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ABSTRACT

The Duice, New Mexiéo; earthquake of January 23, 1966,
was studied, using the nuclear explosion, Gasbuggy; as a
control in sbme of the analyses. ,Gasbuggy occurred on
December 10, 1967, about 40 kilometers southwest of the
earthquake epicenter,

The earthquake's origin'time and coordinates were de-
termined by subtracting the distance and time residuals for
Gasbuggy from those for the earthquake. The results were
an origin time of Olh 56m 39.3s GMI and coordinates of
36.956° north latitude and 106.95°% west longitude.

The focal meéhanism of the earthquake was determined
from the first motion of the initial P phase on short-period
records. The result of this study was that the earthguake
probably ocecurred as a result of right-lateral strike-~-sglip
movement on a fault striking N18°W and dipping 79° ENE.
Movement on the fault plunged 20° in a direction N14°W. The
distinction between the fault plane and the auxiliary plane
was based on geologlecal considerations.

The magnitudes of the earthquake and the nuclear ex-
plosion were calculatéd from only those seismograms which
vlelded good amplitude data for both events. Three types

of magnitude were considered: m, from the refracted P

phase; Mg, from the direct P phase; and Ms’ from surface




(Rayleigh) waves., The calcuiéted average vaiues of the
magnitudes for the earthquake were m = 5.1, mg = 5.3, and

Mg,

1]

h.9. For Gasbuggy the values were m = 5.1, mg = 4.6,
Mg = 4.3.' Thervalue of m was the same for both events,

but mg and Mg were considerably larger for the earthquake
than for the nuclear exploslion. This difference reflects
the difference in the source mechanisms and lends support

to the strikénslip mechanism for the earthquake. The varia-
tion in the vaiueé of eaéh type of magnitude from station to
station was the same for both events. Therefore, the scatter
in the calculated magnitude values for both Selsmic events
was probably the resultvof varlations in ecrustal and upper
mantle structure,

The source durations of the Dulce earthquake and
Gasbuggy were determined from the ratio of the amplitude
spectra and were found to be 1.8 and 0.5 seconds, respec-
tively. The radius of the nuclear explosion was calculated
from the time duration to be 0.75 kilometers. Similarly,
the linear source dimension of the earthquake was found to
be 6.3 kilometers if the fault propagated unilaterally, and
12.6 kilometers if the fault propagated bilaterally. Fault
dimensions calculated from magnitude m and the period of %the
largest Rayleigh wave were 16 and 12 kilometers, respectively,
From relationships between fault dimension, displacement, and
magnlitude, the displacement during the earthquake was calcu-

lated to be about 1 centimeter,
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1. INTRODUCTION

Slgnificance of the Dissertation

On January 22,.1966, at 6:56 P. M. MST, a moderately
'damaging earthquake occurred.in the vicinity of Dulce,
New Mexico. U, 3. Coast and Geodetic Survey (now National
Ocean Survey ) assigned the event a magnitude (mb) of 5.5,
a location of 37.0° north latitude and 10%;00 west longi-
tude, and an origin time of Olh 56m 38.8s gMT, (Von Hake
and Cloud, 1968). The depth was arbitrarily taken to be
10 kilometers,

| 'There are several reasons for investigating this rela-
tively moderate strength earthquake. First, an earthquake
of thls magnitude could have been more serious if it had
struck in an area of higher population density than Dulce.
For example, a pair of earthquakes of about this magnitude
(5.6 and 5.7) occurred on October 1, 1969, at Santa Rosa,
Célifornia, doling damage to buildings estimated at six
million dollars (compared to $200,000 at Dulce) (Steinbrugge
et al., 1970). Steinbrugge et al. further estimated that a
shock of this magnitude in San Francisco or Los Angeles
could cause damage of 25 million dollars or more,

Second, earthquakes of this magnitude (my, = 5.5 ¢GS)

and maXimum intensity (VII M. M. ) are rare in the Southern

Rocky Mountain region. Reports by Sanford (1965) and




Sanford and Cash (1969) show that between January 1, 1962,
and December 31, 1967, the largest shock ih New Mexico,
other than those near Dulce, was one of magnitude 4.5 (my )
near the New Mexico-Colorado border between Réton and
Trinidad. 7

Richter (1959) lists 27 significant events on groups of
events which have occurred in the U. S. outside of
California and Western.Névada between 1663 and 1954, of
Cthese, the closest to Dulce was a group of shocks, in 1906,
near Socorro, New Mexico, 300 kilometers soubh of Dulce.
These last events had reported intensities as high as VIIT
(M. M.) (Sanford, 1963) and one was felt over an area of
100,000 sqguare miles. The area of perceptibility indicates
a shock of about magnitude 6.

The seismic history of Colorado shows that since 1944
(1) three shocks having maximum reported intensities of VI
have occurred in southwest Colorado in the vicinity of
Montrose, 200 kilometers northwest of Dulce, and (2) one of
intensity V occurred in Conejos County, Colorado, just
northeast of Dulce, in 1952 (Simon, 1969). The only event
before 1960 with a reported maximum intensity (VII) as great
as the main shock at Dulce was one which occurred in 1882 in
the Denver-Boulder vicinity. In the mid-1950's considerable

seilsmic activity was induced by fluid injection into the

000 meter deep Rocky Mountain Arsenal disposal well nearp




Denver (Evans, 1966). Three of these évents had magnitudes
mp > 5.

One earthquake has been report@d to have affected-an
area very close to Dulce on May 4, 1900. Accordlng to an
historical account in the Albuquerque Journal (1950), i1t was
"a terrific earthquake shock . ., . especlally severe at
Monero, Lumberton, and Edith." No magnitude or intensity
values for this event are available,

A third reason for studying the earthquake at Dulce is
1ts proximity to Important tectonic features; the Colorado
Plateau, the Rio Grande graben, and the Southern Rocky
Mountains. Any information which can be learned about the
seismicity of this area may contribute to an understanding
of the current tectonics of these geologically and geo-
physically important reglons and thelr relation %o plate
tectonics (Isacks et al., 1968).

A fourth reason for studying the Dulce shock 1is that
1ts epicenter lies within 40 kilometers of the nuclear ex-
plosion, Gasbuggy. This underground detonation took rlace
southwest of Dulce (36.68° north latitude, 107.21° west
longitude) on December 10, 1967, at 19h 30m 00.1s GMT. The
purpose of this man-made shock was to determine the feasi-
bility of stimulating gas production with underground nu-
clear explosions. A fairly complete report of the seismic

aspects of Gasbuggy is given by Reagor et al., (1968).




\The body wave magnitudevof the Gasbuggy explosion was
about the same as that of the Dulce shook.A The near co-
1ncidehce in locetions and similarity'in magnlitudes permits
a comparative study of these two types of seismic events
which 1s seldom possible. In addition, the aceurately known'
origin time and coordinates of Gasbuggy provide.the control
necessary to accurately determine origin time and location

for the Dulce earthquake.

Purpose of the Dissertation

The purpose of thls dissertation 1s four-fold: (1) %o
improve the location of the Dulce shock using the huclear
‘explosion, Gasbuggy, as a control; (2) to determine the
focal mechanism of the Dulce earthquake; (3) to compare the
magnitudes of the earthquake with those of the nuclear ex-
plosion; and (4) to ascertain the fault parameters of both

events from all available information.

Macroselsmic Observations of the Dulce Shock

An account of macroseismic effects of the earthquake is

glven in U. S. Earthquakes, 1966 (Von Hake and Cloud, 1968).

On the basls of interviews conducted in person and by post-
card questionnaire, the earthquake was assigned a maximum
intensity of VII. The isoseismal areas are roughly circular
wlth the radii approximately as follows: VII, three

kilometers; VI, seven kilometers; IV-V, fifty kilometers;

I-IIT, 100 kilometers., However, macroseismic information o
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the west'of Dulce is quite sparse, owing to a very low
population density; Néverthelesg, as the town of Dulce was
the sole victim of any significant damage, 1t appears likely
that‘the eplcenter was not far from the town., The factual
observations whichvfolloﬁ were made by F. H. Werner and

J. P, Hoffman of U, S, Coast and Geodetic sSurvey's selsmo-
logical observatory at Albuquerdue and were taken from

U, S, Earthquakes, 1966. Further detalls of the effects of

the tremor are contained therein.

The éarthquake was felt at distances of more than 100
kilométers, covering an area of about 40,000 square kilo-
‘meters (15,000 square miles). The greatest damage, 1in
Dulce, occurred at two schools: The Bureau of Indian
Affairs (BIA) School and the Dulce Independent Schools. Ak
the latter, damage included 162 broken window panes, a great
deal of cracked masonry, but apparently no basic structural
damage.

The BIA School complex suffered extensive interior and
exterior damage. Two-story dormitories at this school, lo-
cated wilthin 1000 feet of the buildings of the Dulce
Independent Schools, showed vertical cracks running from
ground to roof in some of their outside walls. It is un-
known to this writer whether the walls that cracked were
structural members; however, these bulldings were evacuated

for a time subsequent to the earthquake. Another BIA bulld-

ing, nearly sixty years old, had bricks displaced about two




inches from vertical alignment and a sixty-foot smoke stack
leaned so much that only guy wires prevented its falling.

In contrast to the relative violence of the shock at
Dulce, the village of Lumberton, not wore than about seven
kilometers to the east, experlenced only slight damage. For
example, St. Francis Catholic Parish, in thatlcommunity, had
only minor damage to its chureh and school, which are con-
structed primarily of adobe, a construction materlial well-
known for its vulnerability to selsmic tremors. Likewise,'
twenty kilometers to the south of Dulcé, an 0ld adobe house
suffered no damage. To the northeast about eight kilometers
.at Edith, Colorado, the shock was felt by all of 1ts five or
six resident families, but damage was confined to a few
fallen objects,

Two rather interesting, and perhaps meaningful, obser-
vations are the reports of north-south motion of the ground,
as Judged by the direction in which most objects fell, and
accompanying rumbling noise coming from the general direc-
tion of Archuleta Mesa (Just north of Dulce), as reported by
observers northeast, east, and socuth of Dulce.

