produces even greater
uplift, as indicated in figure 8c. For his models, he
assumed zero flexural rigidity, which would result in
complete rebound. The beginning surface elevations were not 
considered. If this model started with a flat Moho, the base 
of the crust would be convex upward after the warping took 
place. Galvan and Frost (1985) suggest that, because 
horizontal reflectors are present beneath domed ranges in 
the vicinity of the Harcuvar Mountains, a known metamorphic 
core complex, the domed character of the mountains is not 
mainly due to isostatic rebound. Reprocessing of vibroseis 
reflection data donated by oil companies (Okaya and Frost, 
1986 and Frost and Okaya, 1986) have shown the detachment 
faults associated with several metamorphic core complexes to 
be gently dipping in the subsurface.

Coney and Harms (1984) collapsed Basin and Range 
extension to produce what they called a "paleocrustal
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Figure 2. Schematic diagram of warping and uplift of detachment fau lt A: Inception of master 
detachment fault and subsidiary normal faults within upper plate. B: After 20 km of extension 
an antiforma! warp has developed. Shape of warp and amount of uplift are depicted In lislric 
model of Figure 1 (solid line). Antiform is becoming barrier to movement of upper plate from 
left, upper plate in area of synformal warping is becoming inactive, and one-sided denudation  
of antiform is about to begin. C: 20 km of one-sided denudation has resulted in further uplift 
and initial exposure of lower plate to subareal erosion. Shape of basal detachment fault and 
distribution of extension during one-sided denudation resemble planar detachment ol Figure 1 
and skewed distribution of extension (dashed line. Fig. 1), resulting in subdued arching of fault 
surface and amplified uplift in breakaway area.

Figure 8. Isostatic uplift and detachment fault of a 
metamorphic core complex. From Spencer (1984).
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isopach map", which indicated possible crustal thickness in 
the western United States between the end of the Laramide 
Orogeny and the beginning of the basin and range faulting. 
Their results showed a correlation between a crustal welt 
during this time and the location of present day core 
complexes. The complexes resulted first from overthickening 
of the crust due to telescoping in the Late Cretaceous to 
early Tertiary. Coney and Reynolds (1977) suggested that the 
angle of the. Benioff Zone steepened after 40 Ma, causing 
magmatic activity to recede toward the western North 
American coast. Coney and Harms (1984) suggest this 
recession could have reduced the regional stress and caused 
the extension, which was followed by the tectonic 
denudation associated with the metamorphic core complexes.

Reif and Robinson (1981) reported that data from the 
Phillips Petroleum Company Arizona State A-l well, located 
to the northwest of the Santa Catalina Mountains, about mid
way between Oracle Junction and the town of Florence (for a 
more accurate well location, see map in Keith, 1980), has a 
sequence of rocks like that found in a core complex. Some of 
the lithology correlates with the Wilderness Granite suite.

Gravity cannot be used to rule out the presence of a 
crustal root for the Catalina/Rincon metamorphic core 
complex (Holt et al., 1985). They reported that the observed 
gravity data was more consistent with compensation at Moho 
depth than at mid-crustal depths, but the anomaly was
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probably due mainly to near-surface density variations. 
Using surface elevations to predict Moho deflection, Wallace 
et al. (1986) find a small (-10 mgals) Bouguer anomaly, with 
a broad, regional nature.

Regional Tectonics
According to Shafiqullah, et al. (1978), 

southeastern Arizona has experienced three stages of 
tectonism since the beginning of the Oligocene. The 
Oligocene was a period when the crust was heated and melted. 
It included intermediate to silicic volcanism, cauldera 
complexes, and the intrusion of granitic plutons. There is 
also evidence of crustal extension during this time.

The second stage is the 12 m.y. span between the 
first and third stages, during which the extension which was 
to follow was established. The Basin and Range extension, 
beginning about 12 Ma, marks the onset of the third stage of 
Shafiqullah et al. (1978). This phase is noted for its 
extension of the brittle crust.

According to Coney and Reynolds (1977), radiometric 
ages indicate that the slab which subducted beneath 
southwestern North America began retreating to the western 
coast trench, with a steepening dip, between 30-40 Ma. Thus, 
the retreating slab contributed to the magmatic activity of 
southeastern Arizona at that time and could have been 
responsible for the extension which the area experienced.



26
These mid-Tertiary tectonic events obscured a 

different Mesozoic tectonic pattern (Titley, 1976). 
Stratigraphy reveals a "keyboard tectonics" pattern of 
Paleozoic and Mesozoic rocks, characterized by linear 
discontinuities which trend about N55W. Titley (1976) 
suggested that these discontinuities were effected by left- 
lateral movement associated with the Texas Zone, a belt of 
deformation (Figure 5). North of the Texas Zone, the 
aeromagnetic ' pattern is marked by strong anomalies, having 
broad lows and sharp highs (Sumner, 1986) as opposed to the 
less distinct patterns to the south.

The surface of a crust thinning by extension will 
be closer to the asthenosphere than it was before the onset 
of the extension. Thus, heat from the asthenosphere will 
have less crust to pass through during conduction to the 
surface. Lachenbruch and Sass (1978) concluded that the high 
heat flow of the Basin and Range is due to convective 
transport in the asthenosphere, causing the injection of 
dikes and sills, and that the variation of heat flow in the 
region can be accounted for by variations of extension 
rates. Areas with greater extension rates allow more 
material from the asthenosphere to intrude, thus becoming a 
heat source in the crust. Since southeastern Arizona has low 
seismicity (Smith, 1978), there probably are few dikes and 
sills presently being intruded. Thus, the area might be 
expected to have low heat flow. As previously mentioned,
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southeastern Arizona does have heat flow below average for 
the Basin and Range, but it is above average for the United 
States. However, there are localities in the area which do 
have high heat flow.

<



CHAPTER 2 

OBSERVATIONS
To a large extent, the results of a study are only 

as accurate as the data. Just as a large sample Interval can 
create an aliasing problem for interpretation, so too can 
the quality of the data collection limit the analysis. The 
methods used in data collection and reduction are important 
because some difficulties in interpretation can be avoided 
by proper attention to those details which are completed 
before interpretation.

Data Acquisition 

Choice of Field Locations
One objective of this study was to produce a 

reversed seismic-refraction profile between Globe, Arizona 
and Cananea, Sonora. A line between the copper mines located 
in these areas runs approximately north-south. Initially, 
such a line was marked on topographic maps, which were then 
examined for possible field sites. Figure 9 shows the 
station locations of this study and Appendix A lists their 
locations and elevations.

There were several requirements for a seismometer 
location, other than being along the north-south line. Most 
important was that it had to be accessible by a two-wheel

28
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Figure 9. Map of study area with seismic station locations.
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drive vehicle, usually a carry-all, or perhaps a pick-up. If 
an area required four-wheel drive, too much time was spent 
traveling, leaving little time to deploy the equipment. It 
was not possible to carry the equipment far from the 
vehicle.

The location of each station was recorded on a 7.5 
minute quadrangle topographic map, or a 15 minute map if 
that was all that was available. (Not all of Arizona has 
been published yet as 7.5 minute topo maps.) Resection 
proved to be an unsatisfactory location method, as nearby 
landmarks were either obscured by trees, unidentifiable, or 
absent. Errors from bearings on far off landmarks were 
greater than those from finding a distinct, identifiable 
location on the map. Stations were thus placed at sites 
which could be easily located on a map. Latitude, longitude, 
and elevation of the seismometer site were taken from the 
quads.

A third consideration was that the site needed to be 
away from sources of noise, such as cars, houses, power 
lines, and cattle. Since the seismometers were never placed 
far from the vehicle, the sites usually were reached by less 
travelled roads and paths. Even these precautions were not 
fool-proof, as cattle have a wide range and four-wheel 
drives and ATC’s visited what seemed to be rather remote 
sites. The equipment was camouflaged in case people happened 
upon it during the two days each station was in place.
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Closely related to the noise consideration was the 

accessibility of a site. There was less noise in the more 
desolate places, which were sometimes difficult to reach. 
Sand traps in wash bottoms had to be negotiated carefully. 
Such places are preferably avoided. Some trails were too 
rough and there was always the possibility that if it 
rained, it might be impossible to return to the site to 
retrieve the instruments.

Related to site accessibility was the amount of time 
required to drive to the field locations. It was desirable 
to have all seismometers in place by 3:00 PM, local time, as 
the afternoon mine shift change and explosions occurred 
about that time. The longer each record was in the field, 
the better the chances of recording useful information. An 
attempt was made to set out for the field to deploy 
seismometers by 6:00 AM. When retrieving equipment, leaving 
time was delayed until about 11:00 AM, hoping to record a 
few more events. Of course, the instruments had to be picked 
up before darkness made it impossible to find them.

Another important factor in choosing a seismometer 
location was the type of ground surface. Bedrock, or at 
least consolidated material, was preferred to eliminate or 
reduce the time delay which slow velocity alluvium would 
introduce. However, a slight soil cover was useful, as the 
seismometer was less affected by the wind if it was 
partially buried.
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Locations which required trespassing were avoided. 

Many possibly good sites were by-passed due to "NO 
TRESPASSING" signs. National forest land was preferred, 
since it usually had decent roads and such areas are 
numerous in Arizona. Permission from the state land 
commissioner, Robert K. Lane, giving access to the State 
Trust lands was also useful. Quadrangle maps published by 
the Bureau of Land Management proved to be very useful. 
These maps, with a scale of 1:100,000, indicated the 
locations of state and federal lands, as well as the small 
dirt roads which reached them. These maps were consulted for 
likely station sites before venturing into the field.

Equipment Preparation
Each recording unit required two car batteries for 

power. The seven seismometers required fourteen batteries, 
with two or three back-ups, in case one did not work. Two 
chargers were available for recharging the batteries, which 
was done constantly on those which were not in the field.

Prior to setting out the equipment, the recording 
drums were prepared. White sheets of paper were taped and 
glued to the drums. There were six Teledyne Geotech 
Portacorders, model RV-320 and one Sprengnether MEQ 800 
recorder. The two types of recorders each required a 
different size of paper. Soot from burning kerosene was then 
placed on the paper, until it was fairly black. The drums
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were carefully placed in the correct recording units, 
avoiding contact with the soot. Ground motion detected by 
the seismometers was translated into scratches in the soot.

The early difficulties of recording data revealed 
that only certain drums worked in certain Portacorders, 
because the drive gears had to mesh just right. Thus, after 
considerable effort, specific, fairly reliable drum/recorder 
combinations were established and are listed in Table 1. 
However, the gears, being somewhat worn, would occasionally 
stick. The MEQ 800 did not have this problem because its 
drum was not driven by gears.

Table 1. Compatibility of Portacorders and their drums

Portacorder 41 42 43 44 45 46
Drums A Y Y Y Y Y NB N Y Y N N N

C Y Y Y Y Y N
D Y N Y Y H N
E Y Y Y N Y
F Y Y Y N N Y
G Y Y Y N Y
H Y Y Y Y N Y
I N N N N N NJ Y Y Y Y Y YK N N N N N Y
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Field Set-Up

Care had to be taken when connecting batteries to 
the recording units. The wires of the battery cable were 
color coded (black to negative, red to positive) to prevent 
blowing a fuse by connecting the wrong terminals. The cable 
between the seismometer and the recorder was generally 
weighted with rocks to reduce wind vibration. A Brunton 
compass was used to ensure that the seismometer was level. 
Kinemetrics, Inc. Model SS-1 Ranger Seismometers were used 
to detect the arrivals of the copper mine blasts. They had 
locks on the bottom and on the plunger, which had to be 
unscrewed to set the mass free. The mass was balanced by 
moving the plunger up and down until the reference marks in 
the window were aligned.

Inside the recorder box, the pen was attached, so 
that as it translated across the drum, the pen left a 
scratch on the smoked paper. Gears for the drum and the 
translating mechanism were engaged. The pen deflection was 
set to full. Bandpass filter setting was 0.2 Hz to 25 Hz. 
The gain used varied for the various instruments and field 
sites. The gain was set, in dB, as high as possible without 
having noise overpower the record. The MEQ 800 had a motor 
driving its drum, which only allowed it to record for a 
maximum of one day. Thus, if time permitted, it was the last 
instrument to be set out. The other six Portacorders had 
variable recording rates, which were easily set by adjusting
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dials on the side of the box. All recorders automatically 
turned themselves off when the pen reached the far right 
side of the drum.

