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ABSTRACT

A seismic study was made of the earth's crust
and uppermost mantle in New Mexico and vicinity, using

various earthquake and explosive sources.

Interpretation of the seismic profile extend-
ing 548 km southward from the Gasbuggy nuclear test of
10 December 1967 resulted in a crustal model for central
New Mexico. The crust is 39.9 km thick below the base-
mént. It consists of an upper crust 18.6 km thick
having P velocity 6.15 km/sec, and a lower crust 21.3 km
thick having P velocity 6.5 km/sec. The apparent upper
mantle velocity is 8.12 km/sec. This model applies at
the cross-over distance, 50 km west of Albuguerque.
Additional information from earthquakes and explosions
suggests that the upper crustal velocity drops to 5.8
km/sec in the Rio Grande rift, and that the true upper
mantle velocity is 7.9 km/sec. The drop in upper crustal
velocity in the Bio Grande rift can be detected on the

Gasbuggy profile.

Upper mantle velocities were measured across
intervals of two or more stations. Contour lines of

equal velocity show that the velocity decreases to the
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| west, from more than 8.3 km/sec in Oklahoma and northern

% Texas to less than 7.7 km/sec in north-central Utah. The

” southern Colorado Plateau Province has upper mantle velo-
city up to 8.0 km/sec, and is surrounded to the north,

west, and south, by lower velocities in the Basin and

Range Province. An exceptional area 1in the Basin and
Range Province of southeastern Arizona has Pp veiocity
greater than 8.0 km/sec. This high velocity area is
separated from the high velocities to the east and north
by a zone having a velocity less than 7.9 km/sec. This
zone, in southern New Mexico, 1is centered on the western

flank of the Bio Grande rift.

Regional dip and depth of the Mohorovicic dis-
continuity were estimated from the values of reversed
upper mantle velocity. This 1hformation was added to
existing control points, and the crustal thickness was
contoured. The crust is more than 50 km thick in Colo-
rado, northeastern New Mexico, northern Texas, and
Oklahoma. The southern Colorado Plateau Province has a
crustal thickness greater than 40 km, and is surrounded to
the north, west, and south by the Basin and Bange Pro-
vince having crustal thickness less than 30 km. A finger
of thin crust extends northeastward into the Basin and

Range Province of New Mexico, to the west of the Rio

Grande rift.
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1., INTRODUCTION

The general ﬁurpose of the research described in
this dissertation was to obtain information on the
earth's crust and uppermost mantle in the state of New
Mexico and surrounding areas. Seismic data from various
earthquake and explosive sources, recorded at permanent
and temporary seismograph stations, were studied. The
research included (1) construction of a model of the
earth's crust in central New Mexico, giving the thick-
nesses and seismic velocities of the crustal layers, and
the velocity in the uppermost mantle; (2) study of the
variation of velocity in the upper mantle in New Mexico
and vicinity; and (3) mapping the varlation in thickness

of the crust with the aid of reversed values of upper

mantle velocity.

Geologic Setting

The state of New Mexico covers parts of four
physiographic provinces as shown in Pigure 1.1. These
are the Rocky Mountains, the High Plains, the Basin and

Range, and the Colorado Plateau (Fenneman, 1946).

The Rio Grande rift, which is a structural as
well as a physiographic feature, is outlined in the same

figure. The rift structure consists of a series of en
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Figure 1.1, Physiographic provinces in New Mexico,

after Fenneman (1946); Rio Grande rift is shaded,
after Chapin (1971). '



echelon structural depressions having raised margins
(Kelley, 1952) extending from northern Mexico to central
Colorado (Chapin, 1971). It is up to 150 km wide, at
the southern end, and has up to 2.5 km of topographic

relief, and up to 10.5 km of structural relief (Chépin,

1971).

A map of Late Cenozolc volcanic and sedimentary
outcrops, showing the major faults within and bordering
these rocks, appears in Figure 1.2. The v pattern indi-
cates volcanic rocks, and the wavy pattern sedimentary
rocks. This map shows that the preponderance of both
young faulting and young volcanism falls within and west
of the Rio Grande rift. Hot springs also occur mainly
within the rift and to the west (Summers, 1965). Heat
flow measurements conform to this pattern, showing low
values to the east and high values in the rift and to the
west (Hartman and Reiter, 1972; Smithson and Decker,
1972; Edwardset al., 1973; Decker and Smithson, 1973;

Reiter et al., 1973).

Configuration of the Precambrian surface, below
sea level, is shown in Figure 1.3. Precambrian outcrops
appear to flank the rift at many places. The Precambrian
surface generally becomes deeper away from the rift bor-
ders, producing deep sedimentary basins, such as the San

Juan basin in the northwest and the Delaware basin in
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the southeast,.

Conventions Adopted

The compressional seismic wave phases utilized
in this study are defined following Pakiser (1963) and

Hi1l (1971), as follows

P first arrivals critically refracted or nearly cri-

g
tically refracted from the upper crystalline (gra-
nitic) horizon having a P-wave velocity of 6.0 0.2
km/sec. When geologic corrections are applied to
remove the sedimentary cover, Pg becomes a direct
arrival. Earthquakes normally occur beneath the
sedimentary cover, and Pg 1s the direct arrival for

earthquakes.,

P first arrivals critically reffacted from a horizon

of moderate depth (basaltic) having a P-wave velo-
city of 6.75 10,25 km/sec. This horizon is generally
called the Conrad discontinuity (Richter, 1958;

Steinhart and Meyer, 1961).

first arrivals critically refracted from the base of
the crust or Mohorovicic discontinuity (Moho), having

a P-wave velocity 7.9 0.4 km/sec.

The velocities of these waves have been designated



W

as follows

v for P

g g
v¥ for P¥
V, for P,

The average velocity of compressional waves in the rocks

overlying the basement was designated Vj.

Method of Study and Presentation

Following this introductory section, a section
is devoted to the review of previous investigations of
crustal structure and upper mantle velocity in the area

of study.

The third section is the largest in the disser-
tation, and deals with deriving a crustal model from a
detailed interpretation of a long seismic refraction pro-

file in central New Mexico.

The fourth section describes measurements of the
P velocity in the uppermost mantle., The newly obtained
values are then added to the values known from previous
investigations, and a study is made of the regional varia-

tion in Pn velocity.

In the fifth section, the reversed values of Pn

velocity are used to determline the dip of the Moho



surface., The dips are converted to differences in depth,
and then into values of crustal thickness by extrapolating
from points where the thickness is known. This informa-
tion is added to that known from previous investigations,

to map the regional variation in crustal thickness.

Finally, the concluding section summarizes the

most important results obtained in the dissertation.




2., PREVIOUS WOBK

This section 1s a historical review of crustal
studies in New Mexico and surroundings. Derived crustal
sections are listed, and maps of crustal thickness and

upper mantle velocity are discussed,

Crustal Sections

Figure 2.1 is a map showing summary columnar
sections of the earth's crust. All known sections
within New Mexico and a strip 200 km wide surrounding
the state appear in this figure. Beyond this strip,

only the most significant sections are shown,.

In Figure 2.1, the crust was divided into upper
and lower layers to simplify representation. The lower
crust was arbitrarily taken to have a P wave velocity
of 6.5 km/sec or greater, and is shaded in Figure 2.1.
The sections are numbered chronologically, and are
located with their tops at the respective shot points.
All the sections were derived from seismic refraction
profiles, except section Number 8. This section was
based on spectra of ground motion recorded on long
period seismographs. The ranges of thickness for the

upper and lower crust given by this method are plotted.
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The direction of the profiles issuing from the various
shot points is indicated in the figure. The numbers on
the profiles are the values of the Pﬁ velocity and the
arrows indicate the direction of coverage. The reference
for section 1 does not give a specific trend for the
seismic profile, and section 8 had no profile. Conse-
quently, for sections 1 and 8, the Pn velocity is given

at the base of the crust in Figure 2.1.
Several observations can be made from Figure 2,1 :

(1) The crust is thick in western Oklahoma, eastern
New Mexico, and in Colorado. In general, the crust
becomes thinner going to the west and southwest.
The erust is thin in southwestern New Mexico, south-

ern Nevada, and northwestern Utah.

(2) The lower crust becomes thinner as the total crus-
tal thickness is reduced, and eventually it dis=-

appears where the crust is thinnest.

(3) Upper mantle velocity is highest in eastern New

Mexico and western Oklahoma, and lowest in northern

Utah.

Table 2.1 gives the reference for each crustal
section in Figure 2.1. The sections are given in de-

tail in Table 2.2, which provides the thicknesses and
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Table 2.1, References for Crustal Sections

- - -

o N N N FWND =

\O

10.
11.
12,
13.
14,

15.

Tatel, and Tuve, 1955.

Berg, Cook, Narans, and Dolan, 1960.
Stewart, and Pakiser, 1962,
Jackson, Stewart, and Pakiser, 1963.
Roller, and Healy, 1963.

Pakiser, and Hill, 1963.

Ryall, and Stuart, 1963.

Phinney, 1964,

Roller, 1965.

Roller, 1965.

Jackson, and Pakiser, 1965.
Tryggvason, and Qualls, 1967.
Warren, 1969.

Mueller, and Landisman, 1971.

Keller, Smith, and Braile, 1973.
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P wave velocites for the various layers in each sec-
tion. Sections 14 and 15 both have low velocity layers
within the crust. The detection of such layers cannot
come from refraction data alone, but requires supple-

mentary reflection information.