Numerous aftershocks followed the Dulce earthquake, the
largest of magnitude my = 4.6, but no foreshocks were re-
ported., During the first week following the main shock the
Albuquerque seismological center recorded 119 events from

the Dulce area. Three temporary selismic stations were in-

stalled by personnel of the Albuguerque center in the




vieinity of Dulce on January 28. During the flrst week of
'their-operation these stations recordéd 218 aftershocks. A
few of the largest aftershocks were located as shown on the

map of Figure 2-6.

Geology of the Dulce Area

" The town of Dulce lies in Rio Arriba County, New
Mexico,'at the east side of the Jicarlilla Apache Indian
Reservation‘and about eight'kilometers south of the New
Mexico-~Colorado bhorder.

The eplcentral region of the Dulce earthquake lies near
the northeast rim of the San Juan Rasin where the basin |
Joins the Archuleta Arch. This is véry close to the eastern
boundary of the Colorado Plateaus Province where that
province joins the Southern Rocky Mountains Province.

In this area the exposed rocks consist of the follow-
ing, in order of increasing age: Animas Formation,
Fruitland Formation, Pictured Cliffs Sandstone, Lewis Shale,
Mesaverde Formation, and Mancos Shale, all of Upper
Cretaceous age,

North of the town of Dulce is Archuleta Mesa, topped by
an auglte-~andesite sill which was intruded into the Animas
Formation during Mlocene time. Slightly younger than the
sill on Archuleta Mesa is a swarm of north-south trending

bilotite-hornblende lamprophyre dikes, extending southward

from the New Mexlico-Colorado border over an area 60




kiiometefs long and about 25 kilometers wide. Still younger,.
but also of Miocene age, are normal faults which, . in ﬁhe
vicinity of Dulce, strike about N30°W and are downthrown to
the southwest. .One such fault is clearly visible; even {rom
some distance away, in the sill on top of Archuleta Mesa.

The three features, Archuleta Mesa, the‘lamprophyre dikes,

and the faults, are shown in Figure 2-6. Additional geo~-

logic information is available in Dane (1948) and Bingler
(1968).




2. REVISION OF LOCATION AND ORIGIN TIME

Introduction

U. S; Coast and Geodetic Survey (Von Hake and Cloud,
1968) calculated the coordinates of the main Dulce earth-
quake to be 37.0° north latitude by lQ?.OD west longitude
and the origin'time to be Olh 56m 38.8s GMT. These values
were determined by computer techniques which began with an
assumed hypocenter and origin time and, through-successive
iterations, converged to values of these quantities which_
had minimum standard deviations (Engdahl and Gunst, 1966)f
‘The location corfesponds to a polnt about 10 kilometers
north of Dulce.

The nuclear explosion, Gasbuggy, was detonated within
40 kilometers of Dulce. Because of Gasbuggy's near proxim-
ity to Dulce, its well-known coordinates and origin time
were used in this dissertation as a basis for revising the

origin parameters of the Dulce earthquake.

Method

Basis of the Method.

The basic principles of the method developed in this
paper are outlined by Richter (1958, p. 318-319). Briefly,
this technique involves the following steps:

(1) Assume an approximate epicenter and origln

time (TO1).
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(2) Determine distances (DIST1) and azimuths
(AZ1) from this epicenter to each station.

(3) Ccalculate the travel time (P - TOl) using
“the observed arrival time of P and find the corre-
sponding distance (DIST) from the epicenter.

(4) Subtract DIST1 from DJST and call this differ-
ence the distance residual, DRES. Plot DRES for each
station against the correspending azimuth. |

(5) Fit the resulting graph to a sinusoid curve
whose argument variable is the azimuith, AZl. The re-
quired adjustment in epicentral location may be read
directly from this graph on the basis of the principles
which follow below.

Principles of the Method.

Flgure 2-1 shows a hypothetical case in which the
fltted curve has the form

DRES = B + A sin(AZl + g), (2-1)
where A - 0.20, B = 0.015 and B = =45, The parameter A 1s
the distance of shift (in degrees) from the assumed epl-
center, while the value of azimuth at which the curve is a
maxlmum, in this case 135°, 1s the direction of the shift.
At 135° DISTL is too small and therefore the true epicenter
lies farther away from stations lying in that direction by
an amount equal to A.

The parameter B is a measure of the incorrectness of

choice of origin time. If the origin time 1s chosen
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correctly, B is zero. If, instead bf caleulating the
distance résiduals, we calculate the time residuals,

TRES = (P - TOL) (obs) - (P - 0) (cale), (2-2)
~where (P - 0) (calc) is based on the distance to the as
sumed epicenter, welwould now obtain a curve of time resid-
ual as a function of azimuth. If the average time residual
is too large, the "observed" values of (P - TOL) are, on the
average, too large. This in turn means that the quantity
TOL 1s too small (too early), i.e., the correct value of
origin time 1s later than the one ﬁhich was assumed.

Some of the‘poséible errors in the aboﬁe procedure
“should be pointed out. * For the most part, these are azimu-
thal variations of travel time about the epicenter arising
from variations in ecrustal and upper mantle structure. This
type of variation may show some symmetry as In the case when
the Moho dips uniformly beneath the fbcus; or it may be
quite randomly related to azimuth as in the case when the
crustal rock is non-uniform near the foeus. In addition,
geologic conditions beneath the individual stations can have
an effect on the travel times.

Still another source of error lies in the applicability
of the travel-time tables used. Because seismic velocities
vary from reglon to region, no single set of travel-time

tables is applicable to all regions. For example, 1t is

quite unlikely that the 1968 Seismological Tables for
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P Phases (Herrin et al., 1968) used in this disSertation,.
apply to northern New‘Mexico very accurately,

Most'of the errors mentioned above can be removed by
adopting a procedure which involves using the differences
between the corresponding residuzls for Gasbuggy and the
main Dulce earthquake.

Actual Method Used; Gasbuggy Control.

There are two ways in which an undergfound,nuclear
explosion can be used to improve the eplcentral determina-
tion of an .earthquake occurring nearby. The first method is
to utilize the explosion to produce a travel-time curve or
- table that is uniquely applicable to that focal region and
to the seismic stations involved. This procedure can remove
all errors arising from variations in (1) erustal and upper
mantle structure, and (:) geologlc conditions near the sta-
tions. The problems assoclated with a standard travel-time
curve (or table) are eliminated because the one produced 1is
unigque to the foecal region and travel paths to which it
applies.

The second method, the one used in this study, accom-
plishes the same result and eliminates the need for the in-
termediate step of assembling travel-time data into a curve
or table. This technique 1s to Qlot the differences between
the residuals for the two events,

DELR = RES(Dulce) - RES(Gasbuggy ), (2-3)

Labbrieasi}
N.MLMT.
£¥OLLEGE DIVISION
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where RES refers elther to the distance residual or the time
residual.',The abseissa 1s the azimuth from the epicentral
reglon ED the selsmograph station. 1In this study, the two
events are separated by about Qo'kilometers 80 that an aver-
age value of the azimuths with respect to the two events is
vused. For example, in tne case of the closest station
(ALQ), the difLerence between the two values 1s 10° (160°
versus 170°) and the average value of 165° 'is therefore used
in plotting ALQ's residuals. TFor all the 75 stations used,
10° is the greatest difference between the two azimuthal
values.

Flgure 2-2 is a diagram of the distance residuals for
Gasbuggy, using the 1968 Seismological Tables for P Phases
(Herrin et al., 1968). Even though that event's location
and origin time are well known, the residuals are not small.
The observed residuals indicate the 1968 Seismological
Tables do not accurately give travel times from events oc-
curring in the neighborhood of Dulce, New Mexico.

Flgure 2-3 is a diagram of the distance residuals for
the Dulce shock, using the same travel-time tables. The
distance residuals consist of two superimposed components.
The first is nearly the same set of residuals as seen in
Figure 2-2 for Gasbuggy; the second is the set of residuals
due to incorrect choice of eplcentral coordinates and origin

time for the earthquake. If the Gasbuggy residuals are sub-

tracted from the residuals of the Dulce shock, the first
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compoﬁent 1s eliminated. The second component, the set of
residuals whicﬁ remains, yields information.on the required
shift in epilcentral coordinates and ofigin time for the
earthquake.

Tables 2-1A and 2-1B list the daté used in §Onstruct~
ing Figures 2-2 ang 2-3, respeotively. Table 2-2 gives the
data used in Figures 2-U4A and 2-4B which are the plots,
respectively, of distance and time residual differences for
the two events,

Both Flgures 2-4A and 2-4B show a great deal of
scatter, especially ih a 90O quadrant centered along bthe
‘north~south line. However, visual examination shows that a
Sine curve with phase @ = 0 (see Equation 2-1) is a fair fit
to the data. To test this possibility a least square fit
was made to an equation of the form,

RES = AO #+ Al sin(AZ + &),
with @ = O. The result for the data in Figufe 2-4A was

A0 = + 0.062 deg, and

i

Al

1

+ 0,131 deg.

That the condition @ = O was a correct assumptcion 1s evi-
denced by the fact that AQ = 0,062 lies within the cluster
of points for the 20 LASA (Large Aperature Seismic Array)
stations, which are loecated very nearly due north of Dulce.

In a simllar wmanner, a least square i1t of the same

form was applied to the data displayed in Figure 2-4B and




Table 2-1A, Statien Data

- Location for the Main Dulce

Pertinent to

e Shock.

