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ABSTRACT

The thickness and structure of the crust of the earth have
been studied in a limited area of southern California by means of
reflected and refracted seismic waves. Two usable records of re-
flections from the Mohorovi¥ié discontinuity at nearly vertical
incidence were obtained from large quarry blasts. fach record
shows a strong reflection with travel time near 10.6 sec. Strong
reflections from the Mohorovi¥ié discontinuity were also obtained
at distances slightly beyond critical from blasts at one quarry.
Meny other records of blasts and of earthquakes siow phases that
may be interpreted as reflections from the Mohorovi¥ié discontinuity.

Studies of refracted waves from blasts and earthquakes have
given additional information about crustal velocities. ‘When com—
bined with the reflection data, they indicate thet there is at

least a slicht decrease of velocity with depth somewhere in the

o
(S

erust and that thers ere significant variations in the arrival time
of Pp at distant stations, indicating lateral variation either in
crustal velocities or in the thickness of the crust.

Computations of the tihickness of the crust near Monolith and
Coronz, California have been made from various assunptions of wvelo-
city structure. The results obtained by using any model that agrees
with the refraction data or by assuming a single-layer crust zgree
closely. In tnis area the viohoroviéié discontinuity is 32 km below

sea level and the mean velocity in the crust is 6.2 km/sec.
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I. INTRODUCTION

A. Background

¥hen a compressional elastic wave strikes a velocity discon-
tinuity within the earth, it may be reflected back into the material
above, refracted into the materizl below, or both reflected and
refracted. Reflected and refracted waves have each been used success-
fully in studying discontinuities in the sediments and the discon-
tinuity bounding the core of the earth. The one other major dis-
continuity -- the Mohorovi¥ié discontinuity -~ has been studied
almost entirely by refracted waves.

A. Mohorovi¥ié first detected the existence of this discon-
tinuity by the study of refracted waves from an earthquake in
Croatia in 1909. It has since been found in every part of the
world where studies of earthquakes and artificial explosions have
been made; in practically every case these studies have used
refracted waves. Vhen Hohorovidié presented his results he postu-
lated the existence of reflected waves from the discontinuity and
computed theoretical travel time curves for them, but use of these
curves did not add greatly to the knowledge of the discontinuity.
Over most of the range of epicentral distances at which earthquakes
are normally observed, the travel timé curves of the reflected waves
are close to those of many other phases. Reflections are not
distinguishable from other phases in the type of recording normally
used for earthquake studies and are ordinarily identified by their

close agreement with travel time curves obtained from refraction



measurements. Because of tne complexity of most seismograms and

the variation in arrival times of refliected waves, caused by varia-
tion in depths of earthquakes, little use has been made of reflected
phases in earthquake studies., The most extensive analysis of
reflections in earthquake records has been by Gutenberg (19Lkb).

In recent years many studies of deep crustal structure have
been made by means of artificial explosions. The most important
studies have been those by Tuve and his co-workers at the Car-
negie Institution of Washington, who have detected waves reflected
at eritical incidence from the Fohorovidié discontinuity in many
areas of the United States and have used them as an important
adjunct of the refraction method (adams, Tuve, and Tatel, 1952;
Rooney, Tatel, and Tuve, 19503 Tuve, 1948 - 19523 Vestine and
Forbush, 1953). Katz (1953) recorded similar arrivals in New York.
Reich (1953a; 1953b) revorted the recording of deep reflections at
vertical incidence from two quarry blasts in Germany; using velo-
cities derived from refraction studies of large blasts, he defi-
nitely established the deeper reilection as one from the Yohorovidié
discontinuity. Junger (1951) obtained deep vertical reflections
in Wontana from small shots. Hodsson (1933) revorted the recording
of critical incidence reflections in nis studies of rockbursts in
the Canadian Shield, and the same has been reported in rockburst
studies in South Africa by Willmore, Hales, and Gane (1952).

In general, however, little use has been made of reflections
in erustal studies, because of the difficulty in most cases of

gettinz usaole reflection datae with the equipment norpally used for



refraction studies.

There are some who have questioned the possibility of waves
being reflected from the Mohorovi¥ié discontinuity. One argument
to this effeet goes as follows:

(1) Tae change of velocity at the Mohorovi¥ié "discontinuity"
is a continuous one and therefore provides no interface to produce
a reflected wave.

(2) The strong events at "eritical distance® are refracted
waves; their high amplitudes are produced by a very rapid increase
of velocity with depth.

(3) Other "reflected events" found at shorter distances are
merely unexplained phases that happen to arrive near the assumed
travel time curves for the reflection from the Wohorovidié discon=-
tinuity.

The first point of this argument is an unproved asserticn.

If a reflection can be shown to exist, it will be evidence that
the discontinuity is abrupt; there is no evidence to the contrary.

The second two arguments see:r to nave been answered by Keich's
record of a reflection at almost vertical incidence; no deep re-
fracted waves can exist at such short recording distance (500 m).
To demonstrate that his record was not fortuitous, repetition of
the experiment in another area was advisable for verification.

The success of the reflection method in commercial prospecting
of the sedimentary layers leads one to believe that if reflections
from the Mohorovi¥ié discontinuity can be obtained, they will

afford a powerful new tool for the study of crustal structure.



B. Puggose

The purpose of this investigation, then, was to determine
vwhether reflections could be obtained from the Mohorovi¥ié discon-
tinuity in southern California and, if they could, to use the
reflection data in combination with data from other sources to
study velocities in and thickness of tne earth's crust in this
region.

To obtain these data required the following steps:

(1) Finding techniques for recording reflections from great
depths in such a way as to identify them as reflections.

(2) Obtaining records of reflections from tne lohorovidié
discontinuity from many epicentral distances, including both
vertical and near-critical incidence.

-(3) Determining the velocity structure of the crust by the
study of direct and refracted waves traveling wholly within the
crustal layers.

(4) Studying the travel times of waves refracted below the
Mohorovi¥ié discontinuity and thereby obtaining an independent
source of data on crustal thickness.

For the first two steps blasts were more usable than earth-
quakes; for the remaining steps, data from blasts and earthnquakes
ecould be combined.

The oroblem originally considered was a study or the variation
of refleection travel times in local earthquake records; it was
found that the study of reflections in blasts was essential before

the earthquake data could be used.



C., Nomenclature

A practice long in effect, that of assigning common rock
names to crustal materials known only by their seismic velocities,
has created considerable confusion. Throughout this paper the use
of the terms “granitic layer®, "basaltic layer", and "peridotitic
layer" has been avoided. The nature of material at great depths
is not known with any accuracy; use of these names in referring to
velocity layerings merely perpetuates an old error. The only names
used here, other than veloeity designations, are:

Mohorovi&ié discontinuity -- the dividing surface between
rocks having a P-wave velocity approximately eight kilometers per
second and those with velocities mostly less than eight.

Sedimentary layers.

Crustal rock -- all material above the Mohorovi¥ié discontinuity.

Mantle rock -- material below the Mohorovidié diseontinuity and
above the surface of the earth's core.

Rock names are used only to refer to materials actually seen
at the surface of the earth.

The naming of phases observed in seismic records follows the
notation in current use at the Pasadena Seismological Laboratory
(Benioff, Gutenberg and Richter, 1953), except for reflected
phases. These have in the past been named P23P, P35P, 535S, etc.,
the numbers referring to the depth of the reflecting horizon. In
the present study, in which the depth of the reflecting horigzon

was to be determined, such names are inapplicable. This work



the untransformed compressional wave reflected from the Mohorovi&ié
discontinuity (Gutenberg, 1951b). When the three other possible
reflections from the Mohorovi¥ié discontinuity -- in Gutenberg's
notation P35S, S35P, and S35S - are mentioned, they are suitably
identified.

The following symbols are used throughout this paper; other
symbols used only once are defined when used:

d -~ focal depth of earthquake

h:

; == thickness of layer j

H -~ depth of the Mohorovi¥ié discontinuity

k -- constant term ("intercept time") in the travel time
equation for Pp t =k + A/ V,

t == travel time
t, =~ vertical reflection time for a surface source

A intereept on the time axis of any tangent to a reflection
travel time curve

t¥ __ travel time of reflection at critical incidence
V «- velocity of compressional waves

Vp =~ velocity of compressional waves below the Monorovi&ic
discontinuity

Vj -~ velocity of compressional waves in any crustal layer J

Vnax == maximum velocity of compressional waves above the
iohorovidié discontinuity

Z -~ depth (positive downward)

a
X;n "[%%i‘ %HJ in which Vj is velocity in layer j

A -~ epicentral distance

A¥~= distance for critical reflection



D, Material Available

Peflection records used in this study consisted of three
groups: blast records from very short distances, essentially
vertical incidence; blast records from greater distances, including
eritical; and earthquake records from distances greater than ver-
tiecal incidence.

The fourth possible classification, earthquake records at
essentially vertical incidence, are in practice almost an impos-
sibility since earthquakes rarely occur at such short distances
from a station. Furthermore, an earthquake small enough to record
clearly at a near-by station cannot be located accurately because
it fails to record at more distant stations; if it is large enough
to locate accurately, it produces records of such high amplitude at
the near-by station that no events later than the first arrival
can be recognized. This is a result of the unpredictable nature of
earthquakes; the amplification of a given instrument cannot be
reduced in expectation of a near-by earthquake.

One usable record in the first category, blast records at
vertical incidence, was taken by laboratory personnel at Corona in
1951 on a single~-channel seismometer, Two records on multiple-
channel equipment were taken at Monolith and Mojave by the writer.

In the second category, blast records at greater distance, a
large number of records were available from past work or were
~btained during the study. Blasts at Colton have been recorded at
1l stztions, blasts at Corona at 29 stations of which records of 21

were available for study, and blasts at Monolith at 19 stations.



Many of these records show events that can be interpreted as re-
flections.

A very large number of earthquake recordings were studied,
many showing apparent reflections. The presence of large ampli-
tudes in the S-wave group meant, however, that in general no
records could be used from stations at distances between 10 and
35 km and there were very few records at shorter distances.
Variations in foecal depths of shocks and tne difficulty of deter-
mining depth to the accuracy needed prevented the use of these
records for computational purposes, because the travel times of
reilected waves depend heavily on focal depthe. In single-channel
recording, reflections can be identified only by fittingz to an
assumed travel time curve.

As a result, apparent reflected phases in earthquake records
can be used only to check travel time curves derived from other
data and as a possible method of determining the focal depths of
earthquakes, if the depth to the Mohorovi¥ié discontinuity is known
from other sources.

Refraction data came from many of the same blasts used for
reflection study. Some of these data were from records timed by
the writer; others were available in the laboratory files and in
published material.

Mach material usable in studying crustal velocities and travel
times of P, came from studies of the Kern County earthquakes of
1952 and 1953 and from vublications on travel times of earthquake

waves at short distances (Richter, 19503 Gutenberg, 1951b).



Blasts used in this study are listed in Table Ij previously
ungublished readings from blasts and earthquakes are tabulated
in the ippendix. Locations of stations and blast sites are

shiown on the base map included as an insert,
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Table I

Date Tons Type of Explosive Timed at Studied by
Origin

Corona.
Coordinatess 33° 50.8' W, 117° 30.4' W; elevation: 350 m;
company: I!dnn., Mining and Mfg. Co.; nature of rock: quartz
latite porphyry.

Aug. 6, 19L9 78 Nitramon Yes Gutenberg;
. = 60% dynamite Rooney, Tuve,
and Tatel
Mar. 31, 1951 60 Nitramon Yes Guienberg
July 26, 1952 185 Nitramon Yes Shor
Wonolith,

Coordinates: 35° 08.7' N, 118° 23.7' W; elevation: 1500 m;
company: Monolith Portland Cement Co.; nature of rock:
recrystallized limestone within granitic area.

Septe. 6, 1952 33 60% dynamite No Shor
Jan. 23, 1953 12 60% dynamite No Snor
June 5, 1953 10 60% dynamite Yes Shor
Aug. 1, 1953 25 60% dynamite Yes Shor
Victorville.

Coordinates: 34° 37.88' N, 117° 16.35! W; company: Southwestern
Portland Cement Co.; nature of rock: recrystallized limestone
within granitic area.

Sept. 12, 1931 20 Ammonium nitrate Yes Vood anc Richter
= 70% dynanmite

Mojave.
Coordinates: 35° 00! N, 1179 58! Vj; elevation: 770m; company:
Morrison~Knudsen Co., for Santa Fe Railroad right-of-way;
nature of rock: granitic. (Reflection recording only).

June 19, 1953 Lok 40% dynamite Yes Shor

July 2, 1953 9% L40% dynamite No Shor
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Table I (cont'd)

Date Tons Type of Explosive Timed at Studied by
Origin

Colton.
Coordinates: 34° 03.8' N, 117° 20.4' W; elevation: 350-450 m;
company: California Portland Cement Co.j nature of rock:
recrystallized limestone within granitic area.

Apr. 17, 1937 65 5% dynamite Yes Richter
June 8, 1937 11 No Richter
Jan. 29, 1938 22 10% dynamite Yes Richter
(2 blasts) 59 (some higher)
Dec. 23, 1939 67 No Richter
Septe 6, 1941 No Richter
Oct. L, 1941 No Richter
Jan. 10, 1942 No Richter
Vay 2, 1942 37 Yes Pichter
Sept. 10, 19L9 No Shor
(2 blasts)
Nov. 3, 1949 No Richter
(2 plasts)
Dec. 19, 1951 No Shor
Dec. 21, 1951. No Shor
Feb. 13, 1952 No Shor

(2 blasts?)

May 22, 1952 No Shor
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Ee Recording Methods

Recording methods included those of both earthquake seismo-
logy and exploration seismology. Most of the records used were
obtained from the permanent and portable stations established by
the Seismological Laboratory to study local earthquakes. Two of
the most important records in the study were obtained by a modifi-
cation of exploration methods. The difficulties encountered and
techniques used in obtaining these latter records deserve some
mention.

Considerations discussed in Sec. II C and the experiences of
Tuve and of Reich indicate that positive identification of reflec-
tions requires the use of multiple-channel equipment. A small
portable six-channel set became available in the summer of 1953
and wag used to record seven guarry blasts. Of these, only two
produced records of possible reflections and only one can be
considered definite. The failure of the others must be charged
to the difficulties of learning a technique of operation, not
necessarily to the absence of reflected waves. Of the five failures,
two records at Colton and one at Pzlos Verdes had excessive back-
ground noise; there was instrument failure at one Monolith vlast;
at one Mojave blast the record was started late because of poor
communications. In all cases the multiple-channel equipment was
used for recording near the shotpoint; recording of reflections
near critical incidence was done with standard single-channel
equipment.

Hizh local noise levels were a serious problem. Recording
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within five hundred meters of the blast site was generally inad-
visable, for disturbance from sliding rock, from machinery, and
movement of quarry personnel masked any vossible reflections. At
distances beyond five hundred meters from the blast, away from
public highways, railroad, and surf, recording was satisfactory
if quarry milling operations were stopped during the blast.

The instruments used were not specifically designed for this
type of work and gave some trouble. Most exploration instruments
have extremely higch recording speeds and inability to handle very
long record strips without jamming. To record all possible crustal
reflections and sufficient radio time signals, the record nad to
run for at least twenty seconds and preferably a minute. At a
minimum record speed of 190 mm/sec this created an unmanzgeably
long record. Better results would have been cbtained if camera
spead could have been reduced to about LO mm/sec.

The automatic volume control and suppressor on the instruments
could never be put into satisfactory adjustment and wers therefore
left off for all blasts. While this gave some information about
relative amplitudes, it eliminated all information in the early
part of the record.

The problem of recording firing time of quarry blasts properiy
has in the past proved extremely difficult to solve. Tae system of
timing used in commercial exploration seismology involves recording
either the firing impulse from the blaster or the time of breaking
of the cap. Hach of these systems requires a connection from the

blaster to the recording equipment or an inductive pickup from a



wire wrapped around the cap leads. Quarry operators are justifi-
ably concerned over the possibility of stray current from the
recording equipment detonating the charge prematurely. Quarry
safety regulations, therefore, now generally prohi:zit the con-
nection of any extraneous wires to either the blaster, the cap
leads, or the explosive. The use of any wires carrying current
in the vicinity of the explosive is discouraged for similar reasons.
This eliminates not only systems using the firing impulse but also
those involving a broken wire within the charge. Even if it were
not prohibited, use of the firing impulse is not advisable because
tne caps and fuse used in quarry work may have an appreciable
delay.

The best solution involves the use of a seismometer (or
geophone) at a distance from the blast sufficiently short that the
travel time of the seismic wave from thne blast to the geophone is
small compared with the quantities to be measured. For most longe
distance refraction measurements this distance can be one or two
hundred meters; for short-distance reflection work, in wnich
velocities at shallow depth must be evaluated from the first ar-
rivals on the record for use in elevation and weathering corrections,
the allowable distance from the explosive 1is reduced to a few
meters., At these distances from blasts of several tons of dymamite,
geophones must be considered expendable., In the pressnt program,
the geophone was replaced with a cheap permanent magnet loudspeaker
and audio outout transformer combination placed face down over the

loaded hole. Because of the high amplitude of motion and sonic
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frequencies present in quarry blasts, this device produced a signal
readable even when run througzh two miles of high-resistance combat
telephone wire to the recorder. Loudspeakers were never recovered
in viorking condition,

Obtaining absolute time for determining travel times to distant
stations was more difficult. At the Monolith blast or June 5, 1953
and at many previous blasts used for refraction studies by tne
Seismological Laboratory, a portable Benioff vertical seismometer
with standard 60 mm/min continuous recording was used. Timing was
obtained from chronometer minute marks; signals from radio station
NPG were used to establish the chronometer rate. Time signals from
NPG are not continuous and on this type of recording can be read
only to the nearest 0.1l sec., Chronometers may develop rate changes
during itransportation to the blast site and are not usually kept
there long enough to determine the new rate accurately, This method
of timing is accurate to 0.1 sec under very favorable conditions
and is more likely to be in error by 0.2 or 0.3 sec,.

