
REFLECTED AND MINOR PHASES IN RECORDS OF NEAR-BY EARTH- 

QUAKES IN SOUTHERN CALIFORNIA* 

By B. GUTENBERG 

INTRODUCTION 

THE P~ESE_XT paper is a direct continuation of a recent paper (Gutenberg, 1944a) 
in which the author has discussed travel times of the major P and S phases recorded 
at near-by stations for fifty southern California earthquakes. To facilitate the pres- 
ent investigation of phases complicated by refraction and reflection, thorough 
consideration was given to the partition of energy into the various reflected and 
refracted waves at discontinuities and to the ratio of ground displacements to the 
incident amplitudes at the surface of the earth (Gutenberg, 1944b). This seems 
desirable since the number of theoretically possible phases to be expected is very 
large, considering the four layers in the earth's crust; consequently, any calculated 
curve can be "verified" by using small impulses to be found on most seismograms. 
Therefore, clearly recognizable phases should be used in such investigations, and 
only calculated travel times for waves with amplitudes theoretically large enough 
to be conspicuous. 

The purpose of the present paper is to present the study of travel times of phases 
on seismograms from southern California earthquakes recorded within 900 kin. from 
the source which fulfill these conditions but which have not been investigated in the 
paper mentioned above. The material used has been described previously (Guten- 
berg, 1943b, 1944a). 

After combining measurements of the same phase on different components, phases 
measured on the seismograms total roughly 6,000. On the average there are 11.4 
stations for each of the fifty shocks; consequently, about ten readings from each 
station are used for an average shock. In a later survey only the really outstanding 
phases were once more measured, reducing the total by about 25 per cent. All read- 
ings were plotted on a travel-time curve diagram having a scale for distance of 

cm. for i kin., and for time of 1 era. per see. This plot, composed of several sheets 
for distances up to 600 kin., covers about 9 by 6 feet. As its reproduction on a small 
scale is not practicable, it was decided to reproduce only four important and charac- 
teristic sections showing observations on a reduced scale (figs. 1 to 4)2 It must be 
clearly understood that all these plots refer to a region in which conditions are 
considered unique (Gutenberg, 1943a, fig. 2, p. 483) and therefore are examples 
rather than basic graphs for use in other areas. Figure 7, showing travel-time 
curves of frequently observed phases but without observations, gives a summary of 
the results for distances up to 450 km., with indications of amplitudes. 

In using the figures, it must be considered that  the standard error of one plotted 
time observation for P phases is about 1/~ see., for S phases about ~ see. This is 
mainly due to inexact location of the epicenters, errors in the assumed origin time, 
difficulties in finding the beginning of a phase, especially in the S waves, and local 
variations in the velocity along the waves' paths. For.this last reason, Pn and Sn 

* Manuseript received for publication September 3, 1943. 
Figures were drafted by Mr. John M. Nordquist. 
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waves traveling partly under the Sierra Nevada or eastern California have not been 
used in any of the travel-time curves in the present paper. The scattering of the 
points in these figures often makes it difficult to decide from the plot to which curve 
a specific point belongs, and casts some doubt upon certain curves. Often, however, 
such difficulties are easily removed if the aspect of the phases on enlarged copies of 
the seismograms is considered concurrently with the travel-time eurves. For this 
reason, typical seismograms have been reproduced (figs. 5 and 6). Others may be 
found in previous publications (Gutenberg, 1932, figs. 8-11; 1943a, pl. i and pl. 2, j; 
note that, in the latter two, P* is identical with Py in the present paper.) 

SYMBOLS USED 

P = longitudinal waves. 
S = transverse waves (SH, with horizontal vibrations only; SV, with horizontal 

and vertical movements ; SV_L P, in plane of ray). 
P, S indicate direct waves through the "granitic" layer only (neglecting the sedi- 

ments). Py, Sy refer to. direct waves with their deepest point in the "first interme- 
diate layer"; similarly, Pm, Sm, to those in the "second intermediate layer." .Pn, 
Sn are the symbols for the direct waves which have penetrated below the Mohoro- 
vi6id discontinuity. 

I t  is assumed that all waves start originally at the discontinuity between the 
granitic and the first intermediate layers. The depth at which a reflection or a 
change from P to S, or vice versa, has taken place is indicated by numerals between 
the symbols P or S; for the surface of the earth, the corresponding figure zero is 
omitted. 

The symbols are not ambiguous. Examples may explain the details more readily 
than a description: for example, "$33P" travels as an S wave from the source (at a 
depth of 18 km.). down to the depth of 33 km. and there is reflected to the surface 
as a P wave. The corresponding wave, refracted at the discontinuity at 33 km. into 
a P wave and then refracted once more up to the surface (without reaching the next 
deeper discontinuity at 37 km.), is indicated by "S33P33P." If it descends below 
the Mohorovi6id discontinuity at 37 km., it is written S33P37P37P. Sy-SI8S.  
Pn--- P37P37P. 

If paths of reflected waves contain segments corresponding to Py, Sy, Pm, etc., 
they may be combined with other symbols. SSy~SS18S18S starts upward and is 
reflected at the surfaee into an Sy wave (including the S part from the surface down 
to 18 km.) ; SySy starts downward as a regular Sy wave, reaches the surface, and is 
reflected there into a similar path (again including an additional part from the sur- 
face down to 18 km. after the reflection). If fully written out, as explained above, 
its symbol would be $18SS18S18S. 

Velocities are given by V (longitudinal) and v (transverse) in km/see. The angles 
of incidence are i and j, respectively. ¢ indicates Poisson's ratio; p, the density; 
p, the rigidity; and k, the bulk modulus in dynes per cm 2. The subscripts 1, 2, 3, and 
4 refer to (1) the granitic, (2) first, and (3) second intermediate layers, and (4) the 
region below the Mohorovi6id discontinuity. In general it is assumed that within 
each layer the velocities and the angles of incidence are constant; the actual small 
variations, as well as the eurvature of the earth, are neglected. 
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t = travel .times in seconds 
A = epicentral distance in km. measured along the surface of the earth. 

Pm, Sm 

In the investigation of the "principal" P and S phases (Gutenberg, 1944a), the 
phase indicated by " P m "  (Gutenberg, 1932) was not included, since it was consid- 
ered that  Pm might turn out to be due to a reflected wave. However, careful study 
left little doubt tha t  it is produced by a direct wave (see figs. 3; 6, e and d). As a 
consequence of its proximity to the larger Py  and of the fact tha t  its amplitudes de- 

TABLE I 

APPARENT VELOCITY V OF Pro, INTERCEPT TIMES a (SECONDS), THEIR STANDARD ERRORS ANn 
DEVIATIONS FROM AVERAGE 

n = Number of observations used. For identification numbers of shocks, col. i, see Gutenberg, 

1944a, table I. 

Shock no. 

I, 2, 4, 5, 6 .......... 

8 to 17 .............. 

18 to 34 ............ 

36 to 45 . . . . . . . . . . . . .  
46 to 50 ............. 

I to 50.. ............ 

m 

28 
39 
30 
23 
18 

138 

Range  of A 

kin.  

254-537 
180-576 
169-566 
160-552 
174-546 

160-576 

V 

km/see .  