Station Distance. Distance P-Arrival

AAM

ALQ

(deg)

.73

9.80
9.68
9.70
9. 81
9.88
9.72
9.61
9.77
9.90
9.58
9.98
10.21
9.61
9.19
9.79
10.47
9.00
9. 00
10, 44
18.61
2.06

(Km )
1081
1089

- 1075

1078
1090
1098
1080
1068
1085
1100
1064
1109
1134
1068
1021
1088
1163
1000
1000
1160
2068

229

h m

01
Ol
01
01
0l
Ol
Ol
01
Cl
Ol
0l
Ol
ol
0l
01
01
Ol
01
0l
01
o2
0l

58

59
58
58
59
29
58
58
59
59
58
59
59
58
58
59
59
58
58
59
oL

57

(gM1)

3
59.6
00.4
58.5
59.0
00.7
01.9
59.4
57.8
00.0
01.6
57.4
03.0
05.4
58.0
52.1
00.2
10.0
ho.6
h9.6
09.3
00.0
1h.6

18

the Bpicenter

Time Distance
Residual Residual
(sec) (deg)
1.8 0.14
1.7 0.12
1.4 0.10
1.6 0.12
1.8 0.14
2.0 0.15
1.8 0.13
1.5 0.11
.7 0,12
C.8 0. 06
1.6 0.11
1.8 0.13
2.1 0.16
1.9 0.14
1.7 0.12
1.6 0.12
2.0 0.15
1.8 0.13
1.8 0.13
1.9 0.14
6.0 0.52
1.9 0.14




19

Table 2-1A. (continued)

Statlion Distance Distance P-Arrival Time Distance

(GMT) Residual Residual

(deg) (Km) h m S (sec) (deg)
BCN 6.45 717 0l 58 15.3 2.4 0.18
BMO 11.11 1234 0l 59 20.7 2.7 0.20
BOU 3.29 366 01 57 32.8 2.8 0.20
BOZ 9.33 1037 0L 58 55,4 3.1 0.23
- BUT 9.98 1109 01 59 02.7 1.5 0.11
CMC 31.20 3466 02 03 €0.0 3.2 0.36
COL 36.79 1087 02 03 49.9 b5 0.53
CPO 17.22 | 1913 02 00 40.5 3.4 0.27
DEN 3.18 - 353 01 57 30.4 2.2 0.16
bua 5.63 625 0L 58 04,1 2.1 0.15
EDM 16.86 1873 02 00 35.0 2.5 0.20
EPT 5.21 579 0l 57 56.0 0.2 0,01
EUR 7.55 839 Ol 58 31.3 3.2 0.23
FGQU b Lo 489 01 57 47.2 3.1 0.23
FLN 72.31 8034 02 08 07.9 b7 0.80
GCA 3.75 417 01 57 36.6 0.6 0.02
GOL 2.98 331 0L 57 28,5 3.0 0.22
GRR 72.36 8039 02 08 08.7 h,9 0.82
GSC 8.17 908 01 58 39.0 2.6 0.19
HCU 3.69 410 0L 57 38.0 2.8 0.20
JAS 10,78 1198 01 59 15.6 3.7 0.27
KTG 53.82 5979 02 06 03.2 3.1 0.42
LOG 6.09 677 01 58 10.6 2.6 0.19
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Table 2-1A. (continued)

Station Distance Distance P-Arrival Time Distance

(GMT ) Residual Residual

(deg) (Km ) h m s (sec) (deg)
LON 14,75 1639 02 00 12.0 6.7 0.50
LOR T4, 64 8293 02 08 26.9 9.9 1.70
LUB 5.33 592 0L 58 02.6 5.1 0.38
MAT 85,20 9466 02 09 16.5 2.5 0.50
. MBC 39.66 Li.06 02 O4 13.2 3.8 0.46

MHC 11,74 1304 01 59 29.9 5.1 0.38
NOR 53.52 5946 02 06 01.0 3.0 0.41
NRR 10.48 1164 0l 59 07.6 -0, U ~0.03
NUR T4. 37 8263 02 08 21.6 6.2 1.06
ORV 11.74 1304 01 59 30.0 5.1 0.38
OTT 2k.75 2750 02 02 04,0 5.3 0.56
OXF 14,39 1599 02 00 03.6 3.1 0.23
PBJ 22.92 2546 02 0L 44.1 3.3 0.33
PRY 11.08 1231 0l 59 23.0 7.0 0.52
RCD 7.63 848 01 58 34.6 5.3 0.39
RES 38,14 Lao37 02 o4 01.0 4.3 0.51
Scp 22.82 2535 02 01 45,8 5.8 0.59
SLC 5.40 600 01 58 01.7 3.1 0.23
SLD 11.42 1269 0l 59 25.1 L. 5 0.33
SLM 13.25 1472 0l 59 49,5 b1 0. 31
SNM 2.90 322 01 57 25.8 1.6 0.12
SSF T4.33 8258 02 08 26.4 11.2 1.92
TFO 4, hs5 hol 0L 57 47.3 1.9 0.14




Table 2-1A. (continued)

Station

TNP
TUC
TUL
UBO

WSC

Distance

(deg)
8.25

Distancé
(Km )
017
628

999
438
1049
789
2605

P-Arrival
(GMr)

h

01
01

0l
01
Ol
ol
02

m
58 38,
58 03.
58 53.
57 4o.
58 57.
58 26,
o1 52.

s
8
2

0
8
7
4
6

21

Distance

Time

Re?iggil Re?§g§%1

1.2 0.09

3 0.09

5.4 0.40

1.9 0.14

h.o 0.29

4.5 0.33
6.4 0.65




Table 2-1B,

Station Da

Location for Gasbuggy.

Station

A0
Bl
B2
B3
Bl
c1
ce

ch
D1
D3
DA
El
E2
E3

Fl1
F2
F3
F4
AAM
ALQ

Distance
(deg)
10. 04
10.11

9.99
10.00
10.11
10.19
10,03

9.92
10.08
10,21

9.89
10.28
10,52

9.93

9.49
10.09
10.80

9.32

9.30
10.74
18.96

1.84

Distance
(Km )
1115
1123
1110
1111
1123
1132
1114
1102
1120
1134
1099
1142
1169
1103
1054
1121

1200
1035
1033
1193
2106

204

P~-Arrival

n
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19

.M
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
34
30

(GMr)

3
26.0
26.9
25,0
25,5
27.2
27.7
25.5
243
25.3
28. 4
240
29.9
32.7
2L, 5
18.9
26.7
36.9
16,4
16.1
35.8
25.0
33.4

22

ta Pertinent to the Epicenter

Time Distance
Residual Residual
(sec) (deg)
1.2 0.08
1.1 0.08
0.9 0.056
1.2 0.09
1.3 0.11
0.8 0.06
0.8 0.056
1.1 0.08
1.0 0.07
0.6 0.03
1.3 0.09
1.8 0.13
1.4 0.10
1.2 0. 08
1.5 0.11
1.2 0.10
1.8 0.13
1.3 0.10
1.4 0.10
1.5 | 0.11
3.7 0.32
1.0 0.07
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Table 2-1B, (continued)

Station Distance Distance P-Arrival Time Distance .

(gMT ) Resldual Residual
(deg) (Km) h m s (sec) (deg)
BCN 6.18 687 1931343 2.0 0,15
BMO 11.17 1241 19 32 43.9 3.7 0.27
BOU 3.66 407 19 31 00.1 2.1 0.18
BOZ 9.52 1058 19 32 20.9 3.1 0.23
por 10.16 - 1129 19 32 29.4 2.9 0.21
cHe 31.47 3496 19 36 24.7 2.1 0.24
cor, 36.94  hioh 19 37 13.8 4.1 0.48
CPO 17.48 1942 19 34 6.4 2.9 0.23
DEN - 3,55 394 19 30 58.9 - 2.7 0.20
DUG 5.62 624 19 31 26.0 1.4 0.10
EDM 17.09 1899 19 34 00.7 2.1 0.17
EPT 4. 94 549 19 31 14.5 -0.8 -0.06
EUR 7.4 827 19 31 52,2 2.7 0.20
FGU 4,58 509 19 31 12.7 3.5 0.26
FLN 72.69 8076 19 41 32.6 3.4 0.57
GCA 3.52 391 19 30 58.8 3.0 0.22
GOL 3.35 372 19 30 55.6 2.1 0.15
GRR 72.75 8083 19 41 33.1 3.6 0.60
GSC 7.88 875 19 31 59.0 3.5 0.26
HCU 3. 74 416 19 31 01.0 2.2 0.16
JAS 10.59 1177 19 32 36.7 I 0.32
KTG 54,19 6021 19 39 28.2 1.8 0.25
LOG 6.19 688 19 31 34.2 2.0 0.15




Table 2-1B.
Station Distance
(deg)
LON 14.80
LOR 75.03
LUB 5.35
MAT 85.22
MBC 39.94
MHC 11.53
NOR 53.86
NRR 10.35
NUR Th.T7h
ORV 11.59
OTT 25.11
OXF 14.61
PBJ 22,78
PRI 10.83
RCD 8.00
RES 38.46
SCP 23.14
SLC 5.46
SLD 11.21
SLM 13.56
SNM 2.62
SSF Th.72
TFO 4,08

{continued)

Distahce
(Km )
1644
8336

594
oU68
Lh37

1281

5984
1150
8304
1288
2790
1623
2531
1203

889
4273
2571

607
1245
1507

291

8301
453

PeArrival

h
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19

(Gmr)

m
33
41
31
4o
37
32
39
32
41
32
35
33
35
32
32
37
35
31
32
33
30
4y

51

37.
50.
23.
39.
38.
50.
27.
32.
45,
50.

27.
05.
hi,
00.
24,
10.
b2,
7.
13.
hi,
50.
05.

)

6

Time

(sec)

24

Distance
"Residual Residual

(deg)

O.

0
0

H

1
0.

66

.32

20

0.30
0.

