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P E R I O D  R A N G E  20 TO 140 S E C O N D S  

BY JoHN K v o ,  JAMES BRUNE, AND MAURICE MAJOR 

ABSTRACT 

Rayleigh wave data obtained fronl Columbia long-period seismographs installed during the 
International Geophysical Year (I.G.Y.) at Honolulu, Hawaii; Suva, Fiji;  and Mt. Tsukuba, 
Japan, are analyzed to determine group and phase velocities in the Pacific for the period range 
20 to 140 seconds. Group velocities are determined by usual techniques (Ewing and Press, 
1952, p. 377). Phase velocities are determined by assuming the initial phase to be independent 
of period and choosing the initial phase so that  the phase velocity curve agrees in the long 
period range with the phase velocity curve of the mantle Rayleigh wave given by Brune (1961). 
Correlations of wave trains between the stations Honolulu and Mr. Tsukuba are used to obtai~ 
phase velocity values independent of initial phase. 

The group velocity rises from 3.5 km/sec at a period of about 20 sec to a maximum of 4.0 
km/sec at a period of about 40 sec and then decreases to 3.65 km/sec at a period of about 
140 sec. Phase velocity is nearly constant in the period range 30-75 see with a value slightly 
greater than 4.0 kin/see. Most of the phase velocity curves indicate a maximum and a minimum 
at periods of approximately 30 and 50 sec respectively. At longer periods the phase velocities 
increase to 4.18 km/sec at a period of 120 sec. 

Except across the Melanesian-New Zealand region, dispersion curves for paths of Rayleigh 
waves throughout the Pacific basin proper are rather uniform and agree fairly well with theoret- 
ical dispersion curves for models with a normal oceanic crust and a low velocity channel. Both 
phase and group velocities are comparatively lower for the paths of Rayleigh waves across 
the Melanesian-New Zealand region, suggesting a thicker crustal layer and/or lower crustal 
velocities in this region. 

INTRODIICTION 

M a t c h e d  th ree -componen t ,  long-per iod  se i smographs  wi th  high magni f ica t ion  
were ins ta l l ed  a t  M t .  T s u k u b a ,  J a p a n ;  Honolu lu ,  Hawai i ;  and  Suva,  Fi j i ,  dur ing  
the  I .G .Y.  Pure ,  long oceanic p a t h s  be tween  these  s ta t ions  and  the  ep icenters  of the  
c i rcum-Pacif ic  be l t  e a r t h q u a k e s  a l low R a y l e i g h  wave  t ra ins  to become well dis- 
persed.  Ce r t a in  of the  large e a r t h q u a k e s  thus  recorded  a t  M t .  Tsukuba ,  Honolu lu ,  
and  S u v a  exh ib i t  the  long pe r iod  waves  assoc ia ted  wi th  the  inverse  b ranch  of 
R a y l e i g h  wave  dispers ion as well as the  shor t  per iod  waves  assoc ia ted  wi th  the  nor-  
mal  b ranch .  T h e  per iod  range  of the  wave  t r a ins  ex tends  f rom less t h a n  20 sec to  
140 seconds.  These  excel lent  d a t a  are  used  in th is  p a p e r  to de te rmine  bo th  group 
a n d  phase  velocit ies .  A p r e l i m i n a r y  i n t e r p r e t a t i o n  of the  s t ruc tu re  of the  e a r t h ' s  
crus t  a n d  the  u p p e r  man t l e  benea th  the  Pacific is m a d e  b y  compar ing  the  obse rved  
d ispers ion  curves  wi th  theore t i ca l  curves  in th is  per iod  range.  

Ea r l i e r  s tudies  (Oliver  et al, 1955, Sant6 ,  1960, a,b,c) deal ing wi th  the  R a y l e i g h  
wave  dispers ion in the  Pacif ic  were l imi ted  to waves  wi th  group veloci t ies  of per iods  
less t h a n  40 seconds.  Group  veloci t ies ,  if obse rved  over  a l imi ted  range  of periods,  
do no t  un ique ly  de te rmine  the  phase  veloci t ies .  Accu ra t e  me a su re me n t s  of phase  
ve loc i ty  are  i m p o r t a n t  for  de t e rmin ing  phys ica l  p roper t i e s  of the  ea r th  a n d  are  
essent ia l  for  s t udy ing  the  mechan i sm of the  d i s tu rbance  a t  the  source b y  surface 
wave  methods .  
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METHODS 

The method of determining the group velocity was discussed in earlier papers by 
Ewing and Press (1952, p. 377), Pekeris (1948, p. 8), and Oliver et al. (1955, p. 922). 
The periods are determined by measuring the slope of a peak (or trough) vs. arrival 
time curve. The epicentral distance divided by the group arrival time gives the 
group velocity. 