An alternative method, that of transmitting a tone siznal
throuzh the telephone lines to Pasadena where better time-keeping
faecilities are available, was usable but often failed in operation.
Impressinz the continuous time signals from radio station WwV
directly onto the timing trace of the equipment was successful on
one blast. A good watch with a sweep second hand was checked against
the WWV signal beforehand, and the blast was delayed until the
beginning of the one minute of every five during which WAV stops

its audio tone and sends only time ticks at one-second intervals.
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A few seconds before the beginning of the quiet minute the recording
equipment was started and the signal ziven to fire. The end of

the audio tone gave the minute and second, and the succeeding WiV
second ticks, when compared with the timing marks in the recording
equipment, gave the time to 0,001 sec and checked the accuracy of
the internal timing system of the recorder.

Establishing communication with the shooter, who in every case
was unfamiliar with recording work, proved to be essential and dif-
ficult. It was necessary to find out well in advance where he
would be stationed to fire the shot, to have him indicate when he
was ready and then have him wait to fire until a signal was given
by the instrument operator. The only effective method was to have
one crew member at the shotpoint to give the shooter his instruc-
tions and to relay messages by telephone to the instrument operator.

Instrument adjustments were comparatively simple. In all
cases the amplification was set so that background noise gave barely
visible galvanometer motion, and filtering was set to the lowest
possible frequency band. At this setting, "R - 35" on the Century
instruments, the amplifier pass bancd was nearly flat from 8 to 30
cps. The response characteristic of the geophones probably cut off
the low-frequency side of this band. The observed frequency of the
reflection on the Monolith record was 1L cps, indicating that a
somewhat lower frequency response might have been desirable.

Most of the other blast records and all the earthquake records
were taken on continuously recording instruments operating at rela-

tively slow speeds. The records from the stations of tne Seismo-
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logical Laboratory, the University of California, and the U. S.
Coast and Geodetic Survey are almost all from short period seismo-
meters intended for the study of local earthquakes. Most of the
readings used in this paper from these stations are from Benioff
vertical moving-coil or variable-reluctance seismometers with a
period of 1.0 sec, recording with 0.25-sec galvanometers. In some
cases readings are taker from Benioff horizontal variable-rsluctiance
seismometers with similar characteristics, from short-veriod Benioff
horizontal variable-capacity seismometers using electronic amplifi-
cation and hot-stylus recording, and from Wood-anderson horizontal
torsion seismometers. All of the instruments of these three groups
of stations that were used in this study record either at 60 mm/min
(on photographic paper or heat-sensitive paper) or at 15 mm/min on
photographic film which is enlarged to 120 mm/min for reading.

RBlast records using higher speed recording were those of the
Carnegie Institution of Washington operated by Tuve and the Point
Loma station operated by Raitt for the 19L9 Gorona blast. The
Point Loma record was taken with a hydrovhone, electronic amplifi-
cation, and a Brush ink recorder.

Times on the records from the regular stations are determined
to 0.1 sec. The chronometer readings and time corrections are
often this accurate. Determination of the beginning of a particular
phase is not so accurate and may introduce errors of a few tentans

of &« second.
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I1, THrORY

L+ Travel Times of Reflections

The general nature of the travel time curve of an untrans-
formed reflected wave is well known. For a single layer of

constant velocity overlying a sharp discontinuity, it is the

hyperbola:
V.t =0+ (2H - d)
in which V, = velocity in upper layer
t = travel time
A = epicentral distance
H = depth to reflector
d = depth of source in layer

For a multiple-layer case with the source at the base of layer r,
the travel time curve is defined by the equations:
r
t= 22". %sec i; -Z ?sec i
i 3 v
n r
5=2) ntani; -y btan i
'
in which i is defined by:
sin i, ¢ sin 1,2 sin 3, eeeeee =V, 2 V8 V) vueuee
for all layers. If the velocity varies continuously with depth,
the summations can be replaced with integral signs.

A reflection travel time curve may be defined by the inverse
slope dA/dt (the "apparent velocity") and the time intercept t!
of its tangent as functions of distance; at three distances these
bear a simple relation to the velocities and tnicknesses of the

layers above the reflector. ¥or a single-~layer case:



at 4 =0, da 3t = ¢, = el - d
dt v,
% dA 2 /T_T
t A=A —— 2 = - 3 ! = - = e -
a ey Vn = W, a3 t (H - d) T
as A 4 oo, %% 27,3 t'20
in which V, = velocity in upper layer
Va = velocity in lower layer
t! = time intercept of the tangent
A™ = distence for critical reflection
t*“ = travel time for critical reflection
to = travel time of vertical reflection

For a multiple-layer case, or a case of continuous arbitrary

variation of velocity above a reflector at laver n:

M d
at =0, B = o051 =4 =2 [d2_ Jdz
dat v 7

4

0 d
’ 2 %’1 dz -/ / =~ =, dz
H ? g |
. 1
asA-»*,(‘i—ﬁ-'met'#Z/ ﬁ;ﬂidz -/ %—,- - dz
o [

in which V = velocity at any depth less than H
Viax= highest velocity above layer n

(Ld

<l
<I-
<+

0
atA=A*,g%-Vn;t'—2/
[4]

<|+
<f

Tnhe curve starts with an infinite apparent velocity; with
distance the apparent velocity decreases continuously. At A = 4%
the horizontally refracted wave begins, represented by a straight
line tangent to the reflection curve. The two lines separate,
the apparent velocity of the reflected wave continuously decreasing
until it finally approaches asymptotically the highest velocity
above thereflecting layer. In a single-layer case the intercept of

the asymptote is zero and the reflected wave merges with the direct
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wave, In the more general case it does not. If the velocity
structure is approximated by a series of layers of finite thickness
and constant velocity, each having higher veloecity than the layer
above it, the reflection curve approaches a straight line with the
apparent velocity and intercept representing the wave refracted

at the upper surface of the layer immediately above the reflector
and merges with it indistinguishably.

If no such finite layers exist and if veloecity increases
continuously with depth, the reflection travel time still approx-
imates the travel time plot of a nonexistent refracted wave
traveling in an infinitely thin layer just above the reflector
with the highest velocity reached in the sectione.

If the more general case is taken, in which velocity in-
creases or decreases either continuously or by steps (never
equaling or exceeding the velocity below the reflector), the
apparent velocity of the reflection travel time curve still ap-
proaches the highest velocity above the reflector. The intercept
time is such that the reflection asymptote is the travel time
curve that would be observed if this layer of maximum velocity
were located directly above the reflectior.

In summary, the reflection travel time curve approaches, at
distances not far beyond eritical, a straight line. Only in the
case of constant velocity above the reflector is this asympitote
the travel time curve of tne direct wave. In other cases, the
reflection travel time curve approaches that of some real or

imaginary refracted wave., If the region of highest velocity in
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the section is separated from the reflector by a region of lower
velocity, the asymptotic reflection travel time plot parallels
that of the refracted wave through this layer, following it by a
constant time interval,

Adequately recorded reflection data can, then, provide three
different items of information about the material above the re-

flector, namely, the gquantities:

w [o
=
=

(3) Vo

The first of these is provided by the reflection method alone;

the second and third are provided alsoc by the refraction method.
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B. égglitudes

Calculations of the relative amplitudes to be expected from
reflected waves have been made by Knott, Zoeppritz, and many
others; a summary of material on this subject has been published
by Gutenberg (19LLa).

The vertical component of the surface displacement due to a

body wave from a surface source is defined by the equation:

D = T w(i)Tre [ld cos i./ dal

A cos i,
in which D = vertical component of surface displacement

A = epicentral distance

€ = a constant depending on energy of shock and units
used

T = period of waves

w(i) = ratio of vertical displacement to incident wave
amplitude at surface
TT £ = product of all factors f which are square roots of

the ratio of the reflected or refracted waves %o

the incident energy at each dlscontlnulty encoun-

tered by the wave

i, = angle of incidence at the surface
Modified from Gutenberg (194hb)

Values of w(i) and f are given by Gutenberg (194La) for several
ratios of velocity and density above and below the discontinuity.
The functions

V/ﬁd cos i,/ dat
A cos i,

depends only on the velocity-depth profile of the material above the

reflector and has been calculated for the simple case of a layer
32 km thick with velocity 6.2 km/sec overlying material with velo~

city 8.2 km/sec. The relative amplitude of the reflected wave to
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be expected, the function D/CT, has been plotted as Figure 1.

Too many simclifying assumptions have been made for this to be
anything more than an indiecation of distances at which the best
records may be expected; only the shape of the curve is important.

It is apparent that there are two veak areas at which high
amplitude reflections can be expacted: neor the source znd at
distances near critical.

Interference from shear waves makes part of the distance
range unsuitable for reflection recording. With the velocities
found in southern California, the direct S-phase may be expected
to interfere strongly with a reflection from the kohorovi&ié
discontinuity between 20 and L5 km from a surface source. For
earthquake sources at normal depth, the range of interference is
between 10 and 35 km.

Some information about the velocity contrast at tne Mohorovidié
discontinuity could be obtained from accurately ecalibrated instru-
ments, by determining the veriation of amplitude with distance and
comparing it with the theoretical value derived from various
velocity assumotions. In the present program calibration of the

instruments used was not sufficiently well determined for such

study.
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C. Criteria for Recognition of Reflections

The three most distinctive features of reflected waves have
been discussed in the previous sections. They are: the very
high apparent velocity at short distances; decrease in apparent
velocity with distance (upward curvature of the time~distance
plot); and the increase of amplitude near eritical distance.

These give the only usable criteria for identification of re-
flections.

The first criterion is used in reflection prospecting. If
sufficient geophones are used to ensure that the same event is
followed over an appreciable interval of ground surface near the
source, the time delay between the nearest and the farthest geo-
phones (the "“stepout", in exploration terminology) is a function
both of the dip of the reflecting horizon and of the "aprarent
velocity?, In most commercial work the two effects are separated
by shooting dynamite charges at opposite ends of the spread of
geophones. However, if low dip is assumed for the reflecting
horizon, the difference between a direct and a reiflected wave is
easily ascertained. A sample calculation will show the order of
magnitude of the effects to be expected.

If a spread of geophones extends over a range from one to
two kilometers from a surface source, and if a limit for the velo-
city of any possible nonreflected wave is set at 10 xm/sec, the
time delay for & wave traveling horizontally from the first to the
last geophone will be more than 0.100 sec. However, if a reflection

from a depth of 30 km having an average vertical velocity of 6



- 26 -

km/sec is recorded, the time delay from the first to tne last
ceophone will be 0,004 sec. Therefore, in most cases & deep
reflection can be readily identified by its small "stepout®
across a multiple-trace record near the source. Recognition of
a reflection in this way requires recording at short distances
from the source,

The second criterion, decreasing apparent velocity, is more
difficult to observe. An event must be followed for sufficient
distance for curvature of the travel time plot to become observable.

For a single-layer case with a surface source, the curvalure

2 E S £y .12 -3,
Q_ESQ(JA____.*‘ LE )= \l;_ﬂ. (o + L=y "

da* a4 v
so that the curvature is greatest at A = O where

F_i] . L
an* 2HV

40
in this case about 0.003 sec/km/km. To observe erfects of cur-
vature apart from effects of weathering and tovography requires
numerous stations with very accurate timing ranging from the source
to five or ten kilometers away, a difficult requirement.

The third criterion, amplitude variation, has been used by
Tuve and Tatel in the identification of critical reflections
(Tuve, 1949). It requires the use of calibrated instruments over
a wide range of distances including the critical one. The greatest
drawback to this criterion by itself is the present insufficient

knowledge of the amplitude variations of refracted waves near the

critical distance.
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II1, PRESENTATION OF DATA

A, Vertical Reflections from Blasts

Two usable vertical incidence records were obtained during
this study, plus one so weak that it served only as confirmation
of the first two and was not the basis for any computation.

Recording of a 25-ton blast at Monolith, California produced
the multiple-trace record duplicated and enclosed as an insert.
Instrumental information is marked on the record.

The quarry is located near the top 0. a hill of recrystal-~
lized limestone, surrounded by granitic rocks of the Sierra complex
(Fige. 2). The depth of the limestone is unkmown. According to Dr.
J. P, Buwalda (oral communication), the depth of the body is prob-
ably large compared with its lateral dimensions, which gives it
a depth measurable in kilometers. Officials of the Monolith quarry
report only that the base of the limestone is at least 1000 ft
below tire top of the hill, but that no deep drilling has been done
to explore beyond. This gives information only to the level of
the lowest recordingz point.

The first arrivals on the multiple-trace record indicate a
velocity of 3.9 km/sec, botn from the shotpoint to tne nearest
geophone 1.115 km away and from that to the farthest geophone at
1.792 km. The three points lie on a straight line with an error
of only 0.001 see, less than the accuracy of measurement. This
indicates that the weathered layer is negligible and that the

limestone extends at least one hundred meters below the lowest
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Fige 2. Geologic map of Monolith area.
Modified from Geologic Map of California
Jenkins (1938) Scale 1:500,000
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geophone. Velocities from this level down are unknown. Because
of the small lateral dimensions of the body, however, it can be
assumed that the wave traveling downward enters granitic rock at
a shallow depth unless tﬁe walls of the limestone body are per-
fectly vertical.

The one definite reflection occurs on the record 10.0 sec
after the firing time. Timing on the trough of the reflected

event gives the following:

Trace 1 2 3 b 5 6
eophone
elevation (km) 1.234 1.236 —_— — -— 1.257

Direct time

Time corrected

to elev. of

Shotpoint elev. 1,500 km.

The elevation corrections are based on an apparent velocity
of 3.9 km/sec and on elevations interpolated between the surveyed
elevations of the end geophones and the recording point. Eleva=-
tions of geophones 3, L, and 5 could not be recovered when the
surveying was done.

The stepout is essentially flat, indicating rerflection from
a very deep horizon of low dip. Using the stepout value of 0.005
sec for a spread length of 0.67 km indicates a 10 percent dip
north into the Sierra Nevada, which is not unreasonable. The

true be~inning of the event is at the ooint where the line on the
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record begins to turn down (downward line motion equals upward
ground motion), which is about 0.0L sec before the trough on all
traces. Correctinz this beginning to the shot and recording
points at an elevation of 1000 m, because trne hill from geophone 1
to the shotpoint is known to be limestone with velocity 3.9 km/sec,
and assuming that the limestone extends at least 234 m more in
depth, gives a reflection time of 10.59 sec.

Because of the lack of automatic volume control or suppres-—
sion on this record, the interval between the first arrivals and
6 sec is unreadable. Between 6 and 9 sec there are a few events,
the erratic stepout of which Brands them probaply as randon
coincidences. There is a possible reflection at 9.2 sec; stepoud
is excessive but can be interpreted as being caused by interference
from other energy. The mean travel time, corrected to datum at
1000 m, is 9.02 sec. Jemming began on the record after 3L sec.

No events after tne phase at 10.3 see occurred which saowed any
consistency from trace to trace.

The event at 10.0 sec satisfies the prineipal criterion for
identification as a reflection: nearly simultaneous arrival on
a long line of seismometers near the source. It also shows some
increase over the amplitude level before and after it.

Identifying tnis event as a reflection from the Mohorovi¥ié
discontinuity is less certain. late reflections are often ex-
plainable as multiples of previous reflections. If this is a
first multiple, the primary reflection should be nsar 55 sec;

at this time the record is of such high amplitude that the vos-
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sibility cannot be checked. In this case, the reflection would
come from an interface at a depth of 10% km, using the velocity
of limestone, or 15 km, using the velocity of granite. It seems
improbable that the base of the limestone could be this deep,
but 15 km could be the base of the Sierra batholith; further
work is needed to check this alternative.

The possibility that the reflection at 10.8 sec is a nigher
order multiple is eliminated by the absence of sny strong reflec-
tions between 6 and 9 sec.

The best evidence seems to indicate that this event is a
true reflection with a travel time of 10.59 sec corrected to 1000
m datum. If the average velocity to the reflecting horizon is
between 6 and 6% km/sec, the depth of the horigzon is between 32
and 35 km.

The second record, obtained by similar methods, was from a
Li-ton construction blast east of kojave, California. The essential
part, snowing a possible weak arrival at 10.9 sec, is shown in
Figure 3. It is not very convincinz and serves only as corrobora-
tion of the dMonolith record.

4 record from the Corona quarry was obtained on a Benioff
vertical variable reluctance seismometer with continuous direct
photographic recordinz at 60 mm/min. It is shown much enlarged
in Figure L with the original faint lines reinforced. A4 strong
single~-cycle event is visible 10.L9 sec after the first motion,
with motion down on the record. A less outstanding half-cycle

event at 8.80 sec has motion up on the record. Direction of
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assumed to be from the Mohorovidié discontinuity as a working
hypothesis.
We have, then, the following vertical reflection data:
wonolith  first event (weak) 9.02 sec
second event (strong) 10.59 sec
Both corrected to 1000 m datum
Corona first event 8.85 sec

second event 10.54 sec
Uncorrected (quarry elevation 350 m)



=56 s

FIG, 5. Monolith quarry after August 1, 1953 blast, showing
location of shotpoint (left side of top bench), material broken
by shot (talus slope on second bench), and recording spread
(left side of road, from figures in left center to where road
disappears).

FiG. 6, Recording site for Monolith blast, August 1, 1953.
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B. Reflections from Blasts beyond the Critical Distance

Considerations discussed in Sec. II B indicate that strong
reflections are tc be expected at and shortly beyond the critical
distance for total reflection. Very strong second arrivals nave
been found on records from seven c¢f nine stations at distances
between 103.9 and 169.0 km from several blasts at Monolith. Records
from the stations concerned are couied in Figures 32 and 33 in the
Appendix. Complete readings of times are tabulated in the Appendix
and & travel time vlot is included as an insert.