36

.38
43
.
0.74
0.36
0.32
0.07
0.22
0.66
0.
0
0
0
0
0
o

2l

2k

.13
43
.16
N
.08
. 056
.55

. 16




Table 2-1B. (continued)

Station

TNP
TTC
TUL

WMO
WsC

Distance
(deg)
8.07
5.27
9.23
4.09
9.35
7.27
23.76

Distance

(Km)

P-Arrival
(amr)

m
19 32
19 31
19 32
19 31
19 32
19 31
19 35

S
00.1
20.4
18.0
6.4
18.3
50.5
16.5

25

Time Distance
Residual Resigdual
(sec) (deg)
2.1 0.15
0.6 0,04
4.2 0.31
2.9 0.21
3.0 0.22
3.4 0.25
3.8 0.39

:
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Table 2-2. Residual Differences (Dulce - Gasbuggy)

Station  Average Time Residual Distance Residual
Azimuth Difference Difference
(deg CW (Dulce - Gasbuggy) (Dulce - Gasbuggy)

from N) (sec) (Geg)
*% AQ 3 0.6 0.04
*¥¥ Bl 3 0.6 0. O

%% B2 3 0.5 - 0.04
#% B3 2 0.4 | 0.03
%% Bl 3 0.5 0. Ol
#% C1 3 1.2 0.09
*¥%x C2 4 1.0 0.07
*¥¥ (3 3 0.4 0.03
% Cl 2 C.7 0.05
®% DL 4 0.2 0.01
% DI 2 0.3 0.02
% DU 2 0.0 0.00
#% E1 3 0.7 | 0.05
*¥ E2 6 0.7 0.05
*¥*% E3 2 0.2 0. 01
®% Bl 0 0.4 0.03
*% Rl 6 0.2 0.01
*% B2 6 0.5 0. 04
*% F3 359 0.4 0.03
*% Fl 0 0.4 0.03
AAM 66 2.3 0.19

*#4T,Q 165 0.9 0.06




Table 2-2, {continued)
Station Average
Azimuth
*¥BCN 265
BMO 319
¥¥BOU 23
¥*B0OZ 340
BUT 337
ChC 354
COL 332
CPO 87
DEN 27
*¥DUG 308
EDM 347
EPT 175
**EUR 293
*¥FGU 337
FLN 42
GCA 273
*%*QOL 24
GRR 42
**G3C 262
HCU 317
JAS 280
KTG 25
LOG 324

Time Reslidual

Difference
(sec)

0.4
-1.0
0.4
0.0
~1.4
1.1
0.4
0.5
-0.5
0.7
0.4
1.0
0.5
~0.4
1.3
2.4

Distance Residual
Difference

(deg)
0.03
-0, 07
0.03
0. 00
~0.10
0.12
0.05
0. 0k
-0.04
0.05
0.03
0.07
0. 04
~0.03
0.23
-0.18
0.07
0,22
~0,07
0. 04
-0.05
0.17

0. 04
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Taple 2-2. (continued)

Station Average Time Residual Distance Residual
Azimuth Difference Difference
(sec) | (ceg)
LON 316 -2.0 -0.15
LOR 41 2.3 0.38
LUB 126 2.4 0.18
MAT 313 1.0 0.20
MBC 355 0.8 | 0.10
MHC 277 -0.1 -0.01
NOR 11 -0.5 : -0.07
NRR 289 -3.3 _ -0.24
NUR 23 | 1.9 0.32
ORV 288 0.2 0.02
07T 60 2.3 0.24
OXF o4 2.2 0.17
PBJ 151 1.1 0.11
PRI 270 ~1.9 -0.14
RCD 20 2.1 0.15
RES 5 3.2 0.38
SCP 71 1.6 0.16
SLC 318 0.9 0.07
SLD 275 ~1.9 -0.14
SLM 78 3.0 0.22
*%SNM 178 0.8 0. 06
SSF b1 2.2 0.37

FETEO 234 -0,3 ~-0.02
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Table 2-2, (continued)v

Station Average Time Residual Distance Residual

Azimuth : Difference Difference
| (sec) (deg)
TNP 282 -0.9 | -0.07
*ETYC 216 0.7 | ' 0.05
TUL 92 1.2 0.09
¥¥UBO 331 , -1.0 -0.07
UNV 296 1.0 0.07‘
*¥UMO0 105 1.1 - 0.08

WSC 76 2.6 0.26

*¥*¥ These stations were used in the final determination of
the epicenter of the Dulce earthquake,
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fhe parameters,

A0 = + 0.555 sec, and

Al

fi

+ 1.428 sec,
were obtained. _

In order to see the residuals due to origin time and
those due to epicenter separately, Figures 2-4C and 2-UD
were constructed. Figure 2—40 displays the distance resid-
ual curve after the effects of origin time error are re-
moved. Figure 2-4D exhibits the time residual curve after

the sinusoidal distance resliduals are eliminated.

Results

Adjustment of the Epicenter.

From Figure 2-U4C, the least square fit vields

parameters,
AO = + 0.014 deg, and
Al = + 0,122 deg, with a computed
SD = 0.105 deg (standard deviation).

Ideally, of course, AQ should be zero. The value obtained,
however, amounts to only about one kilometer, well within
the stardard deviation.

The parameter Al indicates that the epicenter should be
moved about 0, 12° along a great circle to the west. This
corresponds to 0,15° longitude at a latitude of 37° and to

a distance of 13.3 kilometers. Filgure 2-6, a map of the

area, shows the assumed epicenter (39.96°N, 107.05%), as
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well as the aftershooks located by Werner and Hoffman
(unpublished report ) (triangles) and by U. S. Coast and
Geodetic Survey (qircles).
| Because of the 1arge's£andard deviation, the seismo-

grams were re- exXamined and only those with shacp initial on-
sets chosen for a re- -Tun of the above procedure, These sta-
tilons are marked with 2 double asterisk (**) in Taple 2-2
and the residual Plots are shown in Flgures 2-54 through
2-5D.

In Figure 2~5¢,

AO

+ 0.002 deg,
Al = + 0.044 deg, and the computed

SD = 0.044 deg.

1]

This result is considerably different from the determina-
tion that used data from all stations. The epicenter is
adjusted to the west by 0.044° orf 4 great circle which cor-
responds to 0.055° longitude or 4.9 kilometers. This would
establish the epicenter at 36.96°N, 106.95°%. 1n this case,
the standarad deviation is considerably smaller. The epi-
center using the best arrlvals is shown on the map in
Flgure 2-6,

Adjustment of the Origin Time.

For the time residuals in Flgure 2-4D, the least square

fit to a sine curve is very nearly a straight horizontal

line with parameters,
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AO = + 0.616 sec,
Al = - 0.181 sec, and a computed
SD - 0.917.

The result indicates the true origin time should be 0.6
second later than the assumed origin time (01h 56m 38.8s),
or Olh 56m 39.4s GMT,

Flgure 2-5D shows the time residuals when only the best
arrivals are used. In this case, the least-square fit is
not much different than that obtained by all stations, be-
cause |

AO

i

+ 0.456 sec, and

Al - 0.048,

it

However, the computed standard deviation, 0.422 second, 1s
considerably smaller. The time adjustment of about 0.5
second yields an origin time of Olh 56m 39.3s GMT.

Discussion of the Results.

Table 2-3 summarizes the locations and origin times ob-
tained from using all arrival times, and from using only the
best arrival times. Geologically, either of the two loca-
tions is feasible. The first, at 107.05O west longitude, is
sltuated near the intersection of a series of north-south
trending lamprophyre dikes with a nerthwest-southeast strik-
ing fault (Figure 2-6). This epicenter is also close to the
westernmost group of aftershocks located by Werner and
Hoffman (unpublished report). The second location, at

106.95 west longltude, is situated between two well~-defined




Table 2-3. Summary of Results for Origin Time and

Epicenter Coordinates,

All Stations

Date January 23, 1966
Time (GMT)_ Olh 56m 39.U4s
Latitude 36.96° §
‘Longitude 107.05°

Best Stations
January 23, 1966
Olh 56m 39.3s
36.96°
106.95° w
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lamprophyre dikes, and 1s nearer to the highly faulted
region southeast of Dulce (Figure 2-6). TIn addition, this
epicenter is very close to the earliest aftershocks (tri-

angles #2, 3, and 4, Figure 2-6) located by Werner and

Hoffman.




Wiy

3. FOCAL MECHANISM

Introduction and Purpose

The purpose of this chapter is to use the direction of
the first motion of P wave arrivals at 2 number of seismo-
graph stations to determine the nature of the fault mechan-

ism that produced the Dulce earthquake.

General Review of the Nature of Faulting

The assumed mechanical model of an earthquake used in
the focal mechénism study is based on the "elastic rebound"
‘theory originated by H. F. Reid in the first fecade of this
century following the 1906 San Francisco earthquake. In
this model, shear stress is built up in the earth's crust,
due to tectonic foreces, until a shear stress is reached that
is sufficient to overcome friction on a pre-existing frac-
ture or to initilate a new fracture in the earth's crust or
upper mantle. The fracturing process is accompanied by sud-
den movement of the crust in the nelghbornood of the frac-
ture in such a direction as to relieve the tectonic stress.
Rapld movement along a fracture, or fault, releases stored
elastle strain energy which is in the form of longitudinal
(P) and transverse (S) waves. P waves travel at about 1.73

times the speed of S waves and are therefore the first to

reach any observation point.
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The fault is a roughly planar fracture zone and, 1in
principle, may have any spatial orientation.‘ This orilenta-
tion 1s represented by the strike and dip of the fault Sur-
face. The motion of the walls of the fault is along the
fault and normal to a plane which 1s called the auxiliary
plane. The direction and amount of the fault motion is re-
ferred to as the net slip. |

Faults can be classified in several ways, depending on
the orientation of the fault plane and diréction of net
8lip. Three special cases are diagrammed in Figure 3-1:

(1) strike-slip, in which the fault plane is vertical

and the motion is horizontal

(2) normal, in which the fault dips steeply and the

motion is along the dip, with the "hanging wall" or

upper wall moving downward

(3) thrust, in which the dip of the fault plane is at

& low angle, with the hanging wall moving up~-dip.

Faults observed in the field are generally complex, so
the above descriptions are only good approximations. The
focal mechanism solution is an attempt to determine, or at
least estimate, the three parameters of a fault, the strike,

dip, and direction of net slip.

Focal Mechanism from P Waves

Method.
If the directions of the first motions of P waves gener-

ated by faulting are determined at a number stations around
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the epicenter, information about the direction and orientaﬂ
tion of the net slip can be obtained. Figure 3-2 has been
constructed so as to show the fault plane perpendicular to
the page and the net slip in the plane of the page. The
fault plane is represented by the dark line; the dashed line
A - A' is the auxiliary plane which is normal to the diree-
tion of the net slip. The motlons on either side of the
fault are represented by the palr of arrows. The motion
shown has a clockwise sense; if the plane of the paper were
the surface of the earth, this would be referred to as a
right—lateral'strike—slip fault. Similarly, a strike-slip
fault with a motlon in the counter-clockwise sense would be
called left-lateral.