Regional Maps of Crustal Thickness and P, Velocity

Generalized contour maps of crustal thickness
and of Pn velocity have been compiled by various investi-
gators. These maps are based largely on data of the

same type as those listed in the previous subsection.

Crustal Thickness

Figure 2.2 is a map published by Stuart, Roller,
Jackson and Mangan in 1964, The control points appear-
ing on this map illustrate the scarcity of data upon
which such maps are based. For New Mexico this map
shows a southwestward thinning of the crust, from more
than 50 km in the northeast to less than 30 km in the
southwest. Pakiser and Zeitz (1965) also published a
map of crustal thickness for the United States, which
does not indicate the control points used. Their map
resembles that of Stuart et al. (1964) for northeastern
New Mexico, but indicates that the crust is about 10 knm
thicker than that shown in Figure 2.2 in southern and

southwestern New Mexico.



15

600
I 1 1 ! 1 1 L

© 200 400 600 800 KILOMETERS

800 MILES
J

CONTOUR INTERVAL 110 KILOMETERS
EXPLANATION
030
Crustal thickness in kilometers 0%

delermined by esplosion seis- M
mology N

Figure 2.2. Crustal thickness in the United States,
after Stuart et al. (1964). ’



16

P, Veloclity

In 1962, Herrin and Taggart published a map show-
ing the variation of P, velocity across the United
States, reproduced here as Figure 2.3. This map was
based on the interval velocity data shown in Figure 2.4,
as well as data from small explosions (Berg et al., 1960;
Diment et al., 1961; Ryall, 1962; and Steinhart and
Meyer, 1961). Figure 2.4 illustrates the general sparsity
of data, and the lack of reversed velocities in the vici-
nity of New Mexico. Herrin updated the P, velocity map
in 1966. The updated map was published by James and
Steinhart in 1966, and by Herrin in 1969. It is reproduced
here as Figure 2.5, and for the area surrounding New

Mexico, it resembles a subdued version of the original

map, Figure 2.3.

Stuart, Roller, Jackson and Mangan (1964) pub-
lished a map of Pn velocity, reproduced here as Figure
2.6, This map agrees with Figure 2.5 in the northeastern
half of New Mexico. But in the southwestern corner of
the state there is strong disagreement. Figure 2.5 in-
dicates a velocity of 8.0 km/sec, whereas Figure 2.6 in-
dicates a velocity less than 7.8 km/sec for southwestern

New HMexico.
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Figure 2.3. P, velocitlies In the United States,

after Herrin and Taggart (1962).
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Figure 2.4, Ppn interval velocity data for the
United States, after Herrin and Taggart (1962).
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Summarx

The regional maps discussed above are clearly
based on scanty data, especlally in New Mexico., Con-
sequently, the differences between them are probably
caused by differences in interpretation and interpola-
tion. The present study will add a crustal section in
northwestern New Mexico, and 30 values of apparent V%
from measurements of interval velocity. Values of P,
veloclity along reversed paths will be used to determine
the configuration of the base of the crust. This new
control data provides added constraints on the inter-
prétation of crustal structure and upper mantle velocity

in and near the state of New Mexico.
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3. GASBUGGY SOUTH PROFILE

On the 10th of December 1967 a nuclear test,
Gasbuggy, occurred in northwestern New Mexico, to
stimulate the production of o0il and gas. Information
on this event, e.g. location, origin time, etc., appears
in Table 3.1. Five seismic profiles were set up
radiating from the site, to the north, west, southwest,
south and east, as shown in Figure 3.1. Of these, the
southern profile was the best instrumented, and con-
sisted of 16 stations extending out to 548 km from the
shot. This profile was interpreted, and a model was

derived for the earth's crust in central New Mexico.

Geology and Physiography

The shot was located in the San Juan sedimentary
basin of northwestern New Mexico, to the west of the

southern Rocky Mountains.

The physiographic boundary between the southern
Colorado Plateau and the Basin and Range, according to
Fenneman (1946), is indicated by a dashed line in
Figure 3.1. The southern profile traverses this
boundary some 200 km from the shot, and enters the

BRio Grande rift where 1t remains till its termination



Table 3.1. Gas

Date
Time
Latitude

Longitude
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buggy Explosion Parameters

10 December 1967
19:30:00.1 U.T.
36°40'40.4"N
107%912'30.3"W

Elevation of surface ground zero 2194 meters

*Depth to top of Paleozoic

Depth of emplacement

4023 meters

1292 meters

Thickness of Post Paleozoic

rocks below shot

2731 meters

Environment of emplacement Shale

Yield

Body wave magnitude (my)

26 kilotons

5.2

¥Based on extrapolation from known depth 10 km away,

using regional dip
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at El1 Paso.

Figure 3.2 shows the location of stations along
the southern profile, and a simplified outline of the
Rio Grande rift (Chapin, 1971). Inside the rift, the
seismograph stations were placed on intrarift horsts,
to avoid delays and distortion of the seismic signal

(E.S.S.A.-C.G.S., 1968) from thick sedimentary deposits.

Previous Work

Warren and Jackson (1968) studied travel times
and amplitudes of first arrivals on the U.S.G.S. pro-
files, té the north, west, southwest and east, and for
3 stations on the south profile. They made no detailed
interpretation of crustal structure, but simply pre-
sented their arrival times as plots consisting of linear
segments. ATheir travel time plots had a maximum of 8
data points each, and were not corrected for geologilec
effects. Intercept times and slopes from these plots
were used here to produce the layering presented in
Table 3.2 for the various profiles. The salient features
of this model are a single layer crust having P velocity
6.4 kxm/sec, overlying a mantle having P velocity 7.9
km/sec, with a jump to 8.4 km/sec some 25 km below the
Moho. Beneath the shot point, the Moho dips about 4° to

the north. Their amplitude measurements showed
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Figure 3.2.
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Table 3.2. Crustal Structure Derived from Warren and
Jackson's (1968) Travel Time Curves for the 5 Gasbuggy

Profiles.

Southwest

Depgh(km) North West South East
10 |
20 _ 6.4
6.4
6.4 6.4
6.4
30 |
4o |
50 _
8.0
7.85
7.85 7.85
60 |
7.95
70 _ 8.4
n 8.4

8.4
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considerable scatter, and ylelded no conclusions.,

Lee and Borcherdt (1968) studied the P, spectral
variations at 300 km and 500 km on all 5 profiles. They
found much higher spectral energies to the southwest and
north, than to the east and south. This indicates that
the crust and uppermost mantle are more rigid, and trans-
mit elastic energy more efficiently to the southwest and

norkh, than to the east and south.

Reagor, Gordan and Jordan (1968) made a general
seismic analysis of the explosion out to teleseilsmic
distances. Their data from all azimuths suggest a two-
layer crust, with an upper layer 7.1 km thick having P
velocity 5.34 km/sec and a lower layer 26.2 km thick
having ? velocity 6.29 km/sec, overlying a mantle with
P velocity 7.9 km/sec. This model differs considerably
from Warren and Jackson's (1968). Their amplitude con-
tours indicate more efficient transmission of P, to the
east and west than to the north and south. Their velo-
city residuals show a high P, velocity along the south
profile. This could result from a progréssively thin-
ner crust in this direotion, produc ing smaller delays
for the P, wave. On comparing the teleseismic results
of Gasbuggy to those of the earlier Gnome explosion in
southeastern New Mexico, they found that whereas Gnome

showed lower amplitudes and velocities to the west than
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to the east, Gasbuggy showed equal amplitudes and a

smaller velocity difference in the east-west direction.

Data Used

Analog Seismograms

Table 3.3 lists information on the stations along
the profile. Analog seismograms for all stations listed
were available. The United States Départment of Commerce,
Environmental Sclence Services Administration, Coast and
Geodetic Survey (E.S.S.A.-C.G.S., 1968) published seis-
mograms for 13 stations on the profile. Tracings of the
two U.8.G.3. seismograms were obtalned from the National
Center for Earthqueke Research, Menlo Park, California,
The sixteenth seismogram was from a Long Range Seismic
Measurements (L.R.S.M.) station, and was obtained fron
Geotech-Teledyne with the approval of the Air Force
Technical Applications Center (A.F.T.A.C.), Alexandria,

Virginia.

Table 3.3 shows that the time bases of the avail-
able reproductions ranged from 1.00 mm/sec to 25.27
nm/sec. First arrivals were generally good, and could
be timed with confidence to 0.1 sec using the times
standards on the seismograms. Seismograms for the two

U.S8.G.S. stations at Indilas and Kilo were low gain
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tracings, consequently their first arrival times were

taken from Warren and Jackson (19683}.

Digitizing

Vertical component seismograms were digitized in
order to control amplitudes and time bases, and to con-
struct a record section for the purpose of interpretation.
To facilitate digitizing; records with low recording
speeds were photographically enlarged. This was not
possible for the Albugquerque (ALQ) seismogram because of
the very large amplitudes on the record. Of the two
systems operating at SNM, the N.M.I.M.T. seismogram was

digitized because it had a higher recording speed.

Digitizing was performed with a Hewlett-Packard
Model 9864A digitizer using a sampling rate that varied
from 4 to 20 samples per cycle according to the com-
plexity of the signal. The digital data was read from

a paper tape printout and punched on cards for input to

a computer and subsequent plotting at prescribed time

bases and amplitudes.