6.83 
7.O4 
6.92 
6.93 
6.86 

6.946 

? 
0 
2 
1 
8 

36 

Standard error 

09 
07 
05 
04 
04 

025 

Devia t ion  

a V a 

0,7 --0.12 --'1.2 
.5 +0.09 +0.6 
.4 --0.03 --0.2 
.3 -0.02 -0.3 

0.3 -0.09 --0.6 

0.18 

crease at rather  short distances, depending on the region (for details, see table 4 
and Gutenberg, 1944c), the data  are less plentiful than for the "major"  P phases. 
The observed travel times were t reated as were those for Py, etc., using the method 
of least squares; the results are given in table 1. The standard error of one obser- 
ra t ion  is 0.7 see. The differences between the various groups are within the limits 
of error. Too small a value of V (too great a slope of the travel-time curve) should be 
c.orrelated with too small a value for a; this explains the parallelism in the last two 
columns of table 1. In case of actual differences in V, it should be expected that  a 
will have a minimum in regions where V has a maximum, unless a greater thickness 
of the preceding layer compensates the effect of the greater velocity. 

For the whole region under consideration it may be assumed tha t  the travel time 
of Pmis  given by t = 4.4 - 0.1440 k. 

The phase designated by 8m in the earlier paper (Gutenberg, 1932) is now indi- 
eated by Sy (Gutenberg, 1944a), as there is little doubt  tha t  it corresponds to Py. 
In the par t  of the seismogram where the true Sm is to be expected, 47 observations 
at  distances between 203 and 549 kin. were made, 9 of them in shocks 1 to 6 (see 
figs. 3, 4, and 6, o, d, f). The data available are insufficient for least squares solutions 
using data  for individual areas. In particular, all da ta  from shocks 1 to 6 are from 
distances between 319 and 376 km. Two least squares solutions were made, one for 
all shocks and one for shocks 8 to 50 only. The solutions did not differ significantly. 
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The intercept time was the same, 6.9 4- 0.5 see., in both, and the resulting apparent 
velocity was 4.102 4- 0.023 km/sec, in shocks 8 to 50, 4.100 4- 0.023 km/see, using 
all data. The travel times of Sm thus may be represented by t = 6.9 ÷ 0.2439A. 
The standard error of one observation of Pm as well as Sm is 0.7 see. 

~INDINGS FOR THE LAYERS IN SOUTHERN ~ALIFORNIA 

The determination of the velocities and intercept times of the P or S waves may be 
used to find the thicknesses of the various layers. (For equations, see Gutenberg, 
1943a). For S waves, the effect of the "apparent origin time of S" (Gutenberg- 
Richter, 1943) must be considered individually for each phase. Table 2 contains the 
results, as well as other findings from the study of the fifty shocks. 

The total thickness of the layers above the MohoroviSid discontinuity increases 

T A B L E  2 

Tmc~N~SS d ( ~ . )  AND OTHER D~TA (SEE "SYMBOLS USED") FOB THE L~YE~S 
m SOUTHEBN CALIFORNIA 

p is assumed.  

D a t u m  

d from P ................. 
d from S ................. 

V, km/sec  . . . . . . . . . . . . . . .  
v, km/sec  . . . . . . . . . . . . . . . .  
V / v  . . . . . . . . . . . . . . . . . . . . .  

k . . . . . . . . . . . . . . . . . . . . . . .  
p . . . . . . . . . . . . . . . . . . . . . . .  

Granitic 

:7~ 
18 

5.58 
3.26 
1 . 7 1 2  

0.24 
2.9 X ]0 n 
4,6 X 1011 

2.7 

Layer 

First  intermediate 

15½ 
15 

6.03 
[ 3.64 

1. 657 
0.21 

3,8 X 1011 
5.4 X 10 n 

2.9 

Second intermediate 

Coastal Eastern 
region region Sierra 

4 11 30+  
2 7 30±  

6.91 
4.08 
1.694 
0.23 

5.2 X 1011 
7 . 9 ) 4  10 n 

3.1 

Beiow ~ohoroviSi, 
discontinuity 

8.0 
4.4 
1.811 
0.28 

6.4 X 1011 
12.6 X 1011 

3.3 

TABLE 3 

APPARENT VELOCITIES, INTERCEPT TIMES a, AND OTHER FREQUENTLY USED QUANTITIES 

All d a t a  refer to southern  California. Values in parentheses  are given for coasta l  regions. 

Data 

~Vav~ 
a V or v 1 / V  ( l /V)2  V~ 

Py . . . . . . . . . . . . . . . .  
P m  . . . . . . . . . . . . . . .  
Pn . . . . . . . . . . . . . . . .  

Sy . . . . . . . . . . . . . . . .  
S m . . . '  . . . . . . . . . . . .  
S n  . . . . . . . . . . . . . . . .  

0.0 
1,2 
4,4 
(6.2) 

-0.5 

2.1 

6.9 

(8~)  

5.577 
6.047 
6.946 
8.061 
3.261 
3.650 
4.100 
4.444 

0.1793 
01654 
0.1440 
0,1241 
0,3O66 
0.2740 
0.2439 
0.2250 

0.03215 
0.02733 
0.02074 
0.01539 
0.09400 
0.07508 
0.05949 
0.05063 

31 103 
36. 566 
48. 247 
64.97 
10.63 
13.32 
16,81 
19.75 
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from about 37 km. in the coastal areas to about 44 km. in the eastern mountain 
region and probably is more than 60 km. in the Sierra Nevada. The thickness of the 
first lwo layers seems to be the same throughout the whole area; the total of both 
combined is about 33 kin. 

Down to a depth of about 60 kin., the velocity seems to increase with depth within 
each laye r as an effect of the increasing pressure. For details, see Gutenberg (1944c). 
The values of V and v given in table 2 are the true velocities. The apparent velocities 
are summarized in table 3. 

GENERAL CONSIDERATIONS CONCERNING AMPLITUDES OF REFLECTED 

" AND REFRACTED WAVES 

The ground displacement D due to a body wave is given approximately by 

D = CTQ 1-If.~/[ d cos ih/dA[ (1) 
[ 

A cos i0 

where C depends on the energy of the shock and the units used, T = period, ih and 
i0 are angles of incidence at  the source and surface respectively, A = epicentral 
distance. I I f =  product  of all factors f which are the square roots of the ratio of the 
reflected or refracted to the incident energy at each discontinuity encountered by  
the wave; for details see Gutenberg (1944b), which contains characteristic values 
of f as well as of Q-- the  ratio between ground displacement (horizontal or vertical) 
and incident amplitude. 

In general, there are three major factors which determine the relative amplitudes 
of the various waves in a seismogram at  a given distance: CT, IIf, and (d cos ih/dA). 
The first depends on the original energy of the wave; the second indicates the loss 
of energy at  reflections and refractions; the third, the zone on the earth 's  surface 
which received a given small fraction of the original energy. Of course, the other 
quantities cannot be neglected, but  usually their differences are relatively smaller. 