If the nodal planes (fault plane and auxiliary plane)
are extended indefinitely, they will segment the earth into
four quadrants, which are alternately marked (+) and (-) in
the figure. Theory shows that the P waves produce compres-
sive initial motions at points in the regions marked (+) and
dilatational (or rarefactional) initial motions at points in
the reglons marked (-). At a given selsmic station on the
earth's surface, the P waves arrive from below, and there-
fore a vertical component selsmograph will record a compres-
sive pulse as an UP ground motien and a dilatational pulse
as a DOWN ground motion. This is one method of studying the
fault motion; i.e., plotting first motions of P at various

seismograph locations to determine the P wave radiation pat-

tern and, from that, the probable focal mechanism.
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This method 1is not without ambiguity. The P wave
distribution pattern shown in Flgure 3-2 could also have
been.obtained by interchanging the fault and auxiliary
planes and drawing the vectors representing relative motion
in the counter-clockwise sense.

Fault mechanisms could be determined easlily by the
technique deseribed above if every earthquake originated on
a strike-slip fault and the radiation pattern on the earth's
surface were thus symmetrical about the eplcenter as in
Figure 3-2. However, as this seldom is the case, further
refinements of the technlque have necessarily been developed.

The technique used here employs the concept of the fo-
cal sphere and the stereographic projection, or Wulfsf net,
commonly used in structural geology. A complete explana-
tion of this projection can be found in Ramsay (1967,

p. 1-8). The focal sphere is an imaginary sphere which en-
closes the focus of the earthquake, small enough so that
rays from the focus pass through the rfocal sphere at the
same angle at which they leave the sSource, This focal
sphere 1s used as the unit sphere of the stereographic pro-
jection., (See, for example, Stauder, 1962, p. 13-14., )

Rays arriving at a selsmograph originally left the
source (and the focal sphere) at some angle, 1, with the
vertical. The formula used for calculating 1 was taken

from Stauder (1962):

sin i = (Vh) * (Ro / Rp) - (dT/4dA), (3-1)
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where Vi 1s the P wave velocity at the focus, Ry the

distance from the center of the earth to the focus, Ry the
radius of the earth, and dT/dA the inverse of the apparent
velocity of the P wave at the earth's surface. The last
quantlty 1is also the inverse of the horizontal velocity of
the P wave at the deepest point on its travel path, which for
Pn (the refracted P wave) 1s the velocity of the p wave at
the top of the mantle. The factor dT/dA was obtained from
the 1968 Seismological Tables for P Phases (Herrin et al.
1968) assuming a 15 kilometer depth of focﬁs.

When 1 has been determined, the position of the seismo-
| graph station on the Wulff net is the projection of the
point where the ray emerged from the foecal sphere. This
polnt is labelled as either & compression or a dilatation
according to whether the selsmograph recorded an UP or a
DOWN first motion, respectively. The plotting of the sta-
tlon position is 1llustrated in Flgure 3-3, Seismic wave
velocities generally increase with increasing depth. Conse~
quently, these rays are refracted upward and thus, for all
but the closest stations (those within about 150 kilometers
for shallow focus events), the recorded ray left the focus
traveling downward. Since the nearest seismograph (ALQ) to
the Dulce earthquake was at a, distance 230 kilometers, all

stations are plotted as projections of points on the lower

focal hemisphere.




Earth's surface

focal
sphere

Flgure 3-3, Vertilcal plane contalning a seismic ray between
the source, S, and a seilsmic statlon, A'. The ray leaves
the focal sphere at point A in a downward direction and is
refracted upward to the seismic station, The first motion
data for that seismograph is p.otted on the stereographic
projection at a point corresponding to A on the focal sphere,
at the azimuth of the station.
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Figure 3-4 shows the manner in which the stereographic
projection would be divided fbr three 60mmon élasses of
eérthquakes: (1) right-lateral strike-slip, (2) normal, and
(3) thrust faulting. The dark region corresponds to com-
pressional first arrivals, the lighter reglions to dilata-
tional first arrivals. One great circle, marked F, corre-
sponds to the stereographic projectioh of the fault plane;
the other to the projection of the auxiliary plane,

Data and Mechanism Diagrams.

The number of stations having good first motions was
not large. This is undoubtedly due %to the relatively small
size of the event (although Sykes (1967) and others have had
some success 1n working with earthquakes of similar magni- |
tude). Nevertheless, by first looking at all the available
first motions, then examining the data from only the more
certain first motlons, and finally consldering the geclogy
of the Dulce area, a fairly certain conclusion regarding the
mechanlism of the event is obtained.

Table 3-1 is a listing of all the available first motion
data. Most of the directions of first motion were assigned
by the writer on the basis of an examination of the shoprt-
period seismograms, A féw, however, were obtained from
other sources, such as station bulletins, either because the
records were not available or the interpretation was so un-
certain that it was felt that first motions assigned by

selsmograph station personnel would probably be more reliable.
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Table 3-1, L1
Data, '
Station ?é:gigg:)-
A0 9.74
Bl 9. 81
B2 9.68
B3 9.70
B4 9.81
Cl 9. 89
c2 9.73
c3 9.62
ch 9.78
D1 9.90
D3 9.59
D4 9.98
El 10.22
E2 9.62
E3 9.19
E4 9.79
w2 9. 01
F3 9.00
Flh 10,44
AAM 18.72
ALQ 2.09
ATL 18,85
BCN 6.34

TR

sting of All Available P Wave First Motion

Azimuth

w-ﬁ:&-ww-lr-:w

W N =W opwm W

.
i

[ o

66
167
94
263

ht.
b7,
b7,
b7,
b7,
hr,
47.
b,
47,
ht.
by,
47,
47.
hr,
hr,
h7.
hr.
hr.,
47.
39.
h7,

39
bt

m
i
n
n
L
il
I
4
n
n
mn
mn
n
4
i
4
h
il

7

8
-7
.8

4

P First
Motion

D

D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
C
D
D
C

Quality
VG
VG
VG
VG
VG
VG
va
VG
VG
VG

P
VG
P
F
VG
VG
VG
va
VG
VP
VG
P
F
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Table 3-1,

Station

BKS
BLA
BOU
BOZ
CGM
cMC
COL
DAL,
DEN
DUG
ENM
EPT
EUR
FGU
FLO
GCA
GOL
GSC

JAS
JCT
LON
LRA
LUB

(continued)
%g:gigg:) Azimuth
12,08 279
21.17 81
3.34 24
9.29 340
13.95 83
31.19 354
36.74 332
9.37 113
3.23 29
5.5k 307
13.29 84
5.22 175
7.44 292
4,35 336
13.27 7T
3.63 271
3.03 25
8,05 261
12.47 338
10.66 279
3. 85 135
.67 316
12.10 96
5.42 127

1

46,
35.
hT.
A7,
46,
28,
28,
4t.
4T,
ht.
46.
.
AT,
hr.
46.
.
47.
47.
4o,
hT.
hr.
45,
Lo,
bt

P First
Motion

C

D
D
C
D
c
C
C
D
D
D
C
C
C
C
C
D
C
C
C
c
C
D
D

»Quality

VG
VP

WQ*U'I!"UQ"U

VG

)

VG
VG
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Table 3-1.

Station

MDS
MHC
MIN
OXF
PAS
PBJ
PRI
RCD
RGS
SCP
SLM
SNM
SWM
TFO
TNP
TUC
UBO
WHMO
WNS

(continued)
?ég;iggg) Azimuth
14,64 59
11,62 276
11.84 291
14,51 ot
9.46 256
22.97 150
10.96 270
7.68 21
8.98 17
22.93 71
13.37 78
2.91 178
12,77 346
h.36 233
8.14 281
5.58 214
3.88 330
7.22 106
8.48 37

i

45.6
6.9
46,9
45.6
h7.4
32.8
474
hr.4
hr. k4
32.8
46.5
47.8
46.5
47,8
Yol
47.8
L7.8
47.8
.4

P First
Motion

D
D
D
D
C
C
C
D
D
c
D
C
C
C

o

C
D
D
C
C

* Assigned by seismograph station personnel.,

Quality

VP

VP
VP

s B v/

G AR~ B TR I e

VG
VG
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Figure 3-5 is the piot of data of Table 3~1 Dﬁ the
sterographic projection. The positions of the stations
are plotted at a distance from the center of the projection
corresponding to the angle of incidence at which the ray
leaves the focal Sphere. For most of the stations plotted,
the first arrival is Pn, a compressional head wave (or coni-
cal wave) generated at the Moho (crust-mantle interface).
The ray path for the Pn phase intercepts the Moho disconti-
nulty at the critical angle, The assumption in the avall-
able seismological tables 1s that the Pn phase 1s a first
arrival over large regions., Consequently, all selsmographs
receiving Pn as the first arrival are plotted at the same
distance from thé center of the projection. 1Inm this paper,
no selsmograph was close enough to the epicenter to rvecelve
the direct P wave through the crust as the first arrival,
and therefore no station is plotted at angles of incidence
greater than the critical angle (about 18°), A few sta-
tlons, however, are far enough from the epicenter so that
the direct P wave through the mantle is the earliest signal
to arrive. These statlions, which are located in the eastern
U. S., Alaska, and southern Mexico, have smaller angles of
incidence and therefore are plotted closer to the center of
the Wulff net.

Most of the important features of the distributions of
compressions and dilatations are apparent in Figure 3-5,

One of the most convineing aspects of the dlagram is the
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Figure 3-3. Focal mechanism diagranm based on first motion
of P waves on short-perlod instruments at all statlions.
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overwhelming predominance of compressioﬁs In the general
northwest direction frem the epilcenter, between PAS and
SWM., From LASA, representing the data of 19 stations, to
DEN evidence of dilatational first motions is convincing.
Dilatational first motion continues, although less coﬁvinc~
ingly, clockwise to about due east at LRA. From that point
on, the data are not very meaningful untll ALQ 1is reached.
For the most part, stations at azimuths between 350 and
160° tell us 1littie. However, ENM and WMO were rated as
good ("G" in Table 3~i) in the quality of their first mo-
tions and show opposite directions of first motion suggest-
ing a nodal plane way pass between them, Thls conclusion is
also supported by JCT, which has a first motion rated good.