Once the recorder and seismometer were operating 
properly, the machine time was set. On the MEQ 800, this was 
done by actually inputing the exact time, using a set of 
buttons and a LED display. On the Portacorders, a radio 
capable of receiving WWV, the time broadcasting station from 
Fort Collins, Colorado, was connected. A button on the side 
of the box initialized time on each recorder. Every minute, 
the recorders internally produced a tick mark on the smoked 
paper. The minute signals from WWV were recorded next to the 
internal tick marks. Whether WWV time was before or after 
internal time was noted on the record.

After setting the time, the radio was removed, to be 
used at the next station. The recorder was covered with a 
styrofoam ice chest, as partial protection from the intense 
Arizona sun, and then covered with camouflage, so as to make 
it less noticeable by anyone who might wander by.

Instrument Retrieval
Upon returning to the station and uncovering the 

equipment, the WWV radio again was connected and a new 
reference time mark put on the end of the record and noted 
as before. The recorder was turned off, the cables
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disconnected, seismometer mass locked, and everything 
brought back.

In the lab, the smoked records were preserved. A 
mixture of about ten parts denatured alcohol to one part 
shellac was placed in a plastic tub. The records were 
carefully removed from the drums, so as not to smear the 
soot, and dipped in the solution. The seismograms were hung 
to dry, after which they could be safely handled.

Data Reduction

Source Identification
The field stations were timed relative to, the WWSSN 

station, TUG. This station has three components of long and 
short period seismometers. The mine blast sources were 
identified from the short period seismograms. Assuming a 
Poisson's ratio of 0.25, it can be shown that each second of 
time separation of the direct P-wave and S-wave first 
arrivals corresponds to 7.5 km. Thus, the distance from TUG 
to the blast site can be determined from the base records.

Of the three seismogram components (vertical, north- 
south,and east-west), the N-S and E-W records were essential 
to the initial identification of the sources. Particle 
motion of the P-waves is the "push-pull" type, that is, the 
motion is in the direction of propagation. S-wave particle 
motion has a shear nature. Its motion is transverse to the 
direction of propagation and travels with a slower velocity
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that the P-wave in the same medium. For a source due north 
of TUG, such as from the Globe area, the N-S record would 
show a larger deflection for the Pg arrival than that of the 
E-W record. On the other hand, Sg would be more prominent on 
the E-W component than on that of the N—S record. For sharp 
first arrivals, it should be possible to determine whether 
the event is from the north or the south, the east or the 
west. This was not always possible, due to background noise, 
indistinct first arrivals, and the fact that the seismograph 
polarity was, at times, in question. Thus, for an event from 
Ajo or Silver City, both about the same distance from TUG, 
but in opposite directions, the true origin would not be 
determined. About 30 km to the west of TUG is the Arizona- 
Sonora Desert Museum (ASDM), which operates a permanent 
short period, vertical component seismograph. Comparing ASDM 
and TUG records permits the easy distinction of whether an 
event is from the east or the west.

Records from two mines were not identified by the 
previous method. Events from Sierrita, south of Tucson, and 
the Ray mine, to the north at Kearny, had no distinct S-wave 
arrivals. Even though the mines were in opposite directions, 
their characteristic seismograms were very similar, and at 
first were confused as one source. The two sources were 
differentiated from the field station arrivals located 
between the towns of Oracle and Kearny, both north of 
Tucson. Some events arrived earliest at the northern
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stations, while others first appeared at the southern 
locations. Comparison of photocopied seismograms of the 
sources indicated that they were in fact different and 
permitted the events from these sources to be identified on 
other field records.

The first time-distance plots of events from the 
Globe area indicated a large spread in the arrival times. 
This was attributed to the fact that there are several mines 
in that area which blast. The lateral separation of these 
mines contributes to the data spread by making uncertain the 
source-receiver distances. An effort to reduce this scatter 
was made by using HYPINV2, a computer program which used 
station arrival time data in a singular value decomposition 
(inverse) routine to determine the epicenter of earthquakes. 
HYPINV2 is a version of HYPOINVERSE (Klein, 1978), which was 
modified by J. Barker in 1985. The program was used to 
better locate the individual mine sources. Unfortunately, 
the sources were located at about the same distance from 
TUG, so base station records could not be used for the 
source identification. Two main sources were identified in 
the Globe vicinity. Because of their east-west separation, 
arrivals at both ASDH and TUG aided in naming Globe event 
sources for field records. See figure 10 for examples of TUG 
component records from various mines.
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Globe, SPZ

Figure 10a. Example of TUG record for a Globe event.
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Tyrone, SPZ 
Ray, SPZ

Morenci, SPZ

Tyrone, SPN 
Ray, SPN

Morenci, SPN

Tyrone, 
Ray,

Morenci,

Figure 10b. Examples of TUG records of events from Tyrone, 
Ray and Morinci.
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Nacozari, SPZ

Nacozari, SPN

Cananea, SPZ

Cananea, SPN

Cananea, SPE

Figure 10c. Examples of TUG records of Nacozari and Cananea events.
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Sierrita, 
San Manuel,

Sierrita, 
San Manuel,

Sierrita, 
San Manuel,

Figure lOd. 
Manuel events Examples of TUG records of Sierrita and San
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Timing Corrections

The difference between station WWV time and the 
internal seismogram time at the beginning and at the end of 
the records was assumed to vary linearly. The field records 
generally had three periods of mine blast activity. The 
beginning and ending time differences were interpolated to 
find one time correction for each active period, which was 
added to the station time.

The seismograms were recorded at 60 mm/sec. The 
actual distance between the minute tick marks was not always 
60 mm, but was plus or minus up to 1 mm. For each event 
used, from each different record of the field stations and 
the permanent station, the varying length of a minute was 
taken into account and the arrival times were accordingly 
adjusted.

There were two main difficulties with timing the 
arrivals. For some cases, the minute markers on either side 
of the event were separated by the edge of the paper. For 
this case, the average length of the minutes before and 
after the minute of interest was used to adjust the time. If 
this proved difficult, a length of 60 mm was assumed. The 
length of a minute seldom was off by more than 0.2mm, or 0.2 
sec.

In some cases, the actual minute tick marks were 
obscured by mine events or noise. The passage of a car, or 
even a cow, could entirely mask tick marks. As long as at
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least one of the bounding tick marks of an event was
present, a minute length of 60 mm was assumed. If both
bounding minute marks were obscured. the event was not
timed.

The timing of an arrival was done with a Bausch and 
Lomb binocular traveling microscope, with a reticule in one 
eyepiece. A millimeter scale was lined up with the first 
minute mark and the distance (time) to the event measured. 
With the reticule, each millimeter could be divided into 20 
parts. This .time was adjusted by the ratio of the length 
between the minute marks and the length of a true minute, 60 
mm. The Instrument drift was added and the result recorded 
to one-tenth of a second.

One difficulty of timing arrivals was determining 
the correct leg of the seismic event to measure. For better 
consistency, events from each source were timed together 
from the various records. After all the events from one 
source were done, then another source's events would be 
timed. Events were timed in order of increasing distance 
from the source, thus promoting consistent picking from one 
event to another.

Time Calculated Relative to TUC
The origin time and exact blast location were not 

known for each event, making it difficult to produce a true 
time—distance plot. The location of TUC never changed and



45
the arrival time of events at this station could be 
determined. For this reason, all arrivals were timed 
relative to the TUG arrival of the event. An arbitrary 
arrival time of 43.1 seconds was given to all Pg arrivals 
recorded at TUG. The field arrival times were then adjusted 
relative to 43.1 seconds. This did not give an accurate 
origin time. However, from the trend of data on a time- 
distance plot, an approximation could be determined from 
where the slope of the data points reached zero distance 
from the blast.

Organization of Data
The basic arrival time data files were organized by 

blast source, phase, and event. For example, all arrivals 
from Cananea representing.Pg were in one file. Within this 
file, the data was grouped according to events. For a given 
blast, arrivals from the various stations were together. 
For different blasts, the groups were separated by the TUG 
arrival. Pn arrivals from Cananea would be in a different 
data file. Each file included the station name, location, 
adjusted arrival time, and the station elevation.

Time-Distance Plots
Time-distance plots of the data were generated with 

program TTL2.F77. The source/receiver distance was 
calculated by a method described in Richter (1958). 
Corrections for elevation were applied by using
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2 .5

T - To - (h/c)(l-(cp) )

where T is the elevation corrected time, To is the observed 
time (in seconds), h is the elevation (in kilometers) above 
sea level, c is the velocity (in km/sec) of the layer the 
seismic ray travels through and p is the ray parameter (in 
sec/km), or the inverse velocity of the critically 
refracting medium. Direct arrivals were corrected using 
velocities of 5.0 km/sec and 5.6 km/sec, while the refracted 
arrivals were corrected with 5.0 km/sec and 7.85 km/sec.

Mines near Globe, Kearny, Cananea, San Manuel, and 
Nacozari provided arrivals nearly in-line with the 
stations. Of the five, Nacozari was slightly off-azimuth. 
Mine blast arrivals from Morenci, Tyrone, and the Sierrita 
areas were definitely off-azimuth. Sierrita events recorded 
at stations north of the Santa Catalinas did have the 
appearance of being in-line. The source/receiver distances 
from Tyrone and Morenci did not vary much. However, because 
the travel paths were all different, there was a good bit of 
scatter in the data.

Anomalous Data Points
The data points for each mine's time—distance plot 

could be compared event by event. For a given event, the 
arrivals at the various stations were colored the same 
color. Different events had different colors. If comparing
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several events revealed that the data points for one event 
(color) were all shifted a similar amount from the other 
events, then the arrival time for TUG was probably off. On 
the other hand, if all but one data point for event A were 
closely located to those of other events, then that one 
point had a suspect arrival time.

If either the TUG time or the field station time 
seemed to be off, the records were re-examined. Common 
sources of error occurred during data input to the computer, 
or by simply writing down the wrong number. A less common 
source of error was mis-reading the scale under the 
microscope, so that what should have been, say 21.2 mm, was 
read as 26.2 mm, or even 31.2 mm. The scale had major 
divisions every 5 mm. In a few cases, anomalous data points 
were the result of timing the wrong arrival of the 
seismogram. This was particularly troublesome when there was 
noise which approached the amplitude of an event. Often, 
such arrivals were passed over as being too indistinct to 
consider.

Coloring the data points was also a way to 
distinguish the different sources. Identification of the 
event from the TUG event was not always absolutely certain. 
If a data point did not follow the trend of the other data, 
but its TUG and station times checked out as correct, then 
it was assumed that the source was some unidentified source 
and was rejected.



CHAPTER 3

INTERPRETATION OF DATA

Interpretation of seismic data largely consists of 
determining what happened to the seismic energy at the major 
interfaces which it passed through between the source and 
the receiver. How a seismic ray interacts with the media it 
passes through is dependent on the velocities and densities 
of the material. For deeper layers, the velocity gradient 
becomes important. These parameters affect the reflection 
coefficients and the refraction/reflection angles are 
determined by the velocities, as related by Snell’s Law.

Snell’s Law is the basis of ray theory. For a 
seismic ray incident on a horizontal plane boundary, between 
two isotropic media, the law can be expressed as

SIN(I.m) - SINCAl.mV - SIN(A2.m) - p,
VI,m VI,m V2,m

where I is the incident angle, from vertical, of the 
incoming ray in medium 1 and VI,m is the velocity of medium 
1. The term, m, refers to the mode of particle motion within 
the medium, such as P or S waves. A1 and A2 refer to the 
reflection, or refraction, angles (from vertical) in the 
respective mediums 1 and 2, with velocities of VI or V2. The 
ray parameter, p, is constant for a given ray and is

48
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determined by the initial angle, I, and the initial velocity 
at the source. See Sheriff and Geldart (1982, pp. 57-59) for 
a derivation of Snell’s Law and a discussion of the ray 
parameter and Slotnick (1959) for more on Snell’s Law. 
Because of this relation, travel time for an earth model can 
be predicted and observed times can be interpreted.