Aside from the magnitude of the'shock, CT depends on the type of wave--P ,  SIt, 
or SV; the S waves start  out with more energy than the P waves (see next section). 
Usually, f is near unity for refracted waves of the same type as the incident wave, 
and also for reflected waves of the same type if there is no refracted wave of the same 
type ("total  reflection"). The following rules (with exceptions) may  serve as a guide 
in considering the various possible reflected and refracted waves in seismograms of 
near-by shocks. 

1. If a wave starts out as a P wave, at a reflection or refraction at  an internal dis- 
continuity, usually too little energy is t ransmitted into an S wave to produce an 
outstanding phase in the seismogram. However, an original S wave may lose more 
than 90 per cent of its energy at  a reflection or refraction into a P wave, and yet, 
under favorable circumstances, may produce an impulse exceeding those in the 
direct P waves. 

2. In waves reflected at  internal discontinuities, the resulting amplitudes are Often 
relatively small at the shorter distances, then increase when the critical angle for 
total reflection is approached, but  decrease later as (d cos ih/dA) is decreasing rather  
rapidly when the angle of incidence of the reflected wave approaches 90°; this latter 
decrease is most rapid for a change from an incident S wave into a reflected P wave. 
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3. In reflections at the surface of the earth, the angles of incidence are usually 
such that most of the energy of an incident P wave is reflected into S, and vice 
versa. 

Aside from these rules, there are other reasons which sometimes make it unneces- 
sary to discuss certain combinations in the present paper. The distances at which 
some of the waves arrive are beyond the range discussed here; examples are PSn, 
PySn, PnSn (see, besides, rule 1). Certain other combinations are impossible since 
the sine of the angle of incidence of the reflected or refracted wave would be always 
greater than 1. 

It should be pointed out that all calculations are made on the assumption that 
the energy flow at the source does not depend on the direction; this is certainly 
incorrect, but, on the average, effects of the mechanism of a shock are small as 
compared with other quantities involved in the calculation. Since generally the 
logarithm of the amplitudes is used in the present paper, differences amounting to a 
factor 2 in the amplitudes are "within the limits of error." The effect of variation of 
energy with azimuth is expected to be especially great when comparing P and S 
waves starting in about the same direction. Other errors may be introduced by the 
use of measurements from phases due to aftershocks or affected by complications 
along the wave path. 

THE AMPLITUDES OF THE DIRECT WAVES AND THE RATIO S / P  

Amplitudes of the direct waves have been used to investigate the change of wave 
velocity with depth (Gutenberg, 1944c). From all observations there were calculated 
the horizontal trace amplitudes which would have been recorded at the given dis- 
tance by a standard Wood-Anderson torsion seismograph (magnification 2,800, free 
period 0.8 see., damping constant 0.8) in a shock of magnitude 5 of the Richter 
magnitude scale. This procedure is followed throughout the present paper. A seismo- 
gram in which all phases were recorded with these amplitudes at a given distance 
is called "standard seismogram." This is for reference purposes only; no torsion 
seismograph can register on a single record the total horizontal components of the 
P, SV, and SH waves. 

Logarithms of the amplitudes of the major phases in a standard seismogram (from 
Gutenberg, 1944c) are reproduced in table 4. In addition, it was found that, for 
initial P waves in standard seismograms, log CT in equation (1) has approximately 
the value 2.0, if iX is measured in km., and (d cos i/d/X) per 100 km. As records of 
horizontal components only are used, Q has to be taken for the horizontal compo- 
nent, that is, the values for u in figure 3 of Gutenberg (194@) have to be used. 

The ratio of S/P in the standard seismogram depends on the original ratio of the 
energies going into P and S waves, the difference in the paths and in the values of f 
(which both are small), and on the difference in Q (eq. 1). For calculations of ampli- 
tudes, we need the original ratio of the energies entering into P, SV, and SH. To 
find them, in addition to S/P, we must know the ratio of the recorded SV/SH. This 
may be investigated either by using vertical components, which theoretically record 
only SV, but not SH, or by using seismograms corresponding to shocks originating 
nearly in the azimuth of one of the two horizontal instruments (usually N or E or S 
or W). To a first approximation it may be assumed that the component recording 
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the movement  in the direction of the source responds to SV only; the other, perpen- 
dicular, to SH-only. As the constants of the vertical components available are very 
different from those of the s tandard torsion seismographs, only the second method 

T A B L E  4 

I.OGARITHMS OF TRACE AMPLITUDES, IN MILLIMETERS,  AND AMI~LITUDE 

RATIOS IN A ~STANDARD SEISMOGRAM '~ 

Pm and Sm over coastal  (a) and over mounta in  (b) paths• 

Phase 

Py  . . . . . . . . .  
P m  (a) . . . . .  

(b) . . . . .  
P n  . . . . . . . . .  

Sy . . . . . . . .  
Sm (a) . . . .  
S n  . . . . . . . .  

100 

1.2 
0.5 

1.9 
1.7 

g/P . . . . . . . .  0.9 0.7 
S y / P y  . . . . . . . .  1.2 
S m / P m  . . . . . . .  
S n / P n  . . . . . .  

150 , 200 

1.0 0.7 
0.8 0.6 
. . .  0.4 
. . .  (0.6) 

(0.2) 0.0 

1.8 1,4 
1.5 1.3 
. . .  0.8 
1.2 1.0 

0.8 0.7 
0.7 0.7 
. . .  0.4 
1.2 1.0 

250 

0.6 
0.5 
0.0 
0.4 

- 0 . 3  

1.2 
1.2 
0.8 
0 7  

0.6 
0.7 
0.8 
1.0 

A (kin.) 

300 

0.5 
0.2 

--0.6 
--0.1 
--0.5 

1.1 
1.0 
0.5 
0.3 

0.6 
0.8 
1.1 
0.8 

350 

0.1 
0.0 

--0.7 
--0.5 
--0.5 

0.7 
0.5 
0.2 
0.2 

0.6 
0.5 
0.9 
0.7 

400 

0.0 
- 0 2  
--0.7 
. - 0 . 7  
- 0 . 7  

0.6 
0.3 
0.1 
0.1 

0.6 
0.5 
0.8 
0.8 

500 

- 0 . 4  
- 0 . 5  

- 1 . 0  

0.3 
0.1 

- 0 . 1  

0.7 
0.6 

0 9  

600 

- -1 .2  

800 

(-1.7 

T A B L E  5 

DATA CONCERNING S H / S V  AND S / P  

A = average dis tance in km. ; n = number  of observat ions;  error  = s tandard  error  of the  average 
observed S H / S V .  (SH/SV)h  refers to the source. 

I t em for which data are given 

S H / S V  . . . . . . . . . . . . . . . . . . . . . . .  
Error  . . . . . . . . . . . . . . . . . . . . . . . .  
n . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

( S H / S V ) ~  . . . . . . . . . . . . . . . . . . .  

Log S / P  . . . . . . . . . . . . . . . . . . . . .  