Because excellent Rayleigh wave data are available it is feasible to apply Brune's 
simplified method of determining the phase velocity, which was discussed in detail 
by Brune, Nafe, and Oliver (1960). If a constant of integration related to the initial 
phase is assumed or can be determined from an independent source, the phase 
velocity may be calculated from the arrival times of peaks and troughs on the 
record. His method, referred to here as single-station method, is summarized in the 
following paragraph. 

When the wave train is sufficiently dispersed, the stationary phase approximation 
may be used to determine the phase velocity from the seismogram at a given time 
and at a given distance without resorting to direct Fourier analysis, provided that 
the phase correction ±~r/4 due to dispersion, and an additional correction --~/4 
due to the non-sinusoidal shape of spherical harmonic waves, are made. If we assume 
at the origin an initial phase, 4,0 ', independent of period, the phase velocity can be 
determined from a single station using the following equation: 

c = x (1) 
(4,~ - ¢o 1 ~_) t -  ~ + N - ~ ±  

where C is the phase velocity, N's are assigned to successively observed phases 
(crests or troughs, for example) of the wave train, x is the distance, 4,b is the phase 
observed on the record, and for convenience we read only peaks or troughs, so the 
0b is either 0 or 7r, and t the travel time. 

Another method is the two-station correlation method. If at two stations along 
the path of surface wave propagation at distances x~ and xb we observe phases ~4,~ 
and 4,b on an infinite sinusoidal Fourier component of period T, the following rela- 
tion, apart from the polar shift and effects of instrumental phase shift, may be 
written: 

c = ~x  (2) 
eta- + 

whereAx is the distance xb - x~ and At the difference in time tb - t~. 
Application of either of the above two methods leads to discrete sets of phase- 

veloeity curves corresponding to the different assignment of N's. Ambiguity in 
assigning 4,0 and N may be resolved by a known initial phase, a known limiting 
value of C, or a known C at some particular period predetermined independently. 

i The definition of ini t ial  phase 40 given by  Brune (1961) is used in this  s tudy.  This  differs 
f rom the  apparen t  ini t ia l  phase used by  some authors  (e.g. Aki, 1960) by  the  phase advance 
of ~/2 due to the  non-sinusoidal  shape of the  spherical  harmonic  wave funct ions near  the  origin. 
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In the present study, both the single-station method and the two-station correla- 
tion method are used to determine phase velocity. In the single-station method, an 
initial phase, independent of period, is assumed and from this a phase velocity 
curve is computed from equation (1). By increasing and decreasing the initial phase 
by an arbitrary amount, in this case ~r/2, two additional discrete phase velocity 
curves are similarly calculated. The curve which is best matched to the known 
limiting value of the phase velocity curve at periods of mantle Rayleigh waves pre- 
viously observed is approximately the correct phase velocity curve. The phase 
velocity of mantle Ray]sigh waves for periods greater than 130 seconds is found 
nearly independent of tile paths (Brune, 1961). The two-station correlation method 
is next used to determine the phase velocity independently of any assumption of 
initial phase. The method requires an earthquake occurring on the great-circle 
which passes through the two stations. Apart from instrumental phase shifts, the 
phase velocity thus determined involves only the assignment of an integer N. By 
successively assigning integers, discrete sets of phase velocity curves can be ob- 
rained by equation (2). The separation between the various possible adjacent 
curves at long periods is sufficiently great that there is no ambiguity in choosing the 
correct curve if a comparison is made with the phase velocity curve for mantle 
Rayleigh waves given by Brune (1961). Discrete sets of phase velocity curves con- 
verge toward short periods and diverge toward long periods. Hence the error intro- 
duced in phase velocity by a small error in the initial phase will become negligible 
at short periods. 

I N S T R U M E N T S  

The instruments used were Columbia-type long-period seismographs. They were 
not calibrated, but the periods of the pendulum and the galvanometer and the 
values of the damping and coupling resistances were approximately known, so that 
instrumental phase shifts are known to better than one twentieth of the period. This 
source of error would not alter the conclusions reached in this paper. 