As can be seen in the copies, the second arrivals are much
stronger than the direct wave which in many cases is a small emer-
gence. Despite lack of precise information on the absolute mag-
nifications of the instruments used, some knowledge of the amplitude
variations can be obtained from consideration of the ratio of
amplitudes of second arrival to first arrival. A logarithmic plot
of these ratios is given in Figure 7. OSmall variations in ratio
could easily be due to errors in measuring the amplitudes of' the
smzll first arrivals. There are large irregularities, however, that
may be instrumental or & function of position, more probably the
latter. The vertical instruments of &ll the stations concerned have
the same nominzl characteristics; actually there can be some varia-
tions. Apparently these variations are not sufficient to account
for the differences in tne records. The scismometer at tne sount
Wilson station was replaced between the Monolith blasts of Septem=
ber 6, 1952 and Ausust 1, 1953, but the records are nearly identical

in sppearance and amplitudes. A reflected phase from an irregular
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surface could be expected to have relatively laree variations in
amnlitude with station position.

The travel times of these arrivals fit closely to a straight
line with the equation t = 5.1 + A/7.0 and mizht be considered
to represent a refracted wave corresponding to By of earthquake
studies. They fit equally well to 2 computed curve for a reflected
wave. DBecause of the short distance covered by the seven records
& decision cannot be made from the presence or absence of curvature.
Positive identification of these svenis as reflectinus »zjuires
detailed amplitude measurements at a large number of points ine
cluding critical distance.

Events similar to these have been reported by Tuve (1948 - 1952)
from work in Maryland, Minnesota, and Tennessee. 1In most of the
arezs studied the strong arrivals were in the range of %0 to 130
km; in a few cases these have been founa at distances as short as
80 km. By the use of calibrated instruments locatec at short
intervels in this range of distance, recording repeated shots near
Fatuxent, Maryland, Tuve (1949) determined that the ampiitude of
the second arrivals varied in the manner to be expected of a
eritical reflection. In later worx he has not reported whether
detailed amclitude measurements were made.

From Corona and Colton blasts such a definzite group of
arrivals hes not been found. ©5ix stations have been within the
proner range of distances ffom Corona blasts. Three of these --
Hamona, Lokeside, and Glencliff Camp -- were operated for the 1949

blast by tne Carnezie Institution of Washington and tine records
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were not available for this study; Tuve (1952) has stated that
critical reflections were not observed. On the Point Loma record
there were two strong arrivals at 1.3 and 2.4 sec after first
motion. The recording system used a Brush recorder with limiters
to protect the pen and as a result the higher peaks are clipped,
reducing the amplitude contrast. On the records at Bl Cajon and

la Jolla there were weak second arrivals. The Point Loma times

as given by Raitt are corrected for the sediwment delay. If a
similar correction is applied to tne Le Jolla data, the three
records all have second arrivals early with respect to the observed
curve for the Monolith blast as follows: La Jolla 0.6 sec; El
Cajon 0.7 seci Point Loma 1.0 sec. These arrivals may well re-
present the same phase as recorded from the Fonolitn blast; there
is reason to believe, however, tnat the velocities are someswhat
higher in the San Diego rezion (see Sec. III E) so that these
arrivals should not be used with the donolith data in a single
solution. No such arrivals have been found on Colton blast records
because of incomplete coveraze of the critical distance.

On the hypothesis that the arrivals from the lonolith olast
are reflections from the livhorovi#ié discontinuity, computations
can be made using them in conjunction with the vertical incidence
record taken at the Nonolith guerry. The Iirst and simplest
computation is by use of the hypothesis of a sincle-layer crust
of constant tnickness., Tne equatlons are:

AV I 2

Vt./ 2

v

H
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The values of k and of A™ can also be obtained if the velocity
Vp, below the Mohorovi¥ié discontinuity is known, as follows:
k=1t /T =0 /V,
SRS VAN
For the Monolith blast of August 1, 1953 t, = 10.6 sec cor-
rected to 1000 m datum. Reflection times at the distant stations
should be reduced by O.1 sec to eliminate the effect of the lime=-
stone hill and to correct the origin to the same datum. For
precise work correcticns for the elevations of all stations should
be taken inte acecount; introducing such a correciion properly
requires knowledre of V and H and can therefore be done only by
iteration. 4 numerical check shows that the seffects of the heisght
variations of the stations are smail. The greatest variation, one

kilometer, causes less than one percent change in computed values

4

i He The station effects are therefore small and, because

of V an

{

the average eleveiion of the stations used is 1000 m, they tend to
cancel. 7The computation is thus made under tne simplest assumptions
with only the correction for the known low-velocity material at the
quarry. The results are giver in Table IT A.

Using tne mean velocity of 6.20 km/sec and vertical reflection
time of 10.6 sec gives a depth to the kohorovi&ié discontinuity
of 33 km below the iMonolith datum or 32 km below sea level. The
travel time curve computed from the mean velocity and the value of
to may be compared with the observed points as shown in Table IT A
in column O - C. The resicduals are very srell. The residuals of

0,2 and +0.3 sec zt Mount Vilson, coupared with 0.0 sec for
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Table IT

Reyond-Critical Reflections

Ae. Monolith Blasts

Verticzl reflection time to = 10.6 sec.

Station Date A (km) t (sec)

China Lake Aug. 1, 1953 103.9 19.5
. Sept. 6, 1952 15.5

Mount ¥ilson 4uz. 1, 1953  106.7 20.4
Sept. 6, 1952 20.5

Pasadena dug. 1, 1953  1lz.h 21.0
Sept. 6, 1952 21.0

Haiwee Aug. 1, 1953  116.7 21.7
Sept. 6, 1952 21.7

Dalton Aug. 1, 1953  120.7 22.2
Sept. 6, 1952 22.2

“iverside Sept. 6, 1952 150.L4 27.6
Bis Bear auz. 1, 1953 169.0  29.2
Sept. 6, 1952 25 .4

H = 31.9 km below sea level.

B, Corona Blast

Jertical reflection tine to = 10.5 sec.

Station Date A (km) t (sec)
La Jolla aug. 6, 1949  111.6 2044
El Cajon Aug. 6, 1949  124.1 22.1

Point loma  ug. 6, 1949 128.7  22.5

v
. 5.6 and b * = 8.
Y = 33,% ion below sea level.

6.38
6038
547



rasacena are exovlained by the height difference; the same eirect
explains the difference between Eig Bear and Riversice. The early
arrival at China lake is exnlainable in terms of a single layer of
constant velocity only if the reflecting horizon is 1.8 km shal-
lower petween China Lake and Monolith than at tne quarry.

If these arrivals are considered to corresvond instvead to
the reflection near nine seconds on the vertical incidence records,
a similar commutation would place the reilecting horizon 26 xm
below sea level and give a velocity of 5.99 km/sec for the material
above it. Assuming a velocity of 7 km/sec for the material between
this horigon and that giving the second reflection one obtains a
thickness of 5% km from the Monolith record and 6 km ifrom the
Corona record. ‘The dentin to the lMohorovi¥ié discontinuity is again
31% to 32 km below sea level. This shows that if there is such a
layer 6 km thick with velocity near 7 km/sec imnediately above tne
tonorovi¥i€ discontinuity, the critical reflections from its uover
and lower suriaces will nractically coincide over the range ol
distance of these records. Fossibly the varisztion in the strengtn
of these second arrivals comes from reinforcement and canceilation
oi the two reiflections.

The two other stabions between 103 and 169 km Irom sonolith,
¥King Ranch and Santa Barbara, are both on thick seuimentary sections.
The second arrivals are elther missing or late.

Apnlying tne same commutation to the three stations which re-—
corded nossible eritical reflections from the Corona blast oroduces

the resulis in Table II B.



Ce Other Peflection Data from Blasts

When the reflection travel time has been determined st two
points, as aiscussed in the previous section, it may then be com-
puted for points between on the simple assumption of a single layer.
Travel time curves computed for such hypothetical veloeity layerings
as will fit the observed refraction data (obtained in Sec. III &)
coincide within the error of reading records with the curve computed
on the single-layer assumption in the interval between the observed
points.

Tabulated data and copies of some records of blasts between
vertical and criticzl incidence are in the Appendix; the pertinent
facts are in Table III. PRlasts have been recorded at 21 distances
between 8.2 and 70 km, and many stations nhave recorded several
blasts from the same source. Of this number, eight show arrivals
close to the computed reflection travel time curve for the reflec-
tion from the lohorovi&ié discontinuity. At eight of the remaining
stations, high amplitude of motion or confusion with the S group
makes reilected phases unreadable. In five cases no identifiable
reflections from the Wohoroviéié discontinuity have been found,
even though records are of low enough amplitude to read. In all
these cases small events are present near the computed time and
miznt be interpreted as the reflection.

Some points are observed that fit the travel time curve of a
reflection from a horizon about six xilometers above the lonorovi&ié
¢iscontinuity, corresponding to the weak early reflections near

¢.2 sec on the Corona and Fonolith vertical incidence records.
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Table IIT
Date Reflec~
tions
Fresent
Nov. 3, 1949 Yes
(and others)
Aug. 6, 1949 Yes
¥Mar. 31, 1951
July 26, 1952
Nov. 3, 1949 ?
(and others)
Aug. 1, 1953 No
Jan. 23, 1953 7
aug. 6, 1949 ?
Mar. 31, 1951
Dec. 23, 1939 Yes
Nov. 3, 1949 Yes
(and others)
Aug. 6, 19L9 Yes
Nov. 3, 19L9 7

Remarks

Small 2-cycle impulse; not
present on all records.

Strong li-cycle impulse
present on vertical in
1951 and on N-3 for all

3 blasts; absent on =W,
Vertical records too faint
to read late phases in
1949 and 1952 blasts.

No apparent refleciion on
first 1949 bvlast, possible
weak reflection on second.

Vertical shows no apparent
reflection; instrument out
of adjustment, peculiar
long-period response; E-¥
(tangential) shows no
reflection.

Possinle weak event among
groip of similer events.

Line disappears.

Many hign peaks in S group;
one fits closely to reflec-
tion curve but looks no
different from others.

Weak energy burst on first
blasts stronz impulse on
second.

Stronz energy burst in S
group. Preceded by smaller
burst that mizht be earlier
reflection.

Dubious; weak record with many
small impulses in guick suc-
cession.
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Table III (cont'd)

A Quarry Sta- Date Reflec~ Remarks
(km) ticn tions
Present

39.4 onolith KxR Sept. 6, 1952 ? Eitner absent, lost in S
group, or very late.

L45.1 Colton D May 22, 1952 ? Cannot tell; vhases present
(and others) but may be S and cannot be
separated with vertical
instrument alone.

5.2 Corona D Mar. 31, 1951 ? Confused with beginning
of S.

L7.8 Colton D* Jan. 29, 1938 ? Two shots 0.8 sec apart;
" confused.

Li9.6 Corona Cr Mar. 31, 1951 Yes One-cycle pulse.

60.8 Corona Sa July 26, 1952 Yes Small, $-cycle upward pulse;
preceded by weaker f-cycle
down which may correspond
to earlier reflection noted
on Coronz vertical incidence
record.

65.9 Corona MW Aug. 6, 1949 Yes  FRecord of 1949 blast nas
Mar. 31, 1951 strong 3-cycle upward pulse
July 26, 1952 on vertical, preceded by
weaker pulse that fits for
earlier reflection. Iine
too faint on 1951 and 1952
records.

67.6 Monolith Ch Sept. 6, 1952 ? Energy burst, but no sharp

phases.
63.5 Colton MY May 22, 1952 ? Many small pulses, only one
Nov. 3, 1949 that fits closely for re-
(and others) flection travel time curve,.

* Portable station at Little Dalton Canyon.
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Table III (cont'd)

4

. Quarry Sta=- Date

(km) tion

69.9 Corona BB July 26, 1952

o

Corona P iug. 6, 19L9
liar. 31, 1951
July 26, 1952

70,

Reflec-
tions
Present

-

)

Remarks

s-cycle upward pulse at
tire corresponding to
earlier reflection;
nothing at computed time
for reflection from koho-
rovidié discontinuity.

Large energy burst, start-
ing at time corresponding

to earlier reflection and

continuing through time of
reflection from the Hoho-

rovidié¢ discontinuity.

For stations at four distances between 7O and 81.6 km, there are
no prorinent reflections. kany small ghases are present; some may
be Py, or reflections from a horizon six kilometers above tne

Yonorovi®&ié discontinuity.
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These points are on records from Big Bear, Pasadena, Mount iilson,
Senta inita, and Fomona for Corona blasts. On the record from
Santa Anita the direction of motion of this event is opuosite to
that of the reflection from the Mohorovidié discontinuity and to
the first motion of the record; this is also the case on the
Corona vertical incidence record. On the Big 3ear record it is
opposite to the direction of first motion of the record. On the
Mount Wilson record the first motion, the first reflection, and
the reflection from the HMohorovidié discontinuity all seer to have
the same direction. On other records the direction of motion
cannot be determined accurately.

The records of blasts at Monolith and Corona are completely
reproducible; i.e., the same phases are present in records from
different blasts at the same quarry recorded at tne same station.
This is especially noticeable on the Riverside records of the three
Corona blasts. The Colton blast records are not so reproducible.
This may be due to the occasionel practice at tne Colton guarry of
firing two blasts with a delay of a few seconds or less between.
There is also greater variation in location of the blasts tnan
in tne other quarries, as shown by variations in times of first
arrival. For most of the later Colton blasts studied, firing data
and blast locations were not obtained from the guarry. In several
cases, pairs of blasts fired less than an hour apart produced
recoras quite different in appearance.

4lmost all events listed in Table III for both rsfiectlions are

0y

of the same type: short sharp impulses, usually a single cycle or
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at most two cycles. This is in marked contrast with the records
at distances just past critical, on which the arrival of the re-
flection from the iohorovi¥ié cdiscontinuity marks the teginning
of a prolonged wave train.

Such arrivals cannot, in general, be shown to be reflections
on zny evidence other tnan fitting te 2 travel time curve derived
from other data. In the case of the Riverside records from Corona,
corroboration that the arrival is a compressional wave is given
by its greater amplitude on the vertical and on the N-3 horigzontal,
nearly radizl to the source, and its weakness on the £~ horizontal
which is more nearly transverse. Other stations recording from
short distances hacd vertical instruments only, except Piute Zanch.
There a single horizontal instrument locsted transverse to the
blast recorded no reflection.

At distances between T0.0 and 8l.6 km, nc identifiablé events
fall on or near the computed itravel time curve, The presence of a
zone of low arplitude is predictable on the basis of Figure 1
(p. 2L), but the distance at which it occurs is gresber than that

obtained in the figure.

[gai)

The next records showing strong reflections
occur at a distance of 103.9 km; hence the cistance for critical

reflection is not determined put apparently lies setween Cl.6 and

Variations from the computed travel time curve do not agpear
to be siznificant in view of the inaccuracy of reading compara-

tively weak events on already disturbed records.

Tae reflected nature of these events is unproved. Horeover,
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many similerly sharp imvulses may oe found abt times wiich will not
fit the computed travel time curves. At wiliiems Fanch and Knox
Panch, Tor example, the strongest pulse zrrives too lete to it
the reflection curve unless the Mohorovidié discontinuity is con-
sidered to be about 12 km deeper tnan at Honolith.

Tae conclusion that can be drawn from these data is that
events can be found in the intermediate range of distances that
will fit a reflection travel tire curve derived from other data
but thet the attempt to use these arrivals alone to derive &
curve is unrewarding in view of tne large number of otner events
present, The need lor recording with multinle-channel equipment

is again indicated.
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D. Reflections in Earthquake Records

Because of the difficulty of determining focal depth of
shallow earthquakes, little information about the depth of the
Mohoroviéié discontinuity can be derived from reflected phases
in earthquake records. Some information about velocities can be
obtained, for the reflection travel time curve will be affected
by the material between the earthquake focal depth and the MNoho-
rovi¥ié discontinuity while the travel time curve for the direct
wave will not.

Extensive investigations of these phases have been made by
Gutenberg (19Llb; 1951b). The data for the 194k paper came from
fifty earthquakes scattered throughout southern Californisaj only
a portion of these were used in the 1951 paper. Because of the
wide spacing of the stations at the time these shocks oceurred,
in no case were more than two stations represented for any one
shock in the points studied for the curve P35P (the notation used
in the 1951 paper for the untransformed P-wave reflected at the
Mohorovi¥éié discontinuity).

The scatter of the points is large, and examination of the
plotted data (Fig. 6 in Gutenberg, 1951b) show:z that the points
for the phases P35P and P28F are guite close together. In only
a few instances are points for both curves obtained from a single
record. It is possible that most of the points plotted belonz to
a single travel time curve.

Because of the naturs of the data used in Gutenberg's studies,

the scatter mignt have been due in large part to variations in
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both the focal depths of the earthquakes studied and the depth to
the lohorovi¥ié discorntinuity. For the present study it was
therefore desired to obtain reacings from a large number of sta-
tions for a single shock, or at least from shocks in a limited
area. If all points were derived from records of a single shock,
effects of variation of focal depth would be eliminated and effects
of variation of reflector depth would be minirnized; studying only
points from shocks in a small area would minimize effects of
variations of reflector depth but not of wvariations of focal
depth.

The ideal situation, in which enough points could be obtained
from records of a single shock to define the travel time curve
of the reflected wave, has not been realized because the station
network is not dense enough. In a search for records that might
approximate this ideal, the most usable data were round to be the
shocks used by Richter (1950) in his study of velocities of P at
short distances. Of the eight shocks he used, numbers 2 to 6 have,
at many of the stations, distinct second arrivals which form a
reasonably smooth travel time curve. These snocks were recorded
on a large number of near-by stations and the Jocations are
unusually precise.