Geologic Corrections

Selection of Datum

According to the E.S.S.A.-C.G.S. (1968, p.3)
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field report,

"... 1t was possible to place stations

from Garcia southward on Paleozoic forma-

tions having rather uniform physical pro-

perties. The one exception is the Ladron

site which is located on intrusive rocks

of Tertiary Age at the foot of Ladron

Mountain."
Consequently it was decided to correct the travel times
to what they would be if the shot and all statlions were
on Paleozoic "basement™ rocks., The implied assumption
that velocities in the Paleozolc section (mostly sand-

stone and limestone) are not drastically different from

those in Precambrian rocks, is reasonable.

Figure 3.3 is a schematic crustal model for
making the corrections to datum. Effectively these
geologlic corrections remove the VO layer and place the
shot and all detectors on basement, which 1is the upper
surface of the Vg layer. Basement elevation has no
effect on the Pg arrival which travels parallel to this
surface, but it does affect the P, arrival whose ray path
is shown in the figure. However, the maximum basement
relief from South Garciza, where Pn emerges as a first
arrival, to the end of the profile is only 0.625 km, which
is the topographic relief from Table 3.3. This causes a
delay on the order of 0.01 sec, which is smaller than

the timing accuracy. Consequently no correction was
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GROUND SURFACE

!

BASEMENTN | e

MQHO

Figure 3.3. Schematic crustal model used in making the
geologic corrections. Depth of shot, thickness of the
overburden, and critical angles are indicated.




made for difference

Method Employed

Corrections
using the principle
Referring to Figure

P_ is

g

and for Pn is

35

in basement elevation.

to the basement surface were made
of delay times (Nettleton, 1940).

3.3 the correction at the shot for

(Z-h) cos i01
Vo

(Z-h) cos igpp
Vo

The correction at the station for P, is

and for Pn is

g

Z' cos 101
Vo

Z' cos 102
Vo

The angles are glven by

14 = arcsin VO/Vg
1po = arecsin VO/Vh
14, = aresin Vg/Vh

The parameters in the above equations were

evaluated as follows. Depth of shot h was known

(Table 3.1). The thicknesses Z and Z' of Post-Paleozoic
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rocks beneath the shot and each detector were estimated
from the logs of deep wells, and from depths to the

Precambrian surface (Foster and Stipp, 1961).

First estimates of Vg and V,, obtained from
linear least squares fits of the raw travel times, were
6.29 and 8.12 km/sec respectively. The E.S.S.A.-C.G.S.
(1968) report states that the El Paso time is question-
able, consequently this time was excluded from the least

squares fitting.

An estimate of V, based on sonic logs of deep
wells close to the northern end of the profile was about
3% km/sec. A better estimate of the average V, was ob-
tained knowing Z, h, Vg and Ti‘ The latter is the zero
distance intercept of the Pg raw travel times (see Fig-
ure 3.4), resulting from the section of rocks above base-

ment. This estimate was based on the following equation

(Nettleton, 1940, p. 250)3

2Z-h = 1,. Vg Vo
(Vg2-Vy2)%
whence,
2 2 3
VoT;2+(22-h)2

The value of Vg obtained in this way was 3.47 km/sec, and

was used in making the corrections.
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Figure 3.4. Linear least squares fits of raw and corrected
Py and Pp arrival times. Ti is the intercept time of the

raw arrivals.
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After making the geologic corrections, second
estimates of Vg and Vn obtained from linear least squares
fits of the corrected travel times were 6.15 and 8.12

km/sec respectively.

Table 3.4 summarizes the geologic corrections,
listing station name, distance from shot, time of first
arrival, thickness of rocks overlying the basement, shot
correction, station correction, total correction, and
finally the corrected arrival time. Ladron was given
zero station correction due to its close proximity to
basement. Figure 3.4 is a graph of first arrival travel
times versus distance, showing linear least squares fits
of the raw and corrected data. The Pg intercept time,
Ti’ was reduced from 1.62 sec to 0.25 sec after the geo-
logic corrections were applied. This confirms the cor-
rectness of the value of Vy employed. The computer pro-

gram used in making the geologic corrections is given in

Appendix I.

Record Section

A reduced time scale (T minus delta/6) was used
for the record section shown in Figure 3.5. This reduced
scale improves time resolution and emphasizes differences
in velocity near 6 km/sec. The small circle at 204 km is

the corrected ALQ arrival time, which was included in the
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linear least squares fit,

Amplitudes of the selsmograms were adjusted to
enhance the late arrivals and assist in their correla-
tion across the record section. The seismograms from
stations Ladron and Bear Den are composites of high gain
recordings for the first arrivals and low gain recordings
for the later arrivals. The two linear least sqguares
fits for the corrected P and P, arrivals were superposed

g
on the record section.

Beyond the Pg to Pn cross-~over disﬁanoe, the re-
cord section (Figure 3.5) reveals conspicuous late
arrivals., The first of these never appears as a first
arrival, is only moderately strong, and lines up with a
slope of 1/6.5 sec/km. The second late arrival falls
approximately on the extension of the Pg branch. The
third set, which also never appears as a first arrival,
lines up with a slope of 1/5.8 sec/km. Straight lines
were visually fitted, in Figure 3.5, to the 2 arrivals

having apparent velocities 6.5 and 5.8 km/sec.

Interpretation

Assumptions

Since the profile was single ended, determination

of dip was not possible, and the crust was assumed to
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consist of horizontal layers.

The velocity was assumed constant in each layer,
with abrupt changes at the interface between two layers,
This was justified by the various arrivals having linear
trends., Hughes (1960) and Birch (1960) have demonstrated
that velocity gradients are induced in rocks by increase
in pressure and temperature., These more gentle gradients
were not detected, since straight line segments fitted

the arrival times well.

The velocity was assumed to be greater in each
successive layer, because a decrease in velocity with

depth would go undetected with refraction information.

The final assumption was that each layer yilelds
a recognizable arrival on the record sectlion. This need
not be a first arrival, since the record section allows

identification of late arrivals.,

Velocitiles

The velocity of 6.15 km/sec for the P, phase out-
side the Rio Grande rift is significantly higher than
5.8 km/sec determined from detailed microearthquake
studies within the rift (Sanford et a2l., 1973). Also Pg
interval velocities between SNM and ALQ, both located
inside the rift, average about 5.8 km/sec. This is

i1llustrated in Figure 3.6, in which each point corresponds
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to a separate event., Origin times, coordinates, and
arrival times at both stations, of these events, are
listed in Table 3.5. They include explosions as well
as earthquakes, and fall both north and south of the
station pair. The distance from the events to the mid-
point of the two stations is plotted as the abscissa in
Figure 3.6, and apparently does not affect Vg, whose

value remains near 5.8 km/sec.

Beyond'the cross-over of Pg to P, the profile
lies entirely in the rift. The conspicuous late arrival
in Figure 3.5 having velocity 5.8 km/sec should corres-

pond to the P_ phase observed within the rift. No ver-

g
tical velocity structure of any description can produce
a wave having surface phase velocity less than that in
the surface layer. This is illustrated in Figure 3.7,
which shows parallel rays incident on the surface with

an angle of emergence e, in a medium having velocity Vg:

if energy traverses from A to B in unit time, then

AB = Vg
and CB = AB/cos(e)
= Vg/cos(e)

where CB is the surface velocity. Clearly the surface
velocity 1s always larger than Vg; since cos(e) is less

than unity. Velocity inversions or decrease in velocity
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Figure 3.7. Plane parallel rays emerging with angle
e at the free surface. ’
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with depth will produce delayed arrivals, but the surface

phase velocity will always be larger than‘Vg.

Thus the profile suggests that the velocity of
the Pg phase changes from a value of 6.15 km/sec outside
the rift to 5.8 km/sec inside. The point in Figure 3.5
where the extension of the arrival with velocity 5.8'km/

sec intersects the 6.15 km/sec P_ branch, defines the

g
approximate border of the rift structure. This point
lies about 140 km'from the shot, but could easily be
shifted due to the obligue intersection of the profile
with the rift, and the fact that the velocity change 1s

probably gradational.

Since the evidence available indicated a variation

of Vg

rift. The basic structure for the profile is shown in the

only, V¥ and V, Were assumed to be unaffected by the

cross-section in Figure 3.8.

Depths

Thicknesses Zy and Z, in Figure 3.8 were assumed
to be the same inside and outside the rift, and were
calculated from the intercept times of P* and Pn’ The
observed intercept time of the line with velocity 6.5
km/sec in Figure 3.5, corresponding to P¥, is 2.44 sec.
Referring to Figure 3.8, and following Nettleton (1940,

p. 254), the intercept time was equated to the sum of the
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|

. [40km P RIFT |
y.SHOT | — _ BASEMENT
Vg=58.7S
=6.5
N Y_MOHO
Vo =82

Figure 3.8. Cross section along profile showing velo-
cities and critical angles,
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delay times

2.4 = Zl(cos 142 4 cos 1'12
6.15 5.8
Where 1,, = aresin 6.15
6.5
i'4yo = arcsin 5.8
6.5
thus Z, = 18.6 km

Similarly the observed intercept time of the Pn branch
in Figure 3.5 is 7.82 sec. Again referring to Figure
3.8, the intercept time is equated to the sum of the

delay times

7.82 = Z,|cos 1 cos 1! + 2Z_ cos i

13 + 13 2 23
6.15 5.8 6.5
Where 143 = arcsin 6.15
8.12
1'13 = arcsin 5.8
8.12
123 = arcsin 6.5
8.12
thus Z5 = 19,6 km

Uncertainties involved in the intercept time of the p*

arrival could introduce errors of T 1 km in Zl and ZZ'

Reversed Pn interval velocities discussed in a

later section of this dissertation indicate that the Moho
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surface dips about 2 degrees northward. The true Vn is
7.92 km/sec, and when this value is employed the depths

become

v/ 18.6 km (unchanged)

1

Z 21.3 km

2

The assumption of horizontal layers must still be applied
to the Conrad surface, because no reversal information on
the P¥ velocity was available., These depths are measured
from the basement surface, and apply at the cross-over

distance, about 190 km from the shot.

