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Four shocks with epicenters in the
region of tne aorthern end of the Peninsular Range
of Southern California were studied, Travel times
6f numsrous phases of these four shooks were
measured frox seismograph records of stations at
Pasadepna, Mount Wilson, Riverside, La Jolla, Santa
Barbara, Tinemaha and Haiwee, in Southera Californis.
The velocities of propagation of eight principal
phases were determined, Th;eknesaca of three layers
above a depth of about 40 k.m, in the earth's erust

weres calculated,
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PURPOSE OF INVESTIGATION:

This investigation was carried out at the

- Seismologleal laboratory of the Californla Institute

of Technology during the summer of 1940, for the
purpoaé of determining seismic travel times and the
depths of crustal layering in a limited geological
province in Southern California. For a number of
yoara.vin the routine work at the Seismological lLabor-
atory, differences in phase velocities along wave paths
in different geological provinces have besn known to
exiat, This paper represents an effort to determine
the average velocity of propagation for the eight most
easily identified phases of four sbocks ocourring in
the northern end of the Peninsuler Ranges of Southern
California, and to calculate the apprpximate thicknesses
of the crustasl layering in that geological province,

This work was carried out under the direct
supervision of Dr, Charles F.Richter, MNuch generous
‘advice was given by Dr. Beno Gutenberg, whose sarlier
warkfwas an 1ava1uablo model, MNuch help was also given

t he author by ¥r. R.E.Rogers.

(* B.Cutenberg: "Travel Time Curves at Small Distances,
and Wave Veloceities in Southera Cslifornia™ Gerlands
Beitrage zur Geophysik, vol. 35, p. 6-50,1932).
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SOURCE OF DATA:

The data was obtained from the records of
the Seismological Laboratory, Pasadena, California,
which is mainteined and operated by the California
Institute of Technology as the central station of
a _coordinated group. Anxiliary stations in
Southern California (from which records were obtained)
are maintained at Mount Wilson, Riveraside, Santa
Barbara, le Jolla, Tinemaha,and Haiwee, Records from
the Auxiliary Station at Palomar werse incomplete, and
were not uged.

At all these stations the minute-marks on the
seismograms are coprdinated directly with time signals
of the U,S.Naval Observatory automatically recorded
on one seismogram of each station three to five times
daily. This method of time control gives an accuracy
within 2/10 second.

All stations are equipped with horizontal com-
ponent Wood-Anderson torsion selsmometers with electro-
magnetic damping and optical recording*. The general
- direction of the instruments is N-S and E-W, but signi-
ficant deviations from these directions occur in the
case of torsion seismometers with short free periods;
therefore in general it is not possible to use azimuths
givén by the seismograms, The free periods of these

(*Bull, Seismo. Soc. of Americe XV, 1925)



SOURCE OF DATA:{Gont'd,)

ipstruments were near 0.4 seo,; the magnification
for short waves near 3000, and the damping ratio
nearly critical. Also at Pasadena are long period
instruments of the seme type, with free periods

~ Rear 10 seconds, and e magnification of 300 -~ 500
for short waves, At all stations, vertical seismo-
graphs of the Benioff type* with eritical elestro-
megnetic demping end galvanometrie~optical record-
ing were used, Also at Pasadena are Benioff type
horizontal-motion seismometers whioh are short
period instruments (Ty = 1.0 Sec.,, T1 =« 0.25 and
2.0 seo.), crtically damped, and a strong motion
Benioff type selsmometer with wave magnif&eation of
about 100,000, period of about 1 sec.,and little ,
less than critically demped. For this investigation,

measurements in all cases were taken from records made

by the short period instruments. The location of the

stations and epicenters may be seen in Figure I,

Pata on the atations and epicenters are given in

Table I,

(* Bull. Seis. Sos. Am. XXII, 156, 1932)

%)
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SOURCE_OF DATA fCont'd,)

Four shoocks with spicenters in the reglon
of the northern end of the Peninsuler Ranges were se-
lected for study, These wers shocks whose arrivals
were strong et all stations of the system, whose epli-
centers were in the desired region, and whose records
at all stations were undisturbed by mechanioal defeocts
of recording. ZEpleenters of these shocks were tirat
located for the routine reports of ths laboratory, by
Mr. R.E.Rogers who used either the method of comparing
the travel times with those of previocusly loceted earth-
gquakes or the perpendicular bisector methed applied to |
the arrival times of the first P wave (ot the ¥ phase).