Data for S from Data for S from Sy 

A 

45 

2.0 
0.3 
9 
0.6 
0.9 

60 

1.4 
0.3 
7 
0.4 
0.8 

9O 

1.9 
0.2 

10 
0.4 
0.7 

120 

1.7 
0.5 
3 
O6 
1.0 

160 

1.0 
0.1 

14 
0.3 
0.7 

210 

1.2 
0.1 
7 
0.4 
0.7 

310 390 

~ 1 . 0  
0.2 
8 
0.3 
0.7 

1.6 
0.1 
8 
0.5 
0.5 

w a s  a p p l i e d .  T h e  f i r s t  l i ne  u n d e r  t h e  h e a d i n g s  of  t a b l e  5 g i v e s  t h e  a v e r a g e  o b s e r v e d  

v a l u e s  fo r  S H / S V .  T h e  l a s t  c o l u m n  ( k  = 3 9 0 4 -  k m . )  is t a k e n  f r o m  s h o c k s  1 t o  7 

( O w e n s  V a l l e y ) ,  a l l  o t h e r s  c o n t a i n  o n l y  d a t a  f r o m  s h o c k s  8 to  50. 

T h e  a n g l e  of  i n c i d e n c e  of  S i n c r e a s e s  f r o m  a b o u t  65 ° t o  a b o u t  78 °, w i t h  a n  i n c r e a s e  

of  A f r o m  45 t o  90  k m .  T h e  c o r r e s p o n d i n g  v a l u e  fo r  u in  S V  d e c r e a s e s  f r o m  a b o u t  

0 .5  t o  0.3 o v e r  t h e  s a m e  r a n g e  ( G u t e n b e r g ,  1944b, fig. 3, b ) .  As  u is a l w a y s  2.0 fo r  



144 BULLETIN OF THE SEIS~IOLOGICAL SOCIETY OF AMERICA 

SH, it follows that at the source (subscript "h") the ratio (SH/SV)~ is about 0.4. 
The calculated values, also for Sy (3' = 67°±, u = 0.5 for SV), are given in the fourth 
line of table 5. In the last line of table 5 the average values log S /P  are repeated from 
table 4. As, in general, the recorded SH exceeds the recorded SV, we may assume 
that this last line gives the observed SH/P. up varies between 1.8 and 1.6 over the 
range of A covered by the table, log (UsH/U~) iS about 0.1, and, consequently, at the 
source the average log (SH/P)~ = 0.64.. Combining this with log (SH/SV)~ = 
-0 .44. ,  we find log (SK/P)h -- ].04-. Thus, for calculations referring to the stan- 
dard seismograms we have the following approximate values for CT in equation (1). 

ForP:  logCT = 2.0 SV: logCT = 3.0 SH: logCT = 2.6 (2) 

These values will be used mainly to investigate whether a particular wave may 
probably be observed. They are approximate only. Aside from the rather small body 
of data on which they are based, it must be pointed out again that the direction in 
which the energy leaves the source plays an important role. In an earthquake with 
prevailing vertical fault movements the ratio S Y / S H  should be different from that 
in a shock with mainly horizontal movements. A possible source of systematic error 
may be contained in the implicit assumption that torsion seismographs record the 
relatively small horizontal ground displacements in the SV waves of the direct S 
phases without being influenced by the much larger vertical movements. This may 
have led to too large a value for CT in the SV waves. Consequently, not too much 
weight should be given to the result that more energy seems to have gone into the 
SV waves than into SH waves. The effect on other calculations in the present paper 
should usually be negligible. 

In dealing with the energy (and sometimes with amplitudes), differences in the 
wave period must be considered. Since the periods in the S waves are roughly twice 
those in the P waves, the SH waves seem to carry about four times and the SV waves 
more than twenty times the energy of the P waves. However, these values give only 
the order of magnitude of the quantities involved. 

WAVES I~EFLECTED AT AN INTERNAL DISCONTINUITY 

General remar]cs.--The travel times t of waves are given by the sum of terms 
(d/v cos i), where d = thickness of the individual layer, v = wave velocity (longi- 
tudinal or transverse, as the case may be), and i = angle of incidence, supposed to 
be constant throughout the layer. The corresponding epicentral distance 4, meas- 
ured along the surface of the earth, is given similarly by a sum of terms (d tan i). 
All sums are to be taken from the source to the station. 

To a first approximation the amplitudes of the waves are given by equation (1). 
Serious errors may arise when somewhere along the path the wave is traveling close 
to a discontinuity in the mediumwith higher velocity, or when the wave length does 
not exceed the thickness of the layer. In the first ease, the true amplitudes may be 
considerably larger than the calculated amplitudes; in the second, the result will 
depend on the special conditions, and the true amplitudes may be either larger or 
smaller than the calculated. 

P83P.--If the source is at the bottom of the granitic layer, the first group of 
waves to be considered are those reflected from the lower boundary of the first 
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intermediate layer at a depth of 33 km. Four different phases are theoretically 
possible: P33P, $33S, P33S, and $33P. Travel times and distances of P33P are 
givenby 

t - 3.227 -/- 4.962. A = t8 tan i~ + 30 tan i2 (3) 
cos i~ cos i2 

The angles of incidence are connected, as in all calculations, by Snell's law. Travel- 
time curves and observations may be found in figure 1, and seismograms showing 

30 3() 410 A, KM'->" 5'0 6'0 7'0 8'0 9~0 
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. . i - / - ~ '  . . ~ 1 - - f  A SHOCKS NO. S - 5 0  × PAPER 1932 

Fig. 1. Calculated and observed travel  t imes for southern California. 

this phase in figure 5. P33P should approach Py with increasing A and end at the 
same point as this phase. Beyond A = 100 kin. it is too close to P and Py to be 
discriminable. For P33P waves arriving at distances of less than about 40 kin. 
(depending on the curvature of the rays), very little energy is reflected from the 
discontinuity; in those arriving beyond about 70 kin., practically all the original 
energy remains with this wave. If A increases from 50 to 100 kin., il increases 
from about 43 ° to 58 °, i2 from 48 ° to 64 °, the squaie root in equation (1) decreases 
from about 0.15 to about 0.1, and Q is about la~ throughout (Gutenberg, 1944b, 
fig. 3, a). The value of the logarithm of the amplitude in the standard seismogram 
should increase from about 1~ at  A = 50 kin. to 1 ~  at 70 kin. and should decrease 
to about 11~ at  100 kin. The fact that  the periods of P33P are, on the average, 

• almost twice those of P, should result in an increase in the amplitudes of P33P 
by a factor of nearly 2. On the average, P33P should be about as large as P (table 4) 
between 70 and 100 kin., but smaller at shorter distances, about one-fifth of 
at 50 kin. 

The average observed times (17 instances) are 0.1 :t: 0.2 see. later than the cal- 
culated, with standard error of 0.6 sec. for one observation. The logarithm of the 
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average observed amplitudes between 50 and 100 km. (reduced to the standard 
seismogram) is 1.6 4- 0.2. This corresponds well with the calculated value of about 
1.4, if it is considered that  no measurements were made when, owing to relatively 
small amplitudes, P33P was not clearly recorded. 

S88S.--This is the corresponding S phase. The travel times are given by 

5.52 8.22 
I - ~- k = 18 tan j1 + 30 tan j2 (4) 

cos j1 cos j2 

I t  is related to Sy as P33P is to Py. The quantities for the calculation of the ampli- 
tudes are approximately the same as for P33P, except that  log CTQ does not exceed 
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13,0 '40 '50 A,KM-~  160 170 , 

Fig. 2. Calculated mid observed travel thnes for southern California. 