The type 30-100A (free period of the seismometer pendulum, To = 30 sec; free 
period of the galvanometer, Tg = 100 see) was first used at the Suva station and 
changed to 15-80B Oll July 8, 1958. The type 15-80A was used at both Honolulu and 
Mt. Tsukuba prior to June 3, 1958 and March 29, 1959, respectively, and there- 
after changed to 15-80B. (15-80A and 15-80B are the seismographs of To = 15, 
Tg = 80 with different constants.) For a further description of instruments, the 
reader is referred to Sutton and Oliver (1959). Constants of the instruments are as 
follows: 

Instrument Constants* 

15-80A eo = 1 . 5  ~o Eg = 6 . 0  ~g 

15-80B eo = 3 . 0  ~oo eg = 1 . 0  co~ 

30 -100A eo = 1 . 5  ~o eg = 6 . 0  ~g 

* W h e r e  e0, eg a r e  d a m p i n g  c o e f f i c i e n t s  o f  s e i s m o m e t e r  a n d  g a l ~ T a n o m e t e r ,  r e s p e c t i v e l y .  

Background noise from microseisms is particularly strong at the Honolulu station, 
especially during the winter months. The long-period instruments, therefore, have a 
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low gain. Vertical-component seismograms from the Suva station and the Mr. 
Tsukuba station have a lower level of background noise. 

The instrumental group delay times for determination of group velocity and the 
instrumental phase shift corrections for determination of phase velocity are shown 
in figs. 1 and 2 and are applied in this study. 
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FIG. 1. Group delay time vs. period. 

L) 
W 

0 -I£ 

a. 

-2C 

I 

l 
1 

50 

j/j 
-80B . . . L  

, 

IO0 150 200 '~50 
PERIOD (SEC) 

FIG. 2. Phase shift correction vs. period. A phase of 4- ~ (or 4- T/2) must be added to the 
time correction so that the direction of ground motion corresponds to the direction of motion 
on the seismogram, Espinosa et al. (in press). 

D A T A  

Altogether 16 earthquakes, including 15 from the circum-Pacifie belt and one from 
China, are analyzed, Figure 3 is the index map showing their geographic distribu- 
tion. The earthquakes recorded at Suva, numbered consecutively from P 1 to P 14 
clockwise, are used to determine the phase velocity by the single-station method. 
Two other earthquakes from China and Chile, numbered C 1 and C 2 respectively, 
are used to determine the phase velocity between Honolulu and Mr. Tsukuba by 
the two-station correlation method. 

The selected paths of Rayleigh wave propagation cover the Pacific from Japan, 
the Kurile Islands, Kamchatka,  the Aleutian Islands, through Northern California, 
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the Gulf of California, Mexico, Southern Peru, Chile, Drake Passage, and the 
Melanesian-New Zealand region. With the exception of P 7, P 8 and P 9, which 
are mixed paths with less than 4 % continental portions, and C 1, a mixed path with 
large portions of continent, the paths of all other earthquakes are considered to be 
purely oceanic. No correction for the small continental portion of the paths P 7, 
P 8 and P 9 is made. The continental portion of the path C 1 is eliminated by the 
two-station correlation. 

FIG. 3. Index map of the geographic distribution for the earthquakes analyzed. Dotted 
line indicates the andesite line. 

Tables I and II list earthquakes used in this study recorded at Suva, Honolulu 
and Mt. Tsukuba during the years 1958-1960. The magnitudes of these earthquakes 
are all greater than or equal to 6. All the earthquakes analyzed are shallow shocks, 
except P 2, P 6, P 7 and P 9, which have focal depths around 100 kin. Epicentral 
information is obtained from the United States Coast & Geodetic Survey and 
Bureau Central International S6ismo]ogique. Epicentral distances thus calculated 
range from approximately 3,400 to 17,200 kilometers. 

Records used in this study are vertical-component records. Records from the 
horizontal components are not used for determination of group and phase velocities 
in order to eliminate the possible mixture of Love and Rayleigh waves; they are 
used only for identification of wave trains. The particle motion, whenever identifi- 
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able, is el l ipt ical-retrograde and is in the general direction of the plane of the propa-  
gation. 

