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ABSTRACT

The locations and depths of earthquakes occurring in the
Walker Pass Region, California, and the surrounding area have
been examined for the period from January, 1934, to December, 1963.
Whenever possible, least-square computer locations programs have been
used to check or revise the previously determined epicenters and
origin times. In most cases, epicenters determined by machine
methods are within ten kilometers of those previously assigned.
Accurate depths, whenevervthey could be calculated, were always
found to be less than fifteen kilometers and usually less than ten
kilometers.

The sequence of earthquakes occurring in the Walker Pass
region in March, 1946, has been carefully examined. While no
major shifts in epicenters were found, the depth of the main
shock of this series has been revised from twenty-one kilometers
to less than ten kilometers. This revision cast doubt on
the assertion that the earthquake originated on the Sierra Front
Fault and made it likely that the earthquake occurred on one of
the northwest-southeast trending faults in the interior of the
Sierra mass.

Finally, the general distribution of earthquakes furnishes
no evidence for the existence of a continuous deep~lying structure
traversing the southern part of the Sierra Nevada. While the
possibility of the existence of such a structure has not been

excluded, practically all of the evidence upon which such a
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speculation might be based has been removed. Any relation between
activity in this region and the activity in the nearby White Wolf
Fault region must instead be explained by means of a mutual
transfer of strain between systems of different trend and
character.
The computer programs used for the location of the earthquakes

reported in this study are discussed in Appendices A and B.
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INTRODUCTION

March 15, 1946, a magnitude 6.3 earthquake occurred near Walker
Pass, a region visited only infrequently by earthquakes prior to
that date. ‘This earthquake and its aftershocks were studied by
Chakrabarty and Richter (1949). The conclusions drawn from that
study were that the earthquake's location was somewhat west of the
Sierra Fault, and that it had a depth of twenty-one kilometers.

The assignéd position and depth of the earthquake were cited also
as evidence that the Sierra Fault in this region had a dip of seventy
degrees to the west.

Six years iater (July 21, 1952), a magnitude 7.6 earthquake
occurred west of the Walker Pass aréa in the vicinity of Tehachapi.
This earthquake occurred on the supposedly inactive White Wolf Fault
which had been identified nearly half a century earlier, but which was
thought to be dead and not likely to be the source of a major
earthquake.

Many new stations were installed in the area following the
Arvin-Tehachapi earthquake. Data from these stations made possible
the accurate determination of hypocenters for both the 1952
earthquake there and the one of 1946 in Walker Pass. Data for
a further study of the ofiginal earthquake sequence was added when
the Walker Pass region itself again became active between 1955
and the present (1964).

This study was undertaken in order to clarify the relationshiﬁ
between the earthduake sources of 1946, 1952, and more recent date.

These successive earthquakes posed a question with regard to the



-
structure of the soufhern Sierra. Did they represent the seismicity
0of a structure not exposed on the surface Whiuh extended the trend
of the White Wolf Fault across the Sierra?

Such an hypothesis would not readily be reconciled with the
results obtained by Chokrabarty and Richter. However, conclusions
derived from the 1952 events had already revealed the need for

serious re-evaluation of the data ﬁsed in the 1949 study.
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SUMMARY OF EARTHQUAKE DATA SOURCES

Eighteenth century accounts of Spanish explorers provide the
éarliest sources of data concerning earthquakes in California.
Similar data appear in more recent times both in the records
maintained by military agencies and in newspaper reports. It is
oniy since 1887 that scientifically reliable data recorded at
- seismographic stations have been available.

The first two such stations in California, and indeed in the
United States, were established at Berkeley and at the Lick
Obgervatory in that year. Altrhough the seismographs that were
installed there had a low magnification, they were quite capable
of detecting large earthquakes. This capacity made it much less
likely for large earthquakes within the state to escape notice
than had been the case prior to. their installation. Indeed, the
value of definitive sources for origin times even at this early
stage of instrumentation cannot be exaggerated. It was from this
two station nucleus that a seismographic network, increasing in
worth with the addition of staliuns and the use of increasingly
sensitive instruments was expanded over the years throughout
northern California.

Interest in the study of earthquakes occcurring in southern
California was initiated by Mr. H. 0. Wood. Prompted by his
enthusiasm, a cooperative program for this purpose was set up
in 1921 between the Carnegie Institution of Washington and the
California Institute of Technology. Under the auspices of this

program, the Wood-Anderson Torsion Seismometer was developed.
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The new instrument resolved previously existing problems of recording
local disturbances, and coupled with the solution to the problem

of accurately recording time, made possible the development of a
southern California seismographic network designed to study

loecal earthquakes.

The end of 1928 saw five stations of the net: Pasadena,
Riverside, Mount Wilson, La Jolla, and Santa Barbara routinely re-
cording earthquakes, Two more, Haiwee and Tinemaha, were installed and
functioning satisfactorily by the end of September, 1929. While
other stations were added to the network after 1929, the next
most important one, with regard to earthquakes in the Walker Pass
region, was at China Lake, which was placed in operation in
July, 1949, Under the impetus of the Arvin-Tehachapi earthquake
of 1952, stations were added:at Woody (August, 1952) and Isabella
(January, 1954). Goldstone (Nbvember, 1961), the newest station
in the network, will be of Qalue in the further study of Walker
Pass seismicity by providing significant control to the southeast.

All of the stations in the southern California network are
preéently equipped with Benioff short period vertical seismometers.
In addition, statiéns may have Wood-Anderson Torsion seismometers
and/or strong motion equipment as well as equipment designed for
the recording of teleseisms. Haiwee and Isabella added such strong
motion equipment»after the Arvin-Tehachapi earthquake. The lower
magnification of this strong motion equipment both permits the
recovery of data other than first afrival times from large events

occurring in the immediate area, and provides for the separation
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of large, closély spaced events in the aftershock sequence. While
no disturbance of méjor importance has occurred in southern
California since the 1952 earthquake, the presence of this
equipment at Haiwee and Isabella provided information concerning
arrival times of secondary phases which would not otherwise have

been available for the earthquakes of January and October, 1961.
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METHODS FOR THE ABSOLUTE LOCATION OF FARTHQUAKES

’A.b' soon as the seismougraphic network for recording earthquakes
in southern California was functioning, the Seismological Laboratory
at Pasadena turned to the problem of establishing the velocity
structure of the area covered by the net. Knowledge of the velocity
structure in southerm California was essential to the program's
purpose of accurately locating earthquakes occurring in the area.

Initially, locations were assigned on the basis of S minus P
times alone. Within four years, however, Gutenberg had completed
the first study of travel times for southern California (Gutenberg,
1932), and the earthquakes were being located with reference to his
structure analysis. Subsequently, he modified that original
structure analysis (Gutenberg 1944, 1951). It is Gutenberg's 1951
modifications, plus others suggested by Press (1960), and the U, S,
Geological Survey which forms the basis for the velocity structure
concept currently used for locating earthquakes in southern California.

Up to 1962, the method by which most earthquakes in southern
California were located consisted of making a first approximation
regarding the earthquake's origin time from the S minus P data and
calculating the distance of the focus from the stations using the
travel time curves and the P minus O times. A preliminary location
obtained from the intersection of the arcs thus determined was
assumed. If the intersecting arcs for the preliminary location seemed
to leave too great a possibility for gross error, adjustments were
made to the assumed origin time. When the adjustments provided

values for the P minus O times which gave the smallest circle of
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confusion for the intersecting arcs, a final location was assigned.

In some epecial caces, locations were further refined by means
of calculating the distance from the focus to the stations and
making intuitive adjustments to the origin time and location. This
procedure was continued until the difference between the observed
aﬁd calculated travel times was minimized.

Locations assigned to a few earthquakes were also reviewed by
means of the least-squares method using a desk calculator.

In such cases preference for data from the nearer stations, which
receive the direct wave, was always recognized.

The increasing availability of digital computers has made the
use of the least-square technique more practical. Programs could
be constructed which would give the location by least-square
solution for hypocenters in fifteen minutes (Bendix G-15D), or
two seconds (IBM 7094) rather than the four hours necessary for
manually carrying out the operation.

The Seismological Laboratory at Pasadena began using one such
program in 1962 for the location of local earthquakes (Nordquist,
1962). Another program, using individual station corrections
has alsb been tested (Cisternas, 1963). Both of these programs
assumed a paraliel plane layer structure, and although some other
structures have been used, locations have been assigned principally
on the basis of the structure by Press (1960).

Larger and more powerful programs for epicentral location have
been written by both Cisternas and Gardner. These programs, while

continuing to use the least-square technique, provide in addition
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a means of compensating for the varying structure found in
southern Californié.

The locations and depths of earthquakes presented in this
paper were determined by a computer program developed by the author.
It provides for the possibility of solution by either a parallel
piane layer or a non-parallel plane layer technique. An outline of

the program and its general procedure will be found in Appendix A,
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I-fETHbD FOR THE REILATIVE LOCATION O EARTHQUAKES

The method for the relative location of earthquakes has two
major advantages. First, it can be used in an area where a
knowledge of the complete structure traversed by the seismic waves
is not available. Second, it can be used for shocks in which the
ndmber of data for an absolute location is inadequate. 1In addition,
the nse of relative locations makes possible the geographic grouping
of large numbers of earthquakes for further study.

Known as "differencing', this method examines earthquakes in
pairs. Its purpose is to locate the two earthquakes relative
to one another by comparing the differences in arrival times of the
shocks at the stations in the seismographic net. This is accomplished
by subtracting the arrival time of one earthquake from that of the
other at each station, and establishing a "difference" value between
the two earthquakes for each station. These difference values
are 3 measure both of the displacement of the two hypocenters and
the difference in origin time. Therefore, the more nearly all of
the differences are equal, the cluser the two hypocenters are
together.

In‘operation, the method assumes that each earthquake has ;
unique set of travel times to the station, and consequently that
two earthquakes will have the same travel times to all of the
stations if and only if they have the same focus.

However , where the difference values are constant to within

three-tenths of a second, the two earthquakes are assumed to be
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from the same source., The plus or minus three-tenths of a second

is allowed to compensate for two sources of error. One is the
possibility of recording imperfections by the instruments concerned.
The other is the possibility of human error in measurement. Because
of the allowance for these potential errors, the same focus must
be‘assumed for the two earthquakes since differences of focus within
the three-tenths of a8 second would be impossible Lo detect.

1f the difference values are not constant, that is if their
range exceeds three~tenths of a second, the displacement of one
hypocenter from the other can be caleculated on the basis of velaocities
in the immediate area. When the calculated displacement of the two
hypocenters from each other is found to be no more than ten
kilometers, the relative displacement of the hypocenteré
established by the calculation is accepted as valid, and the
gross paths of the seismic waves from the two hypocenters to the
stations are assumed to be the same.

The most useful earthquake pairs for study, obviously, are
those in which the difference values for the arrival times of the
two earthquakes are constant to within plus or minus three~tenths
of a second at all éf the stations. 1In such cases, three benefits
may be anticipated.

First, the two sets of data provide mutual checks for each
other by which likely errors are exposed through discrepancies in
the differences. If three or more earthquakes are differenced

with each other, even individual errors may sometimes be found.



-11-

Second, a combination of several earthquakes can provide
travel time data to more stations than a single shock occurring
at any one time. Especially is this true of stations, such as the
portable units used in the field after the occurrence of a major
event, which are started and discontinued throughout the years.

In addition, combined data can be used to compensate for stations
from which data are missing due to ﬁalfunction. For example,

data from Haiwee are missing for the two largest earthquakes
(January 28, 1961 at 08:12 GCT and September 16, 1962 at 05:36 GCT)
known to have occurred near the epicenter at 35°46'N, 118703 'W.
However, since other, smaller earthquakes have occurred in that
area, it is known with reasonable certainty that the travel time

to Haiwee from this epicenter is near 6.6 seconds.

Third, where difference values can be shown to be constant, a
means is available for discovering arrival times for the secondary
phases of the event. 1In particular, S arrivals, usually totally
lost in the larger event, can be recovered and used to aid in the
location of the shock.

As the number of reliably located earthquakes increased, the
well recorded data for their location has often been sufficient
to establish the hypocenters for others which occurred when there
were fewer seismic étations, or when those in existence were
handicapped by malfunction. Differencing is what makes this
possible.

Just as a computer program for the least-square method of

absolute location of earthquakes has been written, so has one been
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written for the relative location of earthquakes by the
differencing method. The program is intended to be used for those
earthquakes in which the difference in location is at most ounly

a few kilometers. An outline of the program's structure and

procedure is presented in Appendix B.
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METHOD OF SEARCH FOR EARTHQUAKES OCCURRING NEAR
WALKER PASS

Although the first stations of southern California's
seismographic net began regular recording of data in 1926, routine
publication of the location of earthquakes occurring in southern
California did not begin until 1934. The possibility of publication
prior to that date had been impeded by shortages of personnel
and financing, lack of knowledge regarding the structure and
velocities of southern California, and tﬁe extra workload caused
by the Long Beach earthquake of 1933.

Southern Califormnia earthquake data published since 1934 were
first cataloged through 1957 onto IBM cards by Drs. C. R. Allen
and Pierre St. Amand. The card catalog, updated through 1962 by the
author, has bad corrections, additions, and revisions in epicenters
and magnitudes made to its entirety by Mr. John M. Nordquist.

With respect to earthquakes occurring in the Walker Pass
region and its surrounding area, a list of all such events was
first prepared by applying a computer program, developed by Mr.

John M. Nordquist (1964) to the IBM card catalog. This initial
list was then refined to include only those shocks having a
Richter magnitude of 3.6 or greater, and prepared as a Table (1)

for publication in this paper.
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QUALITY OF LOCATION OF EARTHQUAKES NEAR THE WALKER
PASS REGION

Walker Pass is about forty kilometers from Haiwee, Isabella,
and China Lake, all of which receive the direct wave from this
region as the first arrival. Because these stations are nearly
equidistant from Walker Pass, the epicentral locations are
excellent when data from all of them are present.

The direct wave as the first arrival is also received by the
stations abL Woody, Fort Tejon, Goldstone, and Tinemaha. Tinemaha
is almost beyond the range at which the direct wave normally
arrives first; but because of the many peculiarities of the
Sierra strxucture, earthquakes from the Kern County region with
epicentral distances as great as 170 kilometers have been found
to record the direct wave as the first arrival (Richter, p 194,
1955). The remaining stations of the network normaily record
refracted arrivals as the first arrival from the Walker Pass region.

Between the inception of the seismographic network and 1949,
only Haiwee and Tinemaha received the direct arrival from epicenters
in the Walker Pass region. During that time, the essential
east-west control was supplied only by Santa Barbara, which
received first the refracted arrival.

The inadequacy of this east-west control by Santa Barbara is
cceasioned by the coustant presence Lhere of a large background
noise level which obscures first arrivals, particularly those
of earthquakes with magnitude less than 4.5. In addition, structural

control on the path between the Walker Pase region and Santa
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Barbara is not good, both because of the proximity of Santa Barbara
to the coast and the thick sedimentary section there, and the
position of the Walker Pass region above the deepest portion of the
Sierra Nevada root. Thus, travel times from the Walker Pass region
to Santa Barbara may deviate markedly from the normal travel times
aésumed for southern California structure.

Becausc the north-south control in the Walker Pass region
was much better than the east-west control, the latitude of
epicenters there through 1948 was much more certain than the
longitude. A trivial amount of additional east-west control was
provided by a portable unit taken into the region for the
aftershock series of the Walker Pass earthquake of 1946. However,
the concurrent failure of recording at the station at Haiwee was
a serious deficiency. Lt was not until the installation of the
station at China Lake in 1949 that the quality of east-west control
for shocks occurring since that date improved and the location
of epicenters in that region was markedly better. However, no
important earthquakes occurred in this region, with the exception
of a swarm near Little Lake in June and July of 1951, until after
the stations at Woody (1952) and Isabella (1954) had been added to
the net.

During the period prior to 1948, epicenters which were not
in the Walker Pass region proper suffered to a lesser degree
from the lack of east-west control since Haiwee could provide
it. This was true for epicenters in both the Argus Mountains

to the east of Haiwee and those in the interior of the Sierra block.
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As épicenters approached the Garlock Fault. the stations at Pasadena
and Mount Wilson which also receive the direct wave began to
provide an increasing measure of east-west control. Thus, the
locations of these earthquakes are somewhat better than the

location of earthquakes in the Walker Pass region itself before

the advent of China Lake.

The differencing technique applied to earthquakes in the
Walker Pass region has been, in a few cases, exceptionally useful
for the period 1936~1948, particularly for earthquakes which have
occurred near the station at Haiwee and in the desert region
near Brown. One or two very remarkable cases of constant
difference values have appeared., 1In these few cases, where
differencing was so successful, confidence in the accuracy of
the epicenters may reach the level of that felt for those shocks

recorded in more recent times with the greater number of stations.
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EARTHQUAKES IN THE SOUTHERN SIERRA REGION BEFORE 1934

.Since reliable knowledge concerning the frequency of the
occurrence of major earthquakes in any area requires many years
of accurate recording and evaluation, a chronological discussion
of the earthquakes in California is necessarily hampered by the
lack of such data. Historical evidence for such events can be
found beginning as early as 1769, but is most charitably described
as inadequate.

A search of Townley and Allen (1939) and the Earthquake

History of the United States, Part II, provided the following

information for shocks in the southern Sierra region. It includes
a record of béth those seismic events occurring before the
installation of seismographs, and those recorded in the period
from 1887 to 1934 when routine publication of earthquake data

for southern California was begun.

The first such seismic event was reported for the Owens Valley
region. It had for a source Indian recall of an earthquake occurring
about eighty years before a more recent event (1872), which would,
if acceptable, give us 1790 as the beginning for the historic study
of seismic activity in the southern Sierra. A record of this type
cannot be considered reliable. in any degree. However, since numerous
recent fault scarps attest to recent movements in the area, it is
not necessary thaﬁ any value be attached to it.

The second report applicable to the southern Sierra includes

a series of earth tremors beginning in August, 1868, and continuing
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through September. The largest shock was reported to have occurred
September 4, 1868. Epicenters for the whole series were apparently
centered on the Upper Kern River.

Three years later, in July, 1871, a severe shock was felt at
the Joe Walker Mine located on the east side of Walker Basin in
Kérn County. The mine was reported to have filled almost instantly
with water as a result of the earthquake.