For a thorough discussion of the following, of how 
rays refract through several layers, refer to section 3.3 
in Sheriff and Geldart (1982). Generally, velocity increases 
with depth in the earth. If the receiver is far enough away 
from the source, refraction arrivals from deeper, faster 
layers may arrive before refractions from shallower layers. 
This is revealed by the travel time equation for n 
horizontal layers (equation 3.36, Sheriff and Geldart, 
1982):

where X is the distance, on the surface, between the source 
and the receiver, H is the thickness of layer i, and Vi is 
the velocity of layer i. At the interface where the ray 
critically refracts and travels along the boundary as a 
headwave, its velocity is VN. For a discussion of 
refractions from several dipping layers, also refer to 
Palmer (1980), chapter 2.

Theory

(3.1)
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Inverse Velocity

Examination of equation (3.1) reveals that for the
case of constant layer thicknesses and velocities, the
second term on the right side is a constant, leaving the
travel time to vary inversely as the headwave velocity. If
the headwave travelled in a layer with a velocity, VN, and
there were no overlying layers, so that the thickness was 
zero, then equation (3.1) becomes

t « X/VN. (3.2)

This is the equation of a straight line with a slope of 
1/VN. The slope of the travel time of a headwave thus gives 
a direct indication of the velocity below a particular 
horizontal interface. For a single dipping layer, (3.1) 
changes (Slotnick, 1959) according to whether the refracting 
interface, beneath the receivers, dips down away from the 
source (down-dip), or dips up away from the source (up-dip):

t- X SIN(Ic-D)/Vl + 2 Hu C0S(Ic)/Vl (up-dip), (3.3a)

t- X SIN(Ic+D)/Vl + 2 Hd C0S(Ic)/Vl (down-dip).(3.3b)

Ic is the critical angle for the interface defined below, D
is the dip of the horizon, VI is the upper velocity, and Hd 
and Hu are, respectively, the depths below the source for 
the down-dip and up-dip configurations. The second terms on 
the left of (3.3) are just a time shift, independent of the
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dip. The first terms indicate that the slope of the time- 
distance curves will not indicate the inverse of a true 
velocity, but will indicate the inverse of an apparent 
velocity given by

Vu* Vl/SIN(Ic-D) (up-dip) and (3.4a)

Vd« Vl/SIN(Ic+D) (down-dip), (3.4b)

where Vu is the apparent velocity for the up-dip case and Vd 
is the apparent down-dip velocity. This causes the 
velocities to appear faster for up-dip cases and slower for 
down-dip cases than the actual velocity. The critical angle 
and the interface dip can be found, given the upper velocity 
and the apparent velocities, by

-1 -1
Ic« ,5(SIN (Vl/Vd) + SIN (Vl/Vu)) and (3.5a) 

—1 —1
D- ,5(SIN (Vl/Vd) - SIN (Vl/Vu)). (3.5b)

Assuming that the dip is small, so COS(D) approximately 
equals one, the refracting velocity can be expressed as

1/V2- .5((1/Vd) + (1/Vu)). (3.6)

Locations and elevations of the seismic stations are 
listed in Table 1. The time—distance plot (figure 11) of the 
primarily north-south profiles, indicates that the arrival 
time trends are only approximately linear. There is no
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reason to expect perfectly flat horizontal or dipping 
horizons which extend for 200 km in the crust. Deviations 
from linearity can be expected due to non-planar structure 
or lateral velocity variations. The arrivals in figure 11 
were piece-wise fit with straight lines and the resulting 
velocities are given in Table 2. These velocities are 
approximate because it is impossible to completely separate 
the effects of structure from those due only to velocity. 
From figure 11, it is noted that the slope of some arrivals 
change dip. This occurs when the source-receiver distance 
exceeds the crossover distance.

Crossover Distance
A particular arrival, such as Pg, is overtaken by 

the arrivals from a deeper horizon, such as Pn, at the 
crossover distance. Beyond the crossover distance, the first 
arrival comes from a refractor which is deeper than the 
refractor from which the proceeding arrivals come. The 
distance can be seen on travel time plots where the first 
arrivals change slope. This indicates that the headwave 
causing the arrivals at greater distances has a faster 
velocity than the headwave which produces the closer 
arrivals. For a given model, the crossover distance is found 
by equating the travel time formulas for the two interfaces. 
For a simple layer over a half-space, this is equating the 
direct arrival formula, t=X/Vl, with (3.1), where i=l, and



54
solving for X. Given an observed crossover distance, VI and 
V2, the thickness of the layer can then be determined. Table 
2 contains crossover distances, associated velocities and 
depths,which were used to create a crude two-layered crustal 
model with which the modeling of the observations was begun.

Table 2. Seismic velocities and Crossovers from Figure 11
A. Velocities for receivers to the south of a source
Source Receiver Area Velocity (km/sec)
Globe (12/13) Dripping Springs - Catalinas 5.3
Globe (12/13) South of Rincons 5.5
Globe (12/13) Rincons - N. Santa Ritas 6.3
Globe (12/13) South of N. Santa Ritas 8.0
Globe (4/5) South of Rincons 5.5
Globe (4/5) Globe - Dripping Springs 5.4
Globe (4/5) Dripping Springs - Catalinas 4.8
Ray South to Catalinas 4.8
Ray South of Rincons 5.6
San Manuel To South 5.1
B. Velocities for receivers to the north of a source
Source Receiver Area Velocity (km/sec)
Nacozari North of Border 5.7
Nacozari North of Crossover 7.9
Cananea Border to Crossover 3.5
Cananea North of Crossover 5.7
San Manuel To North 5.0
C. Crossover distances and assumed velocities
Distance Separating these velocities Thickness
160 km 5.6/6.6 km/sec 22.9 km
160 km 5.6/7.8 km/sec 14.8 km
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Simple Model Examples

The previous discussion of travel-time plots, and 
the possible effects of changes in structure and velocities 
are best illustrated with some simple examples. There 
follows a brief description of some models and their 
associated travel-time plots.

A model of a single horizontal layer, separating two 
media with velocities VI and V2, results in a travel-time 
curve of a line with slope 1/V2. Figure 12.a shows a model 
of a dipping layer and its travel time curve, for an up-dip 
configuration. The interface has a gradient of 10km/160km 
(0.0625), or a dip of 3.58 degrees and the velocities for VI 
and V2 are, respectively, 6.0 and 7.8 km/sec. From the 
resulting travel-time curve, an apparent velocity for the 
lower layer of 8.2 km/sec is found. This faster velocity is 
expected for an up-dip shot.

Figure 12.b shows the model and travel time curves 
for a horizontal layer offset upwards by a fault. The 
velocities are again 6.0 and 7.8 km/sec. The fault throw is 
10 km. the travel time curves show two linear sections which 
are parallel, with the section farther away (B) arriving 
earlier than an extension of the closer section (A). Both 
sections have a slope giving a velocity of 7.8 km/sec, but 
the farther one is a refraction from the shallower, upthrown 
block of the fault.
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Figure 12a* Raypaths (bottom) and predicted refraction 
arrival times (top) from a layer sloping up away from the source.
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DISTANCE (KM)
0 20  4 0  6 0  8 0  100 120 140 160

KM/SEC 7.8 KM/SEC

Figure 12b. Raypaths (bottom) and predicted refraction 
arrival times (top) from a faulted refraction surface.
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Figure 12c. Raypaths (bottom) and predicted refraction 
arrival times (top) from a horizontal refractor with a 
lateral velocity'change.
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DISTANCE (KM)
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Figure 12d. Raypaths (bottom) and predicted refraction 
arrival times (top) from a graben structure.
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Lateral velocity changes are important to consider. 

A model of a horizontal refractor with a lateral change of 
velocity is shown in figure 12.c. The upper velocity is 
again 6.0 km/sec. Segment A has a velocity of 7.8 km/sec, 
while segment B has a faster velocity of 8.5 km/sec. From 
the time-distance plot, it is seen that segment A has a 
slope of 1/7.8 sec/km. The dashed line extends this slope, 
which diverges from the solid line, which has a smaller 
slope and, therefore, a faster velocity. This smaller slope 
indicates arrivals from segment B .

A graben , or perhaps a crustal root, feature is 
modeled in figure 12.d. The velocities are the same as the 
previous models (6.0 and 7.8 km/sec). The horizontal 
segments of the model (A,B,C) are marked and the 
corresponding segments of the travel-time curve are 
indicated. These time-distance segments are parallel, having 
an indicated velocity of 7.8 km/sec, as expected for 
horizontal layers. A dashed line extends from A. Segment C 
is obviously closer to this dashed line than segment B of 
the arrival times. This indicates that both B and C are 
"delayed" from what the predicted arrivals from a horizontal 
layer 10 km deep would be. It is also apparent that B is 
delayed relative to the C arrivals.
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Time-Term Concept

The concept of time-terms are related to the 
"delayed" arrivals referred to for figure 12.d. It is 
necessary to assume that the refractors are locally level, 
which generally works for refractors with less than about 10 
degrees of dip (Gardner, 1967; Layat, 1967). However, the 
method preferably will have data adequate to determine the 
dip of the refracting horizon. The velocity of the critical 
refractor can be found from the travel-time plot of the 
data. By dividing the source-receiver distance by the 
critical velocity and subtracting this value from the travel 
time, the delay time is obtained. Delay time can be thought 
of as follows. If the refracting layer was at the surface,
the travel time would 
equation (3.2).

be given by t ■ X/Vn, which is

If a refractor is buried by several layers, the
travel time is given by equation (3.1). If (3.2) is
subtracted from (3.1), the results can be written as

Td
- I ll1 ( 1 (3.7a)

Td
- l

1 (Hsi + 
, Vi

(3.7b)

where Hsi and Hri are the thicknesses of the different
layers above the refracting boundary at the source and
receiver, respectively, and Td is the delay time.
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The delay time has two components,

Td « Ts + Tr, (3.8)

where Ts Is the source delay time and Tr is the receiver 
delay time. Ts and Tr can be arrived at by splitting (3.7b) 
in two according to the source and receiver thickness. 
Delay time have also been called time terms by Willmore and 
Bancroft (1960).

Delay times have been used in several ways to 
determine subsurface structure. The following discussion 
relies greatly upon Willmore and Bancroft (I960), Layat 
(1967), Barry (1967) and Gardner (1967).

Delay times can be used to analyze data from several 
scattered, nonaligned sources, n in number, for m receivers. 
The travel time equation can be re-written as

Tsr - Ts + Tr + Xsr/VN, (3.9)

where Tsr is the travel time between the source, s, and the 
receiver, r , Xsr is the source-receiver distance and VN is 
the critical refracting velocity. If all m stations record 
all n sources, then there are n times m equations such as 
(3.9). There would be (n+m) depths to be determined, one for 
each shot and receiver location. These depths cannot be 
uniquely determined, due to a constant, c, which can be 
added or subtracted from the time terms, without affecting
the travel time:
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Tsr = Xsr/VN + (Ts - c) + (Tr + c). (3.10)

The arbitrary constant can be determined for cases where 
source and receiver locations coincide, making the source 
and receiver time terms equal.

The information from a survey can be expressed as a 
set of equations (see equations 2 & 3 of Willmore and 
Bancroft, 1960). For the ith event, which mi stations
recorded,

mi(Tsi - c) - (Tij - Xij/VN) - (Trj + c). (3.11)

For the jth station, which recorded nj events,

nj(Trj + c) - (Tij - Xij/VN) - (Tsi - c). (3.12)

Equations (3.11) and (3.12) can be set up in matrix form for 
solution by single value decomposition. This approach is 
suitable for data spread over an area, such as that analyzed 
by Hearn (1984).