If the depths are different inside the rift than
outside, then the depths calculated above would fall bet-
ween the two. Fiéure 3.9 is a simplified block diagram,
depicting the rift as a pod of material having velocity
5.8 km/sec embedded in an upper crust having velocity

6.15 km/sec.

Theoretical Times

The values of Z4i and Zy obtained from the observed
apparent velocities were used in conjunction with the
model in Figure 3.8, to generate theoretical travel times.
Curves for Pg, P*, Py, and the two reflections PiP and
PnP from the Conrad and Mohorovicic discontinuities,

respectively, were deduced. The computer program used
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Vg=6.5

Figure 3.9 . Simplified block diagram, showing the
rift as a pod of material having velocity 5.8 km/sec
embedded in an upper. crust of velocity 6.15 km/sec.
The vertical scale is exaggerated 3 times relative to
the horizontal.
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to obtain these travel times is given in Appendix II.
Figure 3.10 shows the theoretical travel time curves,

and Figure 3.11 is a superposition of these curves on

the record section., The border of the rift, 140 km from
the shot, was taken as a vertical discontinuity, and gave
rise to the kinks on the curves at this distance. The
theoretical travel time curves succeed in accounting for

most of the conspicuous arrivals on the record section.

Additional Observed Arrival

The model in Figure 3.8 does not produce an
arrival with velocity 6.15 km/sec after the profile
enters the rift. However strong arrivals marked by
X's on Figure 3.11 fall almost on the extension of the

6.15 km/sec P, branch, from 350 km to the end of the

g
profile. These arrivals can be explained by considering

the third dimension which Figure 3.8 does not provide.

In the map, Figure 3.12, the rift border is approximated
by the 2 continuous straight lines which meet at the
point A. The locations of the seismic stations are in-
dicated by triangles. Circular wave-fronts are drawn
from the shot point at 10 sec intervals. The continua-
tion of these circles inside the rift are dashed. As far
south as the point A, at the latitude of South Garcia,

the wave-fronts suffer slight horizontal refraction in

traversing from the 6.15 km/sec to the 5.8 km/sec crustal
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Figure 3.12. Plan view of wave-fronts from Gasbuggy at

10 sec intervals., The rift border is approximated by the
two solid straight lines which meet at A. Triangles are
the seismic stations.




61

material. At point A the border changes course and be-
comes radial to the shot point. Southward from this
point the ﬁave~fronts become detached at the interface,
and a conical type wave is generated which extends from
the faster wave-front and is tangent to the slower
wave-front. The conical wave travels with the higher
velocity, 6.15 km/sec, and could account for the arrivals
marked X. The observed non-linear delay of the X's can
be explained by the fact that the last 5 stations get
progressively farther from the rift border. Whereas the
existence of a wave having velocity 6.15 km/sec inside
the rift can be explained, the observed amplitudes of
this arrival are much larger than what would be expected

from a conical wave.

Earthquake Character

The 3-dimensional crustal structure obtained in
this interpretation, and illustrated in Figure 3.9, suc-
ceeds in explaining the difference in character between
earthquakes occurring inside and outside the rift. To
demonstrate this, travel time curves were constructed

for P P*, and Pn arrivals, recorded inside the rift,

g’
from 10 km deep earthquakes., The focal depth of 10 km
is a common value for microearthquakes in the rift

(Sanford et al., 1973).
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Travel time curves in Figure 3.13 are for earth-
quakes with locations that require seismic energy to
travel 100 km before entering the rift. Examples of
such events are the earthquakes of 19 May 1968 and 8
June 1969 (Toppozada and Sanford, 1972) whose locations
appear in Figure 3.14. The travel time curves indicate
that the Pg to P, cross-over distance is 160 km, and
that P¥ 1s almost never a first arrival. Seismograms
of these events recorded at ALQ appear in Figure 3.15.

These seismograms show a strong first arrival appro-

priate for the direct Pg.

Travel time curves in Figure 3.16 are for earth-
quakes located in the rift. Locations of two events
occurring close to the rift border appear in Figure 3.14,
These are the earthquakes of 28 April 1971 and 4 June
1971 (Toppozada and Sanford, 1972). The travel time
curves indicate that P is a first arrival between 110 km
and 155 km from the source. Seismograms of these events
recorded at ALQ appear in Figure 3.17. Thesé seismo-
grams show that the strong Pg arrival is preceded by a
weak arrival that could well be a head wave from the

Conrad discontinuity.

The four earthquakes mentioned above lie within

a narrow range of distances from ALQ. The closest event,

that of 28 April 1971, lies 125 km from ALQ and the
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(b)
3.15. ALQ seismograms of (a) the earthquake of

Figure

19 May 1968, delta = 147 km,
_8 June 1969, delta = 139 km.
direct arrivals.

(b) the earthquake
Both have strong P

of
g
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Figure 3.17. ALQ seismograms of (a) the earthquake of
28 April 1971, delta = 125 km, (b) the earthquake of
L June 1971, delta = 143 km. Both have a weak head
wave first arrival followed by Pg.
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farthest event, that of 19 May 1969, lies 147 km from
AT.Q. Thus the difference in character is probably con-
tfolled by the difference in crustal structure from the
source to the station, rather than by the distance. The
velocity contrast between P* and PS inside the rift
(6.5-5.8, km/sec), is greater than that between the same
two phases outside the rift (6.5-6.15, km/sec). Conse-
quently P* has a better chance of appearing as a first

arrival for travel paths inside the rift.

Comparison with Other Areas

Surrounding Areas

The crustal structure deduced here is similar to
that previously obtained for northeastern Arizona by
Roller (1965) (Number 9 in Table 2.2). Velocity of the
P, phase is apparently constant at 6.1 0.1 kxm/sec in
Oklahoma, Colorado, southern Utah, eastern Arizona (see
Figure 2.1 and Table 2;2), and in New Mexico. Lateral
variation such as that associated with the Rio Grande

rift covers limited areas.

The apparent velocity of the P* phase on the Gas-
buggy profile (6.5 km/sec) is 0.2 to 0.3 km/sec less than
that in surrounding areas as indicated in Table 2.2. p*

on this profile was unreversed, and so the smaller velocity
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may be the result of down-dip shooting. It may also be
an actual drop in V*, possibly associated with the rift
structure. Apparent P, velocity is 8.12 km/secvalong

the Gasbuggy profile., The reversed P, velocity from

Las Cruces (LCN) to ALQ is known from Mexican earth-
quakes to be 7.72 km[sec. Thus the true Pn veloclty 1is
about 7.9 km/sec, and lies between 8.23 km/sec determined
in eastern New Mexico, and 7.8 km/sec in eastern Arizona

and southeastern Utah (see Figure 2.1 and Table 2.2).

Regarding the lateral variation in Pg veloclity
from 6.15 to 5.8 km/sec, it is noteworthy that a similar
variation was observed for a refraction profile in east-
ern Colorado by Jackson, Stewart and Pakiser (1963).

They conclude
"The velocities 5.8 and 6.1 km/sec, for
layers 4 and 5, correspond to Pg in con-
ventional terminology. It is not known
whether the transition from 5.8 to 6.1
km/sec represents penetration to a deep-

er layer or a lateral change in the velo-
city of compressional waves in the crust."

Jackson et al., (1963), observed the phase having 5.8
km/sec velocity first, followed at greater distance by
the phase having 6.1 km/sec velocity. For Gasbuggy the
higher velocity was observed first followed at greater
distance by the lower velocity. As demonstrated earlier
in this section, this sequence cannot be explained by

vertical variation in velocity.
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Comparable Rifts

The Rhinegraben is a continental rift structure
having dimensions comparable to the Rio Grénde rift
(Illies, 1970). Figure 3.18 is a crustal cross section
across the Rhinegraben. P wave velocity in the upper
crust is 5.9 to 6.0 km/sec. P wave velocity in the lower
crust is 6.7 to 6.9 km/sec. The low velocity layers in
the Rhinegraben region are identified from reflectlion
data at small distances (Mueller and Landisman, 1971 ;
Landisman et al., 1971). The paucity of data for Gas-
buggy in this range, only three seismograms in the first
150 km, made it difficult to detect any correlatable re-
flections. Consequently low velocity layers, if present,
may have been missed on the Gasbuggy profile, The rift
"sushion" (Illies, 1970; St. Mueller, 1970; Ansorge et
al., 1970) with P velocity 7.6 to 7.7 km/sec extending
beneath the crust in the Rhinegraben area, is not ob-

served on the Gasbuggy profile.