In the latter half of 1871 and the first three months of
1872, Owens Valley was reported as the location of another
‘series of earthquakes. They might reasonably be considered
foreshocks of the earthquake which occurred near Lone Pine,

March 26, 1872, at 2:30 a.m. This earthquake is quite likely
the largest which has occurred in California in historic

times. Adobe houses were shattered as far away as Indian Wells,
near China Lake. 1In Lone Pine itself, no adobe house escaped
destruction. Both vertical movements as great as twenty-three
feet and horizontal displacements as much as twenty feet were
observed. Unfortunately, the importance of evidence regarding
lateral movements was not recognized, and it has disappeared
with time, leaving ﬁncertain exactly what type of movements
took place. Earthquakes which‘may be considered as aftershocks
of this event persisted for many years.

It is from a newspaper source that information about three

distinct shocks felt at Tehachapi comes for the catalog of southern
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California earthquakes. They began.February 13, 1890, at 2:10 a.m.
and were spaced about twenty minutes apart.

Weather Bureau and press reports were also the only published
information on the series of earthquakes occurring in Death Valley
during October and November, 1908. However, the strongest shock
of the series, that of November 4, was recorded by instruments as
nearby as Berkeley and as far away as Ottawa.

Another southern Sierra earthquake occurred May 28, 1915
Its location east of Spriﬁgerville in Tulare County was
established by both instrumental records and the shape of the telt
area. Its magnitude was closer to 5 3/4 than 6. (Dr. C.F. Richter,
personal communication).

Death Valley was the site of another potentially destructive
earthquake November 10, 1916. Reports from the seismograph stations
at Reno, Berkeley, and Mount Hamilton provide the evidence for the
location of the epicenter in the desert region of the Garlock
Fault just south of the valley.

The following year, an earthquake which was felt from Little
Lake on the south to a point just beyond Independence on the
north ﬁccurred. A'16O foot long break in the Los Angeles
aqueduct occurred on the same day, July 6, 1917, but it is not
certain whether the earthquake was responsible for the hreak.

The next three earthquakes in the chronological catalog all
touch Kern County. The first, on March 23, 1918, brought felt
reports from Brown in Kern County and Little Lake in Inyo County.

The second, on June 30, 1926, in the Kern River Canyon, produced
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shaking so severe that workmen in the area had difficulty standing.
The third, on July 25, 1932, was assigned a location near the Kern
River of 35 48'N, 118°32'W. This earthquake, with an origin time
of 10:51 p.m. and a magnitude of 4 1/2, was recorded by instruments.
quever the accuracy of the assigned location may be overestimated
since the recording was very incomplete.

It is probable that since 1850 every earthquake whose
magnitude equaled that of the San Francisco earthquake of 1906
has been recorded. On that premise, and in view of the results of
the search reported in the preceding paragraphs, it seems
reasonable to assuﬁe that no major earthquake had oc;urred in the
Walker Pass region proper. .However, the fact that a major earthquake
could escape notice becausc the area was gparsely populated is not

impossible.
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FARTHQUAKES LOCATED INSTRUMENTALLY
IN THE WALKER PASS REGION AND SURROUNDING AREA
BETWEEN JANUARY 1, 1934, AND MARCH 15, 1946

Only twenty-four earthquakes of magnitude greater than 3.5
were found in the region shown in Figure 2. Of these, only four
possessed a magnitude greater than 4.4. Since earthquakes were
réported to the nearest half of a magnitude unit prior to 1943,
it 1is certain that some earthquakes with a magnitude grealer
than 3.5 bhave been missed. However, it is unlikely that many
with a magnitude as great as four have been omitted.

Locations using the parallel piane layer locations program
were attempted for these twenty-four earthquakes. Many converged
to a solution, but the adequacy of these solutions could be
questioned in almost all casee. Locations for the earthquakes
in the Walker Pass region and northward were seriously affected
by the poor reliability of travel times to Santa Barbara. Locations
further south had the benefit of the better east-west control
provided by Pasadena, Mount Wilson, and Riverside, but lacked
near station control. No epicentral determinations or origin
times were modified since the quality of the locations provided
by the computer soiution were at best only equal to the original
determination of those quantities.

Manﬁ of the twenty-four éarthquakes tended to fall into one
of two groups. First, those earthquakes which tended to occur
in swarms. Second, the earthquakes which tended to occur
repeatedly from the same epicentral area. When an earthquake

fell into the second group, and one of the repetitions occurred
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after 1949, the post-1949 location, if sufficiently well known,
could establish that of the others in the group. These locations
could be checked, either by direct comparison of the travel times
or by use of the earthquake comparison program. However, since
few of the locations obtained by such checks were of better
quality than the original ones, only these few epicenters

were revised.

Epicenters of earthquakes with magnitude greater than 3.8
have been plotted on Figure 2, with the exception of some
oc;:urring near the egtation at Haiwee. Prior to March 15, 1946,
only one such earthquake occurred in the Walker Pass region proper.
This earthquake, a magnitude &, occﬁrred on February 8, 1935, at
04:22 GCT. Examination of the arrival time data for the earthquake
led to the conclusion that it actually occurred somewhat further
east, Unfortunately, the arrival time data for the earthquake
were not sufficiently consistent to cobtain a meaningful solution
from the computer program. Therefore, the original location-
assigned to the epicenter was not altered.

In May, 1935, the epicenter near 35°42'N, 118°22'W became
acﬁive, Over fifty earthquakes above magnitude two were assigned
to this epicenter. The largest occurred June 11, 1935, at 16:2) GCT.
This garthquake was located relative to the earthquake of May
28, 1955 at 19:44 GCT. The location obtained was 35°42.5'N,
118°21.4'W at a depth of zero kilometers and with an origin time
of 16:20:45 GCT. The May 28, 1955, earthquake was also used to

establish relative locations for two later earthquakes assigned
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to this epicenter. One of them occurred May 3, 1936, at 14:20 GCT
and the other January 19, 1937, at 23:57 GCT.

The May 3, 1936, earthquake convefged to an epicentral
solution near 3% 45.0'N, 118 29.7'W at a depth of 7.2 kilometers
and with an origin time of 14:21:00 GCT. However, the presence of
large residuals at several key stations showed it to be
unaatiafactory. The January 19, 1937, earthquake converged to
an epicentral solution near 35 40.4' N, 118 18.6'W at a depth of
15.1 kilometers and with an origin time of 23:57:38 GCT. Since
none of the locations or origin times provided by the computer
program for earthquakes near the epiéenter 35 42'N, 11§ 22'W
seemed fundamentally of better quality than the original ones,
the latter were retained.

' The Haiwee region possesses a number of epicenters from which
earthquakes have originated repeatedly over the years. These
were labeled by H. 0. Wood (p. 233, 1947) as "habitual epicenters."
The earthquake which occurred on April 24, 1936, at 19:00 GCT was
the first above magnitude 3.6 reported for thc Haiwee region after
the routine publication of southern California earthquake data
began. The travel times for this earthquake, and those occurring
on June 22, 1942, 22:13 GCT: June 22, 1942, 23:51 GCT; October 16,
1942, 10:07 GCT; May 30, 1943, 07:50 GCT; July 26, 19453, 10:10 GCT;
and January 5, 1959, 12:36 GCT are given in Table 16,

It is appareﬁt from an inspection of the data in Table 16 that
the earthquakes are not far removed from each other. However, all

attempts to relocate them by use of the earthquake comparison
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program were unsuccessful. Again, the probable cause of this failure
was inconsistent data. A more detailed discussion of the sequence

of earthquakes commencing on Januéry 5, 1959, has been developed by
Richter (1960), and the same sequence will be further examined

in this paper.

On September 10, 1937, at 19:34 GCT, the first earthguake
above a magnitude 3.5 was reported from the area midway between
Haiwee and Walker Pass. It had a magnitude near 3.6. Other
earthquakes repor ted from this area are given in Table 21. They
include the earthquake of September 18, 1937, at 08:37 GCT; and
the earthquakes of September 16, 1943, at 00:16 CCT and 07:52 GCT.
The latter is the largest which occurred in this group.

Since 1952, no earthquake large enough to be well recorded
at the distant stations has occurred in the area between Haiwee
and Walker Pass. Several earthquakes smaller than 3.5 have
occurred, but because of the lack of earthquakes suitable in size
for use in the comparison program, the relocation of these
earthquakes was not attempted. Although the epicenters of the
larger shocks shown in Table 21 are not as accurate as might be
desired, the fact that they have been assigned generally to the
correct location can be shown by a comparison of the travel times
appearing in the same table.

The first of the two larger shocks which occurred in the area

shown in Figure 2 prior to the Walker Pass earthquakes of 1946
occurred on September 17, 1938. Attewpts to find an earthquake in

the immediate area for comparison purposes were unsuccessful.
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The location has not, therefore, been modified in any way.

‘The. second bf the two larger shocks occurred on January 7, 1939,
at 20:21 GCT. Travel times for this shock, as well as those of
August 15, 1939, at 15:48 GCT; August 9, 1944, at 14:01 GCT; August
12, 1944, at 08:25 GCT; and August 13, 1944, at 06:27 GCT are
given in Table 22. Locations were attempted using the comparison
program, with the earthquake occurring on July 23, 1956, at 10:43
GCT as the key shock. The location of the January 7, 1939, shock
was well confirmed. However locations for the remainder are
best described as, at most, fair.

Since 1934, the largest earthquake, & magnitude 4.7, reported
from the Garlock Fault, occurred on July 3, 1944, at 05:38 GCT.

The arrival time data for this earthquake are given in Table 23,
along with the arrival time data for the earthquakes of May 11, 1945,
at 00:09 GCT; and October 29, 1946, at 11:34 GCT. These earthquakes
were compared against that of September 21, 1963, at 05:06 GCT.
Again, none of the solutions were more satisfactory than the-
original epicenters, so the latter were retained.

An earthquake'in the Kern River region which occurred on
May 18, 1945, at 09:44 GCT, was compared against the shock of
November 17, 1952, and data for the comparison are given in Table
17. The difference data indicated that the epicenters were
quite close together. However, the original location was
retained because éhe earthquake comparison program again

behaved erratically due to the presence of inconsistent data



-26-
resulting from the lack of east-west control for the epicenter.

All these checks of earlier data have served to contirm the
fact that prior to March 15, 1946, except possibly in the region
of Haiwee, there have been no major errors in the locations of the
earthquakes occurring in the region shown in Figure 2. The
earthquakes near Haiwee, throughout the years, have most likely
occurred quite near the earthquake of January 5, 1959. However,
their originally assigned locations have not been modified;
because the inconsistency of the data for these shocks, which
appears in Table 16, did not permit the earthquake comparison
program to provide more adequate epicentral solutions.

The seismic activity, illustrated in Figure 2, prior to the
earthquake of March , 1946, was distributed generally throughout
the area. There was some tendency for this general distribution
to concentrate near the Kern River Fault, the Garlock Fault, or
the Sierra Fault near Haiwee. No known earthquake had a magnitude
as large as 5.0, although three were larger than 4.6. Finally,
the Walker Pass region itself, with one possible exception,
was seismically quiet throughout the twelve ycars immediately

preceding 1946.
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THE MARCH 15, 1946, EARTHQUAKE AND ITS AFTERSHOCKS

The Walker Pass earthquake séquence commenced at 13:21:01 GCT
with a foreshock whose magnitude was 5.5. Some twenty-eight
minutes later, the main earthquake, with a magnitude of 6.3
occurred. This is the largest earthquake known to have occurrcd
in the Walker Pass region,

A study of this earthquake and some of its aftershocks was
made by Chakrabarty and Richter (1949), in which the distribution
of twenty aftershocks was determined relative to the main earthquake
by differences in arrival times. The results of this study, as
well as the arrival times of both the initial phase and many
secondary phases were published in that paper.

Locations for many of the earthquakes of the March 1946
sequence were attempted using the plane parallel layer locations
program. However, the solutions had the same quality deficiencies
which had prcviously appcecared with shocks of carlicr datc. Thercfore,
the most satisfactory method of location again was by means of
differencing. Since the arrival times of the various P and S
phases at the stations were carefully checked by Chakrabarty, the
use of differences was much more successful for this sequence
of earthquakes than it was for the earlier data. Also, methods
of timing had improved so much that more accurate absolute time
was avallable at the stations.

There are three well recorded earthquakes which have
occurred near or in the Walker Pass region since 1949. The first

of these is the shock of July 11, 1956, at 19:22 GCT, which was
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so accurately recorded that it was used as the key earthquake for
the relative locétion of the Walker Pass sequence of 1946. The
second was the earthquake of October 24, 1959, at 15:35 GCT,
which was inadequately recorded at Santa Barbara because the
noise level there was exceptionally high and the record itself
was quite faint. The third is the earthquake of January 28, 1961,
at 08:12 GCT. Initially it was hoped that this earthquake had
occurred at the same epicentef as the main earthquake of the 1946
sequence, and that direct comparison would be possible. This,
however, did not pruve Lo be true,

The Walker Pass sequence of 1946 was located relative to all
three of the earthquakes mentioned above prior to the selection
of the July 11, 1956, earthquake as the key earthquake. It was
found, with a single exception, that the most consistent
locations were given by comparisons with the earthquake of
July 11, 1956, as the key earthquake. 1In all cases, except one,
it was also found that the epicenters thus obtained were displaced
less than five kilometers from ones determined by Chakrabarty.
The one exception in both cases was the earthquake of April 16,
1946, at 10:37 GCI. This earthquake has been assigned an epicenter
relative to that of the earthquake of October 24, 1959, at
15:35 GCT. The displacement of this epicenter was found to be
less than three kilometers from its 10¢ation as determined by
Chakrabarty.

Epicenters for the 1946 sequence determined relative to
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either the July 11, 1956, earthquake or the October 24, 1959,
carthquake arc iﬁ general quite cloese together. In thoce cases
where the Santa Barbara arrival time of the second key shock
influenced the result, this is not true. In cases where the
Santa Barbara arrival time did not influence the solution, it
either was absent from the data, or the residual for Santa
Barbara was so large that the program rejected the datum in
computing the solution. In particular, the difference in the
locations of the epicenters of the foreshock, as determined

in relation to the two key shocks, was less than one kilometer.
Tables 12 through 15 contain the solutions obtained by using the
earthquake comparison program for the foreshock and the main
shock located relative to the earthquakes of July 11, 1956, and
October 24, 1959.

The origin times of these earthquakes were increased between
one and two seconds over those determined by Chakrabarty. The
increase was a result of the change in velocity structure from
the one used by Gutenberg in 1944 to the one currently in
use at ;he Seismological Laboratory at Pasadena.

Some aftershocks not examined by Chakrabarty were also
processed and revised locations obtained. Some of these epicenters
showed greater displacements than the ones which were included
in his study. This occurred mainly because many of these
earthquakes were assigned in a blanket manner to an epicenter
at 35°42'N, 118°02'W.

One such aftershock, on March 18, 1946, at 15:50 GCT, failed
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to converge in'any of the comparison attempts. However,
inspection (see Table 20) of the differences between this
earthquake and the one of July 11, 1956, at 19:22 GCT, revealed
that these epicenters were quite close. The arrival times of
the aftershock were somewhat obscured by another aftershock

from nearly the same source which occurred only a minute earlier.

Locations of the main Walker Pass shock, its one foreshock,
and many of its aftershocks are shown in Figure 3. These locations
include all of the earthquakes given by Chakrabafty and Richter (1949)
except one. The numbering of the shocks in Figure 3 corresponds
to ones found in that paper. The one exception is the shock
of February L, 1947, at 13:30 GCL, near 35°13'N, 118°20'W,
which falls outside of the limits of the figure. Shocks not
listed by Chakrabarty are shown in Figure 3 by means of letter
suffixes as appropriate. Detailed information regarding the
particular shocks in Figure 3 may be obtained by referring
to Table 1.

A nodal plane solation using the combined data of the foreshock
and main earthquake of the March, 1946, sequence and the earthquake
of January 28, 1961, at 08:12 GCT was repbrted by Ingram (Ingram
et al., in press). The nodal lines obtained by Ingram were
plotted as dashéd lines on Figure 3. These dashed lines
represent the intersection of the nodal planes with a plane
perpendicular to the normal to the surface of the earth at the
epicenter located ten kilometers below the focus of the

earthquake. The arrows im Figure 3 give the directions of
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possible movement. An inspection of the figure reveals that
most of the earthquakes fall in the southern quadrant of the
nodal plane solution.

Attempts were made to find earthquakes occurring after 1951
which had the same epicenters as earthquakes of the 1946
sequence, These attempts were, on the whole, unsuccessful.

The one outstanding exception is the earthquake of March 18,
1946, at 15:49 GCT, which has nearly the same epicenter as the
earthquake of July 11, 1956, at 19:22 GCT. The data are given
in Table 20. The similarity in travel times is almost beyond
belief, considering that the readings were made independently
and only one reading, in the latter earthquake, has been
revised.

The most important single result of this portion of the study
is the fact that the epicenters in the Walker Pass region, as
reported by Chakrabarty and Richter (1949), do not need substantial
revision. While the epicenters obtained by them may be displaced
from the ones reported in this study by as much as five kilometers,
the area delimited by the aftershocks remains essentially
unchanged.

The result second in importance is the fact that the depths
of these earthquakes do need revision. They are much less than the
twenty kilometers assigned by Chakrabarty, since most have been
found to be less than ten kilometers. This result is supported

by evidence, to be presented later, which shows that more recently
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occurring earthquakes also have depths of less than ten kilometers
in most cases.

A third result is the addition to the knowledge about the
Walker Pass region of the fact that no earthquakes have been found
to occur in the vicinity of Brown, near 35°46 'N, 117°57 'W, before
Mafch 18, 1946, at 15:49 GCT. This epicenter represents the
grealtest extension of the aftershock area in the northeast
direction.

The circumstances of the first known occurrence of earthquakes
near Brown were in themselves interesting. 8ix shocks, excluding
the main shock, with magnitudes greater than five are known to have
occurred in the Walker Pass sequence. Within the first twenty-four
hours after the onset of the sequence, five of the six had occurred.
The sixth, in the vicinity of Brown, occurred more than three days
after the onset of the sequence, and was itself preceded by a
foreshock and followed by aftershocks. A similar phenomenon was
observed for the Arvin-Tehachapi earthquakes of 1952 (Richter, p. 192,
1955). This sequence also contained a large aftershock considerably
displaced from the main shock and originating many hours after the
main shock. Another.similarity between the two sets of events is
the fact that, in both cases, garthquakes have continued to originate
from these epicenters for many years after the initial shock.