From ALQ to TFC, evidence of dilatational first mo-
tions i1s good. EPT and SNM have first motions or poor quai-
1ty. Such "emergent" phases as this were a source of diffi-
culty 1in the interpretation of a large number of the avail-
able selsmograms. On the other hand, ALQ and TUC were very
obvious dilatations and were rated very good ("vae").

To summarize the evidence of Figure 3-5 in a rather
general way, the approximate distributions of first motions
with azimuth are:

(1) compressings, 250° to 3500;

(2) dilatations, 0° to 100°;

(3) compressions, 100° to 140°;

(%) dilatations, 160° to 240°,
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A set of nodal planes has been drawn on Figure 3-5
corresponding to the above distribution of first motions.
Besides being consistent with the patterns of first motions,
& requirement of the nodal planes is thatrthey must be per-
pendicular to each other. O0On the Wulff net, this requires
that the line: representing each plane pass through the point
corresponding to the pole of the other plane. It should
also be pointed out here that the direc*1on of motion on a
fault is norma; to the auxiliary plane and therefore is
represented on the stereographic projection by the pole of
the auxiliary plaﬁe.

Figure 3-6 shows the distribution obtalned by using
only first motions rated as good or very good. In this case
the divisions of the stereographlic projection into four
Vparts 1s quite clear. The dashed lines represent the 1limits
of the positions of the lines representing the nodal planes.
Kach solid 1line, A or B, represents a plane having the me-
dlan values of strike and dip between the corresponding
limits.

Interpretation,

Without further evidence, such as that based on S
polarization data, the decision as to which nodal plane
represents the fault can not be made. However, in view of
Figure 3-6, two interpretations are possible:

(1) Plane A is a right-lateral strike-slip fault,

striking N18°W and dipping 79° ENE, with a dlrection
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Filgure 3~6. Focal mechanism diagram based on first motlon
of P waves on short-period instruments on the seismogranms
which are rated as either G {good)} or VG (very good).
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of motion at N14%y, plunging 20°;

(2) Plane B is a 1eft;1ateral strike-slip fault,
striking N76°E and dipping 70° SSE, with a direction
of motion at N?EOE, plungihg 120.

Discussion

The geology of the Dulce area can be used to eliminate
the ambiguity in the focal mechanism solution., First, there
is the evidence of late Miocene faulting (see Fivure 2-6).
The geologic maps (Dane, 1948; Bingler, 1968) show that
these faults, in the eplcentral region, strike from N20°W to
N35°W. In addltion, the dense series of lamprophyre dikes or
Miocene age trend almost due north-south, The dikes are
thought %o be 8lightly older than thelfaults, according to
Dane. This writer.did not observe any evidence of more re-
cent faulting in the field.

Although at least one of the faults shows a good deal
of vertical displacement, either of the sets of dislocation
surfaces, the faults or the dikes, could influence the or-
ientation of the plane of contemporary faulting by providing
planes of weakness along which the latter can ceceur. In
that case a north to northwest striking fault would be a
good possibility.

In terms of principal stresses, a strike-slip fault
striking north-northwest would require a least principal

stress with a generally east-west axls. This orientation is
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consistent with the north-south trending dikes and with the

tectonic origin of the Rio Grande rift to the east. There-

fore, a fault along plane A seems the more probable,
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4., MAGNITUDE

Introduction

Magnitudes of the earthquake at Dulce and the nuclear
explosion, Gashuggy, were determined by the U, S. Coast and
Geodetic Survey and by Reagor, et al. {(1968). However,
comparisons of magnitudes between the two events is diffi-
cult because different formulas were used in the determina-
tiéns. The purpose In repeating the determinations in this
study was to assure that the same technigues were applied in
evaluating the magnitudes of both events in order to obtain
the best possible comparison.

Three magnitudes were calculated for each event:
(1) a magnitude based on the refracted P phase, called m;
(2) a magnitude based on the direct P phase (Pg), called
mg; and (3) a magnitude based on Rayleigh waves, called Mg.
All formulas used were of the form,

m (or Ms) = Ky logd + K

log {A/T) + K (4-1)

2 3’

where & 1s distance, A ground amplitude, and T period.
The units of A and A depend on the formula used. Only seis~
mographs yielding good selsmograms for both events were used

in the calculations.

Magnlitude Determinations

Magnlitudes from the Refracted P Phase,

The magnitude based on refracted P waves is determined

by one of three formulas, depending on the distance range:
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m = 3.68 log A + 1.21 log ‘(A/T)r ~ 7.55,

(0 to 1000 kilometers); : , (4_2)

m - 2.00 logd + 1.00 log (A/T) - 3.27,

(1000 to 1800 kilometers); : (4-3)

m= 4,00 logA + 1.00 log (A/T) - 10.35,

(beyond 1800 kilometers); (h-4)
where A is measured in kilometers, A in millimicrons and T
in seconds (Evernden, 1967). Amplitude A is the maximum
peak-to-peak ground amplitude in the first six oscillations
of the refracted P phase. Three formulas are necessary be-
cause refracting layers within the crust and upper .. -
mantle lead to three different first arrivals depending on
the distance from the source.

The magnitudes, m, calculated from the refracted P
phase, are listed in Table U4~1. An interesting result is
the close agreement between the magnitudes for the earth-
quake and Gasbuggy. Each event has a mean value of 5.1 with
a calculated standard deviation of about 0.5. The standard
deviation of the magnitudes for each event indicates that
the magnitudes of the two events could differ by several
tenths of a unift magnitude. However, an examination of the
fourth column of the table reveals that, except for two sta-
Tions, the difference in magnitudes is quite small between
events at every station. The standard deviation of these

difference values is cnly 0.3, mostly contributed by the

large values for DUG and G3C.




Table 4-1, Magnitudes from the Refracted P Phase.

Station

AAM
' BOZ
DAL
- DUG
GSC
LUB
RCD
TUC
AVERAGES

m(e)
(earthquake)

4.8
h.7
5.0
4.6
6.2
4.8
5.9
4.8

5.1 4

0.6

m(n)

(Gasbuggy)
5.1
4.6
4.9
5.2
5.6
.7
6.0
.7

5.1 + 0.5

m(e) - m(n)

-0.3
0.1
0.1
-0.6
0.6
0.1
-0.1
0.1
0.0 + 0.3
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Magnitudes from the Direct P Phase.

. The magnitude based on direct P waves employs the
formula,

mg = 3.42 logd + 1.14 log (A/T) - 8.00, (4-5)
where 4 is measured in kilometers, A in millimicrons, and T
in seconds (Evernden, 1967). The ampiitude A is the maximum
peak-to-peak ground amplitude in the Py phase. The direct
P phase, Pg, was not the first arrival at any of the sta-
Tions used, and in this case only four stations yielded good
data for both events.

Table 4-2 is a list of the values of mg. The standard
deviation for the differences between the magnitudes of the
two events is only O0.1.

Another interesting result is the large differences in
the magnitudes mg. The mean value of the difference is 0.6,
compared to a mean difference of 0.0 for magnitudes based on
the refracted P phase. Therefore, the earthquake at Dulce
radiatéd a much greater relative amount of energy into the
direct P phase than did Gasbuggy. This difference can be
explained in terwms of source mechanism. If the earthquake
originates on a vertlcal strike-slip fault, the direction of
most intense P wave radiation is horizontal. The direct P
phase 1is relatively large compared'to the refracted P phase.
On the other hand, the nuclear explqsion is likely to have a
nearly spherical radlation pattern. In the latter case, the

refracted P phase 1s expected to be relatively large com-

pared to the direct P phase,




Table 4-2,

Station

BOZ
asc
LUB
RCD
AVERAGES

R o L R T R R

Magnitudes from the Direct P Phase,

mg (e)
(ear%hquake)

4.6
5.7
5.2
5.6

5.3 + 0.4

mg (n)
(Gagbuggy)

3.9
5.2
4.5
5.0

h.6 + 0.4

ms(e) - mg(n)

0.7
0.5
0.7
0.6

0.6 + 0.1
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Magnitude from Surface (Rayleigh) Waves.

The magnitude,_Ms, from Raylelgh waves, 1s determined
from the formula, |

My = 1.66 log & - 1.00 log (A/T) - 3.30, (4-6)
where A is measured in degrees, A in microns, and T in
seconds (Reagor et al., 1968), TIn this formula, A should be
the peak-to-peak amplitude of the 20-second Rayleigh wave.
However, Reagor et al. noted "that the formula applies to
other wave perilods as well when the measurements of A/T are
assoclated with maximumamplitudes." Therefore, in this dis-
sertation, the maximum peak-to-peak ground motion in the
Rayleigh wave was used. On most of the Selsmograms, the
max imum Rayleigh pulse was also the first and longest-period
Rayleigh wave and had a perilod of from 14 to 17 seconds.

The magnitudes, Mg, are listed in Table 4-3, As was
the case for the previous two magnitude results, based on
P waves, the scatter found in the calculated values of Mg
for each event was larger than the scatter obtained in sub-
tracting the magnitudes for Gasbuggy from those for the
earthquake., And, as was the case for mg the mean differ-~
ence is 0.6. This indicates that the earthquake was a
stronger generator of surface waves than the nuclear

explosion,
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Table 4-3. Magnitudes from Surface Waves.

Station

(ear%ﬁéﬁgke) (Gggéaégy) Ms(e) " s (n)
ALQ A1 3.4 _ 0.7
ATL 5.2 ' .8 0.4
DAL, 5.1 L.5 , 0.6
UG 4.8 42 0.6
GOL b7 3.9 o.'8
GSC 5.3 4.6 0.7
LON b7 b,6 0.1
LUB 4.8 4.3' 0.7
OXF 5.0 i.2 0.8
SLM 5.5 k.9 0.6
TUC 4,38 h.1 0.7

e — r——

AVERAGES L,9 + 0.4 h.3 + 0.4 0.6 + 0.2
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Discussion

Variatlon of Magnitude with Azimuth.