2.7 for SV and is 2.9 for SH, as compared with 2.2 for P33P. Thus, it is to be expected 
that  the SH component of $33S should be larger than the SV component, and that  
log $33S should be about 0.7 greater than log P33P. On the average, for epicentral 
distances between about 60 and 100 km., $33S should be about as large as or 
slightly larger than S. 

$33S was first observed by Wood and Richter (1931; '%" in fig. 3, p. 195), who 
identified it correctly as a reflected S phase. For the reflecting surface, they found a 
depth of only 24 km., assuming h = 13 km. and a velocity of 3.25 km/see, down to 
the reflecting surface, both now known to be too small. Besides, the arrival time of 
$33S at  Pasadena seems to have been rather early; under the present assumption 
it is 11/~ see. below the calculated curve (fig. 1). At the other stations, this difference 
is only ~ see. (Mount Wilson) and 1/~ see. (Riverside). Small errors in the location 
of the epicenter and origin time may have contributed to the result, as well as local 
effects. I t  also should be noted that  the impulse at Pasadena is rather large for the 
distance of about 27 km. $33S is frequently recorded in the seismograms investi- 
gated in the present paper . (fig. 5) ; the observed travel times (fig. 1) and the ampli- 
tudes fit as well as can be expected. 
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S32P.--There are two w~ves reflected f rom the discont inui ty  at  33 kin. depth,  
with a change in wave t ype :  P33S and 833P. P33S need not  be considered since it 
follows $33P closely and is ra ther  sm~ll (rule 1, general remarks).  The  t ravel  t imes 
of $33P are given by  

4.11 2.48 3.23 
t - ~- ~- - -  A = 15 t an  j2 -~ 15 t an  i2 ~- 18 t an  i~ (5) 

cos j2 cos i2 cos i~ 
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For the calculation of the amplitudes in the standard seismogram, log CT is aboug 
3.0 (starting as SV), log Q = 0.2, the square root in equation (1) decreases from 
about 0.i4 at A = 30 km. to 0.05 at about 80 kin., and 0.01 at. about 190 km. The 
produet o f f  increases from about 0.1 at A = 50 kin. to a maximum near 0.2, as 
approaches 100 km., and then decreases again, reaching 0.1 at A beyond 200 kin. 
The calculated logarithm of the trace amplitude is between 1 and 11/~ at distances 
from 30 to 140 km., and decreases beyond there. Thus, the amplitude of $33P 
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Fig. 4'. CaleulaLed and observed travel times for southern California. 

recorded by horizontal seismographs at distances between about 75 to 150 km. 
should be of the same order of magnitude as that of P (table 4), but smaller at shorter 
as well as longer distances. $33P should end at about A -- 200 km. (end of Py at 
about 300 km., additional part from surface to depth of 18 kin. corresponds to about 
40 kin. in A; maximum horizontal distance of the longitudinal part of $33P about 
1/~ (300 -t- 40) = 170;'S part corresponds to about A = 20 km.). This result (fig. 3) 
and also the observed amplitudes (fig. 6, a) and travel times (figs. 1 and 2) agree 
with observations. $33P is one of the several rather strong phases which frequently 
produce an almost continuous group of waves following P within a few seconds of 
each other, at distances from about 70 to beyond 200 km. (fig. 6, b). 

Waves reflected from the MohoroviSid discontinuity.--Phases similar to those re- 
fleeted from the bottom of the first intermediate layer which we have just discussed 
are to be expected from reflection at the bottom of the second.intermediate layer, 
the MohoroviSi6 discontinuity. While the bottom of the first is at approximately 
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the same depth of 33 kin. everywhere in southern California, the depth of the Mo- 
horovi6id discontinuity varies from about 37 kin. in the coastal areas to perhaps 
more than 60 km. under the Sierra Nevada. Consequently we have to expect local 
variations in travel times for these waves. For the coastal areas, we have the follow- 
ing travel times: 

P37P: t -  3.23 ÷ 4.96 ~ _ _ _  
COS il  COS ~2 Cos i~ 

$37S: t -  5.52 + 8.22 + 1.9__5_5 
cos jl cos y2 cos j3 

].15 
A = 18 tan il + 30 tan i2 -t- 8 tan i3 (6) 

A = 18 tan jl + 30 tan j2 + 8 tan j3 (7) 

S$7P.--The travel time is found by adding 0.58/cos ia ÷ 0.98/cos ja to the times, 
and 4 tan i3 + 4 tan ja to the distances of $33P, equation (5). In general, these 
waves follow the corresponding wave reflected at  a depth of 33 kin. by from 1 to 
2 seconds (figs. 1, 2) and are scarcely discriminable from it. They produce an appar- 
ent multiplicity of P33P, etc. (fig. 5). Their amplitudes are expected normally to be 
somewhat smaller than those of the corresponding reflections at  33 km. and must 
depend o~ the local conditions as also the distance at which they end. This is similar 
to what has been found for Pm (table 4). 

Reflected waves with change of type" at a refraction.--As before, we can neglect waves 
starting as a longitudinal wave. There is only one kind of wave reflected at  a depth 
of 33 kin. which is to be considered here, $33S18P. I ts  travel times are given by 

8.22 3.23 
t .cos j2 + cos--il A = 30tanj2 ~- 18tan i l  (8) 

I t  belongs to the later waves in the group following P (figs. 1, 2) and usually cannot 
be identified individually (fig. 6, b). At A = 100 kin., the following approximate 
quantities are to be introduced in equation (1) for the calculation of the amplitudes : 
log CT = 3.0; log Q = 0.2; product o f f  about 0.1 ; change of cos ih with A about 0.02 
per 100 kin. ; l /cos i0 = 4. This gives a logarithm of the trace amplitude for the stan- 
dard seismogram of about 1.1; the wave should have an amplitude of roughly 
tha t  of ~.  

Other waves of this group are S33P37P, $37S33P, $37S18P. All these waves are 
expected to have amplitudes reaching between ~ and ~ of P at the opt imum dis- 
tan'ces (order of 80 kin.). The first is between $33P and $37P, the second follows 
$37P (fig. 1) ; both are members of the group of waves in .the '"tail" of P (fig. 1). 
$37S18P is superimposed on the S group at those distances at which its amplitudes 
are relatively largest, and probably does not stand out except under especially 
favorable circumstances. 

Waves reflected from hypothetical bottom of crystalline crust.--The rapid decrease 
of amplitudes in Pn and Sn at distances of a few hundred kin., and other phenomena, 
indicate that  at a depth of roughly 80 kin. there is a change which suggests that  the  
melting point of the material is  reached (Gutenberg, 1944c). Waves reflected from 
the corresponding discontinuity are to be expected. I t  seems likely that  the elastic 
constants and the density in the glassy state are smaller than in the crystalline ma- 
terial by about the same percentage, resulting in roughly the same wave velocities in 
both. 
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As the accurate depth of the discontinuity is not known, no exact travel  times for 
the reflected waves can be calculated. However,  the errors decrease with distance, 
and for epicentral distances beyond 200 kin. cannot  be significant if the discontinuity 
is not too far from the assumed depth of 80 kin. The most  prominent  reflected waves 

TABLE 6 
DATA CONCERNING FIGURES 5 AND 6 

Instruments: A = standard, B = long-period Wood-Anderson torsion seismograph; Z = short- 
period Benioff vertical. Azimuths are measured at epicenter from north toward east. 