A fourth chief result is that the great majotrity of these
earthquakes have been assigned locations south of a line drawn
betwen 35°42.3'N, 118°00.2W and 35°45.3'N, 117°58.7 'W. The southern

terminus of this line is the epicenter for the main Walker Pass
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shock of March 15, 1946. 1Its northern terminus is the epicenter of
the aftershock near Brown of March 18, 1946. Only a few earthquakes
were found to be northwest of this line. However, since the north-
south control for this sequence of earthquakes is far stronger than
the east-west control, assignment of epicentral locations with
respect to a line trending from southwest of northeast is more
adequately supported than might first appear possible.

A fifth result is drawn from a comparison of the numbers of
earthquakes in the Walker Pass region before and after the occurrence
of the earthquakes of 1946, which shows that the area was much more
quiet seismically before that date than it has ever been since.
Although the 1946 aftershock sequence had terminated by 1948, earth-
quakes have continued to occur in the Walker Pass region with much

greater frequency than ever before.
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EARTHQUAKES IN THE WALKER PASS REGION AFTER THE
MARCH 15, 1946, EARTHQUAKE SEQUENCE

By July, 1946, the high level of seismic activity found in
the Walker Pass area during Marcﬁ and April of that year had
greatly diminished. Two years later, the major seismic activity
had pinched out almost cémpletely, and from then until June, 1951,
the largest earthquake in the Walker Pass region was a magnitude
3.6, which occurred on August 10, 1950, at 09:55 GCT.

Seismic activity in the Walker Pass region then resumed on
June 25, 1951, at 19:45 GCT with a magnitude 4.6 eartﬁquake near
Brown. This earthquake was followed quickly by another of almost
equal size: June 26, 1951, at 01:26 GCT with a magnitude of 4.4,
During the next month, at least nine other shocks occurred near
Brown. The largest of these occurred July 1, 1951, at 00:16 GCT
and had a magnicude of 3.7.

These earthquakes near Brown were recorded successfully both
at Haiwee and the recently installed station at China Lake.
Bécause of the presence of the station at China Lake, east-weét
control was so i@proved that the plane parallel layer locations
program was able to furnish adequate computer solutions for
their hypocenters. The arrival time data for these earthquakes
are given in Table 20, and the epicenters and depths provided
by the computer solution are plotted in Figure 4.’

The sequence of earthquakes which began on June 25, 1951,
does not disblay the normal main shock - aftershock sequence

pattern. Instead, the occurrence so close together in time of
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two earthquakes with nearly the same magnitude is suggestive
pf an earthquake.swérm. The other shocks, however were smaller
by about one order of magnitude. When these shocks near Brown
died out, the area shown in Figure 2 experienced almost a year
of seismic quiet. During that period of time no shocks of
magnitude greater than 3.5 occurred in the region.

On July 21, 1952, at 11:52, just beyond the soutwest
limits of Figure 2, routine seismic activity was interrupted
by the Arvin-Tehachapi earthquake. Unfortunately., aftershocks
of this earthquake obscured, at wany of the stations, the arrivél
times of a shock near 35°59'N, 117°56'W. The latter occurred within
the limits of Figure 2 only four hours after the initial Arvin-
Tehachapi shock.

Arrival time data which could be recovered for this shock
near Coso Junction are presented in Table 21. It is indeed
regrettable that the arrival times from the epicenter near Coso
Junction should be so obscured. If clear, they would have been
quite useful for checking epicentral locations of shocks which
occurred in the same immediate vicinity ten to twenty years earlier.

" After the Arvin-Tehachapi earthquake of 1952, overall
seismic activity in the Walker Pass region increased somewhat.
The increased activity included four earthquakes with a magnitude
greater than 3.5. They occurred in the thirty-two months between
the earthquake of July 21, 1952, at 15:15 CCT, and that of May 28,
1955, 19:44 GCT, and were not concentrated in any one area, but

were instead scattered throughout the area of Figure 2.
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The earthquake'of May 28, 1955, at 19:44 GCT, had a
magnifude of 4.4; and was located at 35° 32.00, 118°15.8'W, and
occurred at a depth of 12.3 kilometers. The time, location,
and depth above were supplied by the non—ﬁarallel plane layer
locations program. Although data are missing for both China Lake
and Isabella, it is unlikely that the location is seriously
in error. Table 3 presents the epicentral solution, and Figure 2
includes the plotted location.

The location of the May 28, 1955, earthquake is of
particular interest. Lt occurred in the seismically quiet
region between Walker Pass and Caliénte, the eastern terminus of
activity associated with the White Wolf Fault. This earthquake
is the only one with a magnitude greater than 3.9 recorded in that
area since the‘installation of the station at China Lake in 1949,
In addition, it is almost the only one recorded from that
particular epicenter since the inastallation of the station at
Isabella in 1954.

In an effort to supply the missing arrival time data at both
China Lake and Isabella, a careful search was made for other
earthuakes from this region. The absence of both foreshocks and
aftershocks for the earthquake of May 28, 1955, made this extremely
difficult. In fact, only one such earthquake was found, and it was
so small that it was useless for the purpose. This dearth of
artershocks is in sharp contrast to the swarmlike numbers following
the earthquakes occurring near 35042'N, 118°22'w during 1935

and 1936. Unfoitunately, at that time neither China Lake nor Isabella
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had been installed.

The value of being able to establish travel times for missing
stations from those of other shocks is demonstrated by the
earthquake of August 22, 1955, at 14:41 GCT. This earthquake
with a magnitude of 3.7 occurred in Walker Pass, and was well
recorded both at all of the near stations and many of the distant
ones as well., The computer solution for the hypocenter is excellent.
It yielded an epicenter of 35°46.1'N, 118°02.2'W, a depth of 7.3
kilometers, and an origin time of 14:41:20.8 GCT. This solution
is displayed in Table 4, and thc location plotted in Figures 2 and 7.

Because this earthquake had nearly the same epicenter
as the earthquake of January 28, 1961, at 08:12 GCT, the missing
arrival time at Haiwee for the latter could be supplied. It is
possible to establish such missing data when, as in this case,
the travel times of the two earthquakes (Table 18) are nearly
identical for the nearer stations.

The earthquake of July 11, 1956, at 19:22 GCT, is an example
of the value of differencing in refining previously determined
epicentral locations. Although neither foreshocks nor aftershocks
were recorded for the July 11, 1956, earthquake, it was most
significant for this study. Not only was it perfectly recorded
at all of the near stations, but in addition it was well recorded
at more distant stations. Of particular importance was very clear
recording of the arrival time at Santa Barbara. The value of the
excellent recording at these distant stations lies in the fact that

they also recorded the earthquakes occurring near this epicenter in
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March 1946, and June and July, 1951.

The hypocentral solution for the July 11, 1956, earthquake
is the most consistent solution obtained in this study. It yielded
an epicenter of 35 46.0'N, 117°56.9'W, a depth of 12.6 kilometers,
and an origin time of 19:22:06.7 GCT. The solution is given in Table
6, and the location plotted in Figures 2 and 4.

Table 20 gives the travel time data tor earthquakes which
have epicenters near that of the earthquake of July 11, 1956.

These earthquakes have occurred over a period of teﬁ years,

and the travel tiwes strongly indicate that they have epicenters
which are very close together. This, then, is an excellent example
of the "habitual epicenter" of H. 0. Wood. Earthquakes from the
"habitual epicenter" near 35°46'N, 117°57'W, have occurred as
aftershocks of a major event (1946), as a swarm (1951), and as an
isolated earthquake (1956).

After the installation of the station at China Lake, only a
few earthquakes occurred in the Argus Mountains region nmear 35°58'N,
117°46'W, which was active in 1939 and 1944. One of the more
recent earthquakes from that region occurred July 23, 1956, at
10:43 GCI. The solution is good, considering the size of the shock,
and is given in Table 6. Travel times for this earthquake and those
of the earlier shocks are given in Table 22.

More than a year later (October 4, 1957), a magnitude 3.8
shock occurred in the Walker Pass reglon Liself. The plane parallel

layer location solution was satisfactory, and yielded an epicenter

of 35°48.1'N, 118000.9'W, a depth of 5.7 kilometers, and an origin
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time of 12:00:36.9 GCT. This earthquake is of interest because

it occurred farther north than any of the other earthquakes in tﬁe
Walker Pass region proper. Earthquakes both before October 4, 1957,
(March 1946: August, 1955) and after (October 1959: January, 1961:
September, 1962) have epicenters south of that point.

| The seismically quiet year of 1958 in the Walker Pass region

was followed by one of greater activity. In 1958, there had been
a complete absence of shocks with a magnitude greater than 3.5.

In 1959, however, two important earthquake sequences occurred.

The first, near Haiwee, appeared in January, 1959, and the second,
.in Walker Pass, during October and November, 1959.

The earthquake sequence near Haiwee (January, 1959) began
with a magnitude 4.7 shock at 12:36 GCT. The solution provided by
the locations program is an excellent one. It gave an epicenter
of 36°09.3'N, 118°03.3'W, a depth of 2.6 kilometers, and an origin
time of 12:36:02.6 GCI. The solution is given in Table 7, and the
epicentral location is plotted in Figures 2 and 5.

Reference to Table 16 will demonstrate that this eplcenter
is near those of the shocks occurring in 1942 and 1945. 1In type,
these latter events'were a swarm with many earthquakes assigned to
the same location. The 1959 earthquakes were also swarmlike in
character with many of the shécks having nearly the same
magnitude. Richter (1960) studied the 1959 earthquake sequence
near Haiwee, and the arrival times for many of the members of that

swarm may be found in his paper.
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Hypocenters for six of the larger earthquakes occurring in
January, 1959, have been determined by using the parallel plane
layer locations program. The solution provided a series of epicenters
located élohg a north~south trending axis as shown in Figure 5.

This result confirmed Richter's conclusion that the earthquakes
occurred at two epicenters displaced from each other by two minutes
of latitude.

The January, 1959, earthquakes near Haiwee presented another
interesting feature in that they were exceptionally shallow. The
locations program found no depth greater than three kilometers for
any of these earthquakes, which is the shallowest valid depth
recorded for the shocks plotted in Figure 2.

The earthquake sequence in Walker Pass (October, 1959) began
at 15:35 GCT, and continued for almost a month. The largest shock
with a magnitude of 4.2 occurred at 15:35:15.3 GCT, on October 24, 1959
The computer solution which gave a location of 35 44.7'N, 118°01.4'W,
and a depth of 7.4 kilometers is a good one, and is given in
Table 8. For the maiﬁ shock, the arrival time at China Lake was
missing. However, it has been supplied by using the travel time
for én aftershqck occurring at 19:58 GCT on the same day.

One of the aftershocks (November 11, 1959) is of further
interest. This earthquake itself was the amin shock for a subsequence
of aftershocks, all within the time limits (October and November, 1959)
for the main series. Again, the computer solution was a good one

fitting all of the nearer stations quite well, and giving a depth of
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9.7 kilometers. Table 19 gives the arrival and travel time data
for the main shock in Walker Pass (October 24, 1959) and three

of the larger aftershocks, including the one of November 11,1959.
The locations for these earthquakes are shown in Figure 6. These
locations, and others of the October-November, 1959, series place
theﬁ closer to the epicenter of the 1946 earthquake in Walker Pass
than any othexs. However, the shocks occurring in 1959 are
distinctly north of those occurring in 1946.

During 1960, the Walker Pass region, and indeed all of the
area shown in Figure 2, was quiet. No earthquakes of magnitude
greater than 3.4 occurred. The period of quiescence was terminated
January 28, 1961, by a magnitude 5.3 earthquake, the largest (as of
April, 1964) which has occurred in the Walker Pass region since
the 1946 sequence.

The Walker Pass earthquake of January 28, 1961, at 08:12 GCT,
was assigned a location of 35°46.2'N, 118°02.9'W. The depth
calculated was 5.5 kilometers, and the origin time 08:12:46.2 GCT.
Unfortunately, the arrival Lime al Haiwee was wmissing for this
earthquake. However, the missing data were furnished for the
computer .solution, Sﬁown in Table 9, by comparison of the earthquake
both with its aftershocks and with the earthquake of August 22, 1955,
The data for these comparisons are given in Table 18.

The 1ocationrof the main shock is shown in Figures 2 and 7. The
latter also includes some of the larger aftershocks. These aftershocks
continued into February, 1961. They lie within quite a compact area, a

phenomenon typical of many of the shocks discussed in this section,
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and all have depths of less than ten kilometers.

The aftershocké of the January 28, 1961, earthquake were
studied by the Stanford Research Institute (Westphal, 1961).

Three hundred and six events were registered by SRI during periods
of intermittent recording in February, March, and May, 1961.
OfAthese, twenty-six were both suitable for amalysis and found to
originate in the Walker Pass region.

In depth, the SRI group found that the earthquakes averaged
eight kilometers, with the greatest being 10.4 kilometers. 1In
locétion, twenty-two of the twenty-six were found by SRI to originate
in the vicinity of Lamont Meadow, located about 35°48'N, 118°02'W.

Lamont Meadow is about three kilometers north of the epicenters
found by using the parallel plane laver locations program. The
causes of the discrepancy are not clear. Among the many possibilities,
two seem most likely. One is that at Haiwee there may be local delay
which would force the epicenter away from that station. The other
is that epicentral control was not as good as might be desired since
the temporary stations set up by SRL were all south of Lamont
Meadow.

'Octéber 19, 1961, a magnitude 5.1 earthquake occurred in the
region northeast of Walker Pas$. The determination of the hypocenter
was again excellent. The location assigned was 35°51.4'N, 117°48.3fw,
the depth 6.4 kilometers, and the origin time 05:09:44.6 GCT.

The solution is given in Table 10, and the location plotted in

Figure 2.

For the main shock of October 19, 1961, there was only one small
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aftershock. Also it was preceded by only one small foreshock

which occurred about eight minutes eérlier. The computer solution
for the foreshock yielded a depth of less than five kilometers.

In this it resembles the main shock. The shallow depth of the
latter is also supported by field evidence gathered by Dr. Pierre
St; Amand (personal communication). Near the epicenter, he observed
such effects as the displacement of heavy miachinery to be much
greater than might be expected for a magnitude 5.1 earthquake

were it to occur at a greater depth.

Eleven monthe later, the relatively quiet seismicity in
Walker Pass was broken by the magnitude 4.8 earthquake of
September 16, 1962, at 05:36:16 GCT. Arrival and travel time
data for this earthquake, which was accompanied by numerous
aftershocks, are given in Table 19. 1Its hypocenter, at a depth
of only four kilometers, is somewhat displaced from that of
the January 28, 1961, earthquake. Unfortunately, the arrival
time at Haiwee was lacking for both.

Chronologically, the next shock of interest recorded in the
area of Figure 2 occurred September 23, 1963. The earthquake was
small in magnitude,vbut well recorded. The solution, displayed
in Table 11, gave a depth of 11.1 kilometers, an epicenter, plotted
on Figure 2, of 35 25.2'N, 11f546.9'w, and an origin time of
05:05:59.9 GCT. The arrival and travel time data are given
in Table 23, along with that of other earthquakes which have

occurred in this region of the Garlock Fault.
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A‘general.summation of the seismic activity in the Walker
" Pass region proper between 1946 and the present (April, 1964)
shows that the region has never regained the very low level of
seismicity it cnjoyed beforc the carthquake of March, 1946.
Superimposed upon a low but continuous level of activity are the
larger shocks (August, 1955; October, 1959; January, 1961;
September, 1962) . The general effect of each of these large
earthquakes has been to increase the persisting shocks, both
in number and magnitude.

For the same period of time, seismic activity outside of
Walker Pass, but within the limits of Figure 2, decreased. The
only exception to the general decrease was the region near Haiwee.

Other than activity centered at Haiwee and Walker Pass,
earthquakes occurring ﬁithin the bounds of Figure 2 were
isolated. The characteristic feature of this isolation appears
in the fact that earthquakes located away from the Sierra Fault
zone tend to have many fewer aftershocks than those of equivalent

magnitude which are near or on that fault zone.
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DEPTHS OF EARTHQUAKES IN THE WALKER PASS REGION
AND SURROUNDING AREA

The most difficult feature of hypocentral determination is
establishing the focal depth of an earthquake. Prior to the
construction of computer programs for the determination of hypocenters,
few determinations of focal.depth were mwade. Instead, the depth was
assﬁmed to have some standard value, and the latitude, longitude,
and origin time were determined accordingly. Only in cases of
special iﬁterest, or in cases where the data were exceptionally
clear, was special effort expended on the question of focal depth.

One of the cases in which the data were exceptionally clear
occurred for the earthquakes near Caliente, at the northeast
terminus of faulting, in the Arvin-Tehachapi earthquake of 1952.
Earthquakes occurring near the important epicenter of 35" 19'N, 118"
30'W had not depths of sixteen kilometers, accepted as standard at the
time, (Richter, p 183, 1955), but instead had focal depths whose
values were close to ten kilometers.

Focal depths of earthquakes for the region shown in Figure 2
have been cited in the discussion of individuai earthquakes found
in the preceding‘section. This section will precsent a diecuesion
of earthquake depths for the several regions found within the
area shown by Figure 2.

The 1959 earthquakes near Haiwee are the most favorably
" situated for focal depth determinations. These earthquakes are
within ten kilometers of the station at Haiwee, and are surrounded

by the stations at ILsabella, China Lake, and Tinemaha, all of which
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receive the direct wave. Depths determined for the 1959 epicenters
ranged from 2.5 kilometers (about 3.5 kilometers below the land
surface in the vicinity of Haiwee) to about one kilometer above the
land surface. Such negative depths are usually the result of slight
irregularities in the arrival time at Haiwee. The two larger
shocks, on January 5, 1959, and January 16, 1959, have depths of

3.5 and 1.9 kilometers respectively. It would seem valid that all of
these 1959 earthquakes are within the first five kilometers of

the earth's surface. They possess the shallowest depths found for
earthquakes within the region shown in Figure 2. These epicenters
and depths are shown in Figure 5.

The epicenter of the earthquake of October 19, 1961, at
05:09 GCT, is also in a favorable location for depth determination
since it lies less than twenty kilometers west of the station
at China Lake. The depth of 6.4 kilometers, determined for this
shallow earthquake, was supported also hy the meizoseismal evidence
found by Dr. Pierre St. Amand.

Depths from the better solutions in the Walker Pass region
range from four to nine kilometers, with the most satisfactory
solutions giving values near seven kilometers. Here, however, no
station is closer to the epicenter than about forty kilometers,
although the three stations of Haiwee, Chiné Lake, and Isabella are
all almost equidistant from that epicenter. The result of this
equidistant spacing is that epicentral control improves, but depth
control deteriorates. Low magnification recording equipment

at Haiwee and Isabella improves the situation considerably since it



-47-
provides S data at these two stations. That the depths of
earthquakes occurring in the Walker Pass region are near seven
kilometers is also supported by the findings of the Stanford
Research Institute (Westphal, p 21, 1961). The average value of
aftershock depths found by their study was eight kilometers,
which lies well within the four to nine kilometer range established
by the better solutions from Walker Pass.