Typical  examples for oceanic Rayleigh waves in this s tudy are the Fox Islands 
shock of March  20, 1958 and the Andreanof Islands shock of Februa ry  22, 1958, 
shown in figures 4 and 5. The normal branch of Rayleigh waves for both shocks 
begins at  tile period approximate ly  40 see and decreases to less than  20 seconds. The 

TABLE I 
EARTHQUAKES OF THE CIRCUM-PACIFIC BELT I~ECO1XDED AT SUVA, FIJI (LAT 18 ° 

08' 56" S LONG 178 ° 27' 26" E) 

No. 

P1 
P2  
P3  
P 4  
P 5  
P6  

P 7  
P 8  
P9  
P 10 
P 11 
P 12 
P 13 

P 14 

G.M.T. 
Date Origin Time 

3/23/60 00:23:22 
10/27/59 06:52:50 
12/27/59 15:52:55 
3/20/58 01:38:04 
2/22/58 10:50:23 
8/9/60 07: 39: 22.6 

4/12/58 11:46:58 
5/24/59 19:17:40 
1/15/58 19:14:29 
4/15/60 03:25:36 
6/20/60 02:01: 08 
2/8/60 12: 45: 34 
3/22/60 02:31:17 

10/7/60 15:18:30.8 

Lat 
(Beg) 

39~ N 
45~i N 
56 N 
51 N 
5o~t N 
40 N 

261/i N 
17/li N 
16~i s 
27 S 
38 S 
58 S 
61/~i S 

7.4 S 

Long 
(Deg) 

143 E 
151 E 
162~E 
173 W 
175 W 
126.6W 

111 W 
97 W 
71~ W 

113 W 
7a~tw 
67 W 

154 E 

130.7E 

Geographic Location 

Japan 
Kuriles 
Kamchatka 
Fox Islands 
Andreanof Islands 
Northern Califor- 

nia 
Gulf of California 
Oaxaea, Mexico 
Southern Peru 
Easter Islands 
Chile 
Drake Passage 
400 miles NW of 

Balleny Islands 
Banda Sea 

Depth 
in Km 

~i00 

2ioo 
~100 

~45 

] Mag 
I I-- 
6~-7 
6~ 

6~A 
6 

6-6~ 
6~-7 
6a/4-7 
6~$ 

7-7~ 

6¼-7 

A ia 
Kra 

7363 
7569 
8086 
7673 
7627 
8588 

9074 
10050 
11460 
7035 

10283 
9674 
5189 

5297 

TABLE II 
EARTHQUAKES RECORDED AT HONOLULU (LAT 21 ° 18' 13" N, LONG 158 ° 05' 44" 

W) AND MT. TSUKUBA (LAT 36 ° 12' 39" N, LONG 140 ° 06' 36" E) 

Date 

11/9/60 
9/4/58 

G,M.T. 
Origin Time 

10:43:43.1 
21:51:08 

Lat 
(Deg) 

30.7 N 
33~i S 

Long Geographic ~ ) n e ~  
(Deg) Location 

103.4 E China -- 
69}~ W Chile 

Mt. Tsukuba- 
Mag Honolulu 

in Km 

6~-6~i 6136 
6~-7 6146 

inverse branch with a period range 40 to 110 see for the Fox Islands shock and 40 
to 120 sec for the Andreanof Islands shock may  be seen with the normal  branch 
superimposed. The inverse branch is t raced by  connecting the mid points of each 
swing of the shorter period branch (see fig. 4). The Airy phase corresponding to the 
maximum value of the group velocity for Rayleigh wave propagat ion across ocean 
basins occurs at  a period of approximate ly  42 sec, where the two branches coincide. 
The ampli tude for the periods greater than  120 see generally decreases very rapidly 
due to low inst rumental  response. The general characteristics of the Rayleigh wave 
t ra in  for other shocks analyzed are very similar to these two Aleut ian Islands shocks, 
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except for some minor variations (figs. 6 and 7). The normal branch of the Rayleigh 
wave train for the Southern Peru shock of January 15, 1958 (fig. 8) is barely recog- 
nizable; and yet the inverse branch is exceptionally well developed. The period 
range extends from 35 to 120 seconds. The amplitude of the Rayleigh wave trains 
for the Kuriles shock of October 27, 1959 is unusually high. The first train identified 
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Fro. 4 .  Rayleigh wave portion of the vertieal-component seismogram for the Fox Islands 

shock of March 20, 1958. 
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Fro. 5. Rayleigh wave portion of the vertical-component seismogram for the Andreanof Islands 
shock of February 22, 1958. 

as the fundamental Rayleigh mode arrives at approximately 07 h 24 m (see fig. 9). 
Even though the inverse branch is much lower in amplitude, it may still be easily 
traced. 