Fig. 
no. 

5a  

5b 
5e 
5d 
5e 
5f 
5g 
5h 
5i 

6a 
6b 
6e 
6d 
6e 
6f 
6g 
6h 
6i 

Shock 
no. 

25 
21 

34 
28 
41 
40 

14 
9 

I 9 

22 
2 

48 
2 

10 
11 

Region of epicenter 
(Details: Gutenberg. 1943c) 

Inglewood fault 
Inglewood fault. 
{ Three aftershocks } o f  no. 26 

Inglewood fault 
Elsinore. 
Riverside 
Little San Bernardino Mts.. 
Little San Bernardino Mrs.. 

Tejon Pass. 
Inyokern. 
Inyokern. 
Inglewood fault. 
Northern Owens Valley. 
Cuyamaea... 
Northern Owens Valley . . . .  
Boulder City. 
Ludlow, Mojave Desert• 

Station 

Pasadena 
Pasadena 

Mount Wilson 

Pasadena 
Pasadena 
Riverside 
Riverside 

Riverside 
Riverside 
Boulder City 
Fresno 
Santa Barbara 

• I Haiwee 
• Pasadena 

La Jolla 
Tucson 

Instr., 
comp. 

B; E-W 
B; E-W 

A; E-W 

B; E-W 
A; N-S 
A; N-S 
A; E-W 

A; N-S 
A; N-S 
A; E-W 
A; N-S 
A; N-S 
A; E-W 
A; N-S 
A; E-W 
Z 

Distance, 
km. 

41 
47 

504- 

75 
77 
97 
97 

180 
185 
260 
360 
364 
375 
390 
411 
577 

Azimuth, 
deg. 

0 

10 

. 5 4 -  

310 
275 
270 
270 

30 
170 
80 
0 

195 
340 
170 
215 
110 

to be expected are P80P and S80S. S80P should be near P a t  distances of about  300 
kin., and near Py  a t  its end, approaching 400 kin., but  its amplitudes are expected 
to be only of the order of one-tenth of these phases. 

P80P should approach Pn with increasing distance, and SS0S similarly should 
follow Sn. The t ime interval P 80P -P n  decreases from about  5 see. at  A = 100 km. 
to 3 sec. at  250 and 2 see. at  about  450 kin. ; the corresponding values for S80S:Sn 
are between twice arid three times these figures. At A = 150 km., both  reflected 
waves scarcely exceed one-tenth of the preceding direct phases. Their  amplitudes 
decrease with distance much more slowly than  those of the direct waves, and a t  
A = 800 kin. both  m a y  have amplitudes of the same order of magnitude as the 
respective preceding Pn and Sn waves. Under favorable conditions they may  be 
taken for the phases "Px" (to be discussed later) and "Sx." There is little hope tha t  
P80P or S80S m a y  be used to prove the existence of the hypothetical  discontinuity 
or to determine its actual depth. 
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WAVES REFLECTED AT TEE SURFACE OF THE EARTH 

Waves traveling in the granitic layer only.--If the source is at the bottom of the gra- 
nitic layer, PP and SS consist of a single point each, at three times the distance at 
which the corresponding direct wave ends. PS is impossible (sin i > 1). SP should 
follow P after about 4 ~  see. at  distances between 100 and 300 kin., but should be 
much smaller than P, since (d cos j/dA) is only of the order of 0.001, and f decreases 
toward zero with increasing distance. 

Reflected longitudinal waves.--There seem to be no longitudinal waves reflected at 
the surface which are large enough to be clearly recorded in seismograms of local 
shocks under usual conditions. Those starting with P which carry enough energy to 
be discriminable are of the type PSn and emerge at distances beyond those discussed 
in the present paper. PyPy  has an angle of incidence of about 67 °, and receives little 
energy at the point of reflection; practically all the energy is reflected into PySn. 
This is true, similarly, for PmPm (i = 53°4 -) and PmSn respectively. PnPn, with 
an angle of incidence of about 45 °, has a factor f of about ~ at the point of reflection; 
its amplitudes would be less than 0.2 of the amplitudes of Pn at half the distance at 
which it emerges. I t  is due to arrive during the later part of the P group; its ampli- 
tudes cannot be expected to exceed noticeably those of the general disturbance of the 
seismogram, owing to various causes, at its time of arrival. 

Reflected transverse waves; general remarks.--The conditions are entirely different 
for the reflected transverse waves. The angles of incidence at the point of reflection 
f~'equently are greater than the critical angle (36°±), and all the energy of the arriv- 
ing SV waves goes into the reflected transverse wave. Reflected SH waves always 
carry all the incident energy. In all instances of total reflection the resulting wave 
has roughly one-half the amplitude of the direct wave at half the distance; similarly, 
a twice reflected wave has about one-third the amplitude of the direct wave at 
one-third of the distance. All quantities are roughly the same, except for. A and 
• (d cos i/dA) ; in SS, the latter has a value of about one-half that  for S at half the 
distance. 

The travel-time difference between an SS wave and the corresponding S wave is 
given by 

h cOSj l  
a = ~ + - -  ( 9 )  

Vl 

where ~ = intercept time of the S wave. SSS follows SS by the same amount 8. 
SySy and SySySy.--The intercept time of Sy relative to the "origin time of S" 

is 2.6 see., and 2.1 sec. relative to that  of P. The effect of the faulting process on the 
arrival time of Sy is probably smaller than on S, for which it is about 0.5 see. 
(Gutenberg-Richter, 1943). If we assume 0.3 see. for Sy (j = 67°), we have r = 2.4 
sec. Taking h = 18 kin., jl  = 67 °, we find from (9) that  SySy should follow Sy after 
about 4.6 see., and SySySy should arrive about 9.2 see. after Sy. At A = 200 kin. 
the amplitudes of SySy should be about equal to those of Sy, at 300 kin. they should 
be slightly larger than those of Sy, and from A = 400 to 500 km., SySy as well as 
SySySy should have roughly four or five times the trace amplitudes of Sy. The 
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observations (figs. 4, 6, d-h)  confirm the theoretical results in every respect. SySy 
was more frequently measured than  Sy at distances beyond 400 km. 

Observed t ime intervals are given in table 7. The data for the fourth line were 
taken from Gutenberg (1932). The resulting value ~ = 4.4 see. may  be used to 
calculate h, the depth of focus, from (9). Using r = 2.4 sec., as before, the result is 
h = 17 kin. This can be considered a good check, as an error in the assumed r by 
0.1 see. (or a similar error in ~) changes the resulting h by  0.8 km. On the other hand, 
assuming tha t  the apparent  velocity of the waves is 3.65 kin/see, as found for Sy, 
the observed travel  t imes of SySy permit  the calculation of ~ + ~, while those of 
SySySy give r + 2& The combination of both  results in r = 2.1 ± 1.2 (relative to 

TABLE 7 
TIME DIFFERENCES SySy-Sy (~ i~r SECONDS) AND SySySy-Sy (25) 

n = number of observations 

S y S y  -- Sy  S y S y S y  - Sy  
Shock nos. 