Returning to (3.9), if there were zero offset, that 
is, if the source receiver distance is zero, then

TO ■ Ts + Tr, (3.13)

and the travel time, or intercept of the arrival times in 
this case, is just the sum of the source and receiver delay 
times. This is similar to reducing (3.1) by (3.2). From
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(3.7b), the total depths at the source and receiver are

T- E m m 5 ♦EflKW)-5 (3-U)
So, if the depth of the refractor is known at either the 
source or the receiver, the depth at the other location can 
be determined from the time terms. This depth is at the 
point where the seismic ray critically refracts from the 
horizon. The points will be between the source and receiver 
positions. The distance, Xx, from the source, or receiver, 
to the point where the ray refracts into, or out of, the 
refractor, is given by

Xx » V” 1 HiVi_________  . (3.15)> 2 .5
Z— ' VN(l-(Vi/Vn) )

Predicting Moho Structure From Topography
One approach to modeling crustal thickness would be 

to use surface elevations to predict the depth to the Moho. 
Assuming perfect local isostatic (Airy) compensation of a 
region implies that the topography should be mirrored at 
depth. The theory states that for varying thicknesses of 
lower crust, of constant density, above a higher, constant 
density mantle material, the higher elevations of the crust 
have roots which extend deeper into the mantle than for 
areas with low crustal elevations, producing a deflection of 
the Moho (for further discussion, see section 2.2 in
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Turcotte and Schubert, 1982 and the section on gravity in 
Verhoogen et al., 1970). According to Garland (chapter 6, 
1965) on a world-wide scale, the Airy theory holds. The 
Bouguer anomaly associated with a 2-D root (a root which has 
lateral extent and is modeled as a polygonal prism) will be 
increasingly negative as root depth increases, because the 
Bouguer correction removes the effect of elevation, but does 
not remove the effect of density differences below the 
datum. Mountain ranges thus have negative Bouguer anomalies. 
Mountains without great lateral expression would be expected 
to have smaller negative anomalies because of the lack of a 
lateral root contributing to the anomaly.

An alternative to the Airy hypothesis is Pratt 
compensation. This theory states that for a flat 
compensation horizon, the surface elevations are a product 
of lateral density differences in the overlying material. 
Thus, for a column of low density material, the associated 
elevation will be high and for higher density material, the 
surface elevation will be low. Garland (1965), Heiskanen and 
Meinesz (1958) and Lyustikh (1960) place the depth of Pratt 
compensation at 100 km, or slightly more.

It has been shown that elevations alone cannot 
reliably predict crustal thicknesses, leaving something 
other than the Airy theory, perhaps the Pratt theory, to 
explain why (for example, see Garland (1965), chapter 6). 
Heiskanen and Meinesz (section 5-4, 1958) presented the idea
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that most of compensation is due to roots, but that about 
37 % of the compensation is due to lateral density 
variations in the shallow crust above the roots. Also, the 
lithosphere has the ability to support small loads, with a 
size on the order of tens of kilometers, with a broad, 
regional flexure, but without a local root.

Assuming that crustal deflections do mirror
elevation differences in Arizona, then it is possible to
take Moho depths, known from previous seismic work, and
known elevations, to arrive at a linear formula which
predicts crustal roots from surface elevations:

D - 4.5*E + 20.0,
where D is the depth below sea level (in km) and E is the 
elevation (in km). This formula is a linear least squares 
fit of the data shown in Table 3 and has an depth error of 
up to 2.7 km. This equation is used to predict crustal 
thickness from elevations taken from topographic maps.
Depths were averaged for five adjacent locations and 
plotted. Those locations listed in Table 3 are from the
Basin and Range. However, Globe and Bylas are on its edge,
adjacent to the Transition Zone. If southeast Arizona is
structurally and tectonically much different than the rest 
of southern Arizona, then the formula may not have close 
results and the errors may be greater than those in Table 3.
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Table 3. Elevations and Depths (from seismic studies)

Location Elevation Depth Predicted Depth Error
(km) (km) (km) (km)

Yuma .457 22.0 H 22.1 -0.1
Gila Bend .610 22.0 W 22.8 —0.8
Phoenix .945 26.0 W 24.3 1.7
Globe 1.490 24.0 S 26.7 -2.7
Bylas 1.676 28.0 G 27.6 0.4
E. Globe 1.515 28.3 G 26.8 1.5
Depth estimates from the following sources: H, Hearn (1984); 
W, Warren (1969); S, Sinno et al. (1981); G, Gish et al. 
(1981)

Predicted crustal thickness plots are shown in 
figures 13.a,b,c. Figures 13.a&b are both plots indicating 
elevations and depths which may be expected along lines 
south from the Globe area to the border. Both of these 
figures show a downward deflection of the Moho beneath the 
Catalina/Rincon area. Figure 13.a shows elevations from 
Globe toward Cananea, along a line which passes on the west 
side of the Rincon Mountains, while figure 13.b is along a 
line which passes east of the Rincons and tracks toward 
Nacozari. Figure 13.c shows elevations and predicted Moho 
depths along a line from Ajo, Arizona to Tyrone, New Mexico. 
This figure indicates a distinct root beneath the Santa 
Catalinas and Rincons, but this also appears to be part of a 
larger Moho deflection which includes roots from the Galiuro 
and Pinaleno Mountains.

Assuming that the base of the crust does deflect in 
similar fashion to what is depicted in the figures 13.a,b,c,
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Figure 13a. Elevations and predicted crustal thickness from 
Globe to the border near Cananea.
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Figure 13b. Elevations and predicted crustal thickness along 
a line between Globe and Nacozari, north of the Arizona- Sonora border. _ONVO



Figure 13c. Elevations and predicted crustal thickness along 
a line from Ajo, Arizona to Tyrone, New Mexico.
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then it is important to consider what effect the structure 
would have on Moho refractions. Fermat's principle states 
that a ray traveling between two points takes the "minimum 
time" path. For a base of the crust having such three 
dimensional complexity as indicated in the figures, there 
might be focusing effects, where refraction arrivals are 
clustered in some areas or are rather meager for other 
areas. It also means that instead of refractions traveling 
only in a vertical plane between the source and the 
seismometer, the rays could refract from some lateral 
interface. If the Moho deflections indicated in figure 13.c 
are extended along the strike of the Galiuro, Pinaleno and 
Santa Catalina/Rincon Mountains, then there could be a 
channeling of refracted rays at the base of the crust 
between the roots of these mountains.

Analysis
When given a set of observations, two primary modes 

of analyzing the data are forward and inverse modeling. 
The inverse approach involves taking the observations and, 
using appropriate equations, such as those given in the 
proceeding section, solve for the parameters which describe 
the model. This method permits certain constraints to be 
placed on the model before the solution* Single value 
decomposition is one way to approach inverse modeling.
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Forward modeling, as was done in this study, takes a 

specific model which can be described by assuming certain 
parameters, such as depth and velocity, and then predicts 
what the observations should be. The results of either 
method of modeling will only be as good as the set of 
equations associated with the method and how the equations 
are implemented. Most things can be described 
mathematically, to some degree. The extent of that 
description is limited by our knowledge and understanding of 
that which is being modeled, as well as by the data quality 
associated with it. Another limitation is computer time and 
work area. Therefore, it is usually necessary to simplify 
the model at the beginning of a study. Later, when there are 
more observations and the understanding of the subject of 
the study is greater, the modeling process can become more 
complex.

Modeling With RAYAMP
Data from copper mine blasts can be used to model 

Moho structure. The forward modeling of the seismic arrival 
times was done using a computer program, RAYAMP, written by 
George Spence in August, 1983 (Spence, Whittall and Clowes, 
1984). This program was adapted to run on the Prime 2550. 
For an input model, given distance and depth of crustal 
interfaces and the velocities and velocity gradients 
associated with the interfaces, the program would produce a
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plot of the model, showing ray traces, and a synthetic 
seismogram, including the predicted arrivals of seismic 
refractions.

The general procedure used for modeling the data was 
to input a model to RAYAMP and then compare the output 
synthetic seismogram with the observed travel-time plot. The 
deviation of the observed arrivals from the predicted 
arrivals could be considered as time terms, or delay times. 
For instance, if the observations were later than the 
predictions, this implied that either a greater thickness 
was needed, or that a slower velocity was required, or 
perhaps both. Generally, either a velocity or a thickness 
was changed and another model was iterated.

The velocities and crossover distances from the 
travel-time plots were used to derive a simple, plane 
layered model, for initial input to RAYAMP. This information 
is presented in Table 2. The starting model was for a two 
layered crust over a halfspace. The top layer had a 
thickness of about 23 km and a velocity of 5.6 km/sec. The 
lower layer had 6.6 for its velocity and a thickness of 15 
km.

The first modeling effort was directed toward a 
Nacozari source, since those observations were less 
scattered than arrivals from the Globe area. The simple 
model of two layers over a half-space proved inadequate. In 
general, velocity stripping was required, since the seismic
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energy refracted from deeper horizons had to pass through 
the top layer both on the downward leg, as well as the 
upward leg of its path. That part of the time delay due to 
the shallow layer is constrained by the velocity and depth 
of that layer.

The modeling should have proceeded from the topmost 
layer down to the base of the crust, working on one layer at 
a time. Modeling of the top layer was relatively easy 
compared to fitting the model's predictions to the 
observations from deeper refractors. Direct arrivals 
(considered to be reflections close to the source and 
shallow refractions farther from the source) were relatively 
abundant. Observations of Moho refraction arrivals were less 
abundant and observations of intermediate refracted arrivals 
were few. For this reason, modeling of the intermediate 
refracted data took second place behind that of the Pn 
arrivals.

Sources from the Nacozari and Globe areas were 
modeled because these sources provided Pn refractions from 
mines almost in-line with the stations. The lack of Nacozari 
Pn arrivals north of the Santa Catalina Mountains made the 
Moho structure of that area impossible to constrain. Moho 
structure for this area is basically an interpolation 
between the approximate depth in the Globe area and the 
depth at the Catalinas, which was dependent on fitting the 
observed refractions from Nacozari which were detected at
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TUG. Since TUG is located in the foothills on the south side 
of the Santa Catalina Mountains, this station can be used to 
model the crust to the south when Nacozari events are used. 
Thus, if the Catalinas are associated with a crustal root, 
that root may be deeper than indicated by TUG arrivals from 
Nacozari.

To the south of the Rincon Mountains, refraction 
arrivals from both the Nacozari and the Globe areas were 
observed. In this area, data from Nacozari were more 
abundant and had less time scatter than Globe data. After 
working with the Nacozari models, the Globe models were fit 
to the observations and a compromise between the two source 
models was created. Since the Nacozari and Globe sources 
are not exactly in-line with the stations, an exact fit of 
the models for the area south of the Rincon Mountains should 
not be expected for data from this study. The Nacozari 
source is actually slightly to the east of an in-line 
location (see figure 1). The take-off points from the 
refracting horizons of the seismic rays do not coincide for 
the two sources. Another consideration is the root of the 
Santa Catalinas, which may exist north of the TUG station. 
The effect of such a deflection of the Moho would be to 
produce a time delay for Globe events arriving at stations 
to the south. Crustal deflections south of LONE-1, the 
southernmost station, produce time delays for the Nacozari 
data and cannot be modeled. These uncertainties are due to
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the fact that the lines were not true reversed profiles and 
reflect non-uniqueness, represented in equation (10). 
Reciprocal times at Globe and Nacozari were not recorded.

Models From Travel-Time Data
A crustal model for a Nacozari source is indicated 

in figure 14, which also shows a travel-time plot, reduced 
with a velocity of 6.0 km/sec, with observed arrivals 
and predicted arrivals indicated. The observed direct 
arrivals are shown as circles and the observed refracted 
arrivals are indicated by triangles. The predicted direct 
and refracted arrivals are indicated by lines. This 
representation will be the standard for all of the following 
reduced travel-time plots resulting from RAYAMP.