The crust near the Bhinegraben is similar to that
in Utah and Nevada (see Figure 2.1). The total thickness
is about 30 km, with a thick upper crust and a thin lower
crust, and a low P, velocity of 7.5 to 7.7 km/sec. In
northwestern New Mexico the crust is thicker, is almost

evenly divided into upper and lower layers, and the Pn

velocity is about 7.9 km/sec.
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Figure 3.18. Crustal cross section through the
Rhinegraben after Ansorge et al,, 1970.
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Summary and Conclusions

Analysis of a seismic profile extending from
near Farmington, New Mexico, to El1 Paso, Texas, with
the added knowledge of the reversed V,, yields the
crustal model shown in Figure 3.19. This model applies
at the cross-over distance, about 50 km west of ALQ.
This interpretation differs significantly from previous
work by Warren and Jackson (1968), whose model appears
in Table 3.2, and by Reagor, Gordon and Jordan (1968),

mentioned earlier in this section,

The lower P. velocity inside the rift could be

g
due to the abundant faulting and fracturing associlated
with this structure (Sanford et al., 1972) which would
hinder the propagation of elastic energy. Any effect
the rift structure may have on the velocity of P¥ can-
not be deduced from this profile, because P¥ is observed
only inside the rift. The rift has little effect on the
Pn velocity, which at 7.9 km/sec falls between the

values reported for eastern New Mexico and eastern

Arizona.

Recommendation

If the crustal thickness is different -outside the
rift than inside, the thickness derived in this inter-

pretation would fall between the two values. If this
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SHOT 140 km.=>—s+—RIFT

¥ % BASEMENT
6.15 km/sec. 18.6 km. 5.8 km/sec.
———————— E CONRAD
?
21.3 km. 6.5 km/sec.
_________ $ MOHO
' 7.9 km/sec.

Figure 3.19. Crustal model along the profile
showing values of reversed V, and unreversed v*,
and the depths to the Conrad and the Moho at the
cross-over distance. :
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difference exists, it cannot be detected on the Gasbuggy
profile. A change in thickness of the upper crust would
offset the P¥ arrival, and a change in total crustal
thickness would offset the P, arrival., Since both the

P* and Pn arrivals are observed only inside the rift,
possible changes in thickness at the rift border could

not be detected. In order to determine whether there is

a change in crustal thickness associated with the rift,

a profile should be recorded such that the Pg to Pn Cross-
over occurs prior to when the profile enters the rift.
This would make it possible to observe any offset of the
P, branch on entering the rift. Such a profile could con-
mence at the Morenci open pit copper mine in eastern
Arizona, where the daily detonation of tons of explosives
may be used as a source of seismic waves. The profile
should extend northeastward and enter the rift near
Magdalena, about 230 km from the shot point. This dis-
tance is about 50 km beyond the expected Pg to Pn CrosSs—~
over. Thus Pn would be identified as a first arrival,
and its veloclity could be determined, before entering the
rift., Any offset of the Pn branch, or change in Vh, after

entering the rift could then be detected.
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L4, REGIONAL P, VELOCITIES

Introduction

The velocity of the P, phase was determined by
calculating interval velocities (Herrin and Taggart,
1962). TFigure 4.1 illustrates how interval velocities
are measured. The epicenter is at A, and the seismograph
stations are at B and C. The interval velocity is ob-
tained by dividing the distance between the stations
along the radial from the source (AC-AB) by the differ-
ence in arrival times at the two stations. The wave-
fronts are assumed to be circular and concentric about
the epicenter. Three factors that can influence the
values of velocity determined in this way are discussed

separately below.

Epicentral Distance. If the P, phase is a true
head wave, the value of Vh should not be a function of
epicentral distance. On the other hand, a strong down-
ward increase in Vn below the Moho would cause the ray
path for P, to dip downward, and the apparent value of
V,, measured would depend on the distance. The Gasbuggy
south profile showed no detectable change in V,, for epi-
central distances from 200 to 500 km. In additilon, Pn

interval velocities between ALQ and SNM do not depend on
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- A

Figure 4.1. Geometry for measuring interval velocities.
YA' is the epicenter. , Two circular wavefronts are
drawn through the statlons B and C.
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the distance of the source. In Figure 4.2 the squares
are values of P, velocity, from sources to the south,
measured from SNM to ALQ. The absclssa 1s the distance
from the source to the mid-point of the two stations;
it ranges from less than 300 km to more than 800 km and
apparently does not affect V,. Thus, inside the Rio
Grande rift, Vh is independent of epicentral distance,

and Pn is a true head wave.

Dip of Moho. The apparent velocity of a conilcal

wave generated at a dipping interface, 1s greater when
measured up-dip than when measured down-dip (Dix. 1952).
Values of reversed Pn velocities between ALQ and SNM,
plotted in Figure 4.2, illustrate this effect. Apparent
Pn velocities measured from ALQ to SNM, plotted as circles,
are greater than those measured from SNM to AIQ, plotted
ag squares in Figure 4.2, This indicates that the Moho
dips northward, or that the crustal thickness at ALQ is
greater than that at SNM. For values of dip less than 109,
the true P, velocity is the average of the two apparent
velocities measured in opposite directions. Unreversed

P, velocities are apparent values, and reversed coverage

is necessary to determine the true V,.

Epicentral Error. The method of interval velo-

cities does not require knowledge of an origin time,

therefore earthquake sources can be used. However,




78

8 o907

{7

=

N

> |
- 85
a O
: O
. 9 o
; 11]
=~ 80+ O
f § : q oo _
B H 0 un
= D
Zz 7

Q_ﬁ:

05 200 200 500 800

DISTANCE , km

Figure 4.2. Pp interval velocities between ALQ and
SNM. Circles are velocities for the interval ALQ to
SNM. Squares are velocities for the interval SNM to
ALQ. The abscissa is distance from the source to
the mid-point of the two stations.

Y




79

error in epicentral locatibn can affect the velocity
measurenments. The magnitude of this error was deter-
mined using a real combination of source and station
pair. The source was the El Paso earthquake of 12 May
1969, and the station pair was SNM and ALQ. Figure 4.3
shows the locations of the stations, and the computed
epicenter E surrounded by a circle of error. If the

true epicenter was at A, the distances to both stations
would increase, and there would be minimum error in the
difference. If the eplcenter was at B, the distance to
SNM would increase more than the distance to ALQ, and
there would be maximum error in the difference. Thus
error in the distance between stations is a function of
azimuth of the epicentral error. 1In Figure 4.4, relative
percent error in distance for the El Pasoc earthquake is
contoured as a function of azimuth. The contours are
straight lines converging towards the mid-point between
the two station ALQ and SNM. The areas producing a rela-
tive error of 2% or greater cover about 20% of the circle
with a radius of 15 km. Thus for an epicentral error of
15 km at El1 Paso, the error in distance between SNM and
ALQ is 2% or less at the 80% level of confidence. The
distance between SNM and ALQ is the shortest interval
used in the study. Most intervals are on the order of
250 km, so that the effect of a 15 km eplicentral error

on the P, veloclities to be reported should be about 1%.




SNM

E B

0 100 km

A

Figure 4.3. Location of the El Paso earthquake of
12 May 1969 relative to SNM and ALQ. The epicenter,
E, is surrounded by a circle ipdicating the possible

error in location.
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Figure 4.4. Error in distance between SNM and ALQ,
resulting from an epicentral error for the E1l Paso
earthquake located at E. Concentric circles about

E are circles of epicentral error. The straight lines
are contours of the error in distance betvieen the two
stations, and are labelled in percent relative error.
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A program for computing the error in distance, result-
ing from a given epicentral error, is given in

Appendix III.

Data Used

Gasbuggy

The Gasbuggy explosion was used to obtain unre-
versed velocities along the 5 profiles shown in Figure
3.1, Least squares fits were made of the Pn arrival
times on each profile, Information on all profiles,
except the southern one, was obtained from Warren and
Jackson (1968). The values of velocity obtained are in-:
dicated on the profiles in Figure 4.5, with arrows

pointing in the direction of coverage.

Earthguakes and Other Explosions

A search was made for earthquakes and explosions
which approximately lined up with a pair of selsmograph
stations. Table 4.1 lists the seismograph stations em-
ployed in this study. Two primary sources of data were

consulted during the search :

(1) Earthguake publications of the New Mexico State
Bureau of Mines and Mineral Resources (Sanford,

1965; Sanford and Cash, 1969; Toppozada and Sanford,

1972).



Station Type*

Table 4.1,

ALQ
DRC
DUG
FOT
GOL
JCT
KNU
LCN
LUB
SNM
TFO
TJC
TUC
UBO

WMO

LW N

=

E N T Y R o WY
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Seismograph Stations Used for
Determining Interval Velocity.

Nominal
Magnifi-
Elevation cation
Location Lat. N. Long.W. meters at 1 Hz
Albuguerque, 34°56.5' 106°27.5' 1853 200k
Durgﬁgé, Co. 37%927.9' 107°47.0' 2220 Look
Dugway, Ut. 40°11.7' 112°48.8' 1477 200k
Ft.Stockton, 30°54.0' 102°42.0' 880 400x%
Golgzi: Co. 39°42.0' 105°22.3' 2359 200k
Junction, 30028.8' 99O48.1' 591 200k
Kangi?.Ut. 37001.4' 112°49.6' 1740 400k
Las Cruces, 32024,1 106°936.0' 1580 400k
Lubgézi, Tex. 33935.0' 101°52.0' 200 25%
Socorro, N.M. 34004.2%' 106°56.6' 1511 13bk
Tonto Forest, 34°17.2%' 111°16.0' 1609 1000k
Triﬁ?égé. Co. 37013.0°' 104°41.1' 2103 100k
Tucson, Ariz. 32918.6' 110°46.8! 985 200k
Uinta Basin, #40°19.3' 109°34.1' 1596 1000k
W1cg§£a Mtns, 34°43.1' 98°35.3' 505 1000k

Ok.