The data given by Richter for these five shocks, with a few
additional readings made by the present writer, are plotted as
Figure 8. Although these shocks are the same as the ones plotted
in Figure 13 in Sec. III E, there is an important diiference

between the two plots. In Figure o, the data are plotted with
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time read after the origin time determined from the S — P interval;
in & note added to his peper Richter altered the origin times by
small amounts in such & way as to reduce the constant residuals
for esch shock. This assumed that these residuals are due to
errors in determination of origin {time by use of S - P; but if a
layered structure is assumed for the portion of the crust above
the focal depth of the earthquakes, variations in focal depth will
produce sirtiler constant residuals. If the residuzls are due to
depth variations, the travel times of the reflected waves vary in
an opposite sense to those of the direct waves, and sucn a change
in origin times increases the scatter of the points on the reflec-
tion travel time curve. In Figure 13, because the direct waves
are of interest, the origin time corrections are used.
Superimposed on the plotted points in Figure 8 is a computed
travel time curve for the reflection from the Mohorovidié discon-
tinuity based on the 'mean velocity" of 6.20 km/sec and depth of
32 km to the reflector as obtained in Sec. III B. 'The focal depth
of the shocks is assumed to be 20 km for this curve. The accom-
panying travel time curve for Pn with velocity 8.2 km/sec has an
intercept time of L.6 sec and a value for 4* of 51 km. Five of
the second arrivals are close to both the reflection curve and
the curve for B,; five more are on the curve for Pp. In addition,
the plot indicates that the first arrivals beyonc 110 km may be Pp.
Three of these shocks were recorded at stations sufficiently dis-
tant to zive a value Tor the intercept time of Fpj; if the velocity

8.2 km/sec is used, tnis averaze velue of k is 5.3 sec. Tne check
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is reasonably good if it is considered that these are small shocks
and have weak first arrivals at the distant stations. The agree-
ment here between observed points and computed curves is remarkably
close,

Data of a slightly less precise nature can be obtained from
the shocks used by Gutenberg (1951b). In Figures 9 and 10, for
which Gutenberg's original readings have been used, shocks in two
arsas have been separated. The first area includes only shocks
near Long Beach and the Palos Vardes Hills, segregated because
they contributed a large number of the points near the calculated
curves on Gutenberg'!s 1951 plots. The epicenters have been
checked, using the velocities obtained in Gutenberg's later study
(1$51b); those of shocks 22 and 23 were shifted slightly. The
precision of the epicentral locations is not as high as could be
desired because the stations are all east of the epicenters. The
velocities beneath the Los Angeles basin are not well known. In
Figures 9, 10, and 11 times are plotted as time after first arrival,
in order to minimize effects of errors in location.

The mest strikirg feature on Figure 9 is the line of saven
points that formerly were part of the cluster around the lines for
P28P and P35P. They have an equation t = 0.6 + 5/L.8 and correspond
to no kXnown thase, All are arrivals at Pasadsna and Mount Wilson
and record strougly cn vertical and radial instruments but not at
all on transverse instruments, so the arrivals nmust reopresent a
cempressional wave. With such a travel time eguation these cannot

represent a reflection from the Mohoroviéis4 discontinuity. They
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may represent a wave traveling through the sediments of the lLos
Angeles basin. Other points on this plot, from the same shocks
recorded at Mount Wilson, Riverside, and Santa Rarbara, fall
slightly below the travel time curve computed for a reflection
from a depth of 32 km, if the focal depth of the shocks is assumed
to be zero. This indicates that either the Kohorovi¥ié discontine
uity is much deeper under the Los Angeles basin or that the shocks
are extremely shallow. If the phase with apparent velocity L.6
km/sec is actually a wave through a sedimentary path, the shocks
must be shallow. It should be noted that tne observed points
near the computed curve for h = O approach a constant time after
first arrival more rapidly than does the computed curve.
Barthquakes in the second group taken from Gutenberg's fifty
shocks (Fig. 10) all lie in or near the Yirea of Study" marked
on the base map and overiap the area covered by the shocks taken
from Richter's paper (1950). The line corresponding to the
“sedimentary wave! is completely missing on this plot; a few
points lie near the reflection curve computed for zero focal depth,
but the most outstanding group of points félls between the curves
computed for focal depths of 10 and 20 kme The close fit in
slope to the computed curve derived using a velocity of 6.20
km/sec for the reflected wave and 6.3L km/sec for the direct wave
gives additional evidence that the average velocity of the material
between the focal depths and the Mohorovidié discontinuity is not
greater than the velocity of tsae material above the focal depths;

it is probably slizhtly less.
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Data fromw the Walker Pass earthquakes of Yarch, 1946 and
later (Chakrabzrty and Richter, 1949) are plotted in Figure 1l.
In this case the locations are more doubtful. The Vialker Fass
shocks occurred such that almost all the seismograph stations at
that time were north or south of them, very few east or west. A4s
a result, the locations ean be considered quite accurate in lati-
tude and in relative position to each other, but the longitude
of the entire group might be shifted as much as five minutes.

For the present study Chakrabarty's locations were revised using
newer velocity information; in most cases the shifts were small.
The only near-by station at suitable distance to record

reflections from most of the shocks in this group was Haiwee;
China lake, established somewhat later, recorded a few of the last
aftershocks. Records of the Hailwee and China Lzke stations were
completely re-read by the present writer and readings were rated
for quality. Only the most definite readings were taken for
plotting; zll new readings arc tabulated in the Appendix.

Most of the data roughly fit a line between the coﬁputed
curves for focal depths of 10 and 16 km. Tnis mey mean either
that the shocks are shallower than normal or that tne kohorovidiéd
discontinuity is deeper. With only one near-by station it is
imcogsible even to estimate the depth of these shocks. A greater
depth for the ohorovidié <iscontinuity in tnis area would not be
unexpected. A few of the strongest phases fall on ~ line similar
to that obscrved for the Long Beach areaj; tnis may represent a

wave traveling throush the sediments of Owens Valley.
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In order to provide a check on the objectivity of the readings
used in the previous plots, another type of information was plotted
in Figure 12. In this, all the points represent readings mzde in
the routine measurements of seismograms to locate epicenters; no
attempt his been made to find phases corresponding to reflected
waves. The plot includes all readings, within the ranges of time
and distance shown, from shocks which occurred between September
2, 1951 and February 13, 1952 and which were given Be-quality
location ratings in the Pasadena local bulletin. The readings were
made by Mrs. Violet Taylor for the laboratory and have not been
re-read. The customary procedure has been to read the times of
P and 35 whenever possible at all stations for all shocks and to
read other phases only when outstanding., Any intermediate phases
shown can therefore be considered to represent strong phases read
without reference to expected arrival times. For the plot two
symbols were used: one for shocks fitting closely the normal
travel time curves with the assumption of a focal depth of 16
km and another symbol for shocks that could be located well only
if shallower depths were assumed. These latter shocks include
only those very close to at least one station; effects of depth
on first arrival times become smzll at distances beyond about
fifty kilometers. Some shallow shocks may have been included
among the "normzl" depth group because they were not within fifty
kilometers of any station.

In this plot arrivals between P and § in the range from 40

to 90 km again follow the same general trend as on the previous
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plots. Shocks which include these phases represent only & small
percentaze of the totel read, indicating that the reflected phase
is not of uniform strength on all shocks. When stronz second
arrivals are present, they conform to the pattern expected for
the reflection from the Mohorovi¥ié discontinuity.

A few general conclusions may be drawn from the earthguake
data. There does not seem to be any consistent discernable
separation of the observed points into two parallel travel time
curves as would be expected if there were two reflections of
nearly equal strength. The scatter is great on all plois except
that based on Richter's data and possibly that for the long Beach
arcz., This indicetes that most of the scatter is caused by
variations in focal depth rather than by variations in reflector
depth. The plotted voints fit reasonably well to the curves
computed by assurins a sinzle layer of constant velocity. It
is not definite whether the reflection travel time plots parallel
or approach the curve for the direct wave at long distances, but
the approach is not rapid if present at all. This implies that
the maximum velocity between the focal depth of the earthquakes
and the Mohorovi&ié discontinuity is scarcely greater than that

above the earthaquake foci.



- 6l -

E, Crustal Velocities

Information about crustal velocities in the region studied
comes fromn blasts at Monolith, Corona, Colton, and Victorville
(Wood and Richter, 1933; Gutenberg, 195la, 1952; and unpublished
data) and from earthquakes recorded at short distances (Richter,
1950; and unpublished data). The data presented here refer to the
igneous and metamorphic outcrop areas within the line marked on
the base map "Area of Study". The area is bounded towograghically
by the Sierra Nevada, the San Joaquin Valley, the los Angeles
basin, the Peninsular ranges, and the San Bernardino Mountains.

In terms of petrology, it covers the re:zion from the southern
end of the Sierra batholitnh to tane northern end of the southern
California batholith. The rocks exposed at the surface include
large bodies of intrusive rocks ranging from granite to diorite,
small and large bodies of metamorphics including gneiss, schist,
and slightly metamorphosed limestones, and in some places a thin
cover of Tertiary sandstones and shales (Jenkins, 1938; Larsen,
19483 Willer, 193L). lost of the stations are on igneous rocks.
All the quarries are on either igneous rock or limestone; hence
the low-velocity Tertiary sediments should have little effect on
the velocities determined. The rock types present can be expected
to have velocities between 3 and 7 km/sec on the basis of past
reports on typical seismic velocities in igneous and metamorpnic
rocks (Heiland, 19LO, p. L72). Contacts are definitely nét tne
miniform horizontal layering! normally vostulated in deriving

velocity from refraction first arrivals; in the arezs of the
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southern California‘batholith and the Sierra batholith near the
quarries used for most of the work, the contacts between isneous
and metamorphic facies are in general more nearly vertical
(Larsen, 19483 J. P. Buwalda, oral commnication). It would
therefore be surprising if the combination of a heterogenecus
group of data using stations in widely varying agzimuths from
different seismic sources, covering an arca of nonuniform compo-
sition with nearly vertical contacts, should give a smooth travel
time curve interpretable in terms of a simple series of layers

or a linear increase of velocity with depth, even if the accuracy
of timing were sufficient to ensure close determination of velo-
cities. Such smooil: curves were not obtained.

This studr is aimed not at determining "the velocity in the
granitic layer of the continents", but at determining a velocity-
depth profile for computation of data within the arez of study.
The body of rock studied is limited in area. Immediately to tne
southwest and northwest of the area described, most of it is
missing or deeply buried; sediments of the los Angeles basin and
of the southern San Joaquin Valley reach a depth of 10 to 15 km.

For the velocity in the material in the first five or six
kilometers, travel time curves for stations out to 70 km can be
used. (See travel time plot in pocket). There is a large and
probably real scatter of the first arrivals in the range from
zero to 70 km. Some consideration should be given to the accuracy
of these data. The first arrivals from blasts at distances in

this range are usually stronz enough to ensure reading first
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motion. At the individual stations times are read to O.1 sec, but
absolute timing of all (except the data from the Carnegie Institu-
tion stations for the 1949 Corona blast) may in many cases be in
error by 0.2 sec or more because of variations in the rotation
rate of the recording drum, variable lag in timing relays, non-
uniform paper shrinkage, rate changes in chronometers, and inac-
curacies of measurement. When distance intervals of only ten

to twenty kilometers are used, such variations are causes of
considerable error in computed velocities.

A cause of appreciable error in determining velocities at
near-by stations and the intercept times of refracted waves at
distant stations is the inaccuracy of determining blast firing
time., For only one blast is the time of explosion established
within a hundredth of & second; this is the xonolith blast of
August 1, 1953, at whicn the sionzl from a loudspeaker (used as a
microvhone) placed three meters above the charge was compared with
a time siznal from radio station WWwV. The time could be read to
the nearest millisecond, and the only delay was the time of sound
transmissioh to the speaker, which was not over 0.010 sec and
probably much less. At one other blast, Victorville, the time of
breaking of a wire within the loaded hole was recorded in compari-
son with a rated chronometer, ensuring accuracy of reading to 0.1
sec.

At most other blasts timed at origin, the siznal from a
seismometer located 0.15 to 0.6 km from the shot was either

recorded directly in comparison with a rated chronometer or was
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used to operate a relay to put a signal on the records at the

Pasadena station.

In these cases, origir time could be obtained

by use of an assumed velocity for the rock between the shot and

the seiswomelter. For the competent rock
the velocity is probably between 3 and 6
in calculated origin time up to 0.1 sec.

chronometers after transportation teo the

in the quarries studied,
km/sec, allowing errcrs
The accuracy of the

quarry and rating with

only a few time signals is questionable.
The one blast timed by two different methods has an uncer-

tainty of 0.2 sec in origin time. This was the 1949 Corona blast,

timed to 0.01 sec on the breaking of the cav wire comprared with a

signal from radio station WWV, and to 0,1 sec on the arrival of

the seismic waves at a seismometer 0.3 km away comparsd with a

chronometer caliorated with time signals from radic station NPG.
There is a difference cf 0.3 sec hetween the two measurements,
assignable either to low velocitles in the quarry floor, delay in
detonaticn of the charge, inaccuracy of timing of the seismometer
record, or a combir:tion of the three.

Temporary stations were run by Tuve's party from the Carnegie
Institutior. of Washington rnext to the permanent stations at Pasa-
dena and Palomar; the temporsry stations recorded time gignnle
from WV, and the permanent ones recorded signals from NPG, Pub-
Jished readinzs for the blast arrivals show differences between
the teoporary and nermancnt stations at each locatiorn not over

C.05 sec, Therzfore, therz was no discrepancy bstween the two

tiing systemz. The timing of the cap breax 1s not open to
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Question,

If the velocity of the rock in the quarry is assumed to be
3 km/sec or more, a discrepancy of 0.2 sec remains. Timing of
later blasts with portable seismometers at the same quarry gives
sufficient check with the 1949 blast to ensure that the error at
the portable seismometer was less than 0.1 sec. Accurate recording
of this blast at more distant stations in the same type of rock
indicates that the velocity in the quarry should not be less than
3 and probably nearer 5.8 km/sec. The possibility of a delay in
firing must then be considered, and all times from the 1949 Corona
blast must be taken with an uncertainty of origin time of 0.2 sec.
While this does not affect most of the calculations, it prevents
accurate determination of shallow velocities and adds to the un-
certainty of the intercept times of P, at distant stations.

Curves could be fitted to the travel time rlois using least
squares methods under a variety of assumptions, including a single
straight line, a series of straight lines, or a curve for linear
increase of velocity with depth. Variations in reliability of the
data and known lateral variations in rock type do not seem to
Justify these methods.

The best timing for velocity at short distances comes from
the stations at Dawson Creek and Elsinore operated by the Carnegie
Institution for the 1949 Corona blast (Rooney, Tatel, and Tuve,
1950). The tires for these two stations are determined to 0.01
sec and the stations are in & straight line from the quarry with

comparatively homogeneous rock between. Their differences should
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give an accurate determination of the wvelocity at shallow depth;
the result is 5.75 km/sec for a pzth almost completely in the
Temescal Wwash quartz latite porphyry, the material which is in
the Corona quarry (larsen, 19L8). Other station pairs less than
30 km from the quarries concerned, but with less accurate timing,

give the following velocities:

Blast Date Stations Velocity
Corona 1949 Dawson Creek to LClsinore .75 km/sec
Corona 1949 Corona to Riverside .

Corona 1951 Corona to FRiverside .

Corona 1951 Corona to Perris .

Colton 1939 Colton to Corona

Colton 1239 Riverside to Corona
Monolith 1953 Wonolith to Piunte Ranch
¥onolith 1953 Monolith to Williams Ranch

U VLA~ UL\ ON UL U
*
(o5 NOVVTO OOV N~

Average, excluding Riverside to Corona

Velocities obtained from travel times between Colton and
Riverside are low (near L kn/sec) and variable. Soime of the
erratic effect is probably due to inaccuracies of timing combined
with the short travel path; more is probably due to variation in
the amount of the travel path that is in limestone and to errors
in distance because of variation in position of the siots in the
guarry. The effect of the size of the limestone bodies introduces
an uncertainty into velocities obtained from Colton and Monolith
blasts. At Monolith, however, the first arrivals on the reflection
spread determine the velocity in the limestone body and give some
idez of its extent.

hccordingly, the values of the veloeity for shallow material
as indicated on records at short distances from Monolith have been

obtained by subtracting the arrival time and distance of the far-
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thest geophone of the reflection spread from the arrival times and
distances of the stations studied. This is tantamount to consider-
ing the limestone body as a hemisphere with a radius of 1 3/L km
from the blast site. This is a conservative estimate of the size
of the limestone body (Fig. 2, p. 28) and, if zn underestimate,
will make the velocities appear lower than they actually zre.
Examination of the blast travel time plot shows an apparent
curvature, indicating an increase of velocity with depth. However,
the points at which late arrivals indicate such a curvature are
all beyond the range listed in the preceding tabulation, giving
not a simple curve but an "S" shape, which indicates apparent
velocity decreasing and then increasing again. If the velocities
derived from stations at short distances as tabulated above are
ignored, a fit is obtained for a velocity increasing with depth,
starting at aporoximately 5.5 and increasing to 6.3 km/sec. 4
better explanation of these data is lateral variation of velocity,
with certain stations consistently late. Crestline and Big Bear
produce most of the late readings. Crestline is in the range of
distance producing the apparent curvature on travel time plots
for Colton and Corona blasts. Big Bear is in this range from
Colton only; it is 70 km from Corona, at which distance other
stations have early arrivals. Here again the Big Bear reading is
O.l4 sec late. Since Big Bear and Crestline are at high elevation
and near each other, it seems proper to assign their late arrivals
to some cause associa£ed with their position. Mount Wilson, also

at high elevation, may have slightly late readings for the Corona
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and Colton blasts; its readings are quite late for the Victor-
ville blast. The Pomona record for the 19L9 blast provides another
late reading; this may be due to the alluvial material beneath

this station,

If the velocity of 5.8 km/sec is extrapolated to greater
distances, stations near 70 km from these blasts have early
readings; a second line of the travel time plot is required,
with velocity 6.0 km/sec and intercept 0.2 sec. Assuming uniform
layerino, this indicateé a uniform surface layer 1.8 km thick
with velocity 5.8 km/sec. Considering the lmown variation in
surface elevetions and types of rock exposed at the surface, the
explanation seems absurd. It is more in accordance witn the
known inhomogeneity of the surface materials to combine them into
a single surface layer and fit all data out to 70 km to a line
with the equation t = 0.1 + £/5.9. This agrees with the data
' from Corona and Colton blasts; agreement with Monolith blast data
is good if 0.3 sec is added to the intercept time. The fit to
this straizht line is remarkably good in view of the known varia-
tion in rock types.