Figure 4-1 is a graph of the magnitude m as a function
of station azimuth. No convincing variation is magnitude
with azimuth is seen. Lee and Borcherdt (1968) studied the
peaks in the power spectral density of Gasbuggy and found
that, at distances up to 500 kilometers, the greatest amount
of energy was radiated to the west and southwest of
Gasbuggy. They also found that, at distances lessvthan Loo
kilometers, the radiation to the north was high, which
agrees with the values obtained aﬁ two stations 1n Figure 4-1
at azimuths of 21° (RCD) and 260° (GSC), respectively. The
distances of fthese two stations, about 900 kilometers, how-
ever, were conslderably greater than 400 kilometers.

Figure 4-2 1s a graph of the magnitude Mg as a function
of station ézimuth. The magnitudes appear to peak at azi-
muths of 80° and 260° for both the earthquake and the nu-
clear explosion. Such an azimuthal variation in energy ra-
diation by surface waves is most likely to be the result of
crustal and upper mantle structure. However, another possi-
bility is that Gasbuggy released tectonlic strain energy.
Both events could have occurred in the same stress environ-
ment. Archambeau and Sammis (1970) show that the Rayleigh
wave radiation from the nuclear explosion Bilby had a two-
lobed pattern, similar to that obtained for Gasbuggy. The

radiation pattern they obtained agrees in shape and
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orientatlion with that theoretically predicted for a nuclear
explosion in a pre-stressed medium. The theoretical pre-
diction 1s based on a model in which the radiation from an
explosion is superimposed on the radiation from a double
couple source. The latter represents energy released from
a pre-existing tectonic shear stress field in the medium.
However, release of tectonic stress 1s not a probable exX-
planation for the distribution of Gasbuggy magnitudes be-
cause energles calculated from the magnitudes indicate that
radiatiqn in the east and west directions was about 1000
times that in the north and south directions.

The most important observation of this section is that
the variations in a single type of calculated magnitude can
not be explained in terms of source mechanism. The two |
events are quite different in this respect, yet produce the
same radiation pattern. Apparently, therefore, the observed
variations in a particular magnitude from station to station
are independent of the source and arise from varlations in
crustal and mantle structure.

Variations between m, ma, and MS;

A comparison of the different: types of magnitude for
the two events confirms the difference in source mechanism
between an earthquake and a nuclear explosion. PFor the

earthquake, mg > m > MS; for Gasbuggy, m > me > MS. Compar-

ing the two events, the magnitudes m are equal, but mg and




75

Mg are considerably greater for the earthquake than for
Gasbuggy.

The latter observation‘is In agreement with the work of
Dthef researchers. The relatlion between m and Mg for earth«
quakes has been investigated by.Gutenberg and Richter (1956)
and found to be |

Mg = 1.59 m - 3.97. (4-7)
A similar relation has been established by Thirlaway and
Carpenter for a nuclear explosion (Liebermann and Pomeroy,
1969):

M. = m - 1.8. (4-8)

<)

Letting m = 5.1, which is the magnitude fbund in this paper
for both events, the values of My (by equations 4-7 and 4-8)
for the earthquake and explesion are; respectively, 4.1 and
3.3. The corresponding values of Mg repocrted in this paper
are 4.9 and 4.3, which exceed those from the formulas by

0.8 and 1.0, respectively. According to Liebermann and
Pomeroy (1969) such deviations from the formulas are to be
expected for events in the Western United States. In their
paper, the magnitudes of several earthquakes and nuclear ex-
plosions of the Western United States were examined, with
the result that, for magnitude m = 5.1, earthquakes and nu-
clear explosions of that geographical area do indeed have

values of Mg which exceed those predicted from the formulas

by about 0.8 and 1.1, respectively.
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Althoﬁgh no magnitude calculations based on S wave
radlation are made, an ilmportant visual observation is made.
Whereas the earthquake produced a very large-amplitude SH
phase, SH was virtually absent for Gasbuggy. This observa-
£ion is not surprising and 1t confirms the expected differ-

ences between earthquake and explosive sources.

Magnitude and Yield of Gasbuggy.

| The magnitude m = 5.1 for Gasbuggy is consistent with
known yleld-magnitude relations. Evernden (1970) displays
on a graph the magnitude of nuclear explosions as & function
of yield for a number of geologic environments. Gasbuggy
'was detonated in a shale environmenﬁ and had a yield of 26
kilotons. According to Evernden's graph, a 26 kiloton shot

in "hard rock'" would have a magnitude of about m = 5.1, the

same value as is found for Gasbuggy.
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5. SOURCE PARAMETERS

Introduction

In this section the source parameters for the Dulce
earthquake and Gasbuggy are discussed. The parameters con-
sidered are the time duratlions and linear source dimensions

of the sources, and the fault displacement of the earthquake.

Time Durations of the Sources

The durations of the earthquake and Gasbuggy were de-
termined from the ratio of the amplitude spectra of the two
events using a method similar to that of Davies and Smith
(1968). The technique was to form the ratio of the absolute
values of the amplltude spectra of the P phase on long-
period records of the nuclear explosion and the earthquake,
By taking the spectral ratio, the effects of path and the
effects of digitizing, fTruncation of digital data, and so
on, were removed. For comparable release ol P wave energy,
an earthquake is expected to have a considerably larger time
duration than a nuclear explosion. Separately, the amplitude

spectra contain information about the source time durations.

Because the durations are different, the spectral ratio
should preserve this information. Therefore, two dominant

quefrencies* are expected in the spectral ratio: one equal

¥ Querrency”" is the term applied to the number of peaks
per unit frequency interval in the amplltude spectrum;
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to the duration of the earthquake and one equal to the
duration of the nuclear explosion.

The first eight seconds of the P phase on long-perilod
(30-second) vertical component records were used in this
analysis, The spectral ratios showed fairly regular sets of
ripples for records from two selsmograph statilons, DUG and
GSC. Quefrencies of 0.5 second and 1.8 seconds were ob-
served 1ln the'spectral ratio based on DUG seismograms-(see
Figure 5-1). These probably represent the duration of the
nuclear explosion and the duration of the earthquake, re-
spectively. The corresponding values for station GSC were
0.4 second and 1.7 seconds. |

These values can be compared to those found by Davies
and Smith (1968). Their study yielded a duration of O.4
seconds for the Shoal nuclear explosion, which had a body
wave magnitude of 4.9 (compared to 5.1 for Gasbuggy), and a
duration of 2.4 seconds for the Fallon earthquake, which had
a body wave magnitude of 4.4 (compared to 5.1 for the Dulce
shock. In what follows, the durations of Gasbuggy and the
earthquake at Dulce are taken to be 0.5 second and 1.8 sec-
onds, respectively, although the latter value may be too

small.

quefrrency, in the frequency demaln, corresponds to frequency
in the time domain,
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5.07

Ratio

Spectral

T T
0 1.0 2.0 3.0

Frequency {cps)

Figure 5-1. Ratio of the amplitude spectra (solid line)

of the Dulce earthquake and Gasbugzgy from seismograph
station DUG. Reference curves are superposed which cor-
respond to gquefrencies of 0.5 sec (dashed line) and

1.8 sec (dotted 1line).
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Linear Dimensions of the Sources

Dimensions from Time Durations.

Gasbuggy was detoﬁated at a depth of 1.26 kilometers
near the top of the 600 meter-thick Lewls Shale (Dane,
1948). The detonation point is overlain by about 900 meters
of sandstones, shales, and clays, mostly of the Animas
Formation. A reasonable P wave velocity for these rocks is
2.0 km/sec (Grant and West, 1965). The inelastic zone sur-
rounding the explosion is assumed to form at about 0,75 P
wave velocity of the medium (Davies and Smith, 1968). Com-
bining the velocity of 1.5 km/sec with a rupture duration
of 0.5 second, yilelds a radius for the inelastic rupfture
zone of 0.75 kilometer.

The depth of Tocus of the eartbquake was .probably not
‘more than about 12 kilometers. This estimate is based on
the maximum possible depth of_the aftershocks. Three port-
able selismograph units were placed around the Dulce area
within a few days after the main shock by personnel of the
U, S, Coast and Geodetic Survey's seismologlcal observatory
at Albuquerque (Werner and Hoffman, unpublished report).
One of these stations was located for a time at the town of
Dulce and the calculated P - O intervals from that unit for
seven of the largest aftershocks ranged from 1.0 second to
1.7 secondg. This yilelds a maximum possible depth for the

aftershocks of 10 kilometers, assuming an average P wave

velocity of 6 km/sec. Therefore, the focus of the maln
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shock must have been within the crust where a P wave veloclty.
of 6 km/sec is reasonable.

An earthquake fault is believed to rupture with a
velocity approximately equal o the shear wave velocity
(Press, et al,, 1961; Khattri, 1969). Consequently, the
velocity of rupture propagation is Vg = 6 / 1.73 = 3.5 km/sec.
Combining this velocity with the duration of 1.8 seconds
yields a fault length of 6.3 kilometers for a unilaterally
propagating fracture and 12.6 kilometers for a bllateral
fault.

Dimensions from Magnitudes,

Attempts have been made by several researchers to re-
late earthquake magnitude to source dimension. 1In partilcu-
lar, Liebermann and Pomeroy (1970) demonstrate that 1n the
magnitude range 3 to 6 the formula, o

m o= 2.8 + 1.9 log AZ, (5-1)
is applicable, where A 1s the fault area in square kilo-
meters. For m = 5.1 this formula ylelds A% = 16 kilometers.

Tn the same paper, Liebermann and Pomeroy tabulate the
magnitudes and diameters of the rupture zones of five nu-
clear explosions. Although no formula can be applied, due
+o the few data available, the values glven suggest that the
diameter corresponding to m = 5.1 would be around 1.5 kilo-

meters. Therefore the radius of the zone of inelastic de-

formation for Gasbuggy would be arcund 0.75 kilometers.
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Dimenslions from Surface Waves,

An analogy to antenna theory has been applied té
earthquake sources by Liebermann and Pomeroy (1969). 1In
thelr paper, it 1s stated that Keylis-Borok has shown that
the most efficlent generation of surface waves 1s at wave-
lengths four times the dimension of the source. Rayieigh
wave records from the Dulce earthquake usually show a maxi—
mum at perilods arocund 15 seconds. Using a Rayleigh wave
velocity of 3.2 km/sec the resulting wavelength is 48 kilo-
meters. This yields a fault length of 12 kllometers, con-

sidering the fault as a quarter-wavelength antenna.