The model of figure 14 consists of three layers over 
a half-space. The velocities, increasing with depth, are 
5.00, 5.60, 6.40 and 7.85 km/sec. For this crustal model and 
those which follow, a velocity gradient of 0.0010 km/sec/km, 
necessary for ray tracing, has been used. For the purpose of 
discussion, the model of figure 14 has been designated as 
MN0. This model has layers which generally slope up to the 
north, until the area just south of the Rincon Mountains, 
where the layers deflect down. The first and third layers 
increase in thickness by about 5.0 km, while the second 
layer has an increase of only 2.5 km. The shallow layer has 
an average thickness of about 10.0 km, while the overall
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Figure 14a. Raytrace model for a Nacozari source. Velocities in km/sec.
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Figure 14b. Predicted arrival times for the model in figure 14a and 
observations. For this figure and the next three travel-time plots, 
circles are observed direct arrivals and triangles are observed 
refraction arrivals. Lines represent predicted arrival times.
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crustal thickness is modeled at about 40 km. The crust 
decreases In thickness from 45.0 km at the south end of the 
model to 35.0 km south of the Rincons, where the thickness 
increases to 40.0 km. North of TUG, which arrives at a 
distance of about 230 km, there are no arrivals which can be 
modeled. Thus, that part of the model north of TUG is 
questionable.

On the reduced travel-time plot of figure 14, the 
observations farthest to the north (right side) are from the 
Arizona Sonora Desert Museum seismometer and the next 
farthest north arrivals are from TUG. Being so far west of 
TUG, these ASDM arrivals were not considered while modeling, v 
but are shown to indicate that their early arrival, relative 
to TUG, are an indication that the crust may be shallower at 
that location. The model predicts a crossover distance at 
approximately 150 km from the source. The observations near 
this distance fit the predictions reasonably well, as do the 
remaining direct arrivals. It is seen that the TUG refracted 
arrival agrees with the predictions, but the closer 
refracted arrivals appear sooner than the predictions. To 
fit these observations better, without predicting refracted 
arrivals significantly earlier than the direct observations 
near the crossover distance, required a Moho deflection both 
larger and sharper than the present model. The sharp 
downward deflection at the crustal base is due mainly to the 
modeling program's inability to handle smoothly curved
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surfaces. It would be preferable to fit this feature with a 
broader, rounded downward deflection.

Figure 15 shows MGO, a crustal model for a Globe 
source. This model has the same velocities used for MNO and 
an average thickness of 40.0 km. The thickness for the Globe 
area was chosen as 30.0 km by averaging the thicknesses of 
Gish et al. (1982) between Globe and Tyrone. The average 
thickness of both Gish et al. (1982) and Sinno et al. (1982) 
for the Globe area is 26 km. The Globe area thickness used 
in this study is 30 km, taken from the average crustal 
thickness of the Gish et al. (1982) line. The Moho depth of 
MGO increases from 30 km to 40 km at a point about 30 km 
north of the TUG station and increases further to 46 km 
depth at a distance of 270 km from Globe. The intermediate 
layer has a downward deflection at a location just north of 
the Santa Catalina Mountains, as does the shallow layer. 
However, the shallow horizon then decreases its depth. This 
feature should perhaps be larger, since the observed direct 
arrivals to the south arrive later than predicted. However, 
the observed refracted arrivals agree with the predictions. 
The area of the Gatalinas and Rincons recorded very poor 
quality data, possibly due to complex structure in the 
region. Such structure could, perhaps, produce focusing of 
the seismic rays. The shallow structure associated with this 
metamorphic core complex area may be responsible for making



Figure 15a. Raytrace model for a Globe source. Velocities in km/sec.
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it impossible to obtain reasonable quality refraction data 
in these mountains.

The shallow structure at the north end of the model 
proved difficult to fit. Since two source locations exist 
for the Globe area, an attempt was made to fit both sets of 
observations with the model predictions. This was impossible 
at the far north end of the line, where the seismic travel 
paths were drastically different. Also, the observations of 
this area are from a very mountainous (the Pinal Mountains) 
region on the edge of the Transition Zone, as it is defined 
by Peirce (1985). The Globe area is also on the northern 
border of the Texas Zone, with its keyboard tectonics 
(Titley, 1976), so the structure of this area is complex and
difficult to model. According to Peirce (1985), the
Transition Zone has faults which have produced great
vertical relief and exposed some of the oldest rocks in
Arizona. The structural complexity of this area may explain 
the different crustal thicknesses found by Sinno et al. 
(1982) and Gish et al. (1982).

Low Velocity Layer Models
In addition to the previous models for the Globe and 

Nacozari areas, the observations were also modeled with a 
low velocity layer (LVL) within the crust. The same 
velocities as were used in MNO and MGO have been used, with



a 5.2 km/sec layer Inserted between the 5.6 and 6.4 km/sec 
layers.

MNLVLO Is represented by the model for a Nacozari 
source in figure 16. The low velocity layer is conspicuous 
for the seismic rays which become trapped in it, reflecting 
from both its top and bottom horizons. The shallow layer 
structure is similar to that of MNO. The LVL has an average 
thickness of about 10.0 km. The crustal thickness for the 
southern half of the model is about 36.0 km, less than that 
for MNO. MNLVLO also predicts a crossover at 150 km distance 
from Nacozari and the direct arrival observations fit the 
predicted values of the reduced travel-time curve well, as 
was the case for MNO. However, the refracted observations 
fit better than for the case without a LVL and the Moho 
deflection near the Rincon Mountains is broader, but still 
an increase of 5.0 km depth.

The low velocity layer model for a Globe area source 
(MGLVL0) is illustrated in figure 17. The shallow layer is 
structurally similar to that of MG0 and the same discussion 
relating to the complexity of the Globe area and the 
difficulty modeling it apply for MGLVL0. The LVL averages 
about 14 km thick and acts as a trap for reflections. The 
crustal thickness increases from 30.0 km in the Globe area 
to 42.0 km beneath the Santa Catalina Mountains, staying 
constant from the mountains to the south. This represents a 
Moho depth similar to the model without a LVL.
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Figure 16a. Raytrace model for a Nacozari source with a LVL. Velocities are given in km/sec.
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Figure 16b. Predicted arrival times for the model in figure 16a andobservations.
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Figure 17a. Raytrace model for a Globe source with a LVL. Velocities 
are given in km/sec.
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Composite Crustal Models

The previous models for the Globe and Nacozari area 
sources were combined and averaged to produce a composite 
crustal model, both with and without a LVL, for southeastern 
Arizona. Figure 18 is the result of a synthesis of MNO and 
MGO, which does not have a LVL. The shallow layer averages 
about 10.0 km thick, with a broad downward deflection in the 
region of the Santa Catalina and Rincon Mountains. This 
deflection is present, but to a lesser degree, at the bottom 
of the intermediate horizon. The Moho varies from 30.0 km 
deep at Globe to 45.0 km deep in the Nacozari area, with a 
broad downwarp in the core complex area of about 5.0 km. 
This Moho deflection is most pronounced on the south side of 
the Rincons. The north side of the Catalinas indicates a 
more gradual change in Moho depth, but this is an artifact 
of the lack of Pn arrivals north of these mountains.

The composite of the two models with low velocity 
layers is in figure 19. The shallow structure is similar to 
the composite model without a LVL, only it has a narrower 
deflection than the previous model. The LVL appears nearly 
flat on its upper horizon and has a slight downwarp beneath 
the core complex. The base of the crust increases from 30 km 
at Globe to 35 km in the Nacozari area, with a downward 
deflection of 5 km in the Catalina/Rincon area.

Comparing the modeled Moho deflections with those 
predicted by the elevations, it is noted that the models
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have larger roots. The roots predicted from elevation of 
figure 13 are about 3 km or less, while the model roots are 
about 5 km. The model roots may be greater because the 
greatest elevations of the Santa Catalina and Rincon 
Mountains were missed by the elevation sampling used to 
predict Moho depths in figure 13. Also, since the depths 
derived from elevations were based on data which did not 
include southeastern Arizona, the equation used to produce 
figure 13 depths may not apply well to the area. It is 
unlikely that this study sampled refraction arrivals from 
the deepest Moho deflections beneath Catalinas and Rincons, 
so the 5 km root may be an underestimation.

Analysis of Off-Azimuth Sources
Events from the Sierrita, Morenci and Tyrone areas 

were from the west and east of the line of seismic stations. 
Their use is limited for modeling a north-south profile, 
such as has been discussed previously. However, they can be 
of some use for determining east-west structure, 
particularly if additional data are acquired from an east- 
west line. These sources provided events for something like 
a fan shoot. Instead of producing arrivals which had travel 
paths shared with those arrivals at stations closer to the 
source, such as is true for in-line sources, the paths for 
the off-line sources are all unique.
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Sierrita. Events from the Sierrita source are least 

like a fan shoot of all the off-azimuth sources. Sierrita 
arrivals at stations south of the Santa Catalinas have a 
very scattered appearance on a time-distance plot. However, 
for stations north of the Catalinas and south of the 
Dripping Springs Mountains* the travel-time plot looks like 
one for an in-line source (see figure 20). The main 
peculiarity of this plot is that the lower refractor has a 
slower apparent velocity than the horizon above it. This is 
most likely due to dip of the refractor, as well as the fact 
that it is an off-line source. It can not be due to 
refractions from a low velocity layer.

Morenci. Morenci is located east and a little 
north of the middle of this study's line of seismic 
stations. It is generally closest to the northern half of 
the stations, as indicated in figure 1. Figure 21 is a time- 
distance plot of Morenci arrivals, indicating the stations 
are at between 154 km and 216 km distance. There is a good 
bit of spread in the arrival times, but the times generally 
increase with distance. One notable exception are the data 
from ASDM, the farthest station, at 216 km. Figure 22 
displays the arrival times for Morenci events plotted 
against the distance from Globe to the seismometer. This 
reduces the apparent time spread. Much of the time spread is 
due to the unique travel paths from the source to each
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Figure 22. Arrival times of Morenci events, plotted against station distances from Globe.
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station. Because of the differences of travel paths, picking 
erroneous times was more difficult.

Tyrone. Tyrone arrivals originate east of the line 
of stations, at distances greater than for Morenci, and are 
divided into two groups, depending on the time separation of 
Pg and Sg of an event as recorded at TUG. There were 
basically two such times: 25 seconds and 33 seconds. Those
events with the small separation were attributed to a source 
called Tyrone25. Separations of about 33 seconds had 
Tyrone33 for a source. From the time differences, the 
approximate distances to the sources are 188 km and 248 km. 
Thus, Tyrone33 should be about 60 km east of Tyrone25. The 
distance from the TUG station to Tyrone is about 240 km. 
Tyrone25 would have a location a little to the east of the 
Arizona-New Mexico border.

Figures 23 and 24 are travel-time plots for Tyrone25 
and Tyrone33. Both plots use a source location of Tyrone.
There are obviously fewer observed Tyrone33 events than
Tyrone25 events, possibly due to the greater distance of
Tyrone33. Both plots again show the spread of data which
goes along with fan shoot spreads. If figures 23 and 24 are 
overlaid, with the Tyrone25 distances being reduced by about 
60 km, both sets of data appear to show increasing arrival 
time as distance increases.
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Azimuthal Velocity Variations

The Globe/Nacozari models assumed that the 
crustal velocities basically changed with depth, but no 
transverse changes were modeled. Local deviations from 
straight arrival time was interpreted as a reflection of 
structure. This is not necessarily true. Within the region 
that was traversed by the blast energy from the copper mines 
travelling to the seismic stations, transverse changes of 
geology may produce changes of crustal velocities. Also, the 
area is large enough to permit lateral variations of Moho 
velocity.

The travel-time plots of event arrivals do not have 
zero as an origin time at zero source-receiver distance. The 
origin time of each blast was unknown, so the arrival times 
were made relative to the TUG direct arrival. However, for 
each plot, an origin time relative to the TUG arrival time 
of 43.1 seconds can be estimated by extrapolating the data 
back to zero distance and noting the intercept time. 
Subtracting this intercept time from the plotted relative 
arrival times will give the approximate travel times from 
each source.

From the travel-time plots, it was suspected that 
there might exist regional velocity variations of the 
direct arrivals. Azimuthal velocity plots were made for each 
station, showing a velocity for each event between a source 
and the station seismometer. These plots are found in
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Appendix C. The axes of these plots are marked for the 
compass points and have a center velocity of 2 km/sec. 
Various sources are indicated with different symbols. The 
name of the seismometer station is noted at the top of each 
figure.