Beyonid 100 km, first arrivals from blasts recorded north of
Corona are very small emergences and may be late. The earliest is
on the Dalton records of the Monolith blasts, on wnich the closeness
of the second arrival to the line t = 0.4 + £/5.9 suggests that an
earlier arrival with velocity over 6 km/sec may be too small to be
read on the other stations. This is verified by corparison with

earthquake data presented by Richter (1950), from which the mean
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velocity to a depth of about 16 km is found to be 6.34 km/sec.
The earthquakes discussed by Richter all lie within the area of
the present study as outlined on the base mapj travel time curves
for the blasts and the earthquakes should, therefore, show the
same structure., A '"mean velocity" of 6.3L km/sec (obtained by
assuming & single layer for computation) implies that, if there
is any variation of velocity at all, at some point between the
surface and the earthquake focal depth the velocity exceeds 6.3L
km/sec. Unless the layer with highest velocity is extremely thin,
the inverse slope of the travel time curve closely approaches this
highest velocity at comparatively short epicentral distances.
Richter's data, ploited as Figure 13, show an asymptotic approach
to velocity 6.5 km/sec. The data from blasts recorded north of
Corona do not rule out such a high velocity; it is merely not
observed because of weak first arrivals. At the time of the
larger Corona blasts there were no stations within this area at

a suitable distance from Corona to check the presence of such a
layer of higher veloecity.

The data from Corona south to the Mexican border show a dif-
ferent picture; a strong uniformly early arrival is found on
records from stations in this area between 108.5 and 1L8.L lkm.
Wost of these records were taken by Tuve and his co-workers and
have not been available for examination. Records from Point Loma,
La Jolla, and £l Cajon for the 1949 Corona blast, and from Barrett
for a Colton blast on May 22, 1952, are available znd on examina-

tion show that the arrivals are strongz and clear. The Point Loma
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record has been plotted with a correction of 0.8 sec for the
éediment delay as derived from previous refraction work in the
area by R. W. Raitt (oral communication); this may be slightly
large. The La Jolla station was also located on sediments at
least two kilometers thick (Hertlein and Grant, 194k, pp. 38-39),
and a similar correction (shown on the plot by a dashed circle)
puts it near the same line. Ainy sediments below the El Cajon
station are thin, and the reading cannot be adjusted in this way.
These data can be intervreted only in terms of an apparent velocity
of 6.5 to 6.8 km/sec. The readings from Ramona, Lakeside, and
Glencliff Camp are the least subject to doubt because the stations
were all on granitic outcrops and had high sensitivity; these
stations rit the line t = 0.9 + 8/6.6L. The entire group of data
has been fitted by Gutenberg (195la) to the line t = 1.5 + 4/6.8.
An attempt to treat the two groups of blast data and the
earthquake data togéther leads to contradictions. If a simple
system of uniform layers of constant thickness is assumed, the
velocity structure consists of an upper layer, 8% km thick, having
velocity 5.9 km/sec, overlying a layer with velocity 6.8 km/sec.
Ttting this to the earthquake data and placing the earthguake
foci in a lower velocity layer beneath that with velocity 6.8
kn/sec in order to give the best possible fit to the observed
travel times, one still finds an appreciable divergence between
the observed points and the computed curve at distances near one

hundred kilometers from the source.

It is apparent that the velocity structure camnot be obtained



- 75 -

on the simplest assumption of uniform horizontal layering extending
to all stations wiich have recorded southern California blasts. If
a completely heterogeneous variation of velocities, both laterally
and vertically, is assumed, it explains all arrival times recorded
but does not help in computation. The usual procedure with refrac-
tion data is to assume the simplest possible structure that will
fit the observed travel times and to use it as a working hypothesis
until more data are obtained. Because of this, the calculated
velocity profiles for the earth's crust are in general simolest
in those areas in which the least work has been done.

Tne simplest model that fits all observed date is a series
of layers, esch having constant velocity throughout southern
California, with variations of thickness to account for the
discrepancies between regions. For distances out to 65 km, all
data fit most closely to a mean velocity of 5.9 km/sec. For the
Corona data the intercept of this line is 0.l sec. From 65 to
150 km, there is a second segment of the travel time curve which
has velocity 6.5 km/sec and intercept time 1.0 sec and fits the
data north of Corona. This takes account of the fact that several
of the stations recording Monolith blasts in this range have small
emergent beginnings that are probably late. This choice of velocity
for this ranze is a comgromise fit; it is the velocity that best
agrees with the earthquake data and it is the lowest value that
agrees with the data from the stations south of Gorona. A single
early arrival at China Lake from the 1951 Corona blast may be

interpreted as indicating velocity 6.8 km/sec; it can be as logi-
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cally combined with the arrivals at Havilah and Chuchupate and
interpreted as Pp with velocity 8.2 kn/sec and intercept near 7
sec, which leaves no data from these blasts indicating velocities
over 6.5 km/sec north of Corona.

Or. this hypothesis, the layer with velocity 5.9 km/sec thins
to gero south of Palomar; readings from the remaining stetions to
the south agree with small deviations to the line t = 0.5 + A/6.5.
For the area between Corona and Monolith, this indicates the fol-
lowing structure: a fraction of a kilometer of comparatively low-
velocity material at the surface, underlain by six kilometers of
material with velocity 5.9 km/sec and below that an undefined
thickness of material with velocity 6.5 km/sec.

If the early arrivals south of Corona are ascribed to locally
hizh velocity, and the solution for the area north of Corona is
bzased solely on the northern stations and the earthquake cata, a
structure may be postulated of velocity 5.9 km/sec for the first
six kilometers, and below this velocity 6.3L km/sec for an un-
specified depthe.

If, on the other hand, the earthquake data are omitted and
21l blast data a2re combined and sblved for a simple system of
horizontal layers, a model is obtained with velocity 5.9 kn/sec in
the first eight kilometers and velocity 6.8 km/sec below this.

The blast refraction data yield little information about itne
material between the layer with velocity 6.3L to 6.8 km/sec and
the dohorovi&ié discontinuity. They indicate only that there is

no large increase in velocity immediately below this leyer. From
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studies of ampiitudes of direct waves in southern California earth-
quekes, Outenberg (1951b) has concluded that a velocity decrease
exists above the depth of origin of most southern California earth-
guakes. The large amplitude phase P at distances over 150 km has
been explained by him as a channel wave in a low-velocity zone

near the earthquake focal depth. The velocity of 55 km/sec of

P sets a minimum for the mean velocity within the low-velocity
channel. The velocity in the material within this interval must

be left as an unknown in computations, with only rough limits for
its values.

Jhere is some evidence for a zone with velocity near 7 km/sec
imrediately above the Kohorovi8ié discontinuity. The phases f and
Pp in earthquake records have been interpreted by Cutenberg (1951b)
as the beginning and maximum respectively of a refracted wave from
2 layer about seven kilometers thick with this velocity.

Tf material witn this velocity and thickness exists anywhere
in the crust above the Monorovidié discontinuity with a low-velocity
layer benezth it, a reflection from the discontinuity would, beyond
critiecal distances, give a travel time plot identicel with that
assigned to Pp. If material with velocity 6.0 km/sec, as observed
on blast records at stations 33 to LO (base map), actually exists
over the zrea of study, there is then no proof from Py of the
existence of the layver imrediately above tae iohorovidié discon-
tinuity. If the velocity above the earthguake foci is between 6¢3
ard 6.5 k~/sec, the observations of P, imply the existence of a

1 . P N — N
layer with velocity near 7 km/sec immediately above the #onorovilié
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discontinuity. The inverse slope of the reflection travel time

curve between 100 and 170 km is 7.0 km/sec; the maximum velocity
above the Mohorovidic discontinuity must therefore be less than

this, probably not more than 6.8 km/sec.

If such a layer exists, the event on the vertical reflection
records 1.6 sec before the reflection from the lichorovi¥ié discon-
tinuity corresponds closely to the itime of = reflection from the
top of the layer. If so, and if the velocity is 6.0 km/sec, the
thickness is about 5 km. It is interesting to note that a layer
6 km thick with velocity 6.8 km/sec has been found overlying the
Mohorovidié discontinuity over wide areas of the Pacific basin
by Raitt (paver presented to Institute of Geoohysics, Nov. 5, 1953,
Los Angeles). The observations of P, in earthquake records will
not, however, agree with a velocity below 7 km/sec. If the timing
of the reflections from Monolith blasts at Riverside and Big Bear
were in error by 0.2 sec, which is gquite possible, such a velocity
would fit, so the possibility of this velocity must be kept in
the models used. These models are shown in Figure 1h.

Using these data, a more precise analysis of crustal thickness
and velocity structure can be made. If the reflection at critical
distance had been obtained, a rather simple analysis would be pos-
sible using the vertical rellection time, the critical reflection
time, and the various models of crustal velocity structure. From
the records of reflections beyond critical distance, & direct
solution ecazn be derived only by trial and error.

‘. indirect metnod is more feasible. The computation for a
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h layer V h Layer v
%— km l E;‘O ml/sec ikm l SCO km/a_ec
8 km 2 5.9 km/sec 6 km 2 5.9 km/sec
? len 3 6.8 km/sec ' 2km 3 645 km/sec
7 km L ? km/sec 9 ¥m b ? lan/sec
6 km 5 7.0 lon/sec 6 km 5 7.0 km/sec
8.2 ¥m/sec 8.2 km/sec
Model 2 '  Model 2
h Layer v h Layer o
Fkm 1 5,0 km/sec Flm 1 5.0 im/sec
55 km 2 5.9 km/sec 6km 2 5.9 kn/sec
7 Ym 3 6.3L km/sec ? Jam 3 6,5 km/sec
T lon L ? km/sec
v km L ? kn/sec
6 km 7.0 km/sec
8.2 km/sec 8.2 kn/sec
Model 3 Model L

Fizs 1. MNodels of crustal velocity derived from earthquake

and blast refraction data.
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single-layer case in Sec. III B gave a value for k of 6.9 sec.
It can then be assumed that for any multiple-layer case that will
fit the same observed points, the value of k will be close to 7
sec. It cannot be greater than 7.4 sec if it is to fit the re-
flections beyond critical distance., A small range of values of
k is then possible. A set of models fitting the crustal velocity
data of this section can be investigated, for a number of values
of k within the range of possibility. If the value of k can then
be established by a study of the travel times of Pn’ a choice may
be made of the model best fitting the beyond-critical reflection
data.

If a vertical reflection time and a refraciion intercept time
for a surface source have been determined for the nth layer of a
system of n horizontal layers, each of constant thickness and
veloeity, the reflection time t, and the refraction intercept

time k are defined by:

-)
k= 2Zh,~ ;e

thickness of any layer

in which h;
velocity in any layer

V.

B

If the velocities in 21l layers and the thicknessses of all

except layer (n-l) are known, h,. can be determined independently
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from k or t4 by the equations:

n-i

h"_lzzo‘.

n+_n
]

g
L}

n-1
or o (12; 'Z%j)v""
— Y

The total depth to the nth layer is then:

If the conditions of horizontal uniformity are not satisfied,
and if the far end of the refraction spread is in an area with a
completely different set of velocities and thicknesses, the equa-
tions can still be used with modifications. If the dip of the nth
layer is sufficiently small that its cosine is apvroximately 1,

the first equation can be replaced by:

n~t n-1
k-"\r = § h; &ja + E h,rn
0 1

in which the summation over j refers to the point beinz studied
and the summation over r refers to the point where the refracted
wave is recorded. If a blast is fired at a third point s and is

recorded at j and r, the equations will be:

n-§ n-i

Sr

' [
n-1 n-1
! ]

n-t n-y
ksj - ksr = Z hJ.O(J'"- Zhr Xrn
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k)"' + k:j - ktr = 2Z hj *in

A corrected intercept time is obtained which refers only to the
area near the point where the first blast was fired. The method
fails if there is a large depression in the upper boundary of the
nth layer at some point between the three stations.

Using this "corrected k valus", a solution can be obtained for
a case with as many postulated layers as desired. For the velocity
layerings in Figure 1L, there are three unknown quantities: the
velocity and thickness of layer L and the thickness of layer 3.
The computation is seemingly indefinite, with twe equations and
three unknowns. The item of principal interest, however, is the
total thickness of all layers; this can be shown to be rather in-
sensitive to variations in the assumed thickness of either one of
the two unknown layers.

The equations previously given for the case of n layers

become, when solved for h, and h, as a function of the taird

unknown V, ¢
Jnals j

B jr 43,5, 5
. VY 1 ( k Z ) (; hs
= —_f - - P 1 - - poc
hu dq,V" - oy, V, yJ 2 un t) %n Z: V:)

K Jzi235 + .iu.z.!.sh B
- ol..h; -, — - p
( 2 Z ” ) "'(2 Z v,)

A solution of these for layerinz 2, with the Corona reflection

=%

UynVy = Ryp LA

]

h,

T n|
S

time of 10.5L sec and P, intercept time of 7.0 sec, is shown as
Ficure 15, It will be noted that for any reasonable velocity, V, ,

the total depth to the Mohorovi%ié discontinuity is nearly constant;
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the highest possible velocity of V, is reached when h, reaches
zero. The depth is much’more sensitive to variations in k.

Plots of H and V, against k for the Corona reflection time and
an arbitrary assumption of h, are in Figure 16, for models 1 to

L of Figure 1lh. The equations are:

a2, 8 2

z«_’f By

2 V;
ey t jl‘.l,ii'h
B AACR
cen(E-00%)

with the summations in this case taken over all layers excepti

number l.

As can be seen from the curves in Figure 16, variations in
the assumed jelocity structure or the thickness of layer 3 have
practically no effect on the computed total depth for values
of k up to about 75 sec. Curves for all four models closely
approach the curve computed for a single-layer crust. To find
out more about the velocity structure the value of k must be
determined ciosely.

The layerings of Figure 1l represent a choice of interpreta-
tions of the blast and earthquake refraction data at short distances.
Choosing between them is not possible at the present stage of
investigations. It is definite that below the surface material

of variable velocity there are about six kilometers of material
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with velocity near 5.9 kn/sec, and that below this there is either
an abrupt change or a very rapid increase with depth to a velocity

between 6.3 and 6.8 km/sec.
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F. Velocity and Intercept Time of P,

The velocity in the material below the Mohorovidié aiscon-
tinuity seems to show greater uniformity than that in the material
above. PBRecent findings by Gutenberg for California, Raitt for the
Pacific Ocean basin, Tuve for the eastern United States, bwing for
the Atlantic Ocean basin, and Willmore for Northern Europe have
all shown this velocity to be close to 8.2 km/sec (summarized by

Gutenberg in unpublished manuscript for Physies Handbook, American

Institute of Physics).

The Pp velocity for southern California has been obtained by
Gutenberg from the study of a large number of local earthquakes;
his most recent value, derived from the Arvin earthquake of July
21, 1952 and its larger aftershocks is 8.17 km/sec (personal com-
munication). The value of 8.2 km/sec is sufficiently accurate for
most computations and is currently used by Gutenberg. No completely
independent check on this figure has been obtained in the present
work, so the value 8.2 km/sec has been used throughout for compu-
tation.

The intercept time of Pp from southern California blasts is
less definitely determined. Two blasts at Corona and two at Mono=-
lith have given a value of k, tne intercept time, near eight seconds
for distant stations. The first arrival can be definitely identi-
fied as Pp only at stations beyond 250 km; first arrivals from 150
to 250 km can be interpreted as Pp if onc assumes the layering of
numbers 2, 3, or L of the previous section (Fig. 1L); but they can

instead be interpreted as belonging to other waves if one assumes
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the layering of number 1. First arrivals believed to be Pp are
plotted in Figure 17. Since any depth computations using refraction
data depend heavily on the intercept time for Pp in the area near
the quarries concerned, a thorough investigation of the Pp inter-
cept times must be made.

The stations at which the P, intercept time is eight seconds,
assuming a velocity of 8.2 km/sec, are all in Arizona and Nevada.
Using this value for computations of Monolith and Corona data
assumes that the structure is uniform from the guarries to the
Arizona and Nevada stations and that thé stations are at the same
elevation above the Mohorovi&ié discontinuity as the quarries.

This assumption of uniformity seems unjustifiable without additional
evidence. The only value of the intercept time from such a distance
that might ap-ly to conditions at the two quarries is that from the
record at Palomar for the August 1, 1953 blast at Monolith. The

two reflection times indicate that the depth to the lichorovitié
discontinuity at Monolith is close to that at Corona, and Palomar

is only 80 km south of Corona. This path gives an uncorrected
intercept time for Palomar of 7.8 sec. When corrected from the

hich elevations of Monolith and Palomar to that of Corona, the
intercept time is reduced to about 7.L sec.

This single instance indicates that the refraction intercept
times near eight seconds for the distant stations may not be
directly applicable to the ares of study. Some determination of
possible delays to distant stations must be used.