World Wide Standard Seismograph Station
Long Range Seismic Measurement Station

College Operated Station
Array Type Seismological Observatory
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(2) The earthquake data file issued on magnetic tape
by the National Geophysical Data Center, of the
National Oceanic énd'Atmospherio Administration
(recently under the direction of the United States

Geological Survey).

Table 4.2 lists the events used, their magni-
tudes, locations, and the stations selected for interval
velocity measurements. Selsmograms were obtained for
each event at each station listed. For a particular
event, only those stations underlined in Table 4.2 gave
usable data. Seismograms at the remaining stations did
not have a Pn phase that could be accurately timed. The
number of usable seismograms was about 45% of the seis-

mograms requested.

Results

Figure 4.5 is a map showing the seismograph
stations, and the location of those events which yielded
usable interval velocity data. Also shown on this map
are the intervals across which the velocity was deter-
mined, the value of the velocity, and the direction in
which it was measured. The combinations of events and
stations which produced usable values of velocity are
listed in Table 4,3, This table gives for each combi-

nation of event and station pair, the arrival times,



Figure 4.5. Seismograph stations (triangles) and epicenters
providing intervel velocity data. Epicenters are indicated

by circles giving the date of the event. Solid circles are
explosions, and empty circles are earthquakes. The values of
interval velocity are given at the mid-points of the intervals,
with an arrow showing the direction of measurement.
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Table 4.2.
Interval Velocity.

Date

25

19
13

18
19

23

28

21
22
23
20

HMar.

June

Aug.

Sep.

‘Nov.

Nov.

Nov.

Feb.

Feb.

Mar.

Aug,
Aug.

Sep.

Oct.

Nov.

63

63

63

63

63
63

63

64

64

6L
6L

6L

64

87

Events and Stations Selected for Calculating

Origin Time

09:28:43.0

08:05:36.3

00:08:23.4

10:51:56.6

14:38:28.9
01:11:43.2

07:150:46.3

08;:22:44.1

13:51:07.4

10:08:45.0

19:41:37.5
05:26:05.0
18:09:38.0
00:53:07.8

15:00:00.1

4.6

3.8
2.9(Mp)

14‘07

6.5
4.9

5.1
3.9

.2
5.1

4.7
I
I

3. 4(M)

Lat.°N Long.°W
36.00 114.80
36.50  104.30
32.45  107.13
29,10 105.60
29.90 113.60
31.00 113.70
30.10 114,00
35.10 99.70
31.30 114.30
42,90 101.60
30.60 113.80
31.40  113.40
35.90 114.80
31.30 107.00
37.17  116.07

%
Stations

ALQ,
TFO,

GOL,
DRC

TUC,
ICN,

GOL,
DRC,
SNM

ALQ,
DuG,
TFO,

LUB,
ICN,

ALQ, SNM

ALQ,
TFO,

TUC,
ICN,

LUB,
SNM

ALQ, SNM, TUC
ALQ,

SNM

TUC, LCN,

ALQ,
SNM

TUC, LCN,

ALQ,
ICN

GoL, LUB,

AIQ, TUC, ICN

AIQ,
UBO

GOL, DRC,

LCN, FOT

icenN, FOT

ICN, FOT

AIQ, LCN, SNM
Note: This is a
new location and
has not been
published

LCN, FOT
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Table 4.2. (continued)

%
Date Origin Time oy Lat.°N ZLong.%% Stations

3 Feb. 65 19:59:32.0 4.0(M;) 32.10 103.00 LUB, WMNO
11 Feb., 65 21:52:17.0 4.6 31.60 113.90 LCN, FOT
19 Feb. 65 14:50:23.0 4.4 30.10 113.70 LCN, FOT
27 Feb. 65 07:£6:29.1 5.3 28.50 112.10 ALQ, TUC, TFO,

13 Apr. 65 09:35:46.0 4.2 30.30 105.10 ALQ, LCN, SNM
29 June 65 07:46:28.2 4.3 39.60 110.30 GOL, KNU, TFO
30 Aug. 65 05:17:38.0 3.5 32.10 102.30 ALQ, LUB, JCT,
23 Jan, 66 01:56:38.8 5.5 36.96 106.95 ALQ, TUC, LUB,

JCT, UBO, WMO,
TFO, KNU, TJC,

31 Mar. 66 00:56:39.3 4.3 29.90 111.80 TuC, TFO

20 July 66 09:04:58.6 3.9 35,70 101.20 ALQ, TUC, GOL,
LUB, JCT, WMO

14 Aug. 66 15:25:52.5 3.4 32.00 102.60 ALQ, LUB, WMO
16 Aug. 66 18:02:36.6 5.6 37.40 114.20 ALQ, TUC, TFO

19 Aug., 66 O4:15:44.6 4.1 30.30 105.60 ALQ, TUC, LUB,
JCT, WMO, SN

20 Aug. 66 06:36:02.7 4.3  30.10 105.50 ALQ, SNM
21 Aug. 66 02:57:25.2. 4.1 30.00 105.60 ALQ, SNM
17 Sep. 66 09:25:21,0 3.3(M;) 32.25 109.75 ALQ, SNM
24 Sep. 66 07:33:46.4 3.8  36.45 105.05 ALQ, TUC, SNM



Date

3 Oect,

27

10

16

12

12
27

10

Dec.

Aug.,

Oct.

Nov.

Dec,

Dec.

Jan.

Mar.

July

May

May

May

Sep.

66

66

67

67

67

67

68
68

69

69
69

69

Table 4.2.

Origin

Time

02126

10:10
13:25:

10:20
05:09:

11:09

18:30

09:17:

21:54:23.3 3.2(ML)

14:02:

08:26:18.7 3.8(Mp)

08:49:
14:15:

21:00:

02.3

:37.8

06.2

:14.,0

22.7

:37 .4

:00.1

52.3

42,0

16.3

00.0

00.1

h.s

h,2
5.3

5.2
5.2

5.0

3.9

5.1

4.3
5.0

5.3

89

(continued)

Lat.°N Long.%
37,40 104.10
30.40 105.40
39.90  104.70
38.50 112.10
Lo.00 104.70
30.80 114,10
36.68 107.21
39.3 112.1
32.60 106.10
40,98 117.38
31.93 106.45°
31.93 106.45
37.07 115.99
39.41 107.95

Stations§

AlQ,
LUB,
TFO,

TUC,
DUG,
UBO,

GOL,
JCT,
SNM

ALQ,

ALQ,
TFO,

SNM

LUB,
WMo,

DUG,
UBO0,

LCN,
TJcC

TUC,
ALQ,
WHO,
SNM,

ALQ,

KNU,

TFO

LUB,
UBO,

et

TJC

TUC,

SNM,

DUG,
ILCN,

TF O,

LCN,

KNU,

SNM

ALQ,
LUB,
TFO,
SNHM,
TUC,

LUB,
SNM

DuG,

ALQ,
SNM,

ALQ,

ALQ,

TUC,
DuG,
KNU,
TJC
TFO

ALQ,

UBO

LUB,

SNM

TOC,

GOL,
WMO,
ICN,

WMo,

WHMO,

DUG,

TFO,

ALQ,
SNM

UBO

LUB,

TJC,




Date

19 Oct.

25 Dec,

12 Jan,

23 May
21 Sep.
4 Oct.

9 Mar.

20 Apr.

2 June

*
Only those stations

69
69

70

70
70
70
72

72
72

Table 4.2,

Origin Time My,

11:

12:

11

22
07
17
18

13
03

51:34.4 3.8
49:10.1 4.4

:21:15.4 3.5
1553122 .4 b,6
:04:36.9 L, 4
:39:45.5 5.0
:45:00.0 h.5
:28:16.3 3.7
:15:48.2 4,6

(continued)

Lat.°N Long.°W
30.77 105.72
33.36 110.65
36.07 103.18
38.07 112.40
43.18 110.76
30.63 113.65
37.75  110.49
35.31 111.64
38,64 112,17

underlined gave usable

data.

Stations *

ALQ,

ALQ,
SNHM,

ALQ,
TUC,

TUC,
GOL,

SNM

GOL, JCT,
TJC

LuB, JCT,

SNM
TFO
UBO

TUC, TFO

ALB,
TJC,

ALRQ,

ALQ,

uB, JCT,
SNM

TJC,

SNM, TJC
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epicentral distances, and the velocity derived. Where
there was more than one velocity measured over the sane
interval, the mean value is also given, and is used in

Figure 4.5,

A1l values of velocity from Figures 2.1, 2.5,
and 4.5 are combined in Figure 4.6. Three additional
control points are used, one in western Arizona, (Diment
et al., 1961), one in southwestern Wyoming (Willden,
1965), and one in northern Utah (Braile et al., 1973).
The value of velocity is placed at the mid-point of the
spread or interval over which it Was'measured. Reversed
or true velocities are indicated by solid circles and
are underlined. Apparent velocities are indicated by
open circles and are capped by an arrow showing the

direction of measurement.