Depths of the better located earthquakes in the remaining
area range between four and thirteen kilometers. Earthquakes
near Brown consistently give the greatest depths. For example,
the earthquake of July 11, 1956, had a depth 12.6 kilometers,
and here the nearest station, China Lake, is at a distance of
thirty-two kilometers.

No earthquakes with a depth of more than thirteen kilometers
were found within the limits of Figure 2. The geometry of the
locations program is such that focal depth determinations would
become more accurate as the depth increased. Therefore, the
conclusion with regard to the depth of earthquakes occurring in this
region is that their focal depths are always less than fifteen and

usually less than ten kilometers.
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THE WALKER PASS FARTHQUAKES AND THE SIERRA FAULT
Epicenters of the earthquakes both in the Walker Pass region
and near Brown lie to the west of the Sierra Fault (Trona Sheet
of the Geologic Map of Califormia). Reference to Figure 2 will
demonstrate that epicenters of the earthquakes in the Walker Pass
region (March, 1946; Auvgust, 1955; October, 1959; January, 1961;
and September, 1962) deterwine a line ten kilowmeters west of and
parallel to the Sierra Fault. The epicenters of the earthquakes
near Brown are just under five kilometers west of the Sierra Fault,
but do not parallel the fault itself.
Chakrabarty and Richter (p 97, 1949) asserted that it was
possible for the focus of the earthquake of March 15, 1946,
at 13:49 GCT to lie on the Sierra Fault. They stated that
It lies 8 kilometers west of the Sierra front, which nearly
coincides with the major Sierra Fault. With a calculated
depth of 21 kilometers, this would require a dip of 709 to
place the hypocenter on the fault. Such a dip would be
consistent with the general curvature of the Sierra
structure in this region, which is convex to the east.
However, there are known active faults in the interior
of the Sierra mass.
The fault geometry implicit in Chakrabarty's statement might be
construed to show the Sierra Fault as a reverse one dipping west,
since the Sierra mass to the west has been lifted up relative
to the region east of the fault. However, this is unlikely. In
addition, since the 1872 earthquake in Owens Valley had both
" eastward and westward facing fault scarps, (Bateman, p 485, 1961),

a fault geometry might be construed from Chakrabarty's data which

placed the epicenter of the 1946 earthquake on a westward dipping
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normal fault. This is even more unlikely.

This study has shown that depths of earthquékes in the Walker
Pass region are nearer ten kilometers than twenty. Thus, in order
for the 1946 earthquakes to lie on the Sierra Fault, it would have
to have a dip of less than 45° to the west, which does not seem
reasonable. The fact that the Sierra mass to the west is the
upthrown block would then imply that the fault was a thrust tault.
This is even less likely than the two alternatives mentioned in
the previous paragraph. In view of these improbabilities, the
evidence would seem to leave as most reasonable the in‘ference that
the hypocenters of the Walker Pass earthquakes are not on the-
Sierra Fault itself, but rather on faults interior to the Sierra
mass.

The earthquakes near Brown are closer to the Sierra Fault,
and also have greater depth. However, even here, for these earth-
quakes to lie on the Sierra Fault would require that the fault be
a reverse one. The nodal plane analyses by Father Ingram (see
page 51ff) for both the Walker Pass earthquakes and the earthquakes
near Brown give essentially the same directions of motion. Thus,
thé more valid association of these earthquakes would again seem
to be with faults, known to exist in this region, which lie in the
interior of the Sierra mass.

The trend of the known faults within the Sierra mass is
northwest-southeast (Engel, p 44, 1963). A similar trend persists
in faults east of thelmass in the southeast portion of Indian Wells

Valley. Specifically, the Trona sheet shows faults in the region
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. of the earthquakes near Brown that have a northwest-southeast trend.
It also shows a fault in the Sand Canyon area with the same trend.
Further data come from a set of northwest - southeast trending faults
observed by the Stanford Research Institute group working .in the
Walker Pass region after the earthquake of January 28, 1961 (Westphal,
p 8, 1961). Finally, the northwest-southeast trend of faulting here
may be observed in the displacement of the offsets found on the
Sierra Fault itself.

The recognition and identification of faults in the Walker
Pass area by SRIL was based on field observations, physiography,
and aerial photographs. These faults too have a northwest - southeast
trend. Since there is a northwest - southeast trend of the faults
which exist within the Sierra mass and since it persists in the faults
east of the mass, it seems most probable that the earthquakes in
Walker Pass are associated with these faults rather than the main

Sierra Fault itself.
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NODAL PILANE SOLUTIONS OF EARTHQUAKES IN THE WALKER
PASS REGION AND SURROUNDING AREA

The nodal lines from a number of fault plane solutions
developed by Father Ingram (Ingram et al., in press) are shown
in Figure 2. The sector in which dilatations were observed in shown
by a "D" on that figure. Four such solutions are available for
the earthquakes near Walker Pass (October 24, 1959; and January 28,
1961) and near Brown (June 25, 1951; and July 11, 1956). All show
excellent agreement in the directions of the nodal lines obtained.
In addition, the solutions are mechanically ccherent since in
all cases dilatations were observed in the northern quadrant.
Therefore, the earthquakes in the Walker Pass region and those
near Brown may be considered as one unit.

All of these nodal plane solutions are consistent with motion
along a northwest-southeast trending fault system. Unfortunately,
the question of which nodal plane actually represents the fault
cannot be answered for any of the solutions. The inference that
the northwest-southeast trending nodal plane is indeed the fault
plane is supported by the fact that faults trending in a northwest -
southeast direction are known. However, cases are recorded in which
the known sﬁrface faulting did not coincide with the epicentral
locations, e. g. the Manix ﬁarthquakes of 1947 (Richter and Nordquist,
1951).

All four fault plane solutions for the Walker Pass region and
the region near Brown have two nodal planes approximately at

right angles to each other. This implies a predominance of strike



-592-
slip motion. The direction of motion given by the patterns of
dilatations and compressions (see Figure 3 for the earthquake of
January 28, 1961) is consistent with the offsets of the Sierra Fault
as shown on the Trona Sheet of the Geologic Map of California. This
motion would also be consistent with that postulated by Pakiser
(p 154, 1960).

Of the three remaining nodal plane solutions shown in Figure 2,
two also show predominantly strike slip motion (May 28, 1955;
October 19, 1961), and the other shows dip slip motion (January 5,
1959).

The earthquake of May 28, 1955, is near no major fault. However,
the direction of the nodal lines, as determined, is not inconsistent
with the direction of the Kern Canyon Fault. The nodal lines of the
earthquake of October 19, 1961, are rotated with respect to the ones
of the Walker Pass regioni However, it is known that there are many
north-south trending faults in that region. Therefore, the trend
of the nodal lines is entirely consistent with the direction of known
faulting in the region.

The nodal plane solution of the shock of January 5, 1959, is
unlike any of the others in that the motion was found to be
predominantly dip slip. The trend of the one nodal plane found is
subparallel to the Sierra Fault structure. The direction of the
motion of the fault is consistent with the upthrown block lying to
the west. The nodal planes found for the aftershocks (mot plotted)
show components of strike slip motion. It is interesting to recall

here that the earthquake of 1872 in the Owens Valley region was also
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reported to have both dip and strike slip components.

Thus, the nodal plane solutions all give resuits which are
consistent with the known faults in the region. 1In. particular,
neither the solution for the earthquake of May 23, 1955, nor those
for the earthquakes in Walker Pass and near Brown, give any support
to an hypothesis which proposes the existence of a northeast-
southwest trending structure penetrating the southern end of the
Sierra Nevada on an alignment extending from or parallel to the

White Wolf Fault.
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TECTONIC IMPLICATIONS OF THE FARTHQUAKES IN THE
WALKER PASS REGION AND SURROUNDING AREA

When the distribution of earthquakes in Figure 2 is viewed
over the entire thirty year period of discussion, the fact that
the earthquakes have occurred in a scatter pattern over the entire
area appears. However, those epicenters which have been referred to
as "habitual epicenters", or areas from which many earthquakes have
originated, are located near the major faults. Thus, the earthquakes
in the vieinity of Isabella (Junc, 1935; May, 1936) are necar the Kern
Canyon Fault; earthquakes in the vicinity of Haiwee are near the
Sierra Fault; the earthquakes in the Walker Pass region are also
near ﬁhe Sierra Fault.

The earthquakes which are near the major faults tend to have
many aftershocks. Those which are some distance away from the major
faults tend to have many fewer aftershocks. The earthquakes of
May 28, 1955, and October 19, 1961, are the best examples of the
latter phenomenon. However, the earthquakes in January, 1939,
and September, 1943, are examples of exceptions to it.

These "habitual epicenters" frequently have earthquakes separated
from each other by long periods of time. Each earthquake has its own
well defined aftershock or swarm sequence.’ These aftershock
or swarm sequences, however, are short lived compared with the
periods of time, in some cases wany years, which separate the
larger events.

It would seem that for this process to be perpetuated, strain

would have to reaccumulate in the region. This would certainly seem
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to be true in the Walker Pass region. Here, the area became
seismically quiet after the 1946 sequence, and only reactivated
after the Arvin-Tehachapi sequence of 1952 upset the strain distribu-
tion of the region. Since that time, several distinct main shock -
aftershock sequences have appeared (1959, 1961, 1962).

Other regions within the area shown in Figure 2 have remained
much more quiet throughout much of the period. 1In particular,
the region between the Sierra Fault and the Kern Canyon Fault
has had a very low seismicity over the entire thirty year period.
An event here, such as the earthquake of May 28, 1955, is one to
be especially noted. Also, the level of activity for smaller
shocks in the region is much lower than that of the rest of Figure 2.
In addition, there is no alignment of epicenters through the quiet
region between these two major faults that would be suggestive of
any through-going, underlying structure in the southern Sierra
Nevada.

Instead, the suggestion is made that the two structures, the
Sierra Fault and the Kern Canyon Lincament, including thce Whitc
Wolf Fault, are joined together only in that strain release on one
structure affects the state of strain on the other. Thus, the 1946
sarthquake sequence in the Walker Pass region velaxed the region
between the Kern Canyon and Sierra faults by motion to the southeast
along the northwest-trending faults in the Walker Pass region. With
the strain ahead of it released, the White Wolf Fault was then able
to move. Strain was released along the White Wolf such that the

southern block moved northeast and up. The direction of the White
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Wolf strain release thus tended to increase the strain in the
Walker Pass region once again. This reaccumulated strain was
then released in the earthquakes of August, 1955; October, 1959;

January, 1961; and September, 1962.
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CONCLUSIONS

The depths of earthquakes oncenrring in the Walker Pass
region and surrounding areas are never greater than fifteen kilometers,
and are usually not greater than ten kilometers. The shallowest
known earthquakes in the region are near Haiwee; the deepest are
near Brown. Accordingly, the depth of the main Walker Pass earthquake
of March 15, 1946, should be revised from twenty-one kilometers
(Chakrabarty and Richter, 1949) to about eight kilometers.

The Walker Pass earthquakes have most probably occurred on
northwest-southeast trending faults in the Sierra mass to the
west of the Sierra Fault rather than on the Sierra Fault itself.
In addition, on the basis of the fault plane solutions of Father
Ingram, motion along these northwest-southcast trending faults
is most likely right-handed.

The region between the Sierra Fault and the Kern Canyon Fault
is seismically very quiet. Therefore, while a speculative possibility
that a continuous structure extends from the White Wolf Fault
across the Sierra still exists, careful study of the present data
removes practicaily all of the evidence upon which such speculation
might reasonably be based.

There is no continuous connecting line of earthquake epicenters.
In the light of present knowledge, this tends to confirm both (1)
the absence of a through-going concealed structure penetrating
the southern Sierra Nevada; and (2) the interpretation of the data
in terms of a mutual transfer of strain between systems of

different trend and character.
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The southern Sierra, east of the extension of the Tehachapi
structures associated with the 1952 earthquake, is shown to be
a fegion of much internal complexity. It probably includes
structures ot seﬁeral divergent trends. Interpretations of the
relationship between these structures and the Sierra Front Fault
must differ from those arising from the excessive depths attributed

to the 1946 earthquakes by Chakrabarty and Richter.
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APPENDIX A

COMPUTER PROGRAM USED FOR THE ABSOLUTE LOCATION
OF LOCAL EARTHQUAKES

The presence of high speed digital computers has made possible
the least-square location of hypocenters on a routine basis for
the first time. Many program have been written to accomplish
this purpose, such as those by Bolt(1960), Flinn (1960), and
Nordquist (1962). All such programs depend fundamentally upon
a means ol obtaining Lhe travel times of the seismic waves in
the region under consideration. This may be done in one of two
ways. The first is through the actual inclusion of tabulated
travel time tables (Bolt). The second is through the calculation
of the travel times from an assumed structure (Flinn, Nordquist).

An electronic computer program was developed for the Bendix
G-15D computer at the Seismological Laboratory at Pasadena by
Nordquist (1962). In this program travel times were computed
for a structure consisting of two layers over a half-space.

The structure assumed for this program was that given for the
southern California region by Press (1960).

The program for the Bendix G-15D computer was further refined
by Mr. Nordquist and the author. It then permitted: (1) the
inclusion of the arrival times of S waves, (2) the discarding of
residuals above certain specified error limits, (3) the inclusion of
up to two P and two S arrival times per station, and (4) the
allowance for a focus lying not only in the first, but alsc in the

sccond laycr.
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In order to secure the benefits of greater computation speed,
the locations program for the Bendix G-15D was recoded in Fortran
IT for the IBM 7090 computer when the latter became available
for use at the California Institute of Technology. At first,
there was no essential change in the logic of the program. The
travel time computation employed was still the parallel plane 1aygr
computation, differing in no essential details from that described
by Nordquist (1962). Later, however, provisions were added to the
program to include two additional methods of travel time computation.
The three methods could then be employed either separately or in
any arbitrary combination.

Since the structure found in southern California is in many
places very inadequately represented by the assumption of parallel
plane layers, both of the additional travel time routines are attempts
to compute travel times on the basis of a different assumption for
the structure. The intricacy of the required computation arises
from the fact that while a parallel plane structure may be defined
by only three numbers for each layer (the thickness of the layer
and the P and S velocities for that layer); a representation of the
structure actually found in southern California involves information
both as to the position of the layers and the velocity gradients
to be found in each of them.

The method finally adopted for the locations program was the
selection of a structure consisting of three layers over a half-

space to be described by use of a rectangular grid. The values of
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the depths of the layers and the velocities associated with these
layere totaled eighteen numbers in all for ecach grid point. The
area covered by the grid is shown in Figure 9. Four numbers

are needed to describe the position of the surface of the earth,

the tops of the second and third layers, and the top of the half-
space. The remaining fourteén describe the velocity structure. For
each of the three layers, the P and S velocities at the top and

the bottom of the layer are given. For the half-space, only the

P and S velocities at the top of the half-space are given. This
number of values allows velocity gradients in the x and y directions
to be expressed for all of the layers and the half-space. However,
velocity gradients in the z direction are permitted only in the
three layers.

Data for use in the structure matrix are quite scarce. However,
the more important variations in thickness are well enough established
to be of considerable use in the program. The values assigned to
the depth of the Mohorovicic Discontinuity and used in this
program are shown in Figure 9. The velocity profile modified from
Gutenberg (1951) and Press (1960) is shown in Figure 8b.

The second travel time routine allows the layers to be non-
parallel, but they must still be plane. The focus may be in any
layer or the half-space. This routine was programmed in order to
be able to take into account the variations of crustal thickness
in excess of twenty kilometers known to exist between the Slerra

Nevada and the west coast of the continent, yet still maintain an
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execution time short enough to be widely used. A crustal profile
is constructed by extracting from the structure matrix the depths
of the layers below the epicenter and the station. These are then
used to define the sloping layers (Figure 10).

The values of the velocities at the top and bottom of each
layer and at the top of the half-space are also extracted from the
structure matrix for the columns below both the station and the
epicenter. 1In the event that the velocity in a given layer is not
constant, that layer is divided into five sublayers in order to be
able to approximate the curved path found in such a medium. The
velocities at the station or at the epicenter are used in the
manner described below.

Direct rays are calculated by an iterative process in which
the ray is started from the focus toward the station. The initial
direction cosines of the ray are corrected until the ray passes
within one-half kilometer of the station. For the tirst layer (or
sublayer), the velocity at the focus is used. Thereafter, the
velocities of the layers associated with the station are used.

The direct ray will always exist if the velocity increases
monotonically downward. However, the ray path thus calculated
will cease to adequately represent the true ray in such a medium
when that point is reached at which the true ray would start
downward rather than upward. In such a case, the true least-time
path will be one of the refracted rays transmitted along one of the

layers approximating the medium with the increasing velocity gradient.
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The calculation will be attempted if the velocity does not
increase monotonically downward. However, in such a case,
convergence is doubtful.

Reflected rays are also calculated using an iterative method
on much the same basis as the direct ray. However, such rays are,
of course, reflected upward from the appropriate layer. On the
dowvnward portion of the path of the reflected ray from the focus,
the velocities in the layers associated with the epicenter are
used. On the upward portion of the path, the velocities in the
layers associated with the station are used.

Refracted rays are calculated without iteration. As in the
reflected ray, velocities associated with the epicenter are used
for the downward portion of the ray:; velocities at the station are
used for the upward portion. For that portion of the path that
the ray is 'in' the refracting layer, the average of the
appropriate velocities associated with the epicenter and the station
are used.

The third travel time routine, still under test, permits the
arbitrary variation of velocities in each of the three layers over
the half-space, and the variation of the velocities in the x-y
direction in the half-space. The interfaces between the layers may
themselves be varied in depth. This travel time routine is slow
in execution and difficulties with convergence have been experienced.
Thus, this routine was not used for the location of earthquakes

for this study.
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When the larger earthquakes (magnitude greater than 3.8) were
run on the locations program using‘both the parallel plane layer
program and the non-parallel plane layer program, it was universally
found that the smallest time residuals were obtained with the
latter routine. Thus, the latter travel Lime routine was used LO
obtain the final locations for all of the larger shocks in this
study, whenever possible.