Epicentral locations were checked by the
suthor. The method of perpendiocular bisectors to find
the eplecenter, which is known to first approximation by
oomparison with travel times of ahoeks of known looa-
tion or by mascroseismic evidence, has been desorided

by B. Cutenberg®* and is as follows;
The velocity of T waves is known to be neay

5.6 km/sec in Southern California **

* p. Cutenberg:op oit.) _
** ¥.0.W004 and Charles P.Richter, Bull,of the Seis,

oo, of An, Iﬂ. 28, 1931)’

(7)
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S0URCE OF DATA (Cont'd,)

Take at least two pairs of stations which have nearly

the same times of arrivel of the P waves. If the P

waves arrive at one of the pair of stations (x) seconds
later than at the other, the second station of the peir
will be 5,6(x) km. nearer to the epicenter than the
first, One mey then mark a point which 18 5.6(x) km.
from the second station on the line between the second
station and the approximate eplcenter. The true epl-
center then must be on the perpendicular bisector of
the line segment from that poinmt to the first station.
A aecondﬁ}nir of stations gives a second perpendkoular
bisector, whose intersection with the first pempendieu-
lar bisector is a second epproximation to the true
eploenter. If necessary, this method may be repeated,
using this better approximation to the true epicenter.
| The method of locating eploenters by means

of the perpendieular bisector method applied to first
arrivels is less exaot than the method described by
Gutenberg, However, since values of velooity of the P
phase differed ffom esch other by less than could
probably be introduced by differences in wave path, it
was assumed thaet the additional error introduced by
thisfurther approximation is small.

Locations of the epiceanters are shown in
Figure I.

Origin btimes of the shocks were caloulated

in the following way. Tha:§ wave was identified by



SQURCE QF DATA (cont'd.)

means of its short period, which was distinective at
distsnces less than sbout 375 km, Dividing the dif-
ferences in distances to the stations by the dif-
ferences in corresponding arrival times of F gave
quotients which were averaged to a first approxima=-
tion of the velocity of P. Dividing the distances
to the stations by this value of the velocity gave
quotients which were averapged to give e first approx-
imation of the origin time. In the last operation,
only distances greater than 100 km. were used in the
calculations, Differences between the arrival times
and this supposed origin time then gave values of the
travel-time of B, which in turn when divided into the
distances to the station, gave values for the velocity
of propagation of ¥, which were consistent with them-
selves, The liat of shocks is shown in Table II.

The trevel times of all measurable phases,
tabulated in Table III, were then plotted, In figure
2, plotted versus their eplcentral distances are the

travel times of all measured phases, Unidentified

phases are shown in black. The identified phases, which

include P, Py, P, and P and the corresponding transverse

waves, are shown in colors,

(9)
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_VELOCITY 4ND GHARACTER OF PRINCIPAL PHASES:

When the data had been plotted, other prineipal
phases were then ildentified, and their velocities
measured from the graph shown in Figure 2. P was the
first arrival at distances less than 50 km, It may be
jdentified at distances greater than 100 km. and less
than about %00 km, as the phase with the distinctively
short period. The period of the ¥ phase, over that
range of distance, was consistently about 0.3 sec. The
periods of phases arriving at about the same time were

usually about 0.5 sec. P has the travel-time equation:
t o distance from foous

which for distanfies greater than about 100 km, approximates:

YA
t = Yy

Pa was the first arrival at distances greater than
about 50 km. and less than esbout 115 km. At dlstances
greater than about 150 km. it is the large smplitude P wave
which just precedes the small period ¥ wave, The travel-

time equation of Pa is:

t = 0.5 + A

;.z
where is equal to the distance from
the epicenter and t is equal to the travel~
time

Pb is the first arrival at distances greater than
115 km. and lees than about 225 km, It is a persistent
phase of moderate length period. Its travel-time equation

is:
t = 5.7 + A

T2



?n is the first arrival at 4iotane-s-gztatur
than about 225 km, It is a long period phase, and has

an approximate travel-time formula as follows:
9.0+ §5

8~-group phases corresponding to the above
compressional P-waves have been identified, These
repregsent transverse waves which travel along approx-
imstely the seme paths as the P-group compressional
phases,