Two major factors affect the accuracy of these 
velocities. First, the location of the blasts for each event 
is not exact, but is approximate. Some blast locations are 
more accurate than others. All Tyrone locations are suspect 
and the Globe locations are approximate, in that they were 
located by an inverse method. The second factor is the 
estimate of the origin time, as mentioned above. For most 
sources, this time is fairly good. However, for Morenci and 
especially for the Tyrone sources, the origin time is very 
unreliable, since these sources were not in line. On the 
travel-time plots for these sources, it was difficult to 
extrapolate the arrivals to zero distance. Arrivals from 
east-west line would have been very helpful to establish 
more accurate travel times for Morenci and Tyrone. Due to 
these factors, most velocities for Tyrone proved impossibly 
fast. Rather than completely omit the Tyrone data, a limit 
was set on the velocity. Any event, for any station, which 
resulted in a velocity of 11 km/sec or greater was set to 11 
km/sec. Thus, such a velocity is obviously erroneous, but 
the azimuth of the source is fairly reliable.



CHAPTER 4

SUMMARY AND CONCLUSIONS

Teledyne Geotech Portacorders, Model RV-320, were 
used with Kinemetrics Model SS-1 Ranger Seismometers to 
record blast arrivals from copper mines in the southeastern 
Arizona region. Forty stations provided data, in addition to 
two permanent stations. The permanent stations were TUC, a 
WWSSN station operated by the University of Arizona, and a 
short period, vertical component seismometer located at the 
Arizona-Sonora Desert Museum. The forty field stations, as 
well as a few stations which failed to work, were located 
from the Pinal Mountains near Globe, Arizona, to the 
southern Huachuca Mountains, on the border near Cananea, 
Sonora. An attempt was made to locate the field stations on 
soil covered bedrock, or at least in an area of consolidated 
rock, to avoid introducing a time delay due to slow velocity 
surface material.

The area covered by the study is in the Mexican 
Highlands sub-province of the Southern Basin and Range, 
extending from the southern edge of the Transition Zone, 
which marks the transition from basin and range structures 
to the Colorado Plateau, to the border. To the west, is the 
Sonoran Desert area of the SBR, which has lower average 
elevation than in the Mexican Highlands, and to the east in 
New Mexico is the Rio Grande Rift. South of the U.S./Mexico
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border are the Sierra Madre Occidental, a mountain chain 
which divides the Southern Basin and Range.

Within southern Arizona are several features known 
as metamorphic core complexes (Davis and Coney, 1979; Coney, 
1980; Davis, 1980). These are basically areas of uplift, 
containing intruded igneous material, which is locally 
metamorphosed. A low-angle detachment surface separates 
these rocks from unmetamorphosed surface rocks, which have 
moved along the detachment fault by extension. One of these 
core complexes, in the Santa Catalina and Rincon Mountains, 
is contained within this study's profile.

The tectonic history of metamorphic core complexes 
has been subject to much speculation. Evidence suggests that 
present day metamorphic core complexes in the western United 
States were preceded by crustal welts between the end of the 
Laramide Orogeny and the onset of basin and range faulting 
(Coney and Harms, 1984). It has been suggested that the 
uplift associated with the core complex areas is due to 
isostatic rebound caused by the removal of overlying mass by 
extension of the upper crust (Spencer, 1984). For some 
areas, such as South Mountain near Phoenix, the base of this 
extended crust has been indicated by reflection seismology 
(Frost and Okaya, 1986 and Okaya and Frost, 1986), which 
shows the decollement surface dipping into the crust. 
Speculation (Spencer, 1984) has suggested that no Airy root 
exists beneath metamorphic core complexes, but for the Santa
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Catalina-Rincon area, gravity cannot rule out the presence 
of a root (Holt, Chase and Wallace, 1985). The gravity 
anomalies of the area are predominately influenced by near
surface density variations.

Approximately northeast of the Catalina-Rincon area 
is the Santa Teresa-Pinaleno (see figure 1) metamorphic core 
complex (Coney, 1980). This study provides no insight to a 
possible crustal root for this area. It is interesting to 
note, however, that the direction of the removal along the 
decollement surface of the overlying material is to the 
northeast in the Santa Teresa-Pinalenos and to the southwest 
in the Santa Catalina-Rincons. Between these two core 
complexes are the Galiuro Mountains, which are not a 
metamorphic core complex.

Arrival times of mine blasts recorded by this study 
were modeled both with and without a low velocity layer in 
the crust, providing insight to the crustal structure of 
southeastern Arizona, in particular to the metamorphic core 
complex of the Catalina-Rincon area. Crustal thickness of 
the Globe area has been indicated by previous work (Sinno et 
al., 1982 and Gish et al., 1982) to be slightly less than 30 
km. The Moho refraction arrivals of this study were recorded 
only from the Santa Catalinas to the south. Pn refractions 
were not observed north of the Catalinas. The base of the 
crust was interpolated to slope down from Globe to the area
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of the Catalinas and to slope up from the south end of the 
Rincons, with most of the thickness decrease occurring just 
to the south of the mountains. Thus, a crustal root is 
indicated beneath the Santa Catalina-Rincon Mountains 
metamorphic core complex, with a thickening of the upper 
crustal slow velocity layer indicated as well.

The crustal thickness predictions of Chapter 3, for 
the Ajo to Silver City profile, indicate separate 
thickenings beneath the Catalinas and Rincons. Since the 
upper crust appears to have been transported off the Santa 
Catalina-Rincons and the Santa Teresa-Pinalenos in opposite 
directions, extending away from the Galiuros, it seems 
logical to investigate these other two regions for possible 
crustal thickening. The Morenci source would be oriented 
almost perpendicular to the three areas, but it does not 
have the distance to produce Pn arrivals in the three areas. 
The source at Tyrone, although not perpendicular to the 
mountains like Morenci, has great enough distance to give 
Moho refractions in the Catalina-Rincons and probably in the 
Galiuros. The mine at San Manuel may produce blasts capable 
of being received at both Morenci and Tyrone, providing 
reciprocal times for reversed refraction profiles.

It is suggested that further studies be conducted 
using a line of portable seismometers from San Manuel, which 
was contained in the profile of this study, to Tyrone, which 
has been included in previous crustal studies (Gish et al.,
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1982). Such a line would have a greater chance of detecting 
arrivals from Cananea and Nacozari than a line farther to 
the north. Also, more work to the north of the Catalinas may 
detect Nacozari arrivals, especially if more sensitive 
equipment becomes available. Together with data from this 
study, data from an east-west line would provide a more in- 
depth understanding of the three dimensional crustal 
structure of southeastern Arizona.



APPENDIX A

STATION AND SOURCE LOCATIONS

Seismic Stations
Station Name Latitude Longitude

deg mm.m deg mm.m Elevation
meters

ACH-1 32 17.867 110 38.979 1308ASDM 32 14.640 111 10.140 0866AUD0-1 31 35.169 110 29.329 1495BM—2 32 33.251 110 42.739 1366BRUSHY-l 31 30.723 110 28.344 1580BRW-1 32 19.531 110 39.417 1183BWT-1 32 20.170 110 37.001 1204CALG-1 31 47.422 110 44.691 1579CANP-1 31 30.000 110 31.037 1661CPG-1 32 46.950 110 43.967 0988DODW-1 32 52.800 110 47.454 0920DSP-1 33 09.427 110 50.947 0890CARD—2 31 43.872 110 41.094 1463GILA2R-1 33 01.381 110 52.662 0570HIDVAL-1 31 51.445 110 41.695 1356LM—1 32 34.236 110 43.323 1378LONE—1 31 22.917 110 21.777 1692LOOK—1 32 49.705 110 44.922 0738LYLE-4 31 33.442 110 29.737 1539MAD—1 33 20.401 110 52.189 2024MAMWL-1 32 41.018 110 43.503 1070MEQ-1 33 18.768 110 51.460 1664MER—2 31 26.236 110 26.434 1710MUST-1 31 41.927 110 31.148 1498NC—1 32 31.250 110 39.614 1494OR—1 32 38.546 110 43.827 1198PASA—1 33 13.199 110 50.342 1384PISTH-1 32 03.835 110 39.511 1082PP-1 33 15.130 110 49.222 1695P V— 1 33 21.550 110 56.168 1391ROSE-1 31 50.521 110 43.133 1414RS—2 32 35.651 110 44.431 1402SANDS-2 31 44.694 110 23.860 1486SC—1 32 30.613 110 41.744 1460SIG-1 33 17.087 110 51.211 1999SILV-1 33 09.375 110 49.185 0872SON-2 31 56.856 110 39.291 1178
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Station Name Latitude Longitude Elevation

deg mm.m deg mm.m meters
SUN-1 31 25.033 110 25.390 1771
TANK-1 32 44.753 110 43.274 1042
TUG 32 18.600 110 46.800 0986
WMICRO-1 31 46.172 110 27.927 1719

Source Locations
Name Latitude Longitude Elevation

deg mm.m deg mm.m meters

Cananea 30 57.606 110 19.560 1700
Chino Pit 32 47.432 108 4.149 2000
Morinci 33 6.396 109 21.420 1311
Nacozari 30 19.600 109 33.000 1000
Globe 4/5 33 27.360 110 53.250 1341
Globe 12/13 33 23.160 110 2.292 1280
Ray 33 10.440 111 0.000 610
San Manuel 32 41.831 110 41.131 914
Sierrita 31 52.196 111 8.431 1219
Tyrone 32 42.576 108 24.127 1829



APPENDIX B

A LIST OF EVENTS AND STATION ARRIVAL TIMES

The following list of stations and times, which are 
relative to the TUG time of 43.1 seconds and have been 
corrected for instrument time deviations, are given for 
various source locations. The times for each station are for 
Pn, P?, and Pg, in that order. The phase identified as P? is 
not clearly identifiable. The source of each event is given, 
along with the Universal date and time of arrival of the Pg 
event at TUG, the base station. The date of each event is 
presented as year/month/day. The associated time is given as 
HR/MIN/SS.S. Where a Pn and/or P? arrival was picked at TUG, 
its time, relative to the 43.1 seconds of the Pg arrival is 
given on the line after the source is named. Letters to the 
right side of each line have meanings as follows: SM - split 
minute; TMO - time mark obscurred; G - relatively good 
record; P - relatively poor record. Two sources are given 
for Tyrone. Both sources are east of TUG, and probably in 
New Mexico, but they have different Pg-Sg time separations. 
Tyrone25 has 25 seconds of time separation, while Tyrone33 
has a Pg-Sg separation of 33 seconds. Depending on the 
events included, the inverse location of the sources were 
generally in the Tyrone/Siver City area. For some solutions,
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Tyrone33 had a location about one degree east of Tyrone25. 
Since this study's data contains events all west of and 
about the same distance from Tyrone, the inverse solution 
can not be relied on for accuarate results. Stations between 
TUG and the Tyrone area are needed to further differentiate 
and locate these sources. The sources indicated by Globe45 
and Globel213 refer to the source locations given in 
Appendix A. These location were averages of locations found 
by inverse locations. The events designated as just Globe 
are from the Globe area, but did not seem to relate to the 
other Globe locations. Further work may permit these events 
to be located more accurately.