Smaller earthquakes, whose arrivals were more likely to be lost
at the more distant stations, were located using only the parallel
plane layer travel time routine. However, since many of these
smaller shocks were well recorded with both P and S arrival times

at the nearer stations, these locations are also of good quality.
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APPENDIX B

COMPUTER PROGRAM USED FOR THE REIATIVE LOCATION OF
LOCAL EARTHQUAKES

- The use of the differencing technique at the Seismological
Laboratory at Pasadena has conventially been to determine
differences in origin time and epicenter. This has usually
been accomplished by means of a plot of the differences, expressed
either as time differences or distance differences, against the .
azimuth of the stations from thc key shock. A difference in origin
time and a vector displacement of the epicenter were then computed
from the plot, called a 'sine plot'.

The programming of this process has led to the realization
that this technique, as far as a computer program is concerned,
is in essence merely a different method of computing travel times.
The established travel times of a well located shock are used to
obtain the regional travel times, This is supplemented by a kﬁowledge
of the velocities in the immediate region df the hypocenters. This

i
latter information is used to compute the change in travel times
to be expected from a slight shift in the hypocenter.

More specifically, let the A4y be the arrival times at the
stations, let the TTi be the true travel times for each of the
paths to the stations from the focué, and let O be the origin
time. Furthermore, let the primed letters rcfer to a known

- shock and the unprimed letters refer to a shock whose location is
to be established relative to that of the known shock. By'taking

differences, we obtain the following equation,
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Ay - A} =TIy - TT{ + O - o'. (L)

- Note immediately that difficulty will arise over the evaluation of
the differences of the travel time TT. One solution tokthis
difficulty would be to expand the travel times TTi about the
hypocehter of the primed shock in a Taylor series. However, the
difficulties‘in this case have only been postponed, since the
appropriate partial derivatives must still be evaluated.

These partial derivatives may be evaluated by reference to
some assumed structure. However, no more assumptions are involved
in setting

TL; - TT§ = tt; - tty (2)
where the tt; are the travel times evaluated with respect to some
assumed structure. As an additional advantage, better account is
taken of the effect of a finite displacement in epicenter than
would have been taken if only the first partial derivatives of the
travel time are used.

Equations (1) and (2) may now be combined to obtain a relation
which can be solved. However, the combination is still non-linear.
To overcome this, the tt; may be expanded about some point X(O)j
and the following relation is obtained

A, - Ai = tt(O)i + ?; agtggzi (xj - x(O)j)

-ttt} +0-0". (3)

Two conclusions may be reached by application of equation (3).
The first is that it will reduce to the difference technidque
formerly used if the origin point x(O)j is taken as the focus

of the primed shock. It follows that
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XJ

1f oﬁly one 'iteration' ie performed, therc results a three

A; - Al = z d£t(0) (xj - K(O)j) +0-0" (3a)
J

dimensional generalization of the sine plot technique formerly
used.
An alternative solution technique uses the fact that the time
residual is usually defined as
ry = A, - tt; - 0. (4)

Combining (4) with (3), there results

Ay = tt(0); + :E-bttgogi_(xj - x(O)j)
- a‘xj

+ 0 + ri. ~ (5)
Here, the influence of the travel tiﬁe of the known shock appears
as a residual to be applied to the standard travel times calculated
by a locations program. The use of equation (5) was particularly
convenienl since Lhe parallel plane layer program used for the
absolute location of earthquakes was quickly and conveniently
adapted to its use. Additional convenience arises from the fact
that the two earthquakes need not initially be assumed to have the
same epicenter. Furthermore, this equation‘show clearly that the
method is the exact equivalent of the absolute method of location of
earthquakes as far as the mathematics, programming, and requirements
with regard to number and position of stations are concerned.
Finally, the result may be iterated to take into account the mnon-
1ineérity of the travel time equations. The least-square mechanism

may then be used to refine the location and to reduce the differences
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]

consistent with the application of the least square criterion.

between the x, and the x(0)  to the smallest possible values
;
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KEY TO HEADINGS FOR TABLE 1

Year
Month
Day

Hour
Minute
Second

Geographic latitude of the epicenter in degrees and
minutes. : v
Longitude of the epicenter in degrees and minutes.

Assigned accuracy of the epicenter, denoted by letters
as follows:

A. Exceptionally accurate ‘

B. Epicenter to within five kilometers, origin
time to nearest second

C. Epicenter to within fifteen kilometers, origin

time to within a few seconds
D.  Very rough.

Richter magnitude of the earthquake

Index referred to a key map (see Nordquist, 1964).
Depth of the earthquake in kilometers.

Séurce of the location adopted, as listed below:

1A. Bendix G-15D locations program

1B. 1IBM 7090 locations program, modification 1
1C. IBM 7090 loucallious program, wodification 2
1D. 1IBM 7090 locations program, modification 3
2A. Earthquake comparison program.

8. Graphical location by Pasadena

9. Location from Allen - St. Amand catalog.

Standard crror of origin time in seconde.

Standard error of X coordinate in kilometers.
Standard error of Y coordinate in kilometers.
Standard error of Z coordinate in kilometers.

Identification number of earthquake. See page 30.

Additional information concerning the data on these
cards may be found in Nordquist (1964).



TABLE 1A
YR MO DY HR MI SEC LAT LONG QM CEP D 50 SX SY 3z Ibp
1935 2 8 4722 -0.00 35 50,00 118 0.00 B 4.0 J 8 9
1935 6 11 16 20 -0.00 35 42.00 118 22.00 B 4.0 J 8 °
1936 4 24 19 0 -0.00 36 9.00 117 57.00 B 4.0 K 9 9
1936 5 3 14 20 <0.00 35 42,00 118 22.00 C 4.0 J 8 9
1937 1 19 23 TRTT0.,00 735 42,00 118 22.00 8 4. 018 9
1937 9 10 19 34 -0.00 35 58.00 117 55.00 B 4.0 K 8 9
1937 9 I8 8 37 -0.00 36 D.00 I18 2.00 B 4.0 J 9 g
. ]
1938 9 17 1% 23 =0.00 35 35.00 117 39.00 B 5.0 K 8 g §
1939 1 72021 -0.00 35 0.00 117 44,00 8 5.0 K9 g
1939 8 15 15 48 18.00 36 0.00 117 35.00 B 4.0 K 9 9
1939 12 1 13 5 4.00 36 22.00 118 1.00 B 4.0 J 9 g
1942 6 22 22 13 51.00 36 15.00 117 58.00 B 4.0 K9 ~ 9
1942 6 22 23 51 3.00 36 15.00 117 58.00 B 4.0 K 9 9
1942 10 16 100 7 27.00 36 15,00 117 58.00C 4.0K 9 9
1943 5 30 7 S0 -0.00 36 8.00 117 58.00 C 4.0 K 9 g
1943 7 10 3 12 33.00 35 44.00 118 14.00 C 4.0 J 8 9
1943 9 16 0 16 11.00 36 1.00 117 56.00 C 4.0 K 9 g
1943 9 16 7T 52 -0.00 36 1.00 117 56.00 C 4.5 K 9 9
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1946 16 13 24 41.00 35 44.00 118 2.00 B
1946 3 16 15 22 31.00 35 44.00 118 2.00 B




" TABLE

post
&

YR MO DY HR MI SEC LAT LONG Q M ‘DEP O 30 SX S§Y ¥ 4 iD
1946 3 16 17 35 34.00 35 44.00 118 2.00C 3.6 48 9
1946 3 16 18 43 59.00 35 44.00 118 2.00 C 3.7 J 8 9
A GGE T TE T 53 5900 35 4400 118 200 C %0 8 9
1946 3 16 20 8 8.00 35 44,00 118 2.00 C 3.8 J 8 9
1946 3 16 21 40 47.00 35 44.00 118 2.00 C 3.9 J 8 9
1946 3 16 23 41 6,00 35 44,00 118 2.00 C 3.7 J 8 9
1946 3 16 23 44 35.00 35 44,00 118 2.00 C 3.6 J 8 9
1946 3 17 2 55 26.00 35 44.00 118 2.00 C 3.6 J 8 9
1940 3 17 6 3 47.34 35 39.04 118 3.79 B 4.2 J 8 ~0.7 24 1.13 3.6 1.8 9.7 8
1946 3 17 8 16 36.00 35 44.00 118 2.00 C 4.6 J B 9
1946 3 17 9 4 44.00 35 44,00 118 2.00 € 3.7 J 8 9
1946 3 17 9 24 53.00 35 44.00 118 2.00 C 3.6 J 8 9 '
1946 3 17 9 38 35.00 35 44,00 118 2.00 € 3.6 4B 9 P
1946 3 17 13 32 0.00 35 44.00 118 2.00 C 3.7 J 8 9 '
1946 3 17 20 53 58.00 35 44.00 118 2.00 C 3.8 J 8 9
1946 3 17 21 8 20.00 35 44.00 11B 2.00 C 3.7 4 8 9
1946 3 17 21 18 35.00 35 44.00 118 2.00 C 4.0 4 8 9
1946 3 18 115 939.00 35 44.00 118 2.00 C 4.1 J 8 9
1946 3 18 3 0 22.00 35 44.00 118 2.00 € 4.1 J 8 9
1946 3 18 8 58 51.00 35 44.00 118 2.00 C 3.6 J 8 9
1946 3 18 10 5 56.06 35 41.88 118 3.25 B 4.6 J 8 6.9 24 0.25 2.9 0.8 2.2 9
1946 3 18 15 49 26.55 35 45.26 117 58.68 B 4.6 K B 7.5 2A 0.24 2.3 0.9 2.3 10
1946 3 18 15 50 43.00 35 44.00 118 2,00 C 5.3 48 9 o v '
1946 3 18 16 3 46.00 35 44.00 118 2.00 C 4.1 4 8 9
1946 3 18 16 54 18.00 35 44,00 118 2.00 C 3.9 4 8 9
1946 3 18 21 12 31.90 35 44.00 118 2.00 C 3.6 J 8 9




TABLE 1D

YR MO DY HR MI SEC £AT LDNG Q M I CEP O 50 535X 5Y 52 iD
1946 3 19 815 46.00 35 44.00 118 2.00 C 3.6 4 8 g '

1945 3 19 & 45 42.58 35 39.16 118 3.81 B 3.2 J 8 8.0 2A 0.36 4.1 1.2 3.0 11
YORE %30S T - S e
1945 3 20 8 49 22,00 35 44.00 118 2.00 C 3.6 J 8 g

1946 3 21 19 35 4.00 35 44.00 118 2.00 C 3.7 4 8 9

19456 3 22 4 23 20.00 35 44,00 118 2.00 C 3.8 J 8 9

1945 3 22 10 8 33.00 35 44.00 118 2.00 C 4.1 J 8 T

1946 3 22 12 36 10.00 35 44,00 118 2.00 C 3.9 J 8 9
1945 3724 2756 46,00 35 44.00 118 2.00 C 4.4 78 9

1946 3 24 5 17 28.60 35 41.26 117 53.98 B 3.5 K 8 0.7 2A 0.52 4.4 1.8 5.1 12
1646 3724 20 0 3.74 35 40.72 11B 1.77 B 4.2 J B 0.0 2A D.48 4.0 '1.% 4.7 13
1946 3 25 11 7 29.00 35 44,00 118 2.00 C 3.6 J 8 9 '
19456 3 25 23 36 46.04 35 38.96 118 3.46 B 4.2 J 8 7.6 2A 0.25 2.41.0 2.4 14 N
1946 3 26 & T 13.00 35 44.00 118 2.00 C 4.1 J 8 9 !
1946 3 26 6 33 53,00 35 44,00 118 2.00 C 3.6 J 8 )

1946 3 26 11 50 47.00 35 44,00 118 2.00 C 3.7 J 8 9

1948 3726 22 39 50.00 35 44,00 118 2.00C 3.7 J 8 Tt )

1946 3 27 11 17 7.00 35 44.00 118 2.00 C 3.7 J 8 9

1946 328 15 26 50.00 35 44,00 118 2.00 T 3.7 48~ - .

1946 3 29 0 44 37.00 35 44,00 118 2.00 C 3.6 J 8 9

1946 4 4 15 44 31.00 35 42.00 118 0.00 C 3.7 48 9

1946 4 7 8 28 31.00 35 42.00 118 0.00 C 3.8 J 8 9
1946 4 9 ID 17 53,00 35 42.00 118 0.00 € 3.7 48 B I

1946 4 11 23 35 40.00 35 42.00 118 0.00 C 3.6 4 8 9 ,
1946 4 12 10 34 33.84 35 41.38 117 54.31 8 3.6 K B 3.9 24 0.35 5.7 1.3 3.4 14A
1946 4 12 20 2 37.00 35 42.00 118 0.00 C 3.8 J 8 9




- TABLE 1E
YR MO DY HR MI SEC - LAT LONG Q #M H DEP D 50 3SX SY $Z 1D
1946 4 13 0 © 18.00 35 42.00 118 0.00 C 3.7 J8 9
1945 4 13 15 46 57.00 35 42.00 118 0.00 C 3.6 J 8 9
19457 4 137715 48 59,00 '35 42.00 118 0,000 3.7 08 9 . h
1946 4 16 10 37 4.75 35 45.82 118 12.12 B 3.6 J 8 0.2 2A 0.47 3.2 1.5 4.5 18
1946 4 16 22 56 8.00 35 42.00 118 0.00 C 3.8 4 8 5 '
1946 4 23 7 11 40.22 35 39.12 118 4.22 8 3.3 J 8 5.0 2A (.26 2.8 0.8 2.2 15
1946 4 24 7 46 7.63 35 52,12 117 42.40 B 3.3 K B 12.5 2A 0.8612.3 3.3 4.4 '
1946 4 27 22 37 24.38 35 44,73 117 51.74 B 3.6 K 8 10.4 2A 0.31 5.5 1.3 2.6
1946 5 5> 973743,30 35 39,8% 117 51,92 8 3.7 R B =200 Z2A1L.61 8.9 7.3 26.3
1946 5 6 11 1 11.00 35 42.00 118 0.00 C 3.6 J 8 9
1946 6 5 21 59 33.40 35 38.53 118 16.69 B 4.4 1 8 11.0 24 0.4%4 4.5 1.4 3.9 19
1946 & 6 0 6 42.66 35 38.74 118 16.52 B 3.7 J 8 16.0 2A 0.38 4.3 1.3 3.4 19A "
1946 6 10 1% 4 15.03 35 4B.06 117 45.49 B 3.7 K B 14.0 2A 0.40 6.0 1.8 2.9 >
1946 6 12 20 20 43.45 35 44.62 118 0.29 B 3.4 J 8 9.6 24 0.25 4.6 1.1 2.6 !
1946 7 9 371971.45%5 3% 39,35 117 58.59 B 3.8 K8 8.3 2A 0.35 6.1 1.4 3.1
1946 7 18 5 2 3.11 35 40.18 117 37.74 B 3.9 K B 12.4 2A 0.12 1.6 0.5 1.2
1946 7 22 15 19 32.26 35 46.71 117 46.46 B 4.1 K B8 1.8 24 1.79 6.4 3.3 15.3
1946 8 31 9 10 14.10 35 36.71 117 53.03 B 4.2 K 8 10.3 2A 0.43 6.9 1.9 4.5 20
1946 9 5 17 38 36.37 35 59.01 117 32.21 B 3.5 K 8 16.9 24 0.75 6.8 3.3 4.3
1946 10 4 4 32 41.00 35 2.00 117 32.00 C 3.6 K 7 9
1946 10 29 11 34 58.00 35 25.00 117 41.00 C 3.6 K 7 9
1947 2 1 13 30 49.72 35 12.86 118 20.06 B 3.5 J 7 9.4 2A 0.35 3.2 1.1 3.2 21
1947 2 6 17 20 41.37 35 38B.83 118 3.94 B 4.6 J 8 10.1 24 0.22 3.5 0.8 2.1 16
1947 3 1 10 40 21.50 35 39.39 118 3.67 B 3.7 J 8 6.5 2A 0.06 0.9 0.2 0.6
1947 3 9 21 10 44.00 35 49.00 117 41.00 € 4.0 K 8 9




TUTABLET1F
YR ¥0 DY HR MI SEC LAY LONG 0 M I DEPT O SO0 SX SY 52 ID
1947 5 7 12 56 36.99 35 38.66 118 0.17 B 3.7 J B8 10.8 24 0.31L 5.5 1.2 3.1
1948 2 IL3 29 28.00 36 5,00 118 %8.00 B 4.6 H 9 — 9
1948 5 26 19 35 13,57 35 40.14% 117 57.08 B 4.1 K 8 13.7 2A 0.18 3.0 0.8 1.8 17
1948 7 26 17 50 1.71 35 35.83 118 12.18 B 4.5 J 8 10.2 2A 0.38 4.3 1.2 3.5
195¢ 8 10 9. 55 26.00 35 43.00 118 i5.00 € 3.6 J° 8 9
1951 76 25 19 45 41.68 35 46.33 117 56.86 B 4.6 K 8 12.4 10 0.10°0.8° 0.7 1,.4
1951 6 26 1 26 39.12 35 45.67 117 57.19 B 4.4 K 8 8.1 1C 0.21 1.6 1.3 2.9
1951 & 26 2 6 14.00 35 47.00 117 57.00 B 3.6 K8 9 o o
1951 7 1 0 16 18.72 35 44,71 117 59.06 B 3.7 K 8 4.4 IC 0.14 1.6 0.5 1.3 )
, . ) Af 20 - oS otk Ve N S
. O
1952 7 21 1% 51 39.00 35 59,00 117 56.00 C 3.8 K 8 9 !
1952 8 29 2 51 13.00 35 56.00 117 41.00 8 3.5 K 8 9
1952 11 17 3 20 23.16 36 3.97 118 26.43 B 3.8 J 9 ~-1.7 1D 0.37 1.2 1.4 4.4
1953 3 27 20 37 10.00 35 46,00 117 59.00 B 3.6 K 8 9
1953 5 2 11 56 50.00 35 25.00 117 52.00 C 3.8 K 7 e
1953 7 1 22 38 8.00 35 22.00 117 47.00 B 3.5 K 7 9
1953 8 11 -18 33 59,00 35 49.00 118 23.00 B 3.8 J 8 9
1954 1 7 16 8 35.00 35 48.00 117 38.00 B 3.6 K 8 9
1954 5 25 10 48 23.00 35 39.00 118 31.00 B 3.8 H 8 9
1954 11 17 7 23 57.00 36 28.00 118 0.00 C 4.1 J 9 9