DISPERSION DATA 

Rayleigh wave dispersion curves including both group and phase velocities are 
shown in figures 10 to 23. The solid-line curve is the observed phase velocity for 
mantle Rayleigh waves at periods greater than 80 seconds (Brune, 1961). For 



340 B U L L E T I N  O F  T H E  S E I S M O L O G I C A L  S O C I E T Y  OF A M E R I C A  

periods greater than 120 sec, it is assumed in this paper that  this phase velocity 
curve is nearly the same as for a pure oceanic path. Three discrete phase velocity 
curves are determined by the single-station method with three different assump- 
tions of initial phase: ~0 - ~r/2, ¢0 - ~r, ¢0 - 3W2. (See figs. 10 to 23.) The ten- 

• - -  N O R T H E R N  C A L I F O R N I A  : _ _ ~ . ~ . _ , - - ~  . . . . . . . .  

i v ,- ~ ~ . . v . ~ , ~ , . r . ~ . ~ _ : ~ ~ ~ ~ - -  

~ ~ .  0 8 H I 4  M " . , . . . . . .  ~. ,_ 21M .__.__- -~- -~-~- - -  

- ~  AUG 9, 1960 ~ . . _ _ _ . .  . . . . . . . . . .  C O R R  . - - 9  S E C . . ~ _ , _ _ . .  . . . . . .  

Fro. 6. Ray]eigh wave port ion of the vertical-component seismogram for the Northern 
California shock of August 9, 1960. 

N W  OF B A L L E N Y  IS 

" j 

. ~ C O R R  + 3  S E C - - - ' ~  M A R C H  2 2 ,  1 9 6 0 - ~  
FIG. 7. Ray]eigh wave portion of the vertical-component seismogram for the Ba]leny Island8 

shock of March 22, 1960. 

ter  phase velocity curve, which corresponds most favorably to Brune's curve at pe- 
riods generally greater than 90 sec, is selected to be the correct phase velocity curve 
for the particular path from the epicenter to the Suva station. 

Most  of the phase velocity curves show a slight maximum and a minimum. The 
group velocities are equal to the phase velocities at the phase velocity maximum 
and minimum. The group velocity approaches a maximum, greater than the phase 
velocity, corresponding to the Airy phase at the period between approximately 
28 sec and 41 see. Table I I I  summarizes the Airy phase periods for each shock. In 
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FIo. 8. l:~ayleigh wave por t ion  of the  ver t i ca l -component  seismogram for the  Southern  Peru 

shock of January 15, 1958. 
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FIG. 9. Rayle igh  wave por t ion  of the  ver t ica l -component  seismogram for the  Kuri les  
shock of October  27, 1959. 

general, the periods for the Airy phase and the phase velocity maximum and mini- 
mum are greater for the northern Pacific shocks; these have a relatively greater 
mean water depth along their paths. The Banda Sea shock has the period of the 
Airy phase of 52 see approaching a continental type. 
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FIG. 10. Rayleigh wave dispersion curves for the Japan shock of March 23, 1960. 
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FIG. 11. Rayleigh wave dispersion curves for the Kuriles shock of October 27, 1959. 

The paths from the epicenter to Suva for the Fox Islands shock and the Andreanof 
Islands shock are almost common and of all the paths studied, have the deepest 
and most uniform water depth in the Pacific. Group and phase velocities of these 
two shocks are in good agreement, as would be expected. (See figs. 13 and 14.) The 
center  phase veloci ty curves (the only  curves which will be referred to in  the follow- 
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FIG. 12. Rayleigh wave dispersion curves for the Kamchatka shock of December 27, 1959. 
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FIG. 13. Rayleigh wave dispersion curves for the Fox Islands shock of March 20, 1958. 