Such delays in the arrival of Pp are of three general types.
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The first includes delays caused by consistently late reading of
small emergent beginnings; this cannot be checked without larger
blasts or better signal noise ratio at the distant stations. The
second includes delays caused by obstructions in the path from the
source to the station. The third type includes delays associated
with local conditions near the station.

Delays of the second type were first observed on records from
Tinemaha of earthquakes in northern and central California; Byerly
(1937) explained these as effects of depression of the Mohorovi¥ié
discontinuity beneath the root of the Sierra batholith. The
existence of this root had already been postulated on geologic
evidence by Lawson (1936). Byerly's observations have since been
confirmed by many additional data. On records from Tinemeha of
the Kern County aftershocks the delay of P, is such that the
direct wave arrives first for shocks at distances as great as
200 km.

Delays of the third type, associated with local conditions
near a particular station or area, are not functions of the wave
path., They are effects of variations in velocity and crustal
thickness in an area around the station bounded by a circle with
diameter equal to the critical distance. They may be distin-
guished from Sierra type delays by their independence from the
path of tne waves. Thus, if three stations are in a triangle,
and there is a delay between stations A and B but no delay between
B and C, a2 compensating delay should be found between A and C.

If the delay is of the Sierra iype, a delay can exist on one side
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of the triangle with no delays on the other two sides,

The reflection data indicate that there is no Sierra root
beneath Monolith; at any point north of this it may begin, and
readings for waves traveling through the Sierra Nevada north of
Wonolith must be considered to have a possible delay associated
with their paths rather than with the stations.

If it is assumed that the delays are of the third type for
all paths considered, a solution for both the velocity of P, and
the intercept time differences can be obtained. If there are iwo
stations, each recording P, from the same two seismic sources,
with stations designated A and B and sources desiznated C and D,
the following equations apply:

toa= Lot 4 k, + k¢
Va
AT

tc5=ﬁe+kc +k5

by = 2% 4 Kk, + K,
top = %u* ko + k,

in which tes = travel time from C to A

W n

Aeq = distance between C and A
k, = that part of the intercept time ascribable to

conditions near A
ile wish to find the velocity Vn and the station difference k - k .
Conbininz equations and solving for Vp and (k - k ), we get:

V. = (A“ - Aco) - (Aon - A”)
(tu - tcs) - (tn - 'b,,,)

kn - ks = (tcA - tan)” _____Acn"' Beg = (tm - tbﬂ) - ——-—-—-—-—A" = Lo
Vn Vn
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The solution is most accurate when one source is on the extension
of the line between the two stations and the other source is
equidistant from the two. It will be noted that only differences
in arrival times appear. The origin time of the seismic events
need not be determined.

In general the source in line with the two stations may be
an earthquake; small errors in location will not affect the result
greatly. The source approximately equidistant from the two sta-
tions should be a blast because small errors in location cause
large errors in the result.

Geography prevents full use of this method in the present
case, for only one source area is available at sufficient distance
for P to record at stations near one of the quarries as well as
at the Arizona and Nevada stations. The velocity must be taken
from other sources and only the station differences derived.

One blast source, the Monolith quarry, is available. A very
weak recording at Nelson, Nevada of the blast of September 6, 1952
gives a k value of 3.0 sec if Vp is 8.2 km/sec; arrivals that may
be P, at Riverside and Big Bear give k values of 6.9 and 7.1 sec,
indicating the possibility of a delay of about one second to Nelson.

More data are needed to confirm this. The only other scurce
of information comes from earthquakes. Rather rigid requirements
limit the use of earthquake data for this purpose: the earthquakes
must be at such distances from one of the quarries (or a near-by
station) and from the Nevada stations that P, will record as a

first arrival at both. Despite the fact that the depth and origin
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times of earthquakes are not ordinarily known with sufficient pre-
cision to use the travel times directly for this purpose, the
differences in arrival times and differences in distance may be
used with fair precision, provided that the epicenters have been
found to an accuracy of a few kilometers using near-by stations
well distributed in azimuth and never using any station recording
Ph. If stations recording P, are used, the location will shift in
such a way as to minimize the station differences.

The Kern County aftershocks are the only earthquakes available
that satisfy these conditions., Over 200 of these have been located
by Richter (195L) using four to ten near-by stations. Many of
these éhocks show Pp on records from the Nevada stations; almost
all show it also at Riverside. Plots have therefore been made for
all étations showing Pn on an appreciable number of well-located
shocks of sufficient magnitude to record clearlys; these are shown
in Pigures 18 to 27. Results are summarized in Table IV and Figure
28. In every case, the "error" shown is the standard error of the
mean. Most of the readings were made by the laboratory staff; only
the Mount Hamilton readings were made by the writer.

The most essential station for the purpose of this study is
Boulder City, for it is the only one still in operation that re-
cofded an undoubted first arrival of Pp from the 19L9 Corona blast.
The aftershock difference plots show an apparent delay of 0.8 sec
in the arrival time of Py at Boulder City when compared with
Riverside (near the Corona quarry). This delay mizht be explained

as the result of reading weak first arrivals consistently late from
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some of the smaller shocks, an effect of low-velocity material
either directly under the station or over a wide region, a lower
velocity for Pp than the value of 8.2 km/sec assumed, or greater
depth to the Mohorovi&ié discontinuity near Boulder City than near
Riverside,

A check on the possibility of late readings is provided first
by separating the shocks by magnitudes. Kern County shocks over
magnitude L.9 have a beginning at Boulder City that is sufficiently
strong to minimize the possibility of reading a weak arrival late.
Riverside, the comparison station, is so close to the epicentral
area that all Kern County shocks over magnitude 4.0 have clear first
arrivals. Sixteen shocks over magnitude L.9 were recorded at Boulder
City and Riverside; they have a mean difference of 0.81 z 0.13 sec.
Twenty-nine smaller shocks, magnitude L.S5 to L.9 have a mean dif-
ference of 0.76 %+ 0.13 sec. Using all these shocks gives a mean
difference of 0.78 + 0.09 sec. The indication is, therefore, that
there is no weighting of the mean by late readings of shocks of
magnitude L5 to L.9. Some shocks smaller than magnitude L.5 show
a greater delay at Boulder City.

A further check on the possibility of late readings as well
as that of low-velocity material directly beneath the station is
provided by the newly established station at Nelson, Nevada.
Nelson, very near Boulder City, was established in August, 19523
it therefore recorded only the later Kern County aftershocks. It
has less background disturbance than Boulder City, however, so that

records of small shocks can be read with greater accuracy. Nelson



- 107 -

shows a delay of 0.85 & 0.18 sec with respect to Riverside. A
slightly greater delay at Nelson than at Boulder City can be
expected because of the difference in elevation of the two sta-
tions.

The delay then must be due to some regional cause. If the
entire delay is due to a lower velocity of P, , this velocity must
be 7.9 km/sec. If the velocity is 8.2 km/sec (as obtained by
Gutenberg), the value of k is larger for the Boulder City area
than for Riverside, explainable in terms of greater depth to the
Mohorovidié discontinuity or lower velocities in the crust in the
Boulder City area. Combining the observed delay of 0.8 sec with
the intercept time of 7.7 to 7.9 sec at Boulder City for the 1949
Corona blast gives an intercept time of 6.9 to 7.l sec corrected
to Riverside.

The results from other station pairs confirm the existence
of similar delays. In the plots for Fresno, Mount Hamilton, and
Barrett, the smaller shocks show an appreciably different result
from those of magnitude 5.0 and over. Examination of the records
from Mount Hamilton shows the reason for this difference. The
Mount Hamilton records of the Kern County shocks start with a
rather small emergence, followed by a large impulse about one
second latér. On the records of the smaller shocks, the first
arrival is often missed. 4s a result, the readings have a double-
peaked distribution. Averacing the results from the two magritude
groups studied obviously gives an erroneous result, so the results

for shocks over magnitude L.9 are to be preferred. LKven so, there



- 108 -

is some indication of a double-peaked distribution of arrival
differences. In the Mount Hamilton - Fresno plot (Fig. 25) it
will be noted that the mode and median of the delays for shocks
over magnitude L.9 are 0.7 sec while the mean is only 0.29 sec.
This is the most pronounced difference between mode, median, and
mean.,

Such discrepancies are caused by the emergent nature of first
arrivals on eérthquake records at distant stations. 4An unbiased
observer is more likely to read such arrivals late than early.
The experienced seismologist is not unbiased, however., He recog-
niges this skewness of the observations and strains to read the
earliest possible arrival. The effect of this attitude on the
statistical distribution of readings of seismograms is a subject
that should be investigated. What the effects are when two such
readings by different observers are subtracted is hard to guess.
The best that can be done in the present case is to present the
mean and the standard error of the mean for each station pair.

The early small arrival on the Mount Hamilton records of
the larger shocks sugpests that the consistently late readings at
Boulder City are due to low signal noise ratio. The relative
quality of.the two stations is indicated by the fact that in
general Kern County shocks over magnitude L.l can be read at
Boulder City; at Mount Hamilton shocks over magnitude 3.6 can
be read. Since the early emergence is clear at Mount Hamilton on
shocks over magnitude L.9, it should be clear at Boulder City on

shocks over megnitude 5.4, and these shocks should show no delay
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at Boulder City. There are eight such shocks; Boulder City is

on tne average 1.2 sec late with respect to Riverside and 0.8 sec
late with respect to Mount Hamilton. 'The delay cannot therefore
be explained in this manner. It mizht be due to some geologic
cause that prevented the small long-period first arrivals from
reaching tne Boulder City area.

Readings from Fresno show the same effect as those from Mount
Hamilton. Fresno is near the epicentral arez but it has high back-
ground disturbance and low sensitivity; comparisons with Riverside,
Big Bear, and Boulder City show that only the readings from Fresno
for shocks greater than magnitude L.9 can be used with confidence.
The result at Barrett is not so definite, partly because of the
large standard error of the mean for the shocks over magnitude
L.9. Time corrections at Barrett were unreliable during the first
few weeks of the Kern County aftershock series, the perioc when
most of the larger shocks occurred.

The explanation of the delays at Boulder City and Nelson in
terms of a velocity of 7.9 km/sec for Pn cannot be applied to the
arrivals at Mount Hamilton and Fresno. A possible alternative
explenation might be that the large second arrivals at iount
Hemilton correspond to the first arrivals at Boulder City and that
this phase has a velocity near T.9 km/sec; this implies that some
mechanism prevents the small arrival with velocity 8.2 km/sec
from reachinz Boulder City or Nelson. If this is so, the same

explznation arplies to the Boulder City and Nelson records of
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blasts. It does not explain the very early arrivals at Fresno,
where arrivals would be expected to be late because of the low-
velocity sediments underlying the station.

The Boulder City data indicate that if the velocity of Pn
is 8.2 km/sec, k corrected to Riverside is about seven seconds.
If the velocity is 7.9 km/sec, there is no delay to Boulder City
and k is about 6.2 sec. In either case, the first arrivals at
distances between 150 and 250 km come close to the travel time
plot for P,. They should therefore be considered. Vhen corrected

to an elevation of 675 m (the mean of Corona and the Monolith

datum), the following are obtained:

Table V
Quarry Station Date Observed k k corrected
to 675 m

Corona Havilah July 26, 1952 7.1 7.1
Corona Chuchupate July 26, 1952 6.9 to 7.1 6.8 to 7.0
Corona China Lake Mar. 31, 1951 7.0 7.0
Corona Haiwee Aug. 6, 19L9 8.0 5.0 (Sierra

delay?
Vonolith Big Bear Sevt. 6, 1952 6.9 6.6
Vonolith Rig Bear  Aug. 1, 1953 7.1 6.8
Wonolith Riverside  Sept. 6, 1952 6.9 6.8
Monolith Palomar Aug. 1, 1953 7.8 7.5

Agreement with the value obtained from the Boulder City arrival

is apparent.

Data for Tinemeha and Santa Barbara are not included. At
Tinemaha the arrival is definitely affected by the Sierra delay.
Readings at Santa Barbara are late because of the great thickness

of sediments beneath the station; the depth and velocity of the

sediments are not known and no correction can be made.
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Both these sources of information give intercept times for
Corona and Monolith close to seven seconds. Because of the sim-
plifying assumptions and the inacecuracy involved in using snocks
with epicenters accurate only within one or twe kilometers, the
constant errors in the difference plots may be appreciable and are
unknown; the agreement with the arrivals at the nearer stations
gives sufficient corroborzation that the combined data may be used
with greater assurance.

A lower limit for the possible “corrected k" from blasts can
be found by considering the earthquake data. The frequency dis-
tribution of k values at Riverside for 196 Kern County aftershocks
located by Richter is shown in Figure 29. The distribution comes
close to the shape of a Gaussian error curve, with mean value 5.58
sec and stendard error 0.53 sec. This distribution represents
the composite effect of the distribution of earthquakes in depth,
the errors in timing at all stations, any error in the locations
as a result of nonuniform distribution of stations as well as
possible error in the travel time curves used in the locations,
local variations of velocity, errors in determination of origin
time, and the rounding off of location coordinates.

The error of none of these is known except the rounding off
of locations. Locations were made by Richter by a method of re-
duction of residuals at all near-by stations, fitting to the nearest
minutes of latitude and longitude. This means that the fit is to
the center of a rectangle 1.5 by 1.1 km. The epicenter is assumed

to be at the center of tinis rectangle; it can move over a range
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of £ 0.8 km and still stay within it. If it moves on the diagonal
radial to Riverside, this makes a maximum change in k of % 0.1 sec.
Origin times are probably accurate to about 0.3 sec so, neglecting
possible errors in the velocities used in the locations, the upper
limit of k due to shallow depth of focus is approximately 6% sec.
As earthquakes do not occur above ground level, the value of k for
a surface source should be greater than 65 sec. This is in accord-
ance with the results obtained above.

In Sec. III A, the event on the record at Corona was correlated
with the refiection at Monolith because it arrived at nearly the
same time. For this correlation, it was assumed that the structure
was reasonably uniform from Corona to Monolith. We can now verify
this assumption.

The intercept time for the Monolith blast recorded at Nelson
is 8.0 secj correcting this by 0.06 sec to bring it to the Monolith
1000 m datum gives a value of 7.94 sec. To correct for the height
difference between Nelson and Boulder City another 0.04 sec must
be subtracted, leaving a value of 7.9 sec for the intercept time
that would be obtained from a blast at the 1000 m level at Monolith,
recorded at Boulder City. The Corona blast recorded at Boulder
City with intercept time between 7.7 and 7.9 sec. This, then,
checks the reflection result and indicates that the Mohorovilié
discontinuity is at nearly the same depth below the 1000 m Mono-
1lith datum as it is below the Corona 350 m quarry elevation.

The study of intercept times of Pn thus removes the anomaly

originally found. Tne intercept time of P, given by the reflection
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data was near seven seconds; the intercept time given by stations
over 250 km from the Corona quarry was nearer eight seconds. Com-
parison by means of arrivals from earthquakes brings the intercept
time for the Corona-to-Monolith area to a value very close to
seven seconds.

Using this value of seven seconds to obtain the velocity and
thickness of layer L in Figure 16, one obtains the layerings of

Figure 30.
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h Layer v : h Layer i
$dm 1 5.0 km/sec j fkm 1 5.0 km/sec
8 km 2 5.9 km/sec ; 6 lm 2 5.9 km/sec
3 6.8 km/sec 3 6.5 km/sec
bl o 198 o “e=spesams
Ll 5.6 k!ﬂ/ﬂec ,4 5.8 km/sec
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> km 1 5,0 km/sec 2lm 1 5.0 km/sec
5% km 2 5.9 km/sec 6 km 2 5.9 lkm/sec
3 6434 km/sec 3 645 km/sec
20 lan | e 25k e =SS s
N Ee8 km/sec
L 6.1 km/sec
6 km 5 7.0 km/sec
8.2 km/sec 8.2 km/sec
Model 3 Model L

Fig. 30, Models of crustal velocity derived from reflection
and refraction data.
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IV, INTERPRETATION AND CONCLUSIONS

The oresence of reflections from the lohorovi¥ié discontinuity
in southern California seems firmly established. Observations of
viicoe rellections have heen obtained at both vertical znd nesr-
crivical incidence., e surength of the reflection at vertical
incidence is not great; in general multivle-channel recording
methods and large energy sources are necessary for recording an
identifiable reflection. The few successes in recording such
reflections in other areas lend confirmation to this. The reflec~
tion at critical incidence is more commonly observed but has large
variations in amrlitude. The necessary conclusion is that either
the discontinuity is rough or interference effects are present.

wezk reflections from a horizon six kilometers above tne
liohorovili€ discontinuity may also ve presentv. l1he shallower re-
flection is weaker than the reilection from the MohorovilZic¢ dis-
continuity whenever observed; in most ceses in which the direction
of motion can te established, it has motion opnosite to the re-
fiection from the iohorovikié discontinuity. If this is a reilection
with an initial rarefaction, the material below the reilecting
horizon has a lower acoustical immedance than that above. This
requires a decresse in velocity or density or both. 1If there is
a velocity decrease at this interiface no critical refliections could
exist. The reflections are wezk; cvhe berinning may be a comoression
tnat is not strong enougn to read. In this case there will be

eritical relflections, out they will coincide so closely with the
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reflections from the Mohorovildié discontinuity that they will
not be distinguishable. They may cause pronounced amplitude
variations by reinforcement and cancellation.

Information on crustal velocities from allvsources indicates
a rough aporoximation to a set of simple horizontal layers. The
igneous material at very shallow depth has velocities varying be-
tween 3 and 6 km/sec. The material down to six or eight kilometers
has an average velocity of 5.9 km/sec; below this the velocity
gradually or suddenly increases to a value over 6.3 km/sec. The
best interpretation from all data seems to be that this velocity
is between 6.3 and 6.5 km/sec. Higher values obtained from blast
refraction data in the mountains between Corona and the Mexican
border may be explained in terms of some regional variation;
either the thickness of the shallowest layer decreases or the
velocity in the next Lower layer increases to about 6.0 km/sec.
Vore blast refraction studies with sensitive instruments in quiet
locations are needed.