A KBCE -
YR MO DY HR MI SEC LAY LONG Q ® I DEP O S Sx 5SY 52
1955 05 28 19 44 20.03 35 32.05 118 15.83 B 4.5 J 8 12.3 1D 0.08 0.8 0.5 1.4
1955 8 22 14 41 20.81 35 46.09 118 2.20 8 3.7 J 8 7.3 1D 0.18 1.3 1.2 2.7
1956 7 11 19 22 5.72 35 45.95 117 56.89 B 4.2 K 8 12.6 1D 0.09 0.8 0.8 1.5
1956 7 23 10 43 35.29 35 57.45 117 46.94 B 3.3 K8 5.1 1D 0.12 1.0 1.0 1.8
1956 9 29 18 3 6.00 35 39.00 118 28.00 B 3.6 J 8 9
1956 10 4 20 6 35.00 35 32.00 118 21.00 B 3.9 J 8 9
ST T T 53 40. 0035 29,00 118 21.00 B 3.6 3 7 g
1957 3 8 13 24 57.00 35 43.00 117 30.00 B 4.0 K 8 9
1957 10 4 12 0 37.00 35 50.00 118 2.00 B 3.9 J 8 9
1957 12 11 4 15 12.00 35 30.00 118 20.00 B 3.7 4 8 9
1959 €1 05 12 36 2.62 36 9.31 118 3,32 B 4.7 J 9 2.6 1D 0.09 1.3 0.7 2.8
195901 06 16 10 20.33 36 8.43 118 3.74 8 3.7 49 0.2°10 0.11 0.7 0.7 2.1
1953 01 11 18 54 57.76 36 9.52 118 3.05 B 3.7 J 9 =-2.0 1D 0.13 0.7 0.7 2.1
1959 01 12 12 36 5.29 36 9.37 118 3.79 B 3.9 4 9 -2.0 1D 0.15 0.8 0.9 2.4
1959 01 16 0 10 5.33 36 7.B4 118 3.58 B 4.3 J 9 1.9 18 0.14 1.0 1.1 2.2
1959 01 19 21 46 0,08 36 9.10 118 4.00 8 4.0 4 9 0.3 1C 0.11 0.7 0.7 1.9
1959 C6 23 06 25 35.00 36 09.00 117 58.00 B 3.8 K09 8
1959 09 17 08 11 15.00 35 58.00 117 52.00 B 3.8 KO8 8
1959 9 27 00 21 50.00 36 02.00 117 55.00 € 3.0 K09 8
1959 10 L5 10 19 55.00 35 51.00 117 31.00 B 3.6 KO8 8
1959 10 24 15 35 15.29 35 44.68 118 1.41 B 4.2 J 8 T.4 1D 0.0B 0.7 0.6 1.4
1959 10 24 16 11 24.31 35 44.53 118 1.11 B 3.7 4 8 7.5 1C 0.15 1.0 0.8 1.4
1959 10 24 19 58 20.14 35 44.35 118 0.45 B 3.4 J 8 4,0 1B 0.1%4 1.0 1.1 2.7

ip

-08-




TABLE 1H

CEP O

YR MO DY O HR MY OSEC LAY LONG @ ™ 1 7 S0 SXT sy 5z 1D
1959 11 16 12 5 34.99 35 44.93 118 0.8Z2 B 3.7 J 8 9.71D G.151.1 1.1 2.3

1961 01 28 8 12 46,18 35 46.69 118 2.92 B 5.3 J B 5.57I00.08 0.6 0.6 1.3

1961 01 28 14 1 8.52 35 4£.18 118 2.02 B 3.7 J 8 9.1 1D 0.24 1.6 1.8 2.3

1981 01 28 17 2 12.20 '35 46,61 118 2.99 B 3.6 J 8 7.0 100,187 1.3 1.7 2.5

1961 02 12 6 47 38.95 35 46,69 118 2.09 B 3.2 4 8 3.7 1D C.18 1.3 1.4 3.5

1961 02 22 7T 3 1.63 35 %7.,1% 118 3,17 B Z. 8 J 8 11,3710 011 U9 1.0 2.4

1961 10 19 5 9 44,59 35 51.42 117 48.28 B 5.1 K 8 6.4 1D D.06 G.4 0.5 1.0

T961 11718 03 18 35,96 3% 23,85 117 46. 37 B 4.3 KO7T T 11.171A 207 1.41.3 02.8

1961 11 19 22 59 51.63 35 44,09 118 01.20 B 3.6 J08 Q6.1 1& ﬁ13 1:1 100 02.3

1962 03 24 03 38 18.16 35 45.73 118 01.63 B 3.7 J0O8 07.3 1A .16 1.1 1.0 01.8 !
TTI96Z 0B 17 Il 3 53,66 35 56.95 117 58.84 B 3.2°K 8 5.4 1B 0C0V0L.6 0.6 1.2 =

1962 09 16 5 36 15.87 35 44,33 118 3.17 B 4.8 1 8 4.0 1D 0.09 0.7 1.4 2.1 !
1962 09 16 11 37 5.87 3% 435.64 118 2.61 8 3.5 J B 5.5 I8 0.25 1.7 1.5 4.9

1962 09 19 18 50 30.66 35 48,12 118 0.76 B 3.1 J 8 6.8 1C 0.12 0.9 0.9 1.2

1962 11 12 7 53 56.39 35 11.49 118 7.94 B 3.5 J 7 " T.01B 0TI 1.4 0.6 1.7

1963 T4 19 3 21 9.66 35 46.33 117 59.52 B 3.6 K 8 7754 1B 0. 15 0.9 1.1 2.3

1963 09 21 5 5 59,90 35 25,20 117 46.90 B8 3.3 K 7 11.1 1D 0.21 1.7 1.3 3.4
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STATION IDENTIFIERS USED IN TABLES 2 THROUGH 23

STATION

IDENTIFIER

BAR
BBC
BCN
BRK
CLC
DLT
ECC
FRE
FTC
GSC
HAT
HAY
ISl

ISA
Iwl

KRC
LJC
MHC
MWC
OVE
PAS
PFA
- PIM
PVR
REN
RVR
S5BC
SNC
TIN
TUC
 VIN
WDY

STATION
NAME

Barrett
Big Bear
Boulder City
Berkeley
China Lake
Dalton

El Centro
Fresno
Fort Tejon
Goldstone
Haiwee
Hayfield
Isabella

Isabella
Indian Wells

King Ranch
La Jolla

Mount Hamilton

Mount Wilson
Overton
Pasadena
Pierce Ferry
Palomar
Palos Verdes
Reno
Riverside

Santa Barbara

REMARKS

This identifier is used to denote
Taahella from Fehruary 7, 1957, to
June 13, 1962. During this period,
the station was located at

'35 39,78 N, 118 28.39 W, at an

elevation of 835 meters.

This identifier is used to denote

a portable unit operated near

Indian Wells from September 18, 1962,
to September 19, 1962. The unit was
located at 35 40.35 N, 117 52.14 W,
at an elevation of 850 meters.

San Nicolas Island

Tinemaha
Tucson
Vineyard
Woody
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NOTES FOR TABLES ‘2 THROUGH 15
NOTE 1. 'DELTA' is in kilometers.

NOTE 2, 'DIR' indicates that the arrival was considered to
be direct by the locations program.
'RFR' indicates that the arrival was considered to
be refracted by the locations program.

NOLE 3. The residual is the time residual, calculated according
to the relation

RESIDUAL = ARRIVAL TIME - TRAVEL TIME -~
ORTIGIN TIME.

NOTE 4. Thases for which the residual was greater than .75
second were not used to determine the location.

NOTE 5. The coordinate aystcem for the location calculation is
taken with the origin at 35 00 N, 118 00 W. At that
point, the X axis is east, the Y axis is north, and
the Z axis is downward. For further details, see
Nordquist (1962).
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DATA FOR EARTHQUAKE OF NOVEMHER 17, 1952

T ]
118

LONGITUDE

4.0 N
2644 W

3 20

TDEPTH
ORIGIN TIME

TEITTRN
23.2 GLT

MAGNT TUDE

38

“KRRTVAL
TIME

o STA" DELTA  PHASE TYPE

RESTOUAL ™ P=0=
(SEC)  DEL/B.1

TTYRAVEL
TIME

HAT

45,1 DIR 30.7

Ta4 - 0.1

30.0
36.4

LiR

cLC - 8l.1 DIR

1Z2.8
13.3

sounv |

TTTTTTTTTYIN YIS 41.4

56.8

DIR
DIR

18.3
31.6

h6.9
B587.3

MWl
PAS

20724
214.2

R¥R
RFR

33.5
34.1

BBC
RVR

61,95
61l.4

246.0 RFR
249.7 RFR

i e B B e W ¥}

L 20 T

383
3846

PLM 333,97 TP TTTTRFRTTTTZL0

=~ = 09~ o
O A O wd

48.7

o TTSTANDARD ERRORS B
ORIGIN TIME 0.4 SEC
X COORDIMATE 1.2 KH
Y COORDINATE l.4 KM
7 COORDINATE hoh KM o
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DATA FOR EARTHQUAKE OF MAY 285 1955

LATTTUDE
LONGITUDE
DEPTH
URIGIN TIME
““MAGNTTUDE

118 15.8 W
TTTIZL.3KE -
19 44 20,0 GCY

4o 5

.STA”mﬁEiﬁﬁwm?ﬁﬁgfmT?ﬁgmmﬁﬁﬁ?VﬁfmmTﬁﬁvfﬁ“wﬁfﬁTﬁUﬁfm"V‘U:MWWWWWWWWMMW
TINE TINE {SEC) DEL/8B.1

HDY 560 DIR 291 223 0.2

___HAI

72.8

iR
DIR

36.1
31.8

L6ad
12.0

FTC

93.2

DIR
DIR

‘!11»{3

35.4

207
15,3

KRC -

136.3

UIR
DIR

44,9
42.6

2644
22.2

¢

MMC
PAS

15676
153.9

DIR
DIR

44.0
45.0

£3.9
25.0

i

DLT

TIN

156.8

168.6

noovourovnono

P

P

DIR
DIR

TS TTTTDIR T

DIR

63,2

45.3

3.2
25.5

63.8
48.2

44,1
274

!
OO0 o000 OO0~ OL

@ 8 & @ Sla @8 88 .8 e !

s B 000 LS WO e ed LD e O e N ST e

S RFR 680 8.1 =
SBC  179.4 p RFR  49.1 27.5 6.9
TRVR 189.2 P RFR 49,0 @ 29.3 - 5.6 T
BBC 189.6 P RFR 48,2 29.5 - 4.8
TR 273.97 P T TRFR DL 39.5 TS T
BCN 313.8 P RFR  64.6 44,1 5.8
B BAR T 348.6 p RFR 89,2 4.4 bal -
TS TANDARD  ERRDRS ) o
URIGIN TIME 0.1 SEC
T - T TR CDORDINATE 0L KM T
Y COORDINATE 0.5 KM
7 COORDINATE 1.4 KW
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R ¥ Y | R

"DATA FOR EARTHQUAKE OF AUGUST 22, 1955

i I & B 6 X1 3] S Y o e | B
LONGITUDE 118 2.2 4

T T T e g g e e
ORIGIN TIME 14 41 20.8 GCT

- Mabni TUDE Jaf
STA DELT ?ff.”’if’ HASE TYPE ARRIVAL "TRAVEL "RESTOUAL "P-U-" T
Time TIME

DIR 277 6.7 Ga.2

DiRr L2120 O il 1 N |
DIR 32.2 S 12.0 “Datb
DIR 27,8 T0 0.0 ' h T -
DIRT732.8 TTZ. =0L.17T o T T
DIR 41.8 2049

Woy 3.7

FTC 126472
e JIN 143.7

KRC 162.3
B £ R B 5

0
DIR 41.9 20.6 a,
DIR 44,7 23.4 0
B
0

]

IR EL AR TS
RFR 47.4 26.6 6.5 ’

e RERTT R TG T R T T g e

RFR 6G.2 48,0 0.4 '

11
1

ULT 178.4 RFR 4H.49 ctaD ol # P o
PAS 180.0 RFR 48.2 28.6 -1.2 5
CTTTTUEBL 198,37 P RFRTTTASL,3TTTTTTEILT =L T
’ RVR 205.9 P RFR 52.1 31.9 -0.6 5
g B C,_Zgiez.; 2_ _;5 R ‘R?R”S Zr:sﬁ_k EV.I | E’ B £ S

BCN 290.0 p RFR 63.4 41.8 O.8 6.8

R R R R IRl

STANDARD ERRORS :
T ORIGIN TIME T 0L SECTTT e
, X COORDINATE 1.3 KM
e e - Y COORDINATE 1.2 KM~ e e e
' 1 COORDINATE 2.7 KM
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DATA FOR EARTHQUAKE OF JULY 11, 1956

TLATTITUDE CTTTTTTTTASTES V9N T
) LONGITUDE B 117 56.9 ¥ R B

DEPTH
ORIGIN TIME

T2 6TKM

19 22 6.7 GBCT

MAGNTTUDE “ad

”"’”M“‘w‘”;ﬁ""mw’“S‘TWm”ﬁ'ET‘TWM“ﬁﬂﬁ SETTYPE TARRIVAL TTRAVEL T TRESTDURALT TP

TIME TIME  (SEC)  DEL/8.1

(R

32.5 DIR 12.4 5.7

Had

|

4lek 1de6

18.6

DiIR
DIR

{20
12.2

154

e L

50.0 D1IR

DIR

15.1
21.2

14.5

B81l.6 20,1

29.8

DIR
DIR

13.4
23.2

i

i

Fic

TTTTTTTTTTTTYIN Tas.1T P UDIRT

TTTKRET

MWC

169,97

{

131.1 DIR

DIR

28.0
46,8

£lah
36.9

w'uvsﬁmﬁwjusﬁ <

& #H1% #1w *iIa 95

"30.5
47.9

2326
40.9

DIR

RFR
RFR

33.6
33.3

26.9
27.1

171.3

DLT
PAS

BBC

FRE

SBC

“193.9

TRVR203.3

i

177.3
180.4

RFR
RFR

34.3
34.5

21.8
28,0

i

- RFR
RFR

- 38.4
38.0

29.9

199.7 29.9

{

37.4
39.2

TURFRT
RFR

31.0
32.2

& ¥ ,8 &9 #ie @

217.8

PYR

LPLH

~BEN

5546
33.1

&8.7
40.6

RFR

225.6 RFR

&

4

0O NIV

RFR
RFR

i

0.1
40.8

46.3
47.8

$282.0
20544

OO OO MO0 OWOOOOOD Ol
WO WWWEANNNNOW RN OO DWNN

COUWVUVMO VD VO UY O
i sie & 8 #le sle sle wle

FUIFS I FORT N JURT JURT

L I ]

STANDARD ERRORS
ORTEIN TINE 0.1 SEC
X COORDINATE 0.8 KM
I . S e
e COQRDINATE 1.5 KM
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DATA FOR EARTHQUAKXKE OF JULY 23, 1956

LTATITUDE 7 77735757.4 N
LONGITUDE 117 46.9 W

DEPTH -V B ¢ T
ORIGIN TIME 10 43 35.3 6LT
MAGNITUDE 3.3

o TETA T TDLUTA  PHASE TYPE ARRIVAU TYRAVEL RESIDORUTP-O=TTTTT
p S TIME TIME {SEC) DEL/8.1
cLC 23.2 p pIn 39,2 3.9 0.0
HAT 25,1 p DTR 39,3 G2 -2
ISA 710{3 P DIR 4659 111? ‘”001
- o CTTTTRHTRTTTTURE)E 269 a.2 - )
TIN 128.1 p DIR 56.5 20.9 0.3
Crmmmmmmmmmmmmmm g OIR 7727 3L 1.3 T
FTC 157.0 P DIR 6£1.9 25.6 1.0
Y DIR g1l.9 G442 Latr )
KRC 190.,9 p RFR 6$7.3 30.4 1.6 Bate
T - TTTTTTTTRTTUUURFR T 91.2 52.5 3.4 R i
HHC 194.,0 P RFR 64.8 30.8 ~1«3 5.6
- TR RFR 90.4 - P T i.8 T T
DLT 198.2 p RFR 6.5 31.3 0.0 6.8
S RFR 92.5 54,1 3.1
PAS 203.7 P RFR 6.8 31.8 ~-0.3 6.t
T TS T TUUURFR 96,8 855,00 6.5 .
RVR 221.0 P RFR 68.5 34.1 -0.8 5.9
R S B I Y 58.9 3.4 o
SBC 243.3 P RFR 3.7 36.2 2.2 Bat
5 RFR 104,77 62.6 5.8
PVR 249.5 P RFR  72.5 36.9 0.3 bat
TTPLM 300.9 0 P RFR 78.8 43,6 -0.1 6.4 - i
i HAY 317.5 P RFR__ 81.6 45.4 1.0 23 SO
STANDARD ERRORS
ORIGIN TINE 0.1 5EC
X COORDINATE 1.0 KM
T Y TCA0ORDINATE L. ke
2 COORDIMATE 1.8 KM
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DATA FOR EARTHQUAKE OF JANUARY ~%5, 1959

TATITUDE

- Y- B S

LONGITUDE 118 3.3 W

DEPTH ™ TR KA
ORIGIN TIME 12 36 2.6 GLT

MAGNTTUDE el

T G N T DELTA T PHASE TYPE TARRIVAL T TRAVEL T RESTDUAL

-0~ T
TIME TINME {SEC) DEL/B.1
Hz&i 10.3 p DIR 4;3 1.7 “0:1
CLC 56.0 p DIR 11.9 9.2 Oa.1
1851 6b.4 P DIR 13.5 10.9 0.
CTTIN 101.0 FTUDTIRT T 19.3 186.5 Da2
s DIR 31,1 28.6 -0l
TTKRTT O 178.3 P RFR 32.0 29.4% -0.1 7.4 N o
. ) RFR 53.0 50.9 Qb
MNWC  214.3 P RFR 35.9 34.0 —Uat 6.8
PAS 222.9 P RFR 37a.1 34.8 ~0.3 7.0
TTTTSBCT 242.7 P RFR 41.9 36.7 2.5 9.3 h
RVR 247.7 P RFR 39.8 38.0 ~-Da.8 6.6
TUTTTTTTTPNR T 267.3 T P RFR T 40.9 39.7 -1.4 5.3 T
PLM  329.4 p RFR 50.5 47.8 Da.1 7.2
BAR 405%.8 P RFR 59,8 57.0 0.2 7.1
T TS TAND ARD ERRORS T
, ORIGIN TIME 0.1 SEC
T T COORDINATE 1.3 KM
¥ COORDINATE 0.7 KM
2 COORDINATE 2.8 KW
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DATA FOR EARTHQUAKE OF OCTUBER 24, 19%9

o TLATITUDE o
LONGITUDE
DEPTH
ORIGIN TIME

118 1.4 ¥

15 35 1%.3 GLT

GG TN S

wﬁﬁwmmw.m@me?;Z;m}{ﬁwg”%mmm:wmm.w_‘ e e e

MAGNITUDE L2y

TS TR T DELTA  PHASE TYPE ARRTVAL T TRAVEL TRESTBUAL PSS

TINE TINME {SEC) DEL/B

-1

e e e g

DIR

ciLC 39.5 P DIR 21.8 Gab -0..0
151 41l.9 P PiRr 2da2 e ~{al
HAT 44,2 P DIR 22.6 7.3 Q.
) - 5 DIR 27a1 12.6 -0
Wy T4 p DIR 27.6 12.2 0.1
T T 5 DIR 35,5 Z21.1 -9 -
FTC 125.0 p DIR 35.4 20.4 ~0.3
b DIR 50.6 35.2 ds.1
TIN 146.5 P DIR 39,7 23.9 0.5