ing) for the two shocks give a phase velocity of 4.10 km/sec  at  100 sec and a phase 
velocity of 4.18 km/sec  at  120 seconds. The phase velocity reaches 4.25 kin/see at  
140 see and decreases gradually to 4.01 km/sec  at  50 sec, where the minimum 
occurs; increases slightly to 4.04 km/see,  the maximum, at  35 sec and decreases to 
approximately 3.96 kin/see at  20 seconds. The separation of the adjacent  sets of the 
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phase velocity curves is greater than 0.05 km/sec at the period 80 sec; experimental 
errors introduced by the instruments and the epicentral locations are estimated to 
be less than 0.03 km/sec at the same period with an epicentral distance of 7,000 
ki]ometers. The group velocity maximum in the observed period range is 4.06 kin/ 
sec at 42 seconds. For the inverse branch, the group velocity decreases to 3.80 km/ 
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FIG. 16. Rayleigh wave dispersion curves for the Gulf of California shock of April 12, 1958 
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FIG. 17. Rayleigh wave dispersion curves for the Oaxaca shock of May 29, 1959. 

see at  120 seconds. For the normal branch, the group velocity decreases to 3.65 
kin/see at  a period of 20 see for the Fox Islands shock and 3.53 km/sec  at  the same 
period for the Andreanof Islands shock. 

Phase and group velocities for the Northwestern Pacific shocks, the Japan  shock 
of March  23, 1960, the Kuriles shock of October 27, 1959, and the K a m c h a t k a  shock 
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of December 27, 1959, are in good agreement with each other at periods greater 
than 40 seconds (figs. 10, 11, 12). Both phase and group velocities for the Japan 
shock and the Kuriles shock are in agreement even at periods less than 40 sec, but 
are comparatively lower than those of the Kamchatka shock, which are in better 
agreement with those of the Aleutian Islands shocks. 
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FIG. 21. Rayleigh wave dispersion curves for ~he Drake Passage shock of February 8, 1960. 

For  the Northern California shock (fig. 15), the phase velocity curve is slightly 
lower than that  of the Fox (or Andreanof) Islands shock at periods less than 100 
seconds. The phase velocity approaches 4.02 km/sec at about 60 seconds. For the 
Gulf of California shock (fig. 16), phase velocities are lower than those of the 
Northern California shock at periods less than 40 seconds. 
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FIG. 22. Rayleigh wave dispersion curves for the Balleny Islands shock of March 22, 1960. 
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FIG. 23. Rayleigh wave dispersion curves for the Banda Sea shock of October 7, 1960. 

The phase velocity curve of the 0axaca  shock (fig. 17), with a pa th  intermediate 
between the northern and southern Pacific is also lower than  tha t  of the northern 
shocks just discussed (i.e. less than  4.0 kin/see at  the periods less than  60 seconds). 
The group velocity is lower than  tha t  of northern shocks for the entire observed 

period range. 
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Paths from Southern Peru and from Easter Islands to Suva have a common path 
from the Easter Islands to Suva. Periods of the inverse branch for the Easter Islands 
shock do not extend beyond 90 see, and hence it is not possible to compare the two 
shocks for periods greater than 90 seconds. However, the observed phase velocities 
for these two shocks are in good agreement at shorter periods (figs. 18 and 19). The 
phase velocity reaches approximately 4.0 kin/see at 40 see for both shocks. The 
group velocities for the two shocks are also low in comparison with those of other 
northern shocks. The phase and group velocities for the Chile shock of June 20, 1960 
and the Drake Passage shock of February 8, 1960 (figs. 20 and 21), the most southern 
paths studied, are essentially identical, indicating a very similar structure. The 

TABLE I I I  
P E R I O D S  O1~ THE A I R Y  P H A S E  AND I N I T I A L  P H A S E S  FOR P 1 TO P 14 

Shock Airy Phase in sec Initial Phase ¢0 

P 1 Japan 
P 2 Kuriles 
P 3 Kamchatka 
P 4 Fox Islands 
P 5 Andreanof Islands 
P 6 Northern California 
P 7 Gulf of California 
P 8 Oaxaca, Mexico 
P 9 Southern Peru 
P 10 Easter Islands 
P 11 Chile 
P 12 Drake Passage 
P 13 BMleny 
P 14 Banda Sea 

37.0 
34.0 
4O.8 
42.0 
42.0 
36.4 
34.0 
28.2 
32.5 
38.4 
29.4 
31.0 
35.0 
52.0 

7~ 

7~ 

37r/2 
3~r/2 

7V 

3~/2 
0 
7g 

0 
0 
T- 

T" 

0 
3~-/2 

phase velocity for these two shocks is about 0.03 km/sec lower than that  for the 
northern Pacific shocks at periods less than 100 seconds. 