8-50 . . . . . . . . . . . . . . . . .  
8-50 . . . . . . . . . . . . . . . .  
1-6 . . . . . . . . . . . . . . . . . .  
(1932) . . . . . . . . . . . . . . .  

1-50 . . . . . . . . . . . . . . . . .  

Rallge of L 

284-400 
400-849 
376-537 
257-606 

284 849 

41 
24 
24 
7 

89 

4.5 4- 0.7 
4.6 4- 0.7 
4.1 4- 0.8 
4.5 4- 1.7 

4.44-0.7 

Range of A 

387-473 
544-818 
390-932 

387-932 

n 

12 
10 
5 

27 

26 

8.5 4- 1.0 
9.2 ! 0.8 
8.8 4- 1.0 

8.8 :t: 0.9 

the origin t ime of P)  and ~ = 4.4 4- 1.2 see. Finally, the values of ~ agree within the 
limits of error among the various regional groups. This indicates tha t  the depth of 
focus does not differ in the various areas beyond the limits of errors involved in 
the method.  

Other phases of the type SS and SSS.--SmSm should follow Sm after about  10 see. 
At  distances of less than  about  500 km., it arrives later than Sy and may  produce an 
apparent  multiplicity of this phase (fig. 6, h) ; its ampli tude should be slightly larger 
than tha t  of Sy at  distances between 400 and 500 km. ; beyond 500 kin., SmSm pre- 
cedes Sy, but  both  phases are relatively small. SmSmSm is to be expected in the 
group of waves produced by  S and SySy which have much larger amplitudes. 

Equat ion (9) gives ~ = 12=~ see. for S n S n - S n  beneath  the coastal regions of 
southern California, and more beneath mountain  regions. At distances between 600 
and 900 km., the recorded SnSn should exceed Sn; beyond A = 400 kin., both  phases 
cannot  be expected to be observable on torsion seismograph records of shocks of 
magni tude less than  5. SnSn possibly was recorded by  the short-period Benioff 
vertical seismograph at Tucson in shocks 8 and 17 (magnitudes 5 and 6, A = 762 
and 849 kin., ~ -- 1 5 ±  and 11~: see. respectively). I t  also m a y  explain the observa- 
tion tha t  shocks in the region of Eureka,  recorded at  Pasadena (A about  950 km.), 
show an S "usually consisting of two sharp phases about  10 seconds apart ,  the later 
having the larger ampli tude"  (Gutenberg-Richter,  1935, p. 343). 

Another phase of the SS type which may  be observable is the $33S wave after a 
reflection at  the surface. The most  favorable distances for observation are between 
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100 and 200 km. ; for shorter distances, only part of the original energy goes into 
$33SS33S, for larger distances it arrives too near to S. The travel times are plotted 
in figure 7. It is a late phase, and normally relatively large amplitudes are found 
where it is to be expected, but the fact that it is superimposed on other S phases 
and surface waves usually makes it impossible to fix any time of beginning. 

Waves which have traveled in the granitic layer only, before their reflection at the sur- 
faee.--The large majority of the possible combinations belonging to this group are 
expected to have too small amplitudes to be of significance. Those traveling after 
the reflection in the granitic layer only have been discussed already. Waves having 
their deepest point within a layer will be discussed in the next section. Hence we 
have, here, to deal only with waves reflected from the bottom of a layer. 

There seems to be no phase in this group beginning with P large enough to be of 
importance. PP18P follows P, but is much smaller. This is true, too, for PP33P, 
PP37P, PS18S, etc., which are still later. 

For waves starting as S and continuing as P waves after reflection at the surface, 
the conditions are favorable if the angle of incidence at the surface is between about 
15 ° and 35 °. Most of the arriving energy is then reflected into a longitudinal wave. 
For SP18P this condition, as well as that for practically total reflection at the bottom 
of the granitic layer, is fulfilled for waves arriving at distances between about 90 
and 200 kin. (For similar reasons, neither SP18S nor SS18P should be large.) The 
travel times of SP18P are given by 

5.52 6.45 
t = . ÷ - - -  h = 18 ( tanj  q- 2 tani )  (10) 

cos 3 cos i 

It  is one of the later phases, following P (figs. l, 2, 3) and for most distances so close 
to other phases that it cannot be identified individually. Its amplitudes should be of 
the same order of magnitude as those of P. At distances between 100 and 250 kin. 
it is within 1 see. of the curve "d," previously found for southern California shocks 
(Gutenberg, 1932; figs. 8-10 of that paper show seismograms containing this phase 
and give characteristic examples of the movement following P. However, it should be 
pointed out that seismograms recorded at Santa Barbara--as usual with stations 
near the coast--show more vibrations than the other stations, owing to the effect 
of water-saturated unconsolidated sediments below the station). 

Phases similar to SP18P are SP33P and SP37P. Both have amplitudes of the same 
order of magnitude as P, and the first is possibly even larger near A = 150 km. The 
travel time of SP33P is found by adding (4.96/cos i2) to the value of t, and (30 tan i2) 
to that for A in equation (10). For coastal paths, the travel times of SP37P are found 
by adding, further, (1.15/cos i3) and (8 tan is) respectively. Both phases belong 
to the group after P. Over paths beneath the coastal areas, SP37P should decrease 
rapidly if A approaches 200 km. As a number of observations fit the calculated curve 
at distances beyond 240 km. (fig. 3) the paths corresponding to these points were 
investigated. All points but one were taken from records at Haiwee and belong to 
paths beneath mountains. The remaining point is from the record of shock 31 (San 
Berna'dino Mountains) at Santa Barbara; the path is mainly under mountain 
ranges, but the phase may well be one of the freak impulses at Santa Barbara, 
mentioned above. 



REFLECTED ANTD ~IINOR P}-IASES IN RECORDS 157 

Phases of this group traveling as transverse waves only, seem to be of little im- 
portance. SS18S follows S after about 4 see. at A = 120 kin. ; the interval decreases 
to less than 2 sec. beyond 200 km. The amplitudes of SS18S rarely should reach 
those of S. This is true, too, for phases 8S33S and SS37S which follow S closely if 
A is small and are between SySy and S for greater A. 

Phases which start downward h°om the source and are reflected when they reach 
the surface of the earth arrive rather late and lose too much energy to stand out 
above the rather large disturbance produced by the S waves and the surface waves. 
A possible exception is $33SS33S, which has been mentioned already. One or the 
other of such waves may contribute to the movements following the S waves. How- 
ever, there is a difference between the "tail of P" and the movement following S. 
The former consists mainly of waves which have started out as S waves and, in 
spite of loss of energy at reflections and refraetio.ns, are of the same order of magni- 
tude as the "direct" P waves; the movement forming the tail of the S group probably 
consists largely of surface waves. 