86.2
39.7

41.3
23.9

TTTTRFRTTATLE 2L
RFR 43.4 28.2

RFR 4.1 4d.8

RVR 203.0 RFR 46,0 31.5

Fl 49,5731, 97
RFR 49,9 33.2

~8 P T RFR56.9 41.4
RFR 56.9 41.6

BAR 361.8 1y RHR 1 2U.6

T T STANDARD ERRORS T T T
ORIGIN TIME 0.1 SEC
T X COORDINATE — 0.7 RM ™ T T
Y COORDINATE 0.6 KM
2 CODRDINATE 1.4 KM
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R P11 Sam R

DATA FOR
e R R 1111 S
LONGITUDE
S DEPTH S

ORIGIN TIME

EARTHQUAKE OF JANUARY 728,

1961

e e e
118 2.9 W

TTUBUSTRMT

-8 12 46.2 GCY

MAGNTTUDE b PN

STA DELTA

TIME

6.7

TIME

151 40.6

DIR 52.8

{5EC)

"Gnl

PHASE TYPE "ARRTVAL TTRAVEL " RESTDURL T P==""""""""""""7"
DEL/8.1

57.5
52,9

DiR
DIR

1is0

HAT ~ 40.9 6.8

~tJal
"’0'0

57.6
53,0

IT.7
6.8

IR

cLC 41.2 DIR

|
o O
¥

@

TTTTTTTTTTTHDY T Z2. T DIR58.4 1.9 .
FTIC 126.5 DIR 67.2 20.6
TIN 142,.5 Uir 69.06 £3a3
DIR 86.5 40.2

TTTTTTTTTTRRT 161.6
MWC 172.5

RFR TT72.6 26,7

TTTTTTTTTTTPAS TTBTL.T T P TRFR 742 28.9

RFR EA 50.0

Ao

L]

d =4 Y

191.6

FRE RFR 6.7 £9a71
207.3

RFR 17.3 32.3

|

TTRFR79.3
RFR 112.1

S8C 212.2
55.8

32.3

[

sl
DA D

T PUR 225.8
PLM 290.1

‘RFR ™ 80.2
RFR 88.6

33.9
42.2

L4 1
™

L

SNCTTITTLS
HAY 318.6

REFR 89,9
RFR 90.4%

RVR 2
43a9

|

[ ]

P
3
P
S
P

P
P
p
S
P
P RFR  T73.2 28.1

P
S
P
P

P
S
P
P
p
p

CVIN 318.7 TRFR92.T

1

SNSODO OO OO O OOO0 0

s s #l& als wie w0 le wje ;6 ;e # 2

B O ek G D I NN B e 00 I O 0O LY e G e el B G0 1D W

rO VN A VOO v O
£ 2 q b

O W MDD LD

BAR 366.1 P RFR 97.2 Bla4 . - -
TTTUTUUMHC 385,30 P URFRT9T.E T ST T - b, T
ECC 402.5 P RFR 89,9 55.7 ~1 -6
BRK 441.4 P RFR107.1 60.7 -
B CTANDARD ERRORS " — e e e e
ORIGIN TIME 0.1 SEC
S e B BTN ATE O B KN SO O—
¥ COORDINATE 0.6 KM
Z CCORDINATE T.3 KM
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DATA FOR EARTHQUAKE OF GCTOBER 19, 198l

CTTTTTTTTOATITUDE T 35 51,4 N ' T
LONGITUDE 117 48.3 W
DEPTH F-YL 28 ¢ I o T
ORIGIN TIME 5 9 44,6 GCT
MAGNITUDE 5.1

TSTA T DELTA

PHASE TYPE “ARRIVAL ~TRAVEL ~RESIDUAC P=0=
TIME TIME  {SEC) DEL/8.1

P DIR 48.0 3.% 0.0

P DIR 20,1 3.6 -Ual

S QIR 54.3 95? “0@0

p DIR 5541 10.5 —040

) DIR 63.0 18.2 D.2

PTTTTDIR 60.1 - Ib.1 -0.2 o T
P DIR 67.% 22.6 0.2

S DIR BZ.4 39.0 =1.2
P

P

p

P

S

P

S

ISl 64.2

WOY 95,8 TP
TIN 138.2

FIC 147.3  F
MWC T 182.6
KRC 185.3

SN oLy £ L

wﬁ,piamﬁ 68.0 24.0 ~0a.b
TRFR 73,2 29.2 -0.6 = bal
RFR T4a1 29.4 0.1 Hab
RFR 74,2 30.2 -0, 5.9 R
RFR 99.7 522
RFR 16.1 32.5 -
RFR 103.1 5642
TTTPTTTURFRT80L4 T T 3408
RFR 109.6 60.3

RVR 210.3

S8C 234.3

b1 sle & lu w1 @ (e
N D OWOow

N O O S e N e

CUTTTTTTTTTUPVR 238,10 RFR  BO0.7 35.3 B Y A N
BCN 268.4 RFR 104.3 39.1 2 26,6
HAY 310.2 KER 87.4 44»2 - [

- RFR 126.2  79.5
BAR 367.3

ECC 397.4

[ RFR 95.9 5103 -QQQ 6QG B
TSTTTTRFRT143,1 0 8e.s e,y
RFR 112.2 54.9 12.7 1B.5

RFR  156.7 95.0 1741

P
S
P
P
[
P RFR  90.5 46.0
S
P
5
P
S

TTTTTTSTANDARD ERRORS T
ORIGIN TIME 0.1 SEC
e e R~ o g = o =
Y COORDINATE 0.5 KM
7 COORDINATE 1.0 KM
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B o o o TABLE o
DATA FOR EARTHQUAKE OF SEPTEMBER 21; 1963

~ LATITUDE

LONGITUDE

CIETIE N
117 46.9 W

DEPTH

ORIGIN TIME

2

IT.1T K™
H 59,9 GCT

MAGNITUDE

STA

DELTA

_J1ME

3.3

TIME

{SEC)

DEL/8.1

PHASE TYPE “ARRIVAL ~YRAVEL “RESTOUAL P=0-"""""~~~~

ISA  67.9 p DIR  T71.1 112 0.0
HAT 81.0 P DIRT7305 1373 03
S DIR 82.8 23.0 ~-0.1
GSCTTR9LA @ OTRTEC9 1407 1.3
S DIR 84,1 25.4 ~-1.2
[ KR 5 - P R A ) B £ S 4 - P 1953 ~-033 i
} S DIR 93.1 33.3 -0.1
MWC 135.1 P DIR8T.8 22.0 =0.1
‘ ) S DIR  98.6 38.0 0.7
o PAS "145.4 P DIR ™ 783,57 23.6 =0.0 o
. S DIR 99:\'2 4’009 "'1a6
o TTRVRTT162.5 P RFR85.3 25.6 -0.2 5.3 o
S RFR  104.4 44.3 0.2
}KRC 118&5 P RFR 82»5 2?406 ""5n0 0-6
TIN 185.7 P RFR  8B.6 29.5 -0.8 5.8
PN 244,22 P RFRTTT95,9 35.4 0.6 5.8 N
HAY 273.5 d RFR 105.8 38.7 7.2 1241
o BAR 320.4 P RFR 105.5 44,6 1.0 6.0
STANDARD ERRORS
ORIGIN TIME 0.2 SEC
T X U CODRDINATE 1.7 KM T
. Y COORDINATE = 1.3 KM
e R NATE KN o e e o o
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CATA FOR EARTHQUAKE OF MARCH 15, 1946

TTTTTTTTTTHOATITUDE T TR TRE L 0N ' T
LONGITUDE 118 0.5 W

DEPTH S ORI et e e
ORIGIN TIME 13 21 1.9 GC7 :
MAGNITUDE 5.5

CTTTTTTTTTURTA T ODELTAT PHASE TYPET CARRTVAL TTTRAVEL TRESTDUAL T PO~
: TIME TIME {SEC) DEL/8.1

HAT 45.2
PIN 187.%9
MWC  167.6

PAS 178 .4
RVR  201.4
SBL Jdil.4
PLM 284.1
BlN  Z287.9

DIR 9.2 7.5 -0a
RFK 2654 23.8 =TT &2 3
RFR 239‘!’ 2’534 ‘“0&0 sag
RFER £29. 6 TETLE 0.0 hat
RFR 32.8 30.7 0.0 £.0
Hal
Hhal
Dath

RFR 36,1 2.4 Uai -
RFR 43,1 4la6 ~0a.1
RFR 42.8 4.l Uail

“ovduvgvdv

T T T TS TANDARD ERRDRS T
ORIGIN TIME 0.1 SEC

TR T COURDINATE T 0.8 TR T e
Y COORDINATE D.6 KM
L LUURUINATEL 15 KW

T TTTHIS EARTHQUAKE WAS TLOCATED RELATIVE TU THE
EARTHQUAKE OF JUL 11, 1956, AT 19 22 6.7 GCT. THE
CATTER EARTHOQUARKE "WAS ASSTONED A LOCATTONTOF
35 45.9 Ny 117 56.9 Wy AND A DEPTH OF 12.6 KM,

P— - P - s e e e vy e e e s e s s o e o




<-95:f , S~
e e o TABLE “"13 e e e 8 i i £ 7 e e . 5 3 S e 7 . o i e o 1

DATA FURTEARTHQUAKE OF HMARCH 15, 1946

T S B LRI e L e T P R | S— - e e
~ LONGITUDE 118 0.2 ¥ :
B e i s g g e ; e e
ORIGIMN TIME 13 49 37.0 GCT V
MAGNITUDE ' 6.3

e R BELTA T PHASE TYPE ARRIVAL T TRAVEL RESTDUAL P-p=" T
TIME TIME  (SEC)  DEL/8.1

HAT 483 P DIR 44,8 8.0 ={a

TN iIb5ia.1 P niER Hla.9 FL M —{a3 Gl
MHC  164.3 P RFR 63.0 26.2 ~0.3 Bel

O _«c‘m».-pgs I i & T i S R B e s -
RVR 199.3 P ﬁ;R 670‘3‘ \ . 30.5 “{:}ﬁ:‘ﬁ ﬁa@
rT-ﬁmw-wc@@:nmwiszgtqm 2{)9;%_- P, TTCURER 716_9‘6_4;.:@«,.3T:9MH¢¢: G ;5” P -

PLM 2B1.0 P RFR 78.2 414 0.0 Eah
gCN  287.9 P RFR - 78.4 “42.2 Uott 5.8

CTANDARD ERRGRS S
ORIGIN TIME 0.5 SEC

e L .
Y COORDINATE 2.0 KM
7 COORDINATE 5.777KN

~ THIS EARTHQUAKE WAS LOCAYED RELATIVE YO YHE — 7
EARTHQUAKE OF JUL 11, 1956, AT 19 22 6.7 GCT. THE

35 45.9 Ny 117 56.9 W, AND A DEPTH OF 12.6 KM.
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DATA FOR EARTHQUAKE OF MARCH 15, 1946

L ATTTUDE T
LONGITUDE
TUDEPTH T T
- ORIGIN TIME

USSR 2N
117 59.9 W

13 21 1.9 6CT

G R e

MAGNTTUDE 5.5

DELTA "PHASE TYPE ARRTVAL TRAVEL RESIDUAL
~TIME TIME {SEC)

p={-
DEL/B.1

HAI 4408 ﬂ]R ga? 7a5 “"0»2

TIN 147,06
PAS 176.8

RFR
RFR

28 %
29.6

23.0
27.3

0.2

P

P

p ~0a.1
.

RFR
RFR

47.8
30.6

49.8
32.8

""ﬂqa

RVR 201.6 P 0.6

mem e g
PLM

34,1
43.1

31.%
41.5

~1a.9

284,.1 P RFR 0.0

BCN 287.0 P RFRT&7.8 41.8 sl ¢

WV o Oy O [V
[ e ] W

o le 9%

STANDARD ERRORS _
ORIGIN TIME 0.5 SEC

1

X COURDINATE 7 4.3 KM
Y COORDINATE 2.3 KM

~Z COORDINATE 5.4 KA

T ”" TUTTTTHIS EARTHQUAKE WAS LOCATED RECATIVE TO THE

EARTHQUAKE OF OCT 24, 1959, AT 15 35 15.3 GCT. THE

CATTER EARTHUUAKE WAS ASSTGNED A LOCUATTON CF
35 44,7 Ny 118 1.4 Wy, AND A DEPTH OF 7.4 KM.
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" DATA FOR EARTHQUAKE OF MARCH 15, 1946

ATITUDE —
LONGITUDE

e 2 T T e et
118 0.8 H

o TDEPTH T T3 Ko T T
DRIGIN TIME 13 49 37.0 GCT
WAGNTITUDE 6.3
. STA T HELTA PHASE TYPE “RERIVAL “TRAVEL RESTOUAL ~P=p=""""""""""""""
o - Iiﬁﬁ, Tlﬁgw 1S5£C) 70EL/8¢1

HAT

47.5 DIR &4 .8 7.9

i
¥

TIN
PAS

150.1
174.1

RFR
RFR

N
nd
8
%]
i
&
O

RVR

e e e g g

PLM

RFR
RFR
T RFR
RFR -

199.4

i
i
H
1

R R R-TV R R A

i
o
e ! a
o
1

282.2

[re

o

™

\n
OO O GO
- DR N O
WO g W Oy
sije @le

o oo

dlie Slas »le @

BCN

288.6 RFR

-
N
.
N
¥

" STANDARD ERRORS h R
ORIGIN TIME SEC
- X COORDINATE
Y CCORDINATE

KM

~ 4 COORDINATE 3.3 KW

T UTHTS EARTHQUAKE WAS UOCATED RECATIVE TO THE
EARTHQUAKE OF OCT 24, 1959, AT 15 35 15.3 GCT. THE
LATTER EARTHQUAKE WAS ASSIGMNED A LOCATION OF
35 44,7 Ny 118 1.4 W, AND A DEPTH OF 7.4 KM.
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NOTES FOR TABLES 16 THROUGH 23

NOTE 1. All latitudes are north, all longitudes are west, and
‘all times are GCT.

NOTE 2. An orgin time in which the second appears as '-0. '
waeg given only to the necarcst minutc in the St. Amand-
Allen catalog.
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ARRTVEL AND TRAVEL TIMES FOR SHOCKS NEAR 36 09 N, 118 U3 W

CDATE 24 APR 386 T 22 JUNT42 22 JUN 42 16 0CT 42
LAT 36 9.0 36 15.0 36 15.0 36 15.0

R o i x 7

TUTTUUTTTUULONG I 87,00 11 TS8L.0 TTTTTITY OSEL0 T TTTIIT s8.0 0

TIME 19 0 ~0a. 22 13 51.0 23 51 3.0 10 7 27.0

MAG 4.0 “4all Bl el

~STA ARRY TRVT — ARRY T TRVT TTARRT "TRVT  ARRT "TRVT T T

CTTTTTTTTTTTHAT P L0 T TL0. Y U3 T 2Ly TR YT T2V TTenL e

222
S 30.7 3.7
TIN ¥ 2bal  baT 07«8 lo.8 19.5716.5 b4, 17.0

S 40.2 40.2 81.8 30.8 33.5 30.5 56.6 29.6

CUMWE P TAZ,3 TG 3R Y T4, G A3 TR0V 2. A5, T

) 70.3 70.3 110.8 59.8 69.2 66.2 89.2 62.2

B -7 - S - B Y P T N 5 PO R} B S L e S S P A
S  69.0 69.0 114.1 63.1 68.4 65.4 94,2 67.2
RVR P 8503 45,3 TH9LE  IHLIE 4079 37,9 64,9 37,9
o s 122.2 71.2 73.5 70.5 97.7 70.7
EE S T~ § - S P S A B ) I 0 DA ¢ R Y-S S 1 P S
Lt 122.5 171.5 TO7 671 99.8 2.8
L o et 8222 TR O A S
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ARRTIVAL AND TRAVEL TIMES FUR SHOCKS NEAR 36 09 N, 118 03 M

LAT 36 8.0

36

T T T BRI T

TIME 7 50 -0a

10 10

3.0 386 9.3

5 2 .’, @:‘m”"”m‘- v .-"w-i ...I,.B pr— ...-k .m;vg,— L e p— ,. e i 1753 e g i T e e L . -

560" 12 36 2.6

MAG 4,0

4.1 baot

R RARRT YRV T

ARRT

TRVT TARRY "TRVT S

T e QA}P o . BY 4 3E %03 1.7 - T T e e i
" s 6lat Sa4 .
CLe P 11.5 Qa3
iIs1 p 13.5 10.9

TTTTTTTYINTRTTTTTIEITTT TR
S 86.5 86.5

76.0
89.9

)

20,0 19.3 7716.77

33.9 31.1 28.5

370 2Lg e s e e e e

53.0 50.4

MWL P 90.3 90.3
S 117.7 117.7

S 123.5 123.5

© T PAS TPTTT95.0 95.0 92,1

Qu. 7
114.3

4.7 32,9 33d.3
58.3

114.6

e P 08 B 98B
124.0 12440

0w

65,2
121.6

36.1 3T.1 34,5 T

58.6 66.0 63.4

39,2 39,8 31.2 T

65.6 71.5 5£8.9

SHC 99,9 99,4

129.9 129.9

41a9  39.3
12.7 70.1

mepvﬁﬁ

PLB p 107.0 107.0

40.9. 38.3 o
50.5 47.9

YU Ow

R T

- - S—
5 A R SRR 8 55 1 0 R A i S8 i 10 s - e e e e o A 4 e . e A O 3 . . o Y . £ e e e e o g o e

e g g T g T
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ARRTVAL ARND TRAVEL TINES FOR SHOCKS NEAR 36 01 Ny 118 23 W

e — e
LAT 36 12.0 36 4.0

L P n . .
TIME 9 44 40.0 3 20 23,2
WAL 4a0) 3.8

STA  ARRY " TRVT ~ARRT  TRVT - o T

) #c’“c“fm*#*e'fj:_t"a”i"""‘Pﬁ”ﬁ:‘”iﬁz}‘g‘:'z"“ﬁﬁ"”"Bz::fz]z"“"“”’“ﬁg‘o”;:"'?“’mﬁﬁﬁ?‘: §z=¢ﬁﬁ‘” = =
) 567 16.7 36.0 12.8
CLC P 36.4 13.2
TIN P 58.2 18.2 4l.4 18.2
) 70.6 30.6 56.8 33.6
MWC P 73.9 33.9 56.9 33.7