Comparison of the dispersion data discussed above shows that  as the path be- 
comes more southerly, phase and group velocities in general become lower at 
periods less than 75 seconds. Experimental error due to epicenter locations and 
instrumental time delay could not account for this variation. The effect of the Easter 
Island Rise, which possibly involves a thickening of the intermediate crustal layer, 
and/or  an additional layer of relatively lower velocity may cause lower observed 
phase and group velocities in this period range (Oliver et al, 1955). 

Dispersion curves for the Melanesian-New Zealand paths are markedly different 
from all those discussed above (figs. 22 and 23). The phase velocities of the Balleny 
Islands shock and the Banda Sea shock for the periods less than 120 sec decrease 
very rapidly. At the periods less than 90 sec, the phase velocity falls below 4.0 k m /  
sec, and continuously decreases to 3.77 kin/see at a period of 20 sec for the Banda 
Sea shock and 3.86 kin/see at a period of 20 see for the Balleny shock. The group 
velocities for these two shocks at periods greater than 60 sec are approximately 
dentical but  are consistently 5 per cent lower than those of the other Pacific shocks. 
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The group velocity is 3.80 kin/see at a period of 60 see and decreases to 3.60 km/see 
at 120 see for the inverse branch. At shorter periods, less than 40 see, the group 
velocities differ by as much as 0.2 kin/see at a period of 28 seconds. Though the 
group velocity of the Balleny Islands shock is lower in comparison with other shocks, 
the general trend of the curve stilI resembles tha t  of oceanic Rayleigh waves. The 
group velocity curve of the Banda Sea shock resembles neither that  of continental 
Rayleigh waves nor that  of oceanic Rayleigh waves. This difference in appearance 

FIG. 24. Rayleigh wave portion of the vertical-component seismogram for the Chile shock 
of September 4, 1958. 

of the group velocity curves for these shocks clearly indicates tha t  the regional 
structure in the Melanesian-New Zealand region differs from that  of the Pacific 
basin proper. The variations of the phase and group velocities at the short periods 
for the Balleny Islands shock and the Banda Sea shock further suggest local dif- 
ferences in the crustal structure in the Melanesian-New Zealand region. A more 
detailed study of the Rayleigh wave dispersion in this region will be made in a later 
paper. 

PHASE VELOCITY DETERMINED ]~Y TWO-STATION CORRELATION 

The surface wave portion of the seismograms for the Chile shock of September 4, 
1958 and the China shock of November 9, 1960 and the phase velocity curves be- 
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tween Mt. Tsukuba and Honolulu are shown in figs. 24, 25 and 26 respectively. The 
azimuths from the epicenter of the Chile shock of September 4, 1958 (331° S, 
69½ ° W) to the respective stations Mr. Tsukuba and Honolulu are approximately 
N 72 ° W and N 65 ° W with an azimuthal difference of 7 degrees. 

Sufficiently large epicentral distances between the epicenter to the respective two 
stations and large magnitude of the shock allow both the normal and inverse 
branches to become well developed. The phase velocity curve determined by two- 
station correlation by taking into account the instrumental phase shifts at two sta- 

FIG. 25. Rayleigh wave port ion of the vert ical-component  seismogram for the China shock 
of November  9, 1960. 

tions covers a period range 20 to 106 seconds. The phase velocity thus determined 
is indeioendent of the initial phase. The correct phase velocity curve is shown in 
fig. 26 and is higher than Brune's curve by 0.02 km/sec at 106 seconds. With an 
azimuthal difference of 7 degrees, the path of the Rayleigh wave propagation would 
pass the point approximately 500 km south of Honolulu. Possible errors introduced 
by assuming two paths lie on a common great circle may arise due to the variations 
in the underlying structure and variation of initial phase with azimuth. Despite 
these sources of error this curve agrees fairly well with the curve obtained from the 
single station method. I t  is felt by these authors that  the curves from the single sta- 
tion method are more reliable. 

The epicenter of the China shock of November 9, 1960, the Mt. Tsukuba station 
and the Honolulu ~tation lie nearly on a great-circle path with an azimuth N 59 ° E 
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and provide accurate measurements of the phase