Source Date Time
STATION Pn P? Pg

Cananea 1985/04/09 18/03/20.3
PISTH-1 39.4
ASDM 43.3 44.4

Cananea 1985/04/10 18/27/14.2
PISTH-1 39.5
HIDVAL-1 36.4
R0SE-1 36.5
CALG-1 36.2
ASDM 44.1 45.1

Cananea 1985/04/11 18/01/52.7
HIDVAL-1 36.2
R0SE-1 36.2
CALG-1 35.8

Cananea 1985/04/16 22/01/23.0
SUN-1 25.9ASDM 43.9 45.1

Cananea 1985/04/18
42.2

22/19/11.6
ASDM 44.8
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Source Date Time

STATION Pn P? Pg
Cananea 1985/05/13 22/04/51.8GARD-2 33.8 35.2LONE-1 25.4Cananea 1985/05/14 17/54/54.2GARD-2 33.8 35.3 TMOLONE-1 25.5WMICRO-1 34.8Cananea 1985/05/14 21/59/15.8LONE-1 25.5WMICRO-1 34.2 34.7SON-2 37.5Cananea 1985/05/15 22/06/59.5WMICRO-1 34.0 34.5Cananea 1985/07/01 18/05/09.0BRUSHY-1 29.4LYLE-4 30.3Cananea 1985/07/01 18/11/51.2BRUSHY-1 29.3LYLE-4 30.8Cananea 1985/07/02 18/07/23.9BRUSHY-1 29.6LYLE-4 31.1MUST-1 33.3SANDS-2 33.5Cananea 1985/07/02 22/00/36.9BRUSHY-1 29.2LYLE-4 30.8AUD0-1 31.4MUST-1 33.1SANDS-2 33.4ASDM 42.9 44.4 TM0Cananea 1985/07/03 18/06/17.5MUST-1 33.1SANDS-2 33.5Cananea 1985/07/03 22/09/03.8SANDS-2 33.6Nacozari 1985/04/10 19/28/40.438.8

PISTH-1 35.5 38.5HIDVAL-1 33.1 35.8 TMOROSE-1 33.1 35.8 GCALG-1 32.8 33.6 35.3 GASDM 40.5 45.4 GNacozari 1985/04/10 19/31/11.8
39.1

PISTH-1 35.6 38.4HIDVAL-1 33.2 36.1 GROSE-1 32.9 35.9 TMO
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Source Date Time

STATION Pn P? Pg
CALG-1 35.6ASDM 40.8 45.5Nacozari 1985/04/16 18/55/36.4

38.9
SUN-1 26.2ASDM 45.5 PNacozari 1985/04/16 18/58/04.339.0
SUN-1 26.5ASDM 45.8 PNacozari 1985/04/16 19/01/09.6

39.1
SUN-1 26.4 SMASDM 45.8 PNacozari 1985/04/17 18/50/02.3 SM39.0
SUN-1 26.4 6CANP-1 28.7Nacozari 1985/04/17 18/44/54.338.8
SUN-1 26.6 G, 1CANP-1 28.7Nacozari 1985/05/14 19/08/09.6

38.9
WMICR0-1 31.4 TM0L0NE-1 25.3Nacozari 1985/07/01 19/00/24.1

39.2
MER-2 26.7BRUSHY-1 28.1LYLE-4 28.5 SMAUDO-1 29.9Nacozari 1985/07/03 18/57/34.239.4
BRUSHY-1 28.0LYLE-4 28.5AUD0-1 29.5 SMSANDS-2 30.6 SMASDM 40.7 45.7San Manuel 1985/05/21 19/19/20.9PV-1 49.0SIG-1 47.2San Manuel 1985/05/03 23/48/49.3SILV-1 44.4



Source Date
STATION Pn

Time
P?
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Pg
San Manuel 1985/06/26 23/50/51.9MAMWL-1 36.2CPG-1 37.5LOOK-1 38.3DODW-1 39.9San Manuel 1985/05/29 18/15/44.6OR-1 37.0TANK-1 36.3DSP-1 44.6San Manuel 1985/05/14 18/20/21.1LONE-1 60.9WMICRO-1 53.8San Manuel 1985/07/03 21/37/54.7LYLE-4 55.2 56.0MUST-1 54.6SANDS-2 53.8Ray 1985/06/25 19/06/56.9MAMWL-1 37.1CPG-1 35.5LOOK-1 34.5ASDM 44.4Ray 1985/06/27 18/10/11.6MAMWL-1 37.1CPG-1 35.2LOOK-1 34.4DODW-1 33.3ASDM 44.7Ray 1985/05/21 20/48/40.0PV-1 30.0MEQ-1 29.9SIG-1 29.3MAD-1 30.3ASDM 44.4Ray 1985/05/21 22/10/28.3PV-1 30.8MEQ-1 30.3SIG-1 29.8MAD-1 31.0PP-1 30.1ASDM 44.6Ray 1985/05/22 16/49/56.0MEQ-1 29.7SIG-1 29.5MAD-1 30.3PP-1 29.4PASA-1 29.1SILV-1 29.3ASDM 44.5

SM

SM

TMO
TMO
TMO
TMO, G 
TMO 
TMO 
TMO

SM
TMO

TMO
SM

SM

TMO



Source Date
STATION Pn

Time
P?

114

Pg
R a y 1985/05/22 

MEQ-1 
MAD-1 
PP-1 
PASA-1 
SILV-1 
ASDM

Ray 1985/05/22
MEQ-1 
SIG-1 
MAD-1 
PP-1 
PASA-1 
SILV-1 
ASDM

Ray 1985/05/23
MAD-1 
SILV-1 
ASDM

Ray 1985/05/30
OR—1 
TANK-1 
DSP-1 
ASDM

Ray
TANK-
DSP-1
ASDM

1985/05/30
1

Ray
NC-1
ASDM

1985/03/12

Ray
NC-1
ASDM

1985/03/14

Ray 1985/04/17
CANP-1
SUN-1
ASDM

Ray 1985/04/11
PISTH-1 
HIDVAL-1 
ROSE-1 
CALG-1 
ASDM

Ray 1985/07/01
BRUSHY-1 
LYLE-4 
ASDM

17/31/58.6
30.3 
31.1 
29.9 
29.5
29.4
44.5 TMO18/44/53.3
29.9
29.5 TMO
30.2
29.6 SM
29.3
29.3 
44.6

18/12/41.3 P30.5 TMO
29.5
44.5

17/00/19.3
37.7
35.6 
28.9 SM
44.5

22/26/19.1
35.9 SM29.1
44.6 G22/31/40.3
40.1 SM
44.5 TMO19/16/22.1
40.1
45.6

22/02/57.9 TMO58.6
60.0 TMO
44.5 TMO16/34/23.3 

47.9 48.9
51.3 51.7 TMO51.7 52.1
52.6 52.9

44.6
18/28/33.5

58.6 
58.8 
44.3 SM



Source Date
STATION Pn Time

P?
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Pg
Ray 1985/07/01 21/24/33.7MER-2 60.3 PBRUSHY-1 58.5 PLYLE-4 58.0ASDM 44.9Ray 1985/07/02 24/00/38.0MER-2 59.6 PBRUSHY-1 58.3 PMUST-1 54.9 PSANDS-2 54.8 PASDM 44.4Sierrita 1985/05/21 22/38/03.8PV-1 61.2SIG-1 59.5 SMASDM 40.1Sierrita 1985/05/22 22/30/56.1 TMOMAD-1 60.7SILV-1 57.9 58.5ASDM 40.1Sierrita 1985/05/22 22/32/04.7 TMOMAD-1 60.7SILV-1 57.5 58.1ASDM 40.0Sierrita 1985/05/22 22/32/47.5SIG-1 59.3 60.2MAD-1 61.0SILV-1 57.7 58.5ASDM 39.8Sierrita 1985/05/23 22/34/24.4SILV-1 57.5 58.3ASDM 40.3 GSierrita 1985/06/26 22/35/04.4 SM, TMOMAMWL-1 49.7 51.3CPG-1 51.3 52.6 GLOOK-1 52.0 53.2 TMODODW-1 53.2 53.9GILA2R-1 55.0
Sierrita 1985/06/26 22/35/44.3 SM,TM0MAMWL-1 49.5 51.2CPG-1 51.4 52.6LOOK-1 51.9 53.0 TMOGILA2R-1 54.8
Sierrita 1985/06/27 16/42/20.0MAMWL-1 49.5 51.2CPG-1 51.2 52.4LOOK-1 52.3 53.1DODW-1 52.6 53.7ASDM 40.1



Source Date
STATION Pn Time

P? Pg
Sierrita 1985/05/22 18/33/30.5SIG-1 59.3 60.2SILV-1 57.6 58.7ASDM 40.4Sierrita 1985/05/28 16/51/46.2 TMOOR-1 49.0 50.6ASDM 40.4Sierrita 1985/05/29 22/33/35.2 POR—1 49.0 50.3TANK-1 51.3 52.0DSP-1 57.1 57.9ASDM 40.0Sierrita 1985/05/30 22/32/11.3TANK-1 50.9 52.2DSP-1 57.4 59.2ASDM 40.3Sierrita 1985/03/13 22/34/49.8 TMONC-1 47.1 49.3ASDM 40.5 TMOSierrita 1985/03/14 22/33/13.8 TMONC-1 47.1 49.4ASDM 40.6Sierrita 1985/03/18 22/31/34.1RS-2 48.7 50.5LM-1 48.6 50.5 SMBM-2 47.9 49.9 SMSC-1 47.5 50.0ASDM 40.5Sierrita 1985/05/13 22/33/46.1 TMOGARD-2 41.5 TMOLONE-1 49.8 50.6ASDM 40.2Sierrita 1985/05/13 22/34/49.2 TMOGARD-2 41.7 TMOLONE-1 • 49.9 50.7 TMOASDM 40.1Sierrita 1985/05/14 22/33/22.6CARD—2 41.1 SMLONE-1 48.8 50.5WMICRO-1 44.4 46.2 SMSierrita 1985/05/14 22/34/01.9SON-2 41.3GARD-2 41.4LONE-1 49.0 50.7WMICRO-1 44.4 46.2Sierrita 1985/05/15 22/35/58.9WMICRO-1 44.5 47.1ASDM 40.1 TMO
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Source Date Time

STATION Pn P? Pg
Sierrita 1985/04/09 22/35/36.0PISTH-1 41.7HIDVAL-1 40.3 SMROSE-1 39.8 SMCALG-1 39.7 PASDM 40.0Sierrita 1985/04/10 22/32/26.6PISTH-1 41.8HIDVAL-1 40.5 TMOROSE-1 40.0 TMOASDM 40.1Sierrita 1985/04/11 23/31/40.4 TMOASDM 44.8 TMOSierrita 1985/07/01 22/33/47.0 TMOMER-2 48.7BRUSHY-1 47.0 48.3LYLE-4 46.9 47.8MUST-1 45.2 46.9SANDS-2 46.5 48.1ASDM 40.1Sierrita 1985/07/02 22/33/20.8 TMOMER-2 46.8 49.0BRUSHY-1 47.3 48.4LYLE-4 47.9ASDM 40.3Sierrita 1985/07/03 22/34/11.9 TMOMUST-1 45.3 46.9SANDS-2 46.7 48.1ASDM 40.2Morenci 1985/05/21 17/18/25.542.8 47.0MEQ-1 40.5SIG-1 41.0 SMMAD-1 41.0PASA-1 40.4SILV-1 40.2 40.4Morenci 1985/05/22 22/14/24.0SIG-1 40.7 42.7 41.1PASA-1 39.2 40.5SILV-1 39.7 40.4Morenci 1985/05/23 17/41/59.3 SMSIG-1 41.2Morenci 1985/06/25

45.0 17/12/34.4
MAMWL-1 40.2CPG-1 39.4
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Source Date

STATION Pn
TimeP? Pg

Morencl 1985/06/25 20/18/46.7
42.7 46.3MAMWL-1 39.5 41.6 39.9 SM, GCPG-1 38.7 39.2 SM, GL00K-1 38.7 39.3DODW-1 39.4 40.2ASDM 46.4 48.2Morencl 1985/06/25 23/06/58.242.0

MAMWL-1 39.5CPG-1 38.0 38.7L00K-1 38.2 38.8DODW-1 38.6 39.3 TM0ASDM 48.6Morencl 1985/06/26 22/18/16.642.5
MAMWL-1 39.4 40.5 39.6 SMCPG-1 38.4 40.8 39.1 SML00K-1 38.0 39.3DODW-1 38.8 40.0 39.3 GGILA2R-1 39.9 40.9 40.2 GMorencl 1985/06/27 18/46/54.7 GMAMWL-1 39.3 40.0 GCPG-1 39.0 40.8 39.6
L00K-1 39.1 40.5 39.9DODW-1 39.7 40.2 GGILA2R-1 40.6 40.9 TMOMorencl 1985/05/28 17/31/24.40R-1 40.2 40.9Morencl 1985/05/28 19/13/46.20R-1 40.9 41.5Morencl 1985/05/28 22/06/31.50R-1 40.3 41.3TANK-1 39.7 40.1 SMMorencl 1985/05/29 21/43/20.80R-1 40.1 41.1TANK-1 39.5 40.2DSP-1 40.8 41.1Morencl 1985/03/12 21/24/00.2 TMO42.1
NC-1 39.9 40.3ASDM 46.5 48.6 GMorencl 1985/03/14 18/20/11.7
NC-1