B is o short period phase of the 3-group, It
is much harder to distinguish than P, tut also has
a distinotively short period, It is the riryt arrival
of the S-group for distances less than 50 im, It has

the travel-time equation, as followa:
A

t = 791
8y 18 the first large asplitude phase of the
8-group, at distances greater than 200 km, It is the
first arrival of the S-group at distances greater than
90 km., and less than 135 km, Its travel-time equa-
tioh is approximately:

. e

tw 1.2 < 3%‘

8y, is the first srrival of the S-group at dis~
tances greatey than 135 km. and less than 325 km, I%
18 a long period wave that at Ristances greater than
about 250 km. appears to be & member. af the amall



VELOCITY AND CHARACTER OF P

amplitude waves at the end of the P-group. Its travele

time equation is:
toa 92 b g5

8, is a long period persistent phase, whioh ia
identified only with difficulty in the record. It is
the first of the S<group to arrive st distances greater
than 325 km, Its equation is:

t - l;.a "‘“ E%

Other phases of the P-group are probably due

to retlostion. Some of them are:;

Py is an early shogt period phase iz P-group
tz 15.2 4 Zéi

Pg is a persistent amplitude increasse of
moderate period: A

t = 1.6 + ;""a

P7 is aip;raistant phase of fairly short
period;

t s 13.6 + E’%’O

Fhases of the S~group which ococur with and
after those that have been ldentified are either direot
transverase or surface waves, Periods of these waves
are 80 jong and the number of the phases so great that
no attempt has been made to identify them,



(37)
QCAL LEPTH;

Depth of focus was calculated by the formula sug-
gested by Gutenberg,.*
"If we use only short distances, the éepth of focus
*h" is given within the limit of error or the observations
by the formula ,
p - (tv)2 A
whers "t" 1s the travel-time of the P waves, "v* their mean
velocity end " O » the distance, On the other hand we can
expresa "t"™ by the travel-time for the depth of foous aero

and the difference ™“aw,

t = L + 4
A /

Gombining these two formules we have:
2 . va(ve+ 28)
or approximately in mose cases
e 2 vao o
With the above formula, the foeal depth has been
calculated for sll cases whare distance to the eplcenter
is less than 100 km., The results of these calculations are

shown in Table IV,

* (B.Gutenberg: op. cit.)
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THICKNESS OF LAYERS; (39)
According to the formulae suggested by Gutenberg

{op. eit,), "if the velocities of a certain kind of
waves (either longitudinal or transversal) in successive
layers are gliven by V;, Va» V5, vess V o Wo can caloulate
the thickness al.az.a3 eos Of these layers, assuming
constant velocity in each of them, in the following way:

For the first layer, we have:
v L L
4 / v
'/_/ - L
tfz ,l{-r.

Wwhere /* ia the distance where the travel time curves of

zd-b=

the two corresponding waves interseot, h is the depth of

focus,

For each following layer we have, where i 1is the

angls of incidence:

A

S5 2 SR, 5w T

D, = (2d-4) fen g ¢ 2, Fam i ¢ 20, Fen T £

£ 2 d-'-z_ Fém ?‘7‘}.

Zd-l' 2/; 20/3 £ o F ZJ‘,‘Z'

———— N . cos Z
V Cos ‘Z’ VZ CoS 21. V.’) Cos ?3 ‘{-Z ”-2

If &' is the travel-time to a distance/d ' of the

wave with ita deepeat point in thé layer n, we caloulate:
ﬂ,,—- AI_An C”‘é’—(n




(%0}

Assuming thet ¥, P,, P, and P, as well as
the corresponding S-waves, are caused in this way,
the following thicknesses of layers and correspond-
ing wave welocities have been found,

For the first layer, the calculations of
the P-wave layers showed that 24 = h + 13,55, As-
suming that the foous is situated within this top
layer, focal depth caleulations,of whiech results
are shown in Teble IV, indicate that the foous 1s
probably nsar the maximum depth in the layer., Thus
if one essumes that the depth of focus is 13.5 k=m.,
the layering may be caidlculated with results as in-
dicated in Table V.
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) VERTICAL SECTiON
(Assuming DePTH oF Focus 15 13.5 km.)

CerTH PELow

’ (42)

SURFACE
(km)
SURFACE SURF ACE
J»
1
~+4- 5
Wi
V= % 5.4 km/sec i V = 3.1 ku/sec
P | <
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4. <0 SA
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FIG 3 THICKNESS OF LAYERS