MINOR REFRACTED WAVES HAVING THEIR DEEPEST POINT WITHIN- A LAYER 

General remarks.--Refraeted waves traveling along their whole path as P or SV or 
SH have been discussed previously. At discontinuities little energy is refracted from 
an arriving P wave into SV, and vice versa. Consequently, waves in which an original 
P wave is refracted into an S wave are too small for observation, and only waves 
starting with SV and arriving earlier than S need to be considered. Another limita- 
tion arises from the fact that at the deepest point the sine of th e angle of incidence 
is 1. No transverse path there is possible, since otherwise sin i of any longitudinal 
section would be greater than 1. Thus, there remain for consideration in the present 
section only waves starting as S waves which are transformed into P waves before 
they pass through the deepest layer. 

S33P33P.--Following the refraction at the discontinuity at 33 km., these waves 
travel along the same path as Pro. Their travel times and distances differ from those 
of Pm by 

15 ( lcosj2 V., cosl £)i and 15 (tan j2 - tan @ (11) 

respectively. With sin j2 = 0.5256, sin i2 = 0.8708, it follows that t is shortened by 
0.22 see., and A by 17.2 kin. This difference in distance corresponds to a difference 
of 2.48 sec. in travel time of Pro. Consequently, S33P33P should follow Pm by 
2.48 0.22 = 2.3 see. Up to almost 300 kin., it follows closely the larger Py; beyond, 
it precedes Py. In general, its amplitude should be of the same order of magnitude 
as that of Pro. As this is rather small beyond A = 300 kin. (table 4), S33P33P in 
general is not a conspicuous phase. 

S33P37P37P, S37P37P, and Px.--There remain two waves, S37P37P and 
S33P37P37P. Both have paths coinciding with that of Pn except for the beginning. 
They start as SV waves and are related to Pn in a way similar to the relation of 
833P33P to Pro. In the first the transition from S to P occurs at the discontinuity 
at 33 kin. depth, in the second at the Mohorovi6id discontinuity (depth 37 km. 
beneath the coastal areas, elsewhere greater). For 833P37P37P the time differences 
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relative to Pn are given by (11), but now sin j2 = 0.4526, sin i2 = 0.7498; the travel 
time of S33P37P37P exceeds that of Pn by 0.86 see., the corresponding distance is 
shortened by 9.38 kin. It should follow Pn after 1.16 n a 0.86 = 2.0 see. 

The angle of incidence of S at the depth of 33 km. is about 27°2 The corresponding 
value o f f  (eq. 1) is about 0.1, and (IIf) for S33P37P37P about one-tenth of that for 
Pn; CT is about 10 times that of Pn, the square root in equation (1) about0.8 of 
that for Pn, a n d  Q is about the same for both. Consequently, on the average, 
S33P37P37P should be slightly smaller than Pn. 

For S37P37P, an additional increase in travel time results from the transverse 
path in the second layer. Since the thickness of this layer depends on the locality, 
the time interval S37P37P-Pn is expected to depend on the wave path. I t  should 
be about 31~ sec. in the coastal areas, but greater along paths under mountains. 
For the calculation of the amplitude ratio, about the same factors enter as given for 
S33P37P37P, except that now (IIf) is someivhat greater. In general, S37P37P should 
be of the same order of magnitude as Pn. However, all three waves discussed in this 
section may occasionally have amplitudes exceeding those of the direct wave which 
they follow, if the mechanism of the shock produces a relatively large amount of 
shearing energy in the direction in which the original S wave sets out. The two 
waves following Pn then may have noticeably greater amplitudes than Pn and may 
be measured as the phase known as "Px." 

The wave Px was observed first by V. Conrad and was studied in seismograms of 
southern California shocks by Gutenberg (1932, p. 23). Its travel times seemed to 
increase with distance, but it is evident now that some of the Px waves found at 
shorter distances really were Py waves or other phases. In the study of the present 
shocks, Px was found occasionally with amplitudes about five times those of Pn 
(fig. 6, i), but frequently it could not be detected at all. In 21 records (including 2 
with two phases) the time interval Pn-Px was measured and found nine times to be 
0.9 to 1.5 sec.; eight times, 1.9 to 2.5 see. ; and six times, 2.9 to 4.0 sec. There seems 
to be no effect of distance (between 367 and 818 kin.) on the time of arrival. Some 
waves of the first group may be due to instances of PSOP; some or all of the second 
group, to S33P37P37P; and those of the last group, to S37P37P. Like Conrad, the 
author found it difficult to explain Px as a P wave refracted through an additional 
intermediate layer. 

CONCLUSIONS 

An attempt has been made to combine an analysis of observed travel times in near- 
by shocks recorded in southern California with a study of the corresponding 
amplitudes to afford an interpretation of the seismograms. This leads to a structure 
above the 2VIohoroviSi5 discontinuity consisting of a "granitic layer" (frequently 
below sediments) and two intermediate layers. The bottom of the granitic layer 
seems to be generally at a depth of about 17 or 18 kin., and the foci of earthquakes 
are in, or close to, this discontinuity without significhnt local deviations under 
mountain regions or areas with thick sedimentary layers. The effect of sediments 
has not been investigated in detail; their individual thickness is usually less than a 
wave length, and the shorter waves available from artificial explosions are required 
for their study. Since the wave velocity increases rather rapidly with depth in the 
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uppermost two or three kilometers, and--for example, in old consolidated sediments 
- -may even slightly surpass the wave velocity in granite, the travel times are 
affected by the sediments by a few tenths of a second at most. Rather large local 
variations in amplitudes are found, but a more closely spaced network of stations is 
required to permit a more exact determination of epicenters and focal depths, as 
well as the interpretation of the local differences in structure. 

The first intermediate layer, too, shows remarkably small local variations. I t  
seems to be about 15 kilometers thick everywhere in the region under investigation. 
Contrasting with this, the thickness of the second intermediate layer increases from 
a few kilometers in the coastal areas to roughly 30 kilometers under the Sierra 
Nevada. Table 2 contains data on the physical constants in these layers and imme- 
diately below. 

The travel times, as well as the amplitudes of the recorded waves, are well ex- 
plained on the basis of this structure. Figure 7 shows calculated travel times of 
major phases. There are many more small phases to be expected; some of them may 
be found in figures 1-4. No major observed travel-time curve remains unexplained; 
individual larger unidentified waves may be due to complications in the mechanisms 
of the shock or to local idiosyncrasies of the structure along the wave path. On the 
other hand, the relatively small standard errors in the observed travel times indicate 
a much more uniform structure (except for the second intermediate layer) and focal 
depth than was expected. 

The progress and higher accuracy available in the present paper relativ6 to the 
results obtained in 1932 were made possible under extension of the cohperative pro- 
gram of research by the Carnegie Institution of Washington and the California 
Institute of Technology. They are mainly due to the installation of short-period 
Benioff seismometers at all stations of the local group and at Tucson and Berkeley; 
the use of better chronometers, controlled by six time signals every day; and the 
much greater body of data now available, including those from the stations at 
Fresno (since 1936) and the Lake Mead group (since 1938). Further revisions and 
additions will certainly be possible by using records of future shocks. The recent 
installation of Benioff short-period seismographs at three stations of the Lake Mead 
group and at Shasta Dam will aid materially in more accurate determination of the 
elements of shocks in the eastern part of southern California and the Sierra Nevada 
region. But the attack on many problems concerning local structure will be really 
promising only if a denser network of stations becomes available. 
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