Values for the velocity in the material below the layer with
velocity 643 10 645 km/sec depend upon the computations from
reilection times and therefore on the value for the velocity in
the material immediately above the Mohorovi&ié discontinuity. If
a layer with velocity near 7 km/sec is assumed to overlie the
Mohorovi&i€ discontimuity, the velocity is quite low in the material
betvieen that layer and the material with velocity 6.3 to 6.8 km/sec.

On the various assumptions of velocity distrioution studied in
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Sec. III E, the value in this low-velocity layer is 5.5 to 5.9
km/sec, if there is a layer with velocity near 7 kn/sec. Evidence
for the existence of the latter layer is very weak. The fact that
this has been found in earthquake studies in many parts of the
world is not sufficient evidence; the revision of the earthquake
travel times in southern California by Gutenberg (1951b) shows
that data from earthquake phases can be subjected to radical re-
interpretation. The data from blast reflections do not extend to
sufficiently great distances to determine definitely, by study

of the asymptotic approach of the reflection travel time curves,
whether this layer is present or not.

Reflection data from earthquake records supply a little more
information on this point. Because of the shorter critical dis-
tance for reflections from earthguake sources, the reflection
travel time curve approaches its asymptotic value at shorter
epicentral distances. There is evidence from the earthquake
reflection data that the reflection travel time curve approaches
an asymototic velocity not much, if any, greater than the maxi-
mum velocity in the material above the earthquake foci.

The apparent reversel of direction of the earlier reflection
on the Corona vertical incidence record gives added reason to
believe that the layer with velocity near 7 km/sec does not exist;
this reversal is more in accordance with the assumption of a de-
crease in velocity five or six kilometers above tne liohorovi&ié

discontinuity.

If there is no layer with velocity near 7 km/sec, the mean
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velocity between the layer with velocity 6.3 to 6.5 kn/sec and
the Wohorovitié discontinuity is over 6 km/sec, but it is still

lower than the velocity in the material above it.

Studies of travel times of Pp from blasts and local earth-
quakes have indicated either that the velocity below the Mohoro-
vidié discontinuity is near 7.9 km/sec in southern California, or,
if the velocity is near 8.2 km/sec as obtained by Gutenberg from
other data, there are consistently larger intercept times at the
stations in southern Nevada than at the stations in the portion
of southern California studied. On either assumption, arrivals
at Ffresno are very early in cowmparison with southern California
stations. Either interpretation eliminztes the discrepancy be-
tween the intercept time for Py as derived from records from
Arigona and Nevada stations of Corona anc Monolith blasts and the
intercept time derived from the reflection data. This intercept
time, for a surface source and station both in the area of study,
is 7.0 sec for velocity 8.2 km/sec.

If the velocity of Pp is 8.2 km/sec, these delays (Fig. 20)
indicate that the Mohorovic¢ié discontinuity dips downward to the
east as well as into the Sierra region and that its depth is less
than normal under the Central Valley of California. The latter
result is to be expected from isostatic considerations. If the
Sierras cause & depression in the Mohorovidié discontinuity, the
deep basin of the Central Valley must be compensated by a sub-

crustal hump. If the average velocity of 6.2 kn/sec is used,
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the 0.7 sec difference between Fresno and Riverside means that the
Wohorovi¥ié discontinuity is seven kilometers shallower at Fresno.
Correction for the low-velocity sediments beneath the station
would make the depth even less, althouch this may be counter-

acted by some regional velocilty increase in the crust. A similar
computation for Boulder City gives a depth eight kilometers greater

than at Riverside, if the crustel velocities are the same,

Computations using reflections from the lMohorovidié discon-
tinuity at vertical and critical incidence, and considering the
crust as a single layer, give a depth to the Mohorovidié discon-
tinuvity of 32 km below sea level at both Monolith and Corona, and
a mean velocity for the crust of 6.2 km/sec. Computations using
these same deta plus information from the intercept of Pp, as-
suning any velocity profile that will agree with the blast and
earthquake refraction data, give the same depth 10 the nearest

kilometer,
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STaTION INFORMATION

CGS = U. S. Coast and Geodetic Survey
CIT = California Institute of Technology
CIW = Carnegie Institution of Washington
SIO = Seripos Institution of Oceanography
UC = University of California
r = regular
t = temporary
p = rortable
d = discontinued
Station Symbol Coordinates nlev. Inst. Status
N W (m)
Barrett Bt 32 Lo.8 116 40.3 510 CIT r
BED (1952) -- 35 05,7 118 24.7 1310 CIT pd
Rerkeley B 37 52.3 122 15.6 81 UG r
Big Bear BB 34 14.3 116 54.38 2060 CIT r
Boulder City BC 35 58.9 11L 50.0 776 CGS r
China Lake CL 35 L9.0 117 35.8 766 CIT r
Chuchupate Ch 3L 48.5 119 00.7 1590 CIT td
Clear Creek (1952) Cc 35 15.1 118 36.6 820 CIT pd
Clear Creek Ranch (1952) CCR 35 14,8 118 36.5 825 CIT pd
Corona (1939) — cIT pd
Crestline Cr 34 W.6 117 15,7 10O CIT td .
Dalton D 3L 10.2 117 48.6 523 CIT r
Dalton, Little (1938) —- 3l 10.05 117 50.26 Ll2 CIT pd
Dawson Creek (19L9) -= 33 Lb6.96 117 27.92 320 CIW pd
El Cajon EC 32 L7.6 116 57.3 135 CIT td
Elsinore (19L9) -- 33 38.00 117 21,22 L57 CIW pd
Fort Tejon FT 34 52.4 118 53.7 930 CIT r
Fresno F 36 L6s1 119 47.8 88 UC r
Glencliff Camp (19L9) - 32 L8.76 116 29.65 1205 CIW pd
Haiwee H 36 08.2 117 57.9 1100 CIT r
Havilah Hv 35 30.6 118 31.0 990 CIT td
Isabella (1946) -~ 35 39.6 118 25.9 CIT pd
King Ranch Kgk 35 19.7 119 Lh.T 670 CIT t
Knox Ranch KR 35 29.0 118 31.7 1090 GIT td
La Jolla LJ 32 51.8 117 15.2 8 CIT rd
Lakeside (19L9) -— 32 52,9k 116 L9.09 206 CIW od
Mojave (1946) -- 35 01.0 118 01.7 cIT pd
Wount Hamilton MH 37 20.L 121 38.6 1282 UC r
Mount Wilson Mi 3L 13.5 118 03.h 1742 CIT r
Nelson N 35 42,37 114 51.2" 1160 CGS r

*Coordinates used in present study; may be in error by as much as
two minutes.
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Station Information (cont!d)

Station Symbol Coordinates Hlev. Inst. Status
N W (m)
Overton 36 31.9 11k 26. 395 CGS rd

ov 6.6
Palomar Pr 33 21.3 116 51.6 1700 CIT r
Palomar (1949) —-- 33 21.23 116 51.55 1670 CIW pd
Parker Creek (1952) PC 35 26,4 118 43.8 910 cIT pd
P
Pe

Pasadena 34 08.9 118 10.3 295 CIT r

Pasadena (1949) 34 08,9 118 10,3 304 CIw pd
Perris 33 L6.8 117 14O W40 CIT td
Pierce Ferry FF 36 07.2 114 00.3 417 CaGS rd
Piute Ranch (1952, 1953) PR 35 21.8 118 22.9 1150 CIT pd
Point Loma (19L9) -- 32 12,00 117 17.82 =60 SIO od
Fomona Po 34 05.9 117 L2.6 350 CIT td
Ramona (19L9) -~ 33 00.49 116 54,28 L42 CIW pd
Fiverside R 33 59.6 117 22.5 250 CIT r

San Bmigdio (1952) SE 3L 59.6 119 11.0 L35 CIT pd
Santa Anita (1952) SA 3k 11.08 118 01.18 k4O CIT pd
Santa Barbara SB 34 26.5 119 k2.9 100 CIT r

Shivley Meadow (1952) S 35 2.5 118 33.8 2000 CIT pd
‘Telegranh Pass (1949) -~ 32 39.75 114 19.00 168 CIW pd
Tinemaha T 37 05,7 118 15.5 1180 CIT r

Walker Dump (1952) WD 35 24.3 118 29.0 760 CIT pd
white Oak (1952) WO 3h 59.1 118 31,0 1510 CIT pd
White Wolf Ranch (1952) TWWR 35 15.0 118 39.9 620 CIT pd
Williams Ranch WR 35 17.9 118 36,7 L30 CIT td

Woody W 35 42.0 118 50.6 500 CIT T
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Seismogram Readings

Readings used in the text that are not already in print are
tabulated in the following pages. Epicenters have been calculated
by a method of reducing residuals to the standard travel time

curves or by graphical methods. All distances have been calculated

using the method of Richter (19L3).



Station A (km.)

Apr. 17, 1937
Quarry 0,22
R

15:30

16:0h

15:29

15:15

8.L

M 68.5
P 7.3
Ld 133
June 8, 1937 15:31
R 8.k
hﬁ‘,{ 66 . 5
P 173
Jan, 29, 1933
Shivping
office 0.6L
R 8.t
Little

Dalton Ll? . 8
My 68.5
P 773
Dec. 23, 1939
R 8.y
Corona 26.5
MW 68.5
P 73
1J 133
Pr 90.9
H 236
Sept. 6, 1941
R *
MW 68.5
P 7.3
Pr 90 ‘9
LJ 133
Oct. b, 1941 15:31
R 8.k
Er] 68.5
P 73

Pr 90.9

- 128 -

BL4AST DATA
Colton

Arrival times (Readings from files)

59.8

iP! 62.0NEZ

iP 71.9 eS? 81N

iP 72.8NEZ is 82.88 is 82.5n
eP 82.3§ eS 97.5N

iP! L1.ONEZ
iF 52.12 1S 61.3Z
iF 52.9%2 1 57.8% 18 62.7EN

iP 31.2NEZ

iP 33.82 iS 37.82Z

iP 41.2NEZ 1S 49.0Z

iP! L2.3Z 1S 52,28 eiS 5L.TN
iP 51.27 iS5 08.2E iS 09.0%

iP! L4k.92

iP?? 66,12 iP? 69.5Z i3S 93.5%

iP L7.LEZ

eP 57.5N 1P 57.6E ;

iP! 59.0NEZ iS 67.8Z eS 68.3HE

iP! 60.82Z

iP 67.5Z iP 68.5Z is 83.0z 1S G5.42

iP 00.0%

iP 10.5%

iF 11.72 e 11.9NE 1S(?7) 23.5N
iP 13.6% (indefinite)
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Colton (cont'd)
Station £ (km.) Arrival times

Jan. 10, 19Lh2 15:59

R N iP 31.0NEZ

M 68.5 iP h1.22 iP L1.3KNE

P 7763 iP U2.LUNEZ iS 52.LNEZ

May 2, 1942 1h:30

Quarry 0.56 22.1

R 8l iP 24.0NEZ 1S 25.9NEZ

P 77.3 iP 35.3N8Z 1S Lh.372 iS L5.1NE

M 68.5 iP 3L.ONE iS 42.9

Pr 90.9 iP 37.22

 Sept. 10, 1949 1l:L47 (2 shocks)

R Sely Oh3

Pe 33.0 08.5

P T3 15.7

14250

R 8.k 32.7

Pe 33.0 35.8

MW 68.5 43,1

P 77.3 Lh.3

Nov. 3, 1949 07:L5:28.L

R 8.4 iP 29.9NE i 31.6NE i 32.2NE 1 32.8N

Cr 21.2 iP 32.8 4 34.0 i 3L.8 1S 35.5 i 38.h i L3.k

Pe 33.0 iP 34.2 is 38.h i hO.1 i k2.1

Po 3Ll ePhBM.b iP 34,7 4 L0.1 i L2.3 i L5.9 1 L6.9
i 47.9

MW 68.5 iP ho.s i 3.7 i Lh.7 1 k8.9 iS L9.5 i Sk
i 58.5

P 7743 iP hl 757 i L7.78 S1.3E 53.1NE 5L.5NEZ
61.8NE 66.9E

Pr 90.9 i 43.3 i L43.8 i bh.2 i 5he2 1 55.7 i 56.5
i 57.5 i 59.0 i 62.8

07:48:37.8

R 8. iP 39.3NE i LOJSYNE e L2.1NE

Cr 21.2 iP h2.2 e h2.8 i 43.6 i Lh.h iS5 Lh.9 e L7.9%
e W9.7+ 1 52.7 i Sh.9+ 5 3+

e 33,0 iP h3.6 i Lh.5 i L5.6 s W6 T 11 5063 o 51.2

Fo 3Lk iP bhl1 1 k8.4 _ _

i 68.5 i Lv.8 i 53.0 1 53,9 1 5¢.0 i 61.0 i 63.0

P 773 i 50.9% 57.28 1 60.5NE i 61.0E 62.3N i 63.7NZ

i 71.2E7 76.28
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Colton (cont'd)

Arrival times

2 hg.Z is 46,5 i 47.0 ei 61.3 i (air wave)
7.

i 51.6 i 55,1 i 56.9 1S 57.4 1 62.8 e 65.1
i72.3

e 52.1

i 55,7 158,0 i 58.7 1i59.1 i 59.7 1is 63.5
i 56.8 1S 66.6 1 69.0 i 70.5

1 15:31

i 56.9 is 58.6 i 62.0? i 70.1? i 73.0°7
i (air wave) 80.0 :

i 63.1 is 67.h 1 69.8? i 72.0%

i 67.2 i 70.1 i 71.8 i 72.6 eiS 7h.5 i 76.5
i 80.9 41 90.17

i 68.5 eiS 78,0 1 81l.3 i 78.7

ei 70.2 i 70.8 i 72.6 i 7h.i ei d1l.2 i8 82.2
ei 82.6 e 8L.5 e 88.2

ei 85.5 ei 88.0 is 112.8

(Apparently 2 shots; only first arrivals usable)
i kbl
i 47.8
i 51.8
i 53.0
ei 55.2
i 66.1

il 26.6 iS 28.2 i 31.9 i 33.7 i 3h.8 1 37.0

i (air wave) LS.k
i 36,8 1 39.7 1 bhl.1 isS L5.6 i 50.9
i 38,3 i hl.2 ei h7.6 i 50.8

ei L0.8 1iS 5L.8
i 51,1 i 5he7 i 56.4 i 6.3 i 66.2 iS T70.7

Station A (km.)
Dec. 19, 1951 15:3h
R 8.l

D L5.1

BB LhL.6

Wiy 68.5

P . 1763

Dec. 21, 195

R 8.1

D L5.1

it 68.5

P 173

Pr 90.9

CL 196.5
Feb. 13, 1952 15:29
R 8.4

D L5.1

W 68.5

P 773

Pr 90.9

Bt 165.6
May 22, 1952 14319
R 8.4

D L5.1

My 68.5

P 773

Pr 90.9

B 165.6

CL 196.5

e 56,0 i 58,2 1i$ 83.0



Station

A (km.)
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Corona

Arrival times

tuz. O, 1949 23:30:00.0

Portable
R

Fo

Cr

My

Pr

EC

0.3
20.3

33.0
L9.6
65.9

70.0

81.6
111.6
12L.1

00.3

iP! O3.7NEZ i L.3NE i U.9NE 5.6E 59N 6.5NE
6.TE T.0E 7.4E 8.6 11,05 11.6N 12.0E 16.2N
iP 06.2 i 07.0 i 08.5 is 10.0 i 11.3 i 12.1
i13.6 i 1h.5 1 16.6 1 18.L i 19.6

iP 9.0 17 9.9 4 11.0 i? 12.1 i 13.2 i 14.9

e 16.8 (bacd background; gooc to + 0,2 sec).

iP 11.5 i 1.5 1 15.1Z2 1S 13.788Z 19.1EZ

1 20,3NEZ 1 21.3NZ 1 23.,3%Z 1 24.6EZ i 27.6%
ihl,72

iP 12.0NZ i 13.5N i 14.ON i 14.5N iP¢ 15.3N
117.08 17.9N e 18.UNE i 19.87 i 20.6%

i 22,1N 1 23.2Z 1 23.6NE 24.67 27.1E il 29.6%
i 33.3Z2 1 36.2Z2 1 33.5Z LU3.1?E i L5.IN e 45.7Z
iP} 13.7

iP 18.5 i 21.2

eP 20.3 1P 20.5 i 22,1 1 24.6 i 25,5 i 28.2
i25. i30.8 4 31.7 e 3k.3 135.3 41 36.5

i hli.6x i KL6.8

Readings from Qutenberg (195la)

SB
H
BC
T

PF

Ov
M

Readings
Dawson
Creek
Elsinore
Pasadena
Palomar
Ramona
Lzkeside

214.1
257.5
3L0.3
36648
407.2

e 34,17 i 36,6 e 37.8 e 30.3 1 39.6 e 46.2
e 59.5 161.3 e 6L e 67.7

i39.h e L3e3 i 45,2 e Lbb.8 i L7.8 e 55.7
e 60.2 e 72,1 e 75.5 e 76.7 e 77.7 e 81.2
ik9.h e 57T.h e 60.5 eb6L.5 e TL.5 i 79.9
i98.7 199.4 e 101.Lh e 107.5 e 115.4 e 120.5
i53.2 e 5he6 e 55.4 i 60.6 i 65.1 i 76.6
¢ 103 e 105

i 57.7 e 68.L i 69.1 e 7L.7 e Th.0 e 79.5
i92,0 1117 i119.3 e 121 i 12l i 1275

i 134z

i58.5 e 65.2 e 115 e 119 e 1725 i 134 e 148
e Th i 8hel e 89 1 92.8

from Rooney, Tatel, and Tuve (1950)

8.0k
27.6
70.0
§1.2
106,.5
12L.6

1.50 3.3
Le91

12.05 13.6
13.6L  1L4.0
17 025 17o8
19 067



Glencliff

Telegraph

A(km)
Auz. 6, 19L9 (cont'd)
12C.7
L
3249

148,

Mar, 31, 1951 23:30:

0.15
20.3
26,0
)4-5 .2
65.9
70 .o

6l.6

111.6

Readings from files
21,1
213.6
257.5
36608

Corona (cont'd)

Arrival times

20,1 21.h (added by GGS: i} 22.5)
23,26
L7.48 L7.5 55.51

33.5

i! 33.5 i L2.3 i LL.O

iP! 37.0NEZ i 38B.UNEZ 1S 39.6Niz i L5.3N%
38.2

iP! 41l.2 i8S L6T i 52.4 i 5L.2 1 53.0 i 6T.L
iP Lha9 i L7.8 1 52,5 i T2.3 i Th.9

iP L45.2NEZ L6.GN i L7.LN ei L3.7TN i 51.8R%Z
1S 54N i(8) 55,08 i 57.1& i 59.18 i 60.6E
62,08 i 62,82 i 67.38 69.28

iP! L6.9NEZ i LT.3NE 1i? L9.ONZ i 5L.6E

i 55.0N iS5 57.3NZ e 70.7B

1?7 51,47 1P 52,07 i 58.87 iS5 65.6NZZ

i 68.24%

iP 67,07 1! 69.6 i8S 96.5
eP? 71.6 eP 72.7 ei Th.2
iP 86.5 i 95.5 iS 1hl.h



Station

A (km)
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Corona (cont'd)

Arrival times

July 26, 1952 23:01:22.5

Seismometer 1000 £ 100 ft from the charge operated a relay con-
trolling a tone signal transmitted by telephone to Pasadena.
Automatic recording of telephone signal failed; manual operation
of time-marker was used.