The contours of equal V,, in Figure L,6 indicate
a velocity greater than 8.3 km/sec in the Great Plains
of eastern Oklahoma and northeastern Texas. To the
northwest this value diminishes to less than 7.7 km/sec
in the eastern Basin and Range Province of central Utah.
In the Colorado Plateau of southwestern Utah and northern
Arizona, a salient having velocity greater than 8.0
km/sec protrudes to the west. This high velocity is
flanked to the south by an east-west zone of lower velo-

city, which bends southward in western New Mexico. The
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same low velocity zone surrounds a high velocity area
in southeastern Arizona. In New Mexico this low velo-
city zone coincides with the southern part of the Rio

Grande rift.

Figure 4.6 generally resembles Herrin's map of
P, velocities (Figure 2.6). Herrin's dashed velocity
high on the southern part of The Arizona-~New Mexico
border has been confirmed in Figure 4.6, but has been
shifted to the north and west. The east-west low velo-
city zone across central Arizona 1is less pronounced in
Figure 4.6 than on Herrin's map. The velocity high in
the Colorado Plateau has been shifted southward in
Figure 4,6 relative to the same high in Figure 2.6.
Finally the velocity low in central Utah has been in-
creased in magnitude, and has been rotated in a clock-

wise direction compared to the same feature on Figure

2.6.

Herrin's map may lack the data published in 1963,
for sections 9, 10 and 11, in Tables 2.1 and 2.2. It
certainly lacks the data published from 1966 onwards, for
sections 12, 13, 14 and 15 in Tables 2.1 and 2.2. Addi-
tional control in Figure 4.6 not used in Figure 2.6, are
the reversed values of interval velocity obtained in this
study, in New Mexico, Arizona, and Utah, as well as the

point in northern Utah (Braile et al., 1973).
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5. RBEGIONAL CRUSTAL THICKNESS

The apparent dip of the Moho surface can be
deduced from reversed values of P, velocity, as indi-
cated in the previous section. This technique was
employed to study the confiéuration of the Moho, and
with the help of information from previous work, a map

was made of the variation in crustal thickness.

Procedure

The dip of the lMoho was estimated from the
values of reversed P, velocity using the relatlion

(Dix, 1952),
(} = (arcsin(Vl/VZd)«arosin(Vl/VZu))/2

where Vl is the average crustal velocity
Vog 1s the down-dip velocity in the upper mantle

Vo 1s the up-dip veloclty in the upper mantle

An average velocity for the entire crust was used because
the value of velocity in the lower crust aﬁd the dip of
the Conrad discontinuity are not always known. Vl was
assigned a value of 6.2 km/sec, which was the average
crustal velocity deduced by Warren (1969) from reflection

and refraction studies in central Arizona,.
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The 11 station pairs in Table 4.3 which have re-
versed coverage are listed in Table 5.1. Table 5.1 glves
the apparent dip angle across each interval, the tangent
of this angle, the length of the interval, and finally
the change in crustal thickness across the interval. The
second column in Table 5.1 gives the number of measure-
ments which have been averaged to obtain each velocity.
This number is a measure of the relliability of the velo-
cities listed. For example 10 measurements were averaged
to obtain a velocity of 7.75 from SNM to ALQ, and only a
single measurement of 8.07 was available from LCN to TFO.

Therefore the former velocity 1is more reliable than the

latter.

Hesults

The reversed intervals listed in Table 5.1 cover
the two intervals TFO-KNU and UBO-DUG, as well as the 8
closed loops shown in Figure 5.1. Differences in crus-
tal thickness in going around the closed loops are given
in Table 5.2, with a positive sign indicating an increase
in thickness and a negative sign indicating a decrease,
The closure of the last 5 loops in Table 5.2 1is good
whereas the first 3 loops have misclosures of -3.9, -5.3,
and -4.5 km. The first 3 loops all end in the two in-

tervals (TUC-TFO and TFO0-ALQ), which suggests that the
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Table 5.1. Dips and Depths Deduced from Reversed
Velocities.

Number of
Measure- v ‘ Delta
Interval ments (km/sec) (degrees) Tan( 6 ) (km) Z(km)

ALQ~SNM 3 8.18

SNM-ALQ 10 7.75 1.923 0.0336 106 3.6
ALQ-LCN 1 8.06 |

LCN-ALQ 2 7.72 1.572 0.0274 281 7.7
ALQ-TFO L 8.05

TFO-ALQ 5 7.83 0.993 0.0173 442 7.6
ALQ-TUC 3 8.16

TUC-ALQ 5 7.71 2.041 0.0356 493 17.5
SNM-LCN 1 7.96

LCN~SNM 1 7.70 1.235 0.0216 189 4.1
SNM-TUC 2 8.21

TUC-SNM 3 7,74 2.094 0.0366 403 14.7
LCN-TFO 1 8.07

TFO-LCN 1 7.96 0.480 0.0084 482 L,o
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Table 5.1 (continued)

Number of
Measure- \' Delta
Interval ments (km/sec) (degrees) Tan(© ) (kxm) Z(%km)

LCN-TUC 1 8.20

TUC-LCN 5 7.89 1.337 0.0233 394 9.2
TFO-TUC 5 8.21

TUC-TFO 2 7 .88 1.423  0.0248 219 5.4
TFO-KNU 1 7.55

KNU-TFO 1 8.12 2.713 0.0474 339 16.1
UBO-DUG 2 8.28

DUG~-UBO 2 7.18 5,613 0.0983 273 26.8
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Table 5.2, Differences in Crustal Thickness around

the Closed Loops.

Loop Interval _Z{(km)
ATQ-LCN-TUC-TFO AIQ
to ~7.7
LCN
to ~9.,2
TUC
to +5.4
TFO
to +7.6
ALQ -
Misclosure :222~m52
ALQ-SNM-TUC-TFO AIQ
to -3.6
SNM
to -14.,7
TUC
to +5.4
TFO
to +7.6
ATQ .
Misclosure -5.3 km
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Table 5.2 (continued)

Loop Interval Z(kxm)
ALQ-TUC-TFO A1Q
to -17.5
TUC
to +5.4
TFO
to +7.6
ALQ _
Misclosure ;4.5 km
ALQ-LCN-TUC ALQ
to -7 .7
LCHN
to -9.2
TUC
to +17.5
ATQ

Misclosure +0.6 km
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Table 5.2 (continued)

Loop : Interval

SNM-LCN-TUC SNM
to
LCN
to
TUC
to
SNM

Misclosure __

SNM-TUC-ALQ  SNM
to
TUC
to
ALQ
to
SNM

Misclosure

-9.2

+14.7

+1.4 km

¢t 0 @ ot e




Loop

SNM-ALQ~-LCN

LCN-TUC-TFO

Table 5.2
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(continued)

Interval _Z(km)
SNM
to +3.6
ATQ
to -7.7
LCN
to 1
SNM L
Misclosure 0.0 km
LCN
to -9.2
TUC
to +5.4
TFO
to +4.0
ICN
Misclosure +0.2 km




115

error is in these two intervals, The increase in thick-
ness from TUC to ALRQ is 13 km; 5.4 km from TUC to TFO,
and 7.6 km from TFO to ALQ. The misclosure in the 3
loops averages -4.5 km, and would be reduced substan-
tially if the change 1in thickness from TUC to TFO to ALQ
Wwere increased from +13 km to +17.5 km. When the 4.5 km
increase in crustal thickness is distributed between the
2 intervals TUC~TFO and TF0-ALQ, in proportion to their
lengths, the former interval gets 1.5 km and the latter
3.0 km. The first 3 loops adjusted in this way have
good closure as seen in Table 5.3. The only other loop
influenced by this adjustment is the last one in Table
5.2, because it contains the interval TUC-TFO. The ad-
justment causes the misclosure for this loop to increase
from 4+0.2 to +1.7 km, which is tolerable considering the

great improvement in the first 3 loops.

The observed misclosures could be caused by
abrupt changes in crustal thickness near the stations.
If changes occur within the critical distance (about 50
km) of the stations, they would not fully influence the
reversed values of P, velocity. An example of such
changes near TFO, deduced from a detailed seismic survey,

is shown in Figure 5.2.

Two values of crustal thickness are known (num-

bers 8 and 13 in Figure 2.1 and Table 2.1) for converting
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Table 5.3. Adjusted Differences in Crustal Thickness
for the First Three Loops of Table 5.2.

Loop Interval Z(km)
ALQ~LCN-TUC-TFO-ALQ AlQ
to -7.7
LCN
to -9.2
TU0C
to +6.9
TFO
to +10.6
ALQ e
Misclosure +0.6 km
ALQ-SNM-TUC-TFO-ALQ ALQ
to -3.6
SKM
to ~14.7
TUC
to +6.9
TFO
to +10.6
ALQ
Misclosure -0.8 ¥m




Loop

AIQ-TUC-TFO-ALQ

Table 5.3
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(continued)

Interval

ALQ
to
TUC
to
TFO
to
ALQ

Misclosure

Z(km)

-17.5

+6.9

+10.6

0.0 km
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the differences in crustal thickness around the loops in
Figure 5.1 into values of crustal thickness. These two
values are at ALQ and TFO, and have a maximum difference,
according to Table 2.1, of 5 km. However, the difference
between ALQ and TFO, according to Table 5.3, is 10.6 km.
As mentioned in the section on previous work, the crustal
section at ALQ (number 8) is the only one in Figure 2.1
that is not derived from a refraction profile. It re-
sults from a study at a single station, and possibly is
the least accurate section in Figure 2.1. On the other
hand, the section at TFO (number 13) results from a de-
tailed selsmic survey involving tens of field stations.
Consequently the crustal thickness reported for TFO is

the one used 1in the present study.