Fault Displacement of the Earthquake

An estimate of the expected displacement of an earth-
gquake of this magnitude can be obtalned from

log(LD®) = 2.24 M, - 4.99, (5-2)
where L is the fault length and D the displacement (King and
Knopoff, 1968). This eauation is based on earthquakes of
magnitudes Mg > 5.5. However the Dulce magnitude is not
too much less than this and the application of the formula
should give a good approximate value. Letting L. = 10 kilo-
meters and Mg = L.,g, the resulting displacement is 1.0
centimeter. Even if this earthguake's faull extends to the

surface, visible surface features would be very difficult to

find.
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Conclusions

-~ The type of calculations performed in tThis séotion are
not very exacting. Nevertheless, it is felt that the values
obtained are much better than "order of magnitude" calcula-
tions because the results obtained are consistent with each
other and with the work of other authors to within a factor
of two or so0,

In summary, the Dulce shock had approximately'the fol-
lowing source parameters: depth, 10 kilometers; duration,
1.8 seconds; fault length, 10 kilometers; displacement, 1
centimeter. For Gasbuggy the parameters were approximately

as Follows: depth, 1.3 kilometers; duration, 0.5 second;

radius of rupture zone, 0.75 kilometer.




SUMMARY

The Dulce, New Mexico, eafthquake of January 23, 1966,
occurred at Olh 56m 39.3s GMT. The epilcenter was located
at 36.96° north latitude and 106.95° west iongitude,'and the
focal depth was about 10 kilometers. The earthquake was the
result of right-lateral strike-slip movement along a fault
having a strike of N180w and a dip of 790 ENE. The duration
of the fault motion was 1.8 seconds, the fault length was
about 10 kilometers, and the displacement was approximately
1 centimeter directed N14°W and plunging 200. The averége
calculated values of the magnitudes were as follows: the
magnitude from the refracted P phase, m = 5.1; the magnitude
from the direct P phase, ms = 5.3; and the magnitude from
surface waves, Mg = 4.9,

Thé nuclear explosion, Gasbuggy, was detonated on
December 10, 1967, at 19h 30m 00.1ls GMT. The geographic co-
ordinates were 36.68° north latitude and 107.21° west longi-
tude, and the depth of the shot was 1.26 kilometers. The
zone of inelastic deformation had a radius of 0.75 kilometers
and was formed 1n 0.5 seconds. The yield of Gasbuggy was 26
kilotons. The average calculated values of its magnitudes
were as follows: the magnitude from the refracted P phase,

m = 5.1; the magnitude from the direct P phase, mg = 4.6;

and the magnitude from surface (Rayleigh) waves, Mg = 4.3.
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The value of m was the same for both events, but mg and
Mg were considerably larger for the earthquake than for the
nuclear explosion. This difference reflects the difference
in the source mechanisms and lends support to the strike-
slip mechanism for the earthguake. The variation in the
values of each type of magnitude from station to station wa.s
the same for bhoth events. Therefore, the scatter in the cal-
culatedwmagnitude values for both selsmic events was probably
the result of variatlons in crustal and upper mantle struc-~
ture.

The study of the Dulce earthguake fturned out to be more
difficult than originally anticipated. Although other in-
vestigators have had reasonable Suécess with\eventsvhaving
magnitudes (my) as low as 5.5 in other areas of the world,
apparently this is not likely to be the case for a shock lo-
cated in the western United States. A number of the sta-
tions relatively close to the epicenter had fairly obscure
first arrivals. A greater number of stations closer to the
epicenter would have improved the analysls substantially.

Despite the difficulties, studies of events like the
Dulce shock are of considerable value. Earthquakes of this
maghitude are relatively rare in the interior of the tec-
tonic plates. The results of this study may eventually help
to determine the nature of the stress distributions within

the North American plate and/or along the boundaries of the

smaller segments which comprise the North American plate.




86

REFERENCES CITED

Albuguerque Journal (1950). From the column, "50 years

ago," May 4, 1950, issue, Albuquerque Journal,’

AlbuQuerque, New Mexico.
Archambeau; C. and C. Sammis (1970). Seismic radiation from
explosions in prestressed medla and the measurement of

tectonic stress in the earth, Rev. Geophys. 8, 473-L499,

Banghar, A, R. and L. R. Sykes (1969). Focal mechanisms of
earthquakes in the Indian Ocean and adjacent regions,

J. Geophys. Research 74, 632-6409,

Bingler, E. ¢. (1968). Geology and Mineral Resources of

Rio Arriba County, New Mexico, New Mexico Institute of

Mining and Technology, State Bureau of Mines and Min-
eral Resources, Socorro, New Mexico, PBulletin 91, 158 p.

Dane, C, H. (1948). Geologic Map of Part of Eastern San

Juan Basin, Rio Arriba County, New Mexico, U. S.

Geological Survey, 0il and Gas Inv. Prelim., Map 78.
Davies, J. B. and S. W, Smith (1968). Source parameters of
earthquakes, and discrimination between earthquakes and

nuclear explosions, Bull. Seism. Soc. Am. 58, 1503-1517.

Engdahl, E. R. and R. H. Gunst (1966). Use of a high speed
computer for the preliminary determination of earth-

quake hypocenters, Bull. Seism. Soc. Am. 56, 325-336.

Evans, D, M, (1966). Man-made earthquakes in Denver,

Geotimes 10:9, 11-18.




87

Evernden, J. F, (1967). Magnitude determination at reglonal
and near»regionai distances in the United States, Bull.

Seism., Soc. Am. 57, 591-639.

Evernden, J. F. (1970). Magnitude versus yield of explo-
sions, J. Geophys. Research 75, 1028-1032.

Grant, F. S. and G. F. West (1965). Interpretation Theory

in Applied Geophysics, McGraw-Hill Book Company, 583 D.

Gutenberg, B. and C, F, Richter (1956). Magnitude and

energy of earthquakes, Annall @eofisica 9, 1-15.

Herrin, E, et al. (1968)., 1968 selsmological tables for

P phases, Bull. Seism. Soc. Am. 58, 1193-1241.

Isacks, B., J. Oliver, and L. R. Sykes (1968)., Seismology
and the new global tectonics,‘J. Geophys. Research 73,
5855-5899,

Khattri, X. N, (1969). Determination of earthquake fault

plane, fault area, and rupture velocity from the
spectra of long period P waves and the amplitude of

SH waves, Bull. Seism. Soc. Am. 59, 615-630.

King, C.-Y, and L. Knopoff (1968). Stress drop in earth-

quakes, Bull. Seism. Soc. Am. 58, 249-257,

Lee, W. H. K. and R. D. Borcherdt (1968). Pn Spectral

Varlations of the (Gasbugey Explosion at Intermediate

Disfance Ranges, U, S, Geologlcal Survey, Tech. Letter

NCER-9, open file report, 18 p.




88

Liebermann, R. C., and P. W, Pomeroy (1969). Relative
excitation of surface waves by earthquakes and under-

ground explosions, J. Geophys. Research 74, 1575-1590,

Liebermann, R. C. and P, W, Pomeroy (1970). Source dimen-
| sions of small earthquakes as determined from the slze
of the aftershock zone, Bull. Seism. Soec. Am. 60,

879-890.

Press, F., A. Ben-Menahem, and M. N. Toksogz (1961) Experi-
mental determination of earthquake fault length and

rupture velocity, J. Geophys. Res. 66, 3471-3485,

Ramsay, J. G. (1967). ©rolding and Fracturing of Rocks,

McGraw-Hill Book Company, 568 p.
Reagor, B. G., D. W. Gordon, and J. N. Jordan (1968),

Seismic Analysis of a Nuclear ExXplosion: Gasbuggy,

U. 3. Coast and Geodetic Survey, Seismology Division,
Wéshington, D. C., 73 p.

Richter, C. F. (1958). Elementary Seismology, W. H.

Freeman and Co., 768 p.
Richter, C. F. (1959). Seismic regionalization, Bull.
Selsm. Soec., Am, 49, 123-162,

Sanford, A. R. (1963). sSeismic activity near Socorro,

N. Mex. Geol. Soc., Guidebook, 1ith Field Conf., p. 146,

Sanford, A. R. (1965). An Instrumental Study of New Mexico

Farthquakes, New Mexico Institute of Mining and

Technology, State Bureau of Mines and Mineral Resources,

Socorro, New Mexico, Circular 78, 12 p.




89

Sanford, A. R, and D. J. Cash (1969). An Tnstrumental Study

of New Mexico Earthquakes, July 1, 1964, through

December 31, 1967, New Mexico Institute of Mining and

Technology, State Bureau of Mines and Mineral Resources,
Socorro, New Mexico, Circular 102, 7 p.

Simon, R. (1969). Seismicity of Colorado: consistency of
recent earthquakes with those of historical record,
Scilence 165, 897-899,

Stauder, W. J. (1962). The focal mechanism of earthquakes,

Adv, in Geophysics 9, 1-76.

Steinbrugge, K. V., W. K. Cloud, and N, H. Scott (1970).

The Santa Rosa, Californla, Earthquakes of October 1,

1969, U. 5. Coast and Geodetic Survey, Washington, D. (.

Sykes, L. R. (1967). Mechanism of earthquakes and nature

of faulting on the mid-oceanic ridges, J. Geophys.
Research 72, 2131-2153,
Ven Hake, C, A, and W. XK. Cloud (1968). United States

EFarthquakes, 1966, U. S. Coast and Ceodetic Survey,

Washington, D, C.




This thesis is accepted on behalf of the faculty of the

Institute by the following committee:

2z P e
4>€ff// )§é;f7 wazuté%
ya s

/;; "
, ﬂ@‘(m QC‘AM’J’}/I/@@

pepr—— L

00 o e
-\/C‘dﬁfb{,f é, f/( £ J' 22

vate Sy 10, /97