S

My

jas]

BB

Hv

Recorded signal

207.0

23301:22.3 GCT

Reaction time for manual signal 0.2
Assumed travel time, charge to selsmometer 0.1
Calculated origin time 23:01:2245 GCT
20.3 iPl 26.,0N5Z 1 27.3NE i 28.9E 1 29.3NE
iS 29.9NE i 31.8NE i 33.258 i 33.7N 1 3L.2E
Lh5.2 iP! 30.5 i! 31.6 iS! 36.3 1! 308.3 e L6.3
i 51.8 i 56.7
60.8 iP 32.9 1 36,5 i 37.2 1 38.9 is L40.3 1 L2.8
i L5.7 i L47.3
65.9 iP$ 33.7 4! 3L.9 i 37.5 1 38.5 1i(S) Ll.3
ist h2.l
70.0 iP! 3L.3NZ 3! 3L.7N i 35,20 1 35.9N i 37.6N
i5(?) L2.8N iS L3.0N e LL.3N i L9.5E e 50.6%N
i 56.1N
69.9 iP 34,6 i 37.6 is? h2.6 iS5 U43.9 1?7 h5.2 e?
56.8
175.2 eP? 50.8 iP! 51.0 1 52,2 1 53.5 17 55.3

iP? BL,.8 iP 56.9 eS 80.6%
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Yonolith
Station A (km) Arrival times

Sept. 6, 1952 20:25:01.2

KxR 39.h iP 08.2Z 1 09.0Z iS 13.h7 i 19.22

Ch 67.6 iP 12.4 i 15.0 i 15.4 is 22.4

W 73.8 iP 13.92 i 19.h4Z is 22.82 i 25.5%

oL 103.9 eiP 18.72 i 20.8Z i 30.57 eiS 35.0

Wi 106,.7 iP 19.7Z2 il 21.8Z i 28.LZ 1S 37.22

P 112.4 eP 20.6NZ 1P 22.3NEZ i3S 35.9E eS 37.6%Z
H 11647 iP 21,1 i 23.0 i 25.4 :
D 120.7 eP 21.1 i 22.3 i 23.5! is 38.L

R 158.1L eP 27.47 i 23.4Z iP! 28.9%4 i 3C.1Z2 i8S LB.5%
BB 169.0 eP 28,72 iP 30.7Z

T 216.7 eP 36.72 i L1.9Z eS 63.5Z2 eS 65N

N 327.6 iP 49.2 i 56.4 eS 103.5

Jan, 23, 1953 22:53:55.8
WR 26.0 iP 00.5Z 1S OL.hz

CL 103.9 eF 13.2Z iP 15.LZ eS 30.47

P 112.L iP 16.2

D 120.7 eP 16.17 iP 18.1Z 1S 33.7Z

June 5, 1353 22:05:05.1

Jortable 0.7 1P 05.2%

Inertia switch

on charge 0.0 09.1

Geophone (.06 (9,15

Galvano-

naters 0.21 09.23

CL 103.9 eP 26.7Z i 28.82 e L2.97

P 106.7 iP 27.92 i 29.9Z2 iS LL.9Z

P 11z2.4 e? 28,572 e 30.2NZ iP 30.5%Z iP 30.6N e LL.OE
KeR 12i.6 iP 31.1%

BB 1690 e? 37.7%

T 216.7 ei(?) L5.232 1(S) Th.1N=Z

Aure 1, 1953 15:08:47.21y

refl, 1.082 47.5C3 nsar end

soread  1.753 L7.674 far end

PR 2hoht i F1l.8EZ 4 52.5Z 1! 53.0% 1S 25.1E i(S) 55.52

311 56,88 1 57.5Z i 58.1E 1 59.9%
B 54.9 iP? 56.0%

W 73.8 iF 59.82 1 65.37 68,88 1S 08,972



Station A (km)
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Monolith (cont'd)

Arrival times

Aug. 1, 1953 (cont'd)

cL 103.9
W 106 . 7
P 112.4
H 116.7
D 120.7
KgR 12L.6
BB 169 .0
7 216.7
Pr 2lik.3
Bt 316.5
N 327.6

eiP 6L.5Z 1 66.87 i 76.3Z eS 80.0Z 1S 62.0Z
iP 65.572 1! 67.7Z i 72.82 1is 82.8

i(P)? 67.12 i 63.3WZ i 80.62 iS 82.28

iS 82.5N i 83.7%

iP 67.LZ e 67.LUN 1 69.0Z eS? 3LN eS 86.2%2
eP 66.92 1 68,1 il 69.52 i 76.7Z2 eS 8kL.2Z
iP! 68.3Z 1 69,17 1 72.1Z e 79.6Z eS 83.LhZ
is 85.0

eP 7L.9 i 76.5

eP 82.3 eS 109.3EZ

eP 84.8Z2 i? 88.1Z eS 116.3%Z

eiP 93.82 i? 102.5Z i(S) 1L0.9%Z

eP 96.07 iP 106.5Z eS? 150.9%
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BARTHUAKE DATA

Earthquakes of August 16, 1949 (21:1h) and August 31, 1949 (02:58).
Readings used in Figure 8 in addition to those published by Richter
as shocks 3 and 5 in "Velocities of P at Short Distances® (1950).

Station A (km)

3

R
Cr
Po

MW

Cr
Fo
Pe

W

16.5
25.0
48.0
82.3

13.6
16.1
36.8
39.9
70.1
79.6

Travel Times

7.5 9.1

10,1 11.2 15.0

9.8 10.5 12,1 15.5 16.4 21.5 27.4
17.5 25.3 26.6 27.2 23.0

7.9 9.

9.2 10.L 10.8

12.5 13.8 1h.L

10.2 15.1

13,3 18.7 23.0 23.9 28.9
21.8
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Readings by Gutenberg used in Figure 9.
Shock numbers as used by Gutenberg (19LLb)

No. Station A(km) Travel Times
20 13 L9 7.7 10.5
MW 62 10,0 12.0 1h.2 16.6
R 103 16.6 (19.8)
SB 138 23,0 25.7
LJ 149 2b.5 26.3 30.7
21 P L7 7.8 8.2 10.5 12,5¢
MW 58 9.2 11.0 12.5 16.0
R 87 4.3 15.8 17.8
SB 155 28.1 30.2 32.2 33.9
22 P L5 7.0 8.6 11.3
R 97 1.9 16.L 18.4 20.4
LJ Uy 22,8 27.5 29.3 32.1 35.0
SB 17 25.7 27.8 29.2 32.0!
23 P 39 6.1 8.6
MW 51 8.4 10.1 13.4
R 88 14.0 19.0 20.5
LJ 145 26.0 33.0
SB 18 26.7 32.3 35.0
25 P L1 6.6 9.1¢ 11.1
MW 51 8.h 9.6 11.3
R 80 13.4 1h.3 1h.9! 18.8
1J 135 22.1 25,1 26.2 31.5
SB 158 25.1 27.1 30.6 3L.b
26 F Ll 6 Ta7
LJ 131 2h,5¢ 27.0 ,
SB 163 26.5 30.9 3L.0! 36.L¢
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Readings by Gutenberg used in Figure 10.
Shock numbers as used by Gutenberg (19uLlb).

No.

13

1

15

16

17

28

29

30

31

32

33

3k

SB
P
MW

SB -

P
MW

Station A(km)

60
111
113

83
113
11L
130

19
169

105
107
166

133
209

69
130

76
8L
126

Travel Times

13,3 1h.3
18.2 20.2
18.3 20.1

14.0 1h.7
18.5 20.1
18.7 21.6
3L.8

13.2 1h.2
31.3 33.0

17.3 17.9
17.5 18.6
23.1 31.0

21.9 22.8
3h.1 38.5

11.5 12.6
2h.3 2642

12.6 13.1
13.8 15.3
20.7 23.6

5.8 6.8
15,6 13.7

2003 2505
23.8 26.

7
13.L 1h.1
13.6 17.6
16.0 21.3
6.7 9al
13.0 15.3
13.3 16.0
16.3 16.3

5.8 Bk

12.7 13.7
12.3 13.9
16,1 19.5

15.0
21.61
15.3

21.1!
2746

15.9

16.3

37.7

18.2

28 .1



No.

35

Station

R

A(km)
37

100
163
173

103
170
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Travel Times

5'6 8'0

16.1
26.6
28.3

16.6
28.0

18.1 20.4
30.5
31.9

18.L
3443
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Walker Pass earthquakes.
Readings used in addition to those published by Chakrabarty and

Richter (19L9).

Underlined readings are strong arrivals.

No. Station Date

1l Haiwee Mar.
2 Haiwee Mar.
i Haiwee Mar.
5 Haiwee Mar.
7 Isabella MWar.
§ Mojave Mar.
g Haiwee Mar.

10 Haiwee Mar.

11l Haiwee Mar.

12  Haiwee Mar.

13 Haiwee Mar.

15 Haiwee Apr.

16 Haiwee Feb.

15, 1946 05:21:

15 05:L9:
15 07:00:
15 11:138:
16 01:46:

16 22:03:

18 02:05:

18 07:49:

19 00:L5:

23 21:17:

2k 12:00:

22 23:11:

6, 1947 09:20:

17 Haiwee May 26, 19L8 11:35:

18 Haiwee Apr.

16, 1946 023373

Readings

09.2 15.9 17.3 20.1 20.9
2501

L8 (line disappears)

=

17.

|

v
o)

iP 25,3 i 26,7 i 27.6 i 28.9
iS 30.1 i 32.1 i 3.3 3L4.0
45,2

iP 59.9 i 60.h 1 62.0 1 63.9
eS &9.1 i T1.5 i 7h.0 i 77.7

iP OL.3 i 06,8 i 09.1 i 10.8
(09.877)

iP 33.6 i 3L.9 i 37.0
1(3) 39.4 I 0.6 I 3.3

iP 51.0 iS 58.L4 i 61.5 i 66.9
i 70.h

iP 36.5 38.0 L40.0 iS5 b2.7
Lh.8& L8.6 51.0 53.1

iP 11.9 i 15.6 1S 18.2 20.7
22,3 26,0 28.8 32.6 38.5

iP k9.0 i L9 1 51.2

——

P 0.3‘ i 53.6 1S 57.2

\n

(30

iP 22,0 i 24.0 is 23.8
is 25,0 32.L e 39.4

iP 12,4 i 13.2 i 13.9 i 15.2
i 15,9 i 18.0 i 20.6 iS! 17.3
i2l.3



No .

Station

Haiwee

Haiwee

Haiwee

Date

June

Aug.

Feb.

- 11 -

5, 1946 13:59:

31, 19L6 01:10:

1, 1947 05:30:

Readings

iP Whe2 i 47.5 50.1 51.5
52,6 52.9 56.2 58.4 6l.6

67.7

87.0
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Additional shocks near Walker Pass.
Earthquakes of August 29, 1952, 02:51 and 06:lL3.

Station A{km)

02:5]1:
CL
H
Hv
PC
T
Ch
D
BB
P
R
SB

06343
CL

H

Hvy

W

PC

K'P

Ch
BB
R

spp
oMo

107.4
1.2
17200
193.2
.198 .9
200.2
21k.6
2h5.2

1.9
35.3
92.0
111.2
112.6
13944
177.1
200.7
217.9

Readings

15,6
13,8
27 .O
30.5
35.5
39.9
he.7
L3.6
43.0
h5.3
53.7

L]

*

VU T~ oW
.

*

*
NN oo IVLN 0 O

.
S SLVMEVIE W

2043
32.2
33.5
38.7
L1.9
6li.6
L5.9
L5.7
h8¢3
83.1

37.1
b9 .9

L6.h
51.L
56.8
62.2
87.9

20,8
36.8
35.8
hch
Wl L
65.6
L6.8
L747
72.4

37.7
52.4

L7.3
5543
58.1
8L.7

21.9

h2.7
48.0
L8.8
63.8
69 .9
)-‘»8 06

38.2

AN G\
OO &o
[ ]
W A

22.8

50.3 A
51.7 5L.0 57.1
63.6

6l.2 69.1 T70.2 T1l.2

Lo.7

53.0

7.9 71949



2kl km
Piute Ranch
_ August 1, 1953

‘*——-——’m: e
AR

26,0 km
) '/ﬂ Williams Ranch
— AR January 23, 1953
nJ—' *5,
i il ‘\\WWW W""" o
1 |
- “; 3745 km
) i ‘ Knox Ranch
iy ‘ ‘ September 6’ 1952

54.9 km
Fort Tejon

August 1, 1953

— Mwwww—mm

67.6 km
Chuchupate
September 6, 1952

73.8 km

o Woody
Firing August 1, 1953
Time

Fige 31. Fecords from Monolith blasts at distances of 2L.b to 73.8 km.



- k-

' A AN A A VA i nonee

103.9 km
China Lake
’1 August 1, 1953

106.7 km
dount Wwilson
August 1, 1953

112k km
Pasadena
August 1, 1953

116.7 km

Haiwee
September 6, 1952

120.7 km
Dalton
August l, 1953

e e M\ J‘,\* \ it

4.213,.6 km
Firing ¥ing Panch
Time August 1, 1953

Fig. 32. Recbrds from Monolith blasts at distances of 103.9 to 1lzli.0 «xim.



- 145 -

"
X .

143.8 km
Santa Barbara
September 6, 1952

“"'::,N AMWJWM'.M’ "l\. NMMMMWWW
W o o o ) . .

158.L km
Riverside

September 6, 1952
. ' - ‘ ‘
4l+-Qu-‘p-.--..f2....-....-.qanupuunnm~u..- WAV AWM W |

169 .0 km

Big Bear .
September 6, 1952

L ]

--u---u--n-u-u-nnnuuu-u-nn-n-n~n'ﬂUﬁM*NF‘N“lNWMﬂ4MﬂlﬂUU&N*MMM“*#WH~“NPMﬂm
' 216.7 km

Tinemaha
August 1, 1953

s o AN AA AN ittt WA AW A
24lie3 km
Palomar
August 1, 1953
b ) .

] J_ ]

316.5 km
Firing Barrett
Time August 1, 1953

Fig. 33. Hecords from Monolith blasts at distances of 143.8 to 316.5 km.



- 146 -

v

S I
Lo Zi




v { 1 P i 4&‘&‘
AR PR

Fast - VWest Torsion

North - South Torsion

Fig. 35. Corona blast, July 26, 1952,
Riverside horizontals; 20.3 km.
Enlarged to 120 mm/min.



e
; ]
2
E
s e !
- L2
i
— u o3
. = [
b 1 @ oped
r @ O g
;| ot uwy Mm
E 5 T
) oty - e
p T
' , “ K o8
s ] S e
o) X ¥ b o
ot e
A
fa M 8
[ N mw ¢
M = +
i = s
o 2
3 £
]
)
o %
i . 4 , 7
. .
@
' O
~ fSaY
&
. B
o
)




o

Hfmy &
Mount

Enlarged

ot

s July 26,
verticals
AR ;e

120 mm/minie

1952,
é% a% Kiﬂﬁ’



= 150 =

Chuchupate vertical., 175.2 kme

Fig. 38, Corona blast, August 6, 19L9.
Big Bear and Chuchupate verticals.
Enlarged to 120 mm/min.



w 151

Kern County Barthouske Arrival Times

Z

On the following pages are tabulated the times of first arrivals

and epicentral distances of all located Kern County aftershocks from

July 21, 1952 to May 25, 1953, These locations are the work of i
C. F. Richter and were used here for the study of differences of

arrival times of Pn. Distances are all compubted using the method

o

of Richter (19h3). The locaticns and arrival times but not th
computed distances have been published by Richter (195hL).

1

4dditional readings for which there was no space in the tabl

Fresno  Mount Hamilton Berkeley Tucson
223hl:  50.5 66.5 792 131.3
177.7 330.9 110.9 §23.1
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