The closed loops listed in Tables 5.2 and 5.3
were adjusted with respect to TFO., The thicknesses at
the stations were rounded to the nearest kilometer, and
used as control points in the map of crustal thickness,
Figure 5.3. The largest discrepancy between the thick-
nesses used in Figure 5.3 and Tables 5.1 and 5.3 is 2 km
between LCN and TFO, which are the two stations having
the largest distance separation in Figure 5.1. Depth
differences across the two intervals TFO~KNU and UBO-DUG,

from Table 5.1, were also used in Figure 5.73.
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Contour Map

All the sections listed in Table 2.1, except
that for ALQ, are used as control points in Figure 5.3.
In addition control points in southeastern Nevada
(Diment et al., 1961), southwestern Wyoming (Willden,
1965), northern Utah (Braile et al., 1973), and the
thickness derived earlier from the Gasbuggy south pro-
file, are also used. The value at each control point,
in Figure 5.3, is the thickness between the basement
and the Moho, and is placed at the approximate location

of the cross-over distance.

The contours in Figure 5.3 indicate a crustal
thickness greater than 50 km below the Rocky Mountains
in Colorado and northern New Mexico. This thickness
persists into the Great Plains of northeastern New Mexico,
northern Texas and southern Oklahoma. A salient having
a thickness greater than 40 km projects from the southern
Rocky Mountains westward into the Colorado Plateau of
southern Utah and northern Arizona. This region is
flanked to the north by an area having thickness less
than 30 km in central Utah, and to the south by a thin
crust in southeastern Arizona-and southwestern New

Mexico.

Pigure 5.3 bears little resemblance to the map
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of Stuart et al. (1965) shown in Figure 2.2. The only

feature that is common to both maps is the thick crust

in Colorado and northeastern New Mexico. The alterna-

tion in Figure 5.3 of a thin crust in central Utah, a

thick crust in northern Arizona, and a thin crust in

southeastern Arizona and southwestern New Mexico, has

no parallel in Figure 2.2. The crustal thicknesses

shown indicate that the Colorado Plateau Province

(Figure 1.1) is underlain by a thick crust, and that

the Basin and Bange Province is underlain by a thin

crust.

The reason Figure 5.3 differs from the map by

Stuart et al., is that it is based on the following

additional control points not used in the earlier study :

(1)

(2)

(3)

(4)

(5)

Sections 11, 12, 13 and 14 in Tables 2.1 and 2.2

Control points in southwestern Wyoming (Willden,

1965), and northern Utah (Braile et al., 1973).

The thicknesses at ALQ, SNM, LCN, TUC and TFO, which
result from the 8 loops shown in Figure 5.1, and

which are internally consistent.

Approximate thicknesses at KNU and UBO from reversed

Pn information.

The depth derived earlier in this study from Gasbuggy.
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6. SUMMARY

Interpretation of the seismic profile extending
southward from the Gasbuggy nuclear test of 10 December
1967, yielded the following crustal structure at a point
located 50 km west of ALQ. The crust between the base-
ment and the Moho is 39.9 km thick. It consists of an
upper layer 18.6 km thick héving Py velocity 6.15 km/sec,
and a lower layer 21.3 km thick having apparent P* velo-
city 6.5 km/sec. The uppermost mantle has an apparent
Pn velocity 8.12 km/sec. Supplementary informatioﬁ from
earthquakes and explosions indicates that the velocity
in the upper oruét drops to 5.8 km/sec in the Rio Grande
rift, and that the true velocity in the uppermost mantle

is 7.9 km/sec.

A study of interval velocities has shown that
there is no detectable increase in Vn with distance,
which confirms than P, is a true head wave, at least in
New Mexico. Values of P, interval velocity measured in
this study were added to values previously measured, and
the variation in P, velocity was mapped. The V, contour
map derived resemblés, in a general sense, that pre-
sented by Herrin (1966, 1969). The value of P, velocity
decreases westward, from more than 8.3 km/sec in Okla-

homa and northern Texas to 8.0 km/sec in central Colorado
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and central New Mexico., In Utah and Arizona Vh varies

in a north-south sense as well as in an east-west sense,
The southern Colorado Plateau has a high Pn velocity,
greater than 8.0 km/sec, and is surrounded by lower
velocities in the Basin and BRange Province. An excep-
tional region in the Basin and Bange Province is the area
surrounding the seismic station TUC which has a P, velo-
city greater than 8.0 km/sec. In western New Mexico a
strip about 100 km wide from Grants to Las Cruces has a
P, velocity lower than 7.9. This strip covers the south-

ern portion of the Rio Grande rift.

Differences in crustal thickness wWere estimated
from the values of reversed Pn velocity. Closure, around
loops of stations, of these differences was satisfactory.
Four additional control points were added to the map of
crustal thickness in this way. Moreover, approximate
estimates of crustal thickness, from reversed Pn velo-
cities, were made at the 2 seismic stations KNU and URBO,
which did not form part of closed loops. Contours of
crustal thickness indicate that the crust is more than
50 km thick in Oklahoma and northern Texas. This coin-
cides with the area of highest Py velocity. Coincidence
of thick crust with high upper mantle velocity has been
noted by various investigators, for example Pakiser

(1963). The same pattern occurs in northern Arizona
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and in Utah. The southern Colorado Plateau Province has a
crustal thickness greater than 40 km and a high P, velocity.
The Basin and Range Province in central Utah has a crustal

thickness less than 30 km and a low Py, velocity.

Elsewhere the association of thick crust with
high Pn velocity is not so clear. In Colorado, crustal
thickness in excess of 50 km does not coincide with hiéh
P, velocity. In southwestern New Mexico the crustal
thickness of 35 km to the west of SNM is only partly
matched by a low P, velocity. In southeastern Arizona
the high Pn velocity near TUC is associated with rela-

tively thin crust.

In the state of New Mexico, maximum variation in
both crustal thickness and P, velocity occurs from the
northeast to the southwest. Pn velocity, greater than
8.1 in the northeast portion of the state, drops to less
than 7.9 southwest of LCN, Crustal thickness, greater
than 50 km in the northeastern portion of the state,

diminishes to less than 30 km in the southwestern corner.

The Datil-Mogollon volcanic field of western New
Mexico extends from the latitude of Socorro to the
Mexican border (Figure 1.3). This area has both a thin
crust and a low Pn velocity, which confirms that it is

an extension of the Basin and Range Province into New
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Mexico, These results are in harmony with the obser-
vations, mentioned in the introductory section, of high

heat flow and numerous hot springs in this area.

At the level of resolution avalilable in this
study, no strong anomaly could be related to the Rio
Grande rift. The largest observed anomaly was a drop
of about 5% in the upper crustal seismic velocity, from
6.15 km/sec to 5.8 km/sec. The drop in P, velocity
centered on the western flank of the southern portion
of the rift was less, about 21%. Detection of a thin
crust, or a mantle bulge, underlying the rift (Lipman,

1969), was beyond the resolution of this study.
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APPENDIX I

Geologic Corrections for Gasbuggy

A computer program is presented which (1) makes
linear least squares fits of the observed Pg arrival
times, (2) makes geologic corrections to all the ob-
served arrival times, by placing the shot and all sta-
tions on Paleozoic basement rocks, (3) makes linear
least squares fits of the corrected P8 arrival times,
(4) makes linear least squares fits of observed Pj,
arrival times, (5) makes linear least squares fits of
the corrected P, arrivals, and finally, (6) plots all the
observed and corrected arrivals and the 4 least squares

lines, as in Figure 3.4.

Comment cards in the program indicate when each

operation 1is performed.
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APPENDIX TII

Arrival Times Calculated from a Given Model

A computer subroutine is presented to calculate
and plot the arrival times for Pg, P*, Pn, PoP, and
P,P for the crustal model shown in Figure 3.8. The

symbols denoting the various arrivals are identified

in comment cards in the program.
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APPENDIX III1

Error in Velocity Resulting from a Given Epicentral Error

A computer program is presented Which glves the
percent relative error in the distance between SNM and
ALQ, along the radial from the El Paso earthquake of
12 May 1969, resulting from an epicentral error of 15 km.
The azimuth of the 15 km epicentral error is varied from
zero to 360° in 10° increments, and the error in distance
between the two stations is calculated as a function of
this azimuth. The variables in the computer program are

defined as follows

U azimuth of the epicentral error, measured from

due east.

Y projection of the epicentral error on the east-

west direction.

X projection of the epicentral error on the north-

south direction.

DLON Longitude of the epicenter in minutes of arc, ad-
justed for epicentral error (Richter, 1958;

Appendix XII).

DILAT ILatitude of the epicenter in minutes of arc, ad-
justed for epicentral error (Richter, 1958;

Appendix XII).
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ELAT DIAT in degrees
ELON DLON in degrees
ALAT and ALON coordinates of SNM
BLAT and BLON coordinates of ALQ

The next 22 statements are calculations of distances from

the epicenter to both stations, according to the geo-

detic formulas of Ball (1972).

{ DLDS the distance between SNM and ALQ measured along

the radial from the epicenter, for a given epi-

central error.

ERR ‘the error in distance = DLDS minus the distance

for zero eplcentral error.

PERR percent error in distance.
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