TSTTT9T.5T57.5
PAS P T4.5 34.5 57.3 34.1
5 107.0 67.0
SBC P 76,0 36.0
O STTI04.3 6% B
: BBC P 61.5 38.3 '
TTTTTTTTTTTRVRTPTT7H.5 0 38.5 61.4 38.2 - o )
S 106.7 6647 '

- PLM P~ 89.5 49.5 72,0 48.8
_.....bde s 147.2 107.2 B
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ARRTVAL AND TRAVEL TIMES FOR SHOCKS NEAR 36 46 N, 118 U3 W

CDATE T 22 AUGTSE T 28 JANTél 28 JAN &1 28 JAN e T
LAT 35 46.1 35 4647 35 48.2 35 46.6

RN ¢+ 1 - B A & & H 0 H b D ¢ § F: B 1 B
TIME 14 41 20.8 B 12 44.72 14 1 8.5 17 2 12.7
MAG S0 7 ; 5.3 ERE 3ab

STA T ARRT T TRVT TTARRY TTRVT T TARRT TRVTTTTRRRT YRV

A o N A A B S -9 B 5 1 B - R Y D | 19.1 &9 T
1s1 p 52.8 6.6 :
3 57T.5 1T1.3 '
HAT P 27.6 6.8 52.9 6.7 : 17.3 5.1
R S - B Y YR 2159 9. T
{SA 27:8 ?tQ : 15#4 6”9 18&8 bnf)
S R & WT’?«‘:{ SR —— T30 12ih‘5wwmm2£z‘m§mmw12:3aﬁm&w“w_
32.8 12.0 58.4 12.2 21.2 12.7 23.9 11.7
£1.8  271.0
41.9 21.1 67.2 21.0 29.5 21.0 32.8 20.6
o o £9.0 36.8 o
TIN 44.7 23.9 69.6 23.4 31.7 23.2 35.8 23.6 ‘
TS TUBYL A T RULE T B6LS 4003 AT T 38.9 9.9 3v.T T
KRC P 4724 26.6 T2.6 264 34.9 2644 3B.9 24,7
S 54.0 45.3
MyC p £7.9 27.1 73.2 27.0 36.0 27.5 38.8 26.6
mmﬂw%ﬁmuﬁwrmmv___S_M_.~~g»§.,,:?4~,m2;g,:z{Mh_,_nﬁw_w_ﬁ_ﬁr_m_ﬁwx [ - R o o £ £ £
DLT P 48.9 28.1
TTTTTTTTTTTPAS P TAB.2 T 27.4 7 14,2 28,0 T 36.e 2709 T TRUL2 T 2e 0
' S 4.4 48.2
- FRE P TE€ST  30.5
gL p 45.3 24.5
e s e Rvﬁ_ﬂ iy“, “52;1K 03,1;?3 7T’3~\3iliﬁfﬁrf£a‘;8&_32“35__li 3.—6 5,36' 87 [
SBC P B54.6 33.8 79.3  33.1 42.2 33.7 53.2 4l.0
e e o e e Mﬂ\sw,,Mmmmfw,_m_ e o s e e e RO RPN -5?2 ;i gy - I
PYR P 80.2 34.0 42.5 34,0 50.8 3B.46
PLM P 8B.b 4Za.4 504 41.9 5.0 42.8
BCN P 63,4 4H2.6 88.6 42.4
et e - s SWNC p s e s o 8 3 10 2 e 0 ,8 g:@r —— 2;3(”?5** . 66,9« P 53 ;?m S
HAY P 90.4 44,2 : R
"“”'”'“““’”"““’"”"”””"“vﬁfﬁﬁ'7p*"7‘"ﬁ“ﬁ7’”"7""" T "‘”'*T*'ﬁﬁ“’q 2’;"?“"*"4‘6‘.‘5" e “" ‘ T T T T T T T T e e
BAR P , ., 97.2 51.0 59.8 51.3 6$3.5 51.3
MHC P 97,6 BHl.4
CECC P 89.9 43.7

[ £ M=)

Woy

FTC

DO VD

BRK P
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T ABLE ~TBE

ﬁRRiVAL AND TRAVEL TIMES FOR SHOCKS NEAR 36 46 N, 118 037

DATE 12 FEB 61 - “'"12' 2 FEB 61 16 SEP 62 19 SEP R
35 48.1

: LAT 35 46.7 35
R e e R ¥

TIME 6 47 3849 7 3

471

1.6

35 44.3

5 36 15.9

2.1 LIBT3, Z2TTTIIe 3.2 s oLe T
18 50

30.7

MAG dad

2.8

“4a8

dal

A T T A RR YT TR T T T AR T TR YT TTARRY T TYRYTTTTTARRT TR YT

A ) O o

34,0
3.6

LLc

fe- |
&
=)

45.7 6.1

-0

77 8520

3fal
46,1

151
HAT

‘ré.?_ » O

7.2
44.6 5.7
3.l

o o o

3
6
T

6
T
Z

el O ad

»
»
-

R RNV R R FIE - e

52.0713, 13,7771 T
I15A : 223 6s4h 37.8 Tal
27.47711.5
WDY 507 117 13.7 12.1 28.4 12.5 43,3 12.6
CTTTTTTTTTTTTTITTTTTE TR0, 0 21,1 2.4 7720.8 T
FT1C P 59.9 20.9 22.8 21.2 37.0 21.1 2.4 21.7
s T7T.8 38.8 472.9 41.3 TIT740.% T
TIN P 62.9 23.9 25.0  23.4 39.8 23.9 83.86 22.9
L3 80.0 41.1 7.2 HRULE T8 4001
KRC P 65.4 2b6.4 2B.5 26.9 57.8 27.1

S 87.8 48.8 51.6

29.0 -

50.0
27+ 4

43a4 275

58.7

66.4 27+4

N - S 67.4 28.4
RVR P 70.5 31.6
sl P

32.2
31.9

30.6
30.3

44,4
46.9

28.5
31.0

$2.3

28.0
59,2 éRSsS T
31.6

B39.9

T4.8 35,8
PYR P 43.4

38.3
41.8

0.0
50.4%

EL A |
34.5

TTPLM P T T82.9 4309
SNC P

43,8

42.2

6l.4 45.5

1. éﬂﬁﬁl{z “1’ ot ot

A PSP T X PO Y % R S S S E N Y PO
83.0 52.3

BAR P 90.1 51.1 52.9

51.3

67.7 51.8

ECC P

91.1 759.2
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B o B - TABLE 19 T e o
ARRIVAL AND ?’RiWEi., TTMES FOR SHOCKS NEAR 35745 N, 118 01 W

LAT

TIME

N ETE

e LONETT

Tz4 UCT 590
35 44.7
T118 1.4

15 35 15.3

24 0LT 59 24 00T 59 TTENOY s
35 44,5 35 44.3 35 44,9
118 1.1 118 0.4 118 C.E
16 11 24.3 19 58 20.1 12 5 35.0

MAG

Gad 3adl 3.4 3ad

STA

T TARRT T TRVY

ARRT TRVT ARRT TRVT ARRT TRVT

cLC
1581

“3

T26.T T
27.2

6.6
7.1

41.4
42.3

6.4
T3

1354

3l.4 6.9
36.9 12.6

HAl

e S S
11.8

22,6
27.1

31.7T 1.5
36.9 12.6

27.5
32.7

T4 42,2 1.2 ' o
12.6

WY

Z21-6 1£a.3

35.5 20.2

36,9 12.%6
45,9 21.6

3Zab
41.8

12.5
21.7

5137
56.7 21.7

FTC

TUTTTTTTTTTYINTP 39,7 2444 4BL.Y

)

TTTTTTTTTTTTRROTPTTAYLE T 2645 50.8

)

YU DL TV YYD

0.4 2U.1
50.6 35.3

44,8 2U.D 40.17 £20.6 25,9 Z2U.9

24.2
41,5
26.5
44,5

b4, 4
60.2
4. {

24.3
40.1
26,6

59.4 24,4
7ﬁ 9 #lag

56.2 40.9 65.8

68.8

PAS P
S

5

PVR P

TTTRVRTPTTTTREL0 T 30.T TSEL030L7
T oo Rane

28T 52.5

48.8

G3a4
64.1

28,7 486
65.6
51.3

T75.0

28e5
45.5
3142
549

63307728.0
B3.4 48.4

12,37

T T T O Y s ¥ L - A ¢ B 1% | R

49,9 34.6 58.8 34.5 56.7 36.6 68.4 33.4

L R
BCN P
- SNC P
HAY P

TBAR P66, 51“77&” T5.7 5l.4 7 Tl.4

2629
56 9

Glad
L hl.6 &

66,07 ALY 6Z.1T774240
6.4 42,1  62.5 42.4

Thad 4la3

76.0 51.7 73.5 53.4 6.8 51.8

51.3 7 86,4 Bl.4

" s o s s s e - e 1 s e e g o e e e . -

T9.0 44,0



ot ey v . v e

| -105-
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ARRTVAL AND TRAVEL TTMES FOUR SHOCUKS NEARTISTET N, 117 57 W

e % £

LAT

T LONG™ ""””“""ﬁ""”IT'i"' B8.T T TIIE ZL0 TTTITT e 175727

TIiMe

35 45.3 3% 44.0

15 49 26.5 13 50 43,0

35 46.3

19 45 41.7

35 45.7

1 26 239.1

o oot s -»IBM -'ﬂ w;ﬁ o n4 E e 20 WD . A 4 1, 8» ks ﬁ«aqg s m4 -6«; wean anse o aons. mu-e.znﬁw,- .m‘j ﬁﬁ o ag\ItaL'ﬂ&&:me}, v2—,—5f wJ U%’Q{m ”5“.1’—,-.,.,._ 1o n o e e e e

“MBG

STA

MMMMMMMMMMMMMM e
HAI

ﬁﬁﬁ?mwTﬁVT”ww

4.0 2ald

33.6

4.8

ARRY TRYT ARRT TTRVT

LY

TTTTARHT UUTRVT

1.0 49.6 6.6

TAETLE ST

48.5

6.8

44,4 5.3
46,0 6.9

1IN

2006
69,1

£4aU 65,5  22.5

4

245 85.0 42.0

6545
83.1

£3.8
4144

D3ed £4%al
Bl.2 42.1

MwWC

53.7
69.4

27.1 69,9 25,0

4

2.8 91.1  48.1

&H.1

264

6b.2  27.1

PAS

S54.7
75.5

d
4

8.1 70.5 275

8.9 89.0  46.0

9.4

89.8

diad
HR.1

61 AZbal
8#8.0  48R.9

BBEL
FRE
VR

57.9

B5T.57

85.7

3

1.3

flal
T1.7

29,4
30.0

8.9 Z¥.d
69.0 29.9

3

1.0 74.2 31.2

59.1 96.4 53.4

1225

30.8

0.2 32l.1

SBC

145
102.3

32.8
60.6

13.7 34,6

100.4 61.3

BON
PLM

AR B R - VR - B VR - RO~ RO - )

66a T
68.2

4
4

0.1
1.6

82.8
83.1

4l.1
41.4

80.6  41.5
80.7 41.6

OVE o o 90.7 49.0 89.3 50.2 -
. PFA P o - 92.2 50.5 89.0 49.9
- TUC P 124.9 98.3 ' ' ) E
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ARRIVAL AND TRAVEL TIMES FOR SHOCKS NEAR 35 &7 N, 117579
DATE 728 JUNTSY TTTTTTYdWw sy T g
LAY 35 47.0 35 46,7 35 45.9
vmmmmmwwwﬂwm@wt oNG 117 37‘ 0% Ai,l?_-g—q: 1ﬂmm...@wmn3:1 7HEE,;MQW_.WWMFMMWWM e 8 e e £ e e e e i
' CTIME 2 & 14,0 0 16 18.7 19 22 &.7
MAG 3.6 EP Ga2
- STA ARRT  TRVY  TARRY TRVT ARRY TTRVT o -
TTCLTTP 19T RLT 28,8689 12.877%5.9 o } - )
HAT P 21.6 Tab 26,0 7.3 13,6 6.9
3 26.6 17Z2.6 31.2 12.5 18,6 11.9
Isa p 15.1 Bat
S 21.2 14,5 o
WDY P 20,1 13.4
-5 £9.8 23,1 - -
FIC p 28.0 21.3
S 46.8 40.1
o _ ,,,.,_,K,Tﬂ,l,‘?i ?’A _ 3854 2‘{1"3 4209 2‘?- 2 BQa 5 23: 8 s o
TS T TRb,2 4242 60.7 42.0 47,9 41.2 - T
KRC P 33.6 26.9 o N e

TTTTTTTTTTTTTMMWE P

DLT

41.6
P

27.6

45.5 26,8

33.3
34.3

26.56
27.6

PAS

L d HBLab
)

B8C
FRE

P

ZB.D

PN A S 1) DA S

L 1- T
64,7

Z28a.10
4640

34,5

21-48

51.9 33,2

38.4
38,0

31.7
31.3

TTTTUTTTTTTRVR TP UASLT 31.7 0 4908 311 NPT 1 P A
SBC P 49,7 35.7 54.5 35.8 39.2 32.5
PYR P 40,6 33,9
BCN P 46.3 39.6

TTTTTTTTTTTTPLMOP T U%6.2 42.2 0 61.0 4203 47.8 4101 S T
LJyc p 73.0 54.3
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TTTTTTTTTARRTVAU AND TRAVEL TIMES FOR SHOCKS NEAR 35758 My 117 58 W
| 10 SEP 37

DATE I8 SEP 3T 16 SEP 43 TTTTESEP 43

LAT

35 58.0

LONG

TIME

36 0.

36

111550
19 34 -0,

,‘.‘u;wwl 1 3 2 » G
8 37 -0.

0 16 11.0

1.0
1775600 11860 T

36
7 52

1.0

""Oa

“MAG 4.0 4.0 .0 4.5

STA ARRT TRYT ™ ARRY TRVT ~ ARRT ~TRVT T ARRT “TRVT

TTTTTTTTTTTTHAT P TTT12.8 12,8 386.2 7 36.2 15,1 4.1 26,1 261 T

5 16.0 16.0 39,2 39.2 17.9 6.9 28,7 28.7
TIN P 30,1 3041 323 Z1.3 43.0 43.0
S hb6.6 4bab 48.2 37.2 58.2 B5B.2
MHC P 35,7 35a.7 €29 6229 4423 3343 5327775537 T

S 67.0 67.0 87.9 B87.9 68,9 57.9 9.4 T9.4
- "PASP 4£1.3 4l.3 62.9 H2.9 4,0 33,0 54,6 54,6
s 6$5.5 &5.5 85.8 85.8 70.0 59.0 8.9 78.9
RVR P 43,2 #H3.7 47.1 36,1 56.2 5b6b.2
S 73,0 73.0 95.6 95.6 66,0 55.0 B5.86 B85.6

- TBC P R0.0 /0.0 B L D R & -} pO.T &S T
) 79.0 79.0 81.7 70.7 91.8 91.8

PLM P - i ) 56.0 45,0 66,6 66,6
S . 109.3 109.3
LJC P B6.5 86.5 67.0 56.0 T1.0 Tl.0
) 107.2 96.2 120,.3 120.3

TUuC P h 124.0 124.0
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ARRTVAL AND TRAVEL TIMES FOR SHOCKS NEAR 35 58 N, 117 58 W

DATE
LAT

21 JuL 52
35 59,0

TTZTSEP 59
36

2.0

17 AUG 62
35 56.9

LONG 117 %6.0 117 55.0 117 %8.8 T T
CTIME = 1% 51 39,0 0 21 50.0 11 3 53.7
WAG 3.8 4.0 3.2
o TSTA ARRT TRVT ARRT  TRVT ARRY TTRVT o T
TTTHAT P TTA2.0 3.0 52.9 2.9 - h
S 54.9 4.9
[of ol 1) 54,7 5.7 586.2 6.2 59.9 6.2
S T72.2 18.5
TTTTTTTYSTIUTPRPTTTTTTT 59.9 9.9 o
I1sAa P 53.2 9.5
[ 7 1) A A - S 4.6 15,6 674 13,7 -
) S 74.8 24.8 77.2 23.5
TIN P 59,5 20.5 T70.4 20.4 T4.1 20.4
S 74.3 35,3 85.7 35.7 89.4 35,7
TTTTTTTTTGSE P T 59,9 6.2 T
S 15.9 ~37.8
FIfcp 77 T8.4 28,7 ) T
s 95.3 41.6
KRC P B0.4 30.4
S 99.6 49.6
TTTTTTTTTTFRE P 71.8 32.8 T - T - -
MWC P 83.4 29.7
TTTTTTTTTTPAS P o 83.3 7 33.3 84.5 " 30.8 .
S 108.0 58.0
BBCP 76.0 37.0
RVR P T4.5 35.5 87.4 33.7
TTTTTTTUSBL P T9.4 40.4 T792.9 739,72 ST o
PVR P - 96.1 42.4
TR "96.8 46.8 97.5 43.8 o T T
HAY P 105.3 55,3
MHC P 89.3 50.3 : ‘
BAR P 113.1 63.1 107.0 53.3
TTTTTTTTTTTTREN P Y11.7 7T v T
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"TABLE 22A

ARRIVAL AND TRAVEL TIMES FOR SHOCKS NEAR 35 58 1,

LA
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FIGURE CAPTIONS
Key map showing location of Walker Pass region.

Epicenters in the Walker Pass region and surrounding
area.

Aftershocks of the earthquake of March 15, 1946, in
Walker Pass.

Locations of the earthquakes near Brown.
Locations of earthquakes near Haiwee during January, 1959.

Locations of earthquakes near Walker Pags during October
and November of 1959.

Locations of earthquakes near Walker Pass during January

and February, 1961.

Structures and velocities used in the location of
earthquakes for the study of the Walker Pass region.

Region covered by the structure and velocity matrix and
depths of the Mohorovicic Discontinuity used for the
study of earthquakes in the Walker Pass region.

Method of formation of layers in the non-parallel
plane layer travel time routine.
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