44.8
41.3 40.4ASDM 47.6 49.5Morencl 1985/03/14 22/27/45.8NC-1 41.2 40.2



Source Date
STATION Pn TimeP? Pg

Morenci 1985/03/18 18/42/01.6RS—2 40.1 40.9 SMLM-l 40.3 40.9 SM,BM-2 40.5 41.2 SMASDM 48.9 G, ;Morenci 1985/05/30 18/46/04.4DSP-1 40.8 41.1Morenci 1985/03/26 22/53/45.5BRW-1 40.6 PACH-1 40.8 41.2Morenci 1985/03/27 17/53/29.742.6
BWT-1 40.7 41.4 PBRW-1 40.8 PACH-1 40.4 41.8 PMorenci 1985/03/27 20/30/58.5BRW-1 41.1 PACH-1 41.8 42.1Morenci 1985/03/28 18/28/56.9 TM0BWT-1 40.5 41.3BRW-1 41.1 41.7ACH-1 41.1 41.9ASDM 47.5 48.7Morenci 1985/05/13 18/34/33.2S0N-2 46.3 46.9 TMOL0NE-1 49.1Morenci 1985/05/14 18/04/03.3 SMGARD-2 50.2 TMOL0NE-1 49.0 49.3Morenci 1985/05/14 22/15/56.8S0N-2 46.5 TMOGARD-2 49.4 50.7L0NE-1 48.9 49.2 SMWMICR0-1 46.2 47.5Morenci 1985/05/09 18/53/51.642.5
PISTH-1 44.0 44.4HIDVAL-1 45.8 46.9Morenci 1985/05/10 17/44/24.0PISTH-1 43.9 45.1HIDVAL-1 45.2 47.7Morenci 1985/05/10 22/17/13.042.2
HIDVAL-1 46.9 PR0SE-1 48.2 P



Source Date
STATION Pn Time

P?

120

Pg
Morenci 1985/04/11 19/46/04.0PISTH-1 44.2 44.7HIDVAL-1 47.3 GROSE-1 47.7 48.4CALG-1 49.2ASDM 47.3 48.6 SMMorenci 1985/07/02 18/54/39.8 TMOMUST-1 48.1 49.1 PMorenci 1985/07/03 16/11/16.342.0

SANDS-2 46.7 PTyrone25 1985/05/22 20/16/19.736.5 39.5
SIG-1 39.1 41.4SILV-1 41.3Tyrone25 1985/05/23 17/05/40.636.1 39.3SIG-1 41.1SILV-1 40.6Tyrone25 1985/06/27 17/10/05.4

36.7 39.5MAMWL-1 37.6 38.9 PCPG-1 35.7 38.3LOOK-1 37.6 38.1 SM,DODW-1 36.3 39.4Tyrone25 1985/06/27 19/47/59.0 TMO36.4 39.4CPG-1 35.6 38.1LOOK-1 38.1DODW-1 36.5 39.2 SM,Tyrone25 1985/05/28 21/33/49.536.3 39.1TANK-1 37.9Tyrone25 1985/03/13 20/20/37.836.3 39.0NC-1 35.3 37.6 41.2 SMTyrone25 1985/03/18 18/17/25.836.3 39.4RS-2 38.3LM-1 38.0ASDM 41.8 45.3Tyrone25 1985/03/19 18/14/43.8
36.4 39.4LM-1 38.0 PTyrone25 1985/03/19 21/39/30.235.7 39.2

TMO

TMO

LH—1 
ASDM 38.8

45.0



Source Date
STATION Pn Time

P?
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Pg
Tyrone25 1985/03/28 18/54/16.436.2 39.3BWT-1 34.5 37.0BRW-1 37.5ACH-1 35.1 37.6ASDM 40.6 45.1Tyrone25 1985/04/17 18/04/37.536.2 39.6CANP-1 42.5SUN-1 42.0 43.6Tyrone25 1985/04/18 18/02/22.136.3 39.4CANP-1 37.6 41.9ASDM 40.7 45.0Tyrone25 1985/05/13 17/18/40.439.4SON-2 39.5Tyrone25 1985/05/13 20/16/52.936.1 39.4SON-2 36.1 39.2GARD-2 41.2LONE-1 36.8 40.6Tyrone25 1985/05/14 19/03/34.134.4 39.5GARD-2 38.1 41.5LONE-1 37.2 40.9WMICRO-1 34.9 38.5Tyrone25 1985/05/15 17/07/12.736.4 39.4SON-2 39.2LONE-1 38.2 41.2WMICRO-1 35.0 37.9Tyrone25 1985/04/09 20/46/48.237.1 39.9HIDVAL-1 37.6 41.0ROSE-1 38.0 41.8Tyrone25 1985/04/10 16/53/53.6

39.0HIDVAL-1 36.0 40.2ROSE-1 40.6CALG-1 42.0Tyrone25 1985/04/10 20/15/10.836.3 39.3PISTH-1 38.6HIDVAL-1 36.4 40.1ROSE-1 37.1 41.0

SM

SM
P
TMO
G

P

TMO 
SM, G

SM, G 
G
G, SM

G
G
P
G
P

P
SM, G 
SM, G
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Source Date Time

STATION Pn P? Pg
Tyrone25 1985/04/11 18/35/55.1 G, TMO36.1 39.0PISTH-1 38.2 PHIDVAL-1 36.5 40.0 G, SMROSE-1 36.5 40.6 SM, GCALG-1 38.0 41.5Tyrone25 1985/04/11 22/00/32.835.9 39.0CALG-1 41.3 PTyrone25 1985/07/02 17/12/43.1 G, TMO35.9 39.0

MER-2 40.5BRUSHY-1 40.7LYLE-4 40.4 PAUD0-1 40.3 PMUST-1 38.8ASDM 40.7 45.0 TMOTyrone25 1985/07/03 16/22/16.535.7 40.5BRUSHY-1 40.5 PMUST-1 38.5 PTyrone30 1985/03/19 21/56/32.1
36.1 40.3LM-1 38.5ASDM 41.9 46.5

Tyrone33 1985/05/21 22/27/14.9
39.1SIG-1 42.1 43.4 44.1Tyrone33 1985/04/17 19/33/59.1
39.1 TNO

SUN-1 45.5Tyrone33 1985/04/17 24/13/20.6
38.8SUN-1 40.5 45.3Tyrone33 1985/04/09 20/59/50.8
38.9PISTH-1 42.3 SMHIDVAL-1 39.5 44.2 TMO, GROSE-1 40.0 44.5

Tyrone33 1985/04/10 22/03/37.0
39.0HIDVAL-1 39.9 44.5

Tyrone33 1985/04/11 21/30/55.0
39.1ROSE-1 40.8 45.3Globe45 1985/03/19 20/18/43.0 TMOLM-1 39.8ASDM 45.2 G



Source Date
STATION Pn

Time
P? Pg

GlobeAS 1985/05/22 21/57/20.8SIG-1 2A.AMAD-1 23.APASA-1 26.0SILV-1 27.3ASDM A5.2GlobeAS 1985/05/23 18/23/03.9SIG-1 2A.7MAD-1 23.5PASA-1 26.0SILV-1 27.AGlobeAS 1985/05/29 19/07/32.3DSP-1 27.7TANK-1 35.90R-1 37.7ASDM A5.1
GlobeAS 1985/05/29 22/22/31.60R-1 38.8DSP-1 27.6ASDM A5.7GlobeAS 1985/05/30 18/07/10.7DSP-1 27.5TANK-1 35.A0R-1 37.9ASDM AA.9Globel213 1985/03/27 18/A3/18.7ACH-1 A3.9BWT-1 A3.8BRW-1 A3.AASDM AA.7Globel213 1985/0A/09 17/55/53.APISTH-1 A7.9HIDVAL-1 50.6ASDM AA.3 AA.9Globel213 1985/0A/09 22/07/32.9A2.0

PISTH-1 A7.AHIDVAL-1 50.AR0SE-1 50.9CALG-1 51.9ASDM AA.5Globel213 1985/0A/10 18/17/37.7
A2.3

HIDVAL-1 50.AR0SE-1 50.5ASDM AA.3 AA.6

SM

SM,P

SM
O 

hd 
►d 

*0
 

O 
hd 

T)
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Source Date
STATION Pn

Time
P? Pg

Globel213 1985/04/11 21/10/47.642.2
HIDVAL-1 50.4ROSE-1 50.5CALG-1 51.5ASDM 44.1Globel213 1985/05/13 22/39/16.942.1
L0NE-1 59.9ASDM 44.1Globel213 1985/05/22 17/53/18.2MAD-1 22.7PASA-1 25.0SILV-1 26.4ASDM 44.2Globel213 1985/05/23 22/08/55.2PP-1 24.3PASA-1 25.0SILV-1 26.2ASDM 44.3Globel213 1985/06/25 19/13/22.8MAMWL-1 36.1CPG-1 34.3LOOK-1 33.4ASDM 44.3Globel213 1985/06/26 19/21/49.9MAMWL-1 36.2CPG-1 34.3DODW-1 32.3GILA2R-1 29.3Globel213 1985/06/26 22/32/41.7MAMWL-1 36.4CPG-1 34.6LOOK-1 33.5DODW-1 32.5GILA2R-1 29.7Globe 1985/03/18 19/03/25.5 SMRS-2 40.0 PLM-1 40.4 PBM-2 40.4 PGlobe 1985/03/27 18/06/07.442.2
ACH-1 44.0ASDM 44.4 44.6 P

44.1
45.0
44.9

BWT-1
ACH-1
BRW-1

44.2



Source Date Time
STATION Pn P? Pg

Globe 1985/03/28 19/03/58.8 TM041.6
BWT-1 43.1 PBRW-1 43.1 PASDM 43.9 TM0, GGlobe 1985/04/09 19/06/26.842.0
PISTH-1 46.8 47.3HIDVAL-1 49.5 50.2 TM0ROSE-1 50.6 TM0ASDM 43.6 GGlobe 1985/04/10 19/09/11.5 TMOHIDVAL-1 50.3R0SE-1 50.7CALG-1 51.4 PASDM 43.8Globe 1985/04/11 17/48/15.2

42.0
PISTH-1 47.1 PHIDVAL-1 50.5 TMOR0SE-1 50.7CALG—1 51.6ASDM 44.0 GGlobe 1985/05/13 16/39/16.9 PSON-2 49.6 49.8 TMOGARD-2 53.6ASDM 43.9Globe 1985/05/13 19/29/43.4 TMO, GGARD-2 52.9 54.0 TMOL0NE-1 56.6 59.4 GASDM 43.8 44.2 TMO, GGlobe 1985/05/14 18/01/36.0GARD-2 52.8 TMOGlobe 1985/05/14 19/18/02.5

41.7
L0NE-1 59.8WMICR0-1 52.8Globe 1985/05/14 19/39/48.5 PL0NE-1 61.1WMICR0-1 54.2Globe 1985/05/14 21/42/41.2 PS0N-2 49.6 TMOGARD-2 53.7 GL0NE-1 59.2 61.3 TMOWMICR0-1 54.0



I

Source Date
STATION Pn

1
Globe 1985/05/15

GARD-2
L0NE-1

i WMICR0-1
i ASDM

Globe 1985/05/15
! 42.2:
i GARD-2 51.7
i L0NE-1 56.9
} WMICR0-1

ASDM
Globe 1985/04/17

1
41.4

SUN-1 59.7
Globe 1985/04/18

i 42.1i
i CANP-1
/

l
Globe 1985/07/02

42.0
i SANDS-2
i MUST-1 52.4

AUD0-1
LYLE-4: BRUSHY-1
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APPENDIX C

AZIMUTHAL VELOCITY PLOTS

The following graphs indicate the velocity from the
source to the seismometer for each event. Each display
represents one station (indicated at top), with the
velocities arranged azimuthally about the station location. 
The sources are indicated with different symbols, annotated 
on each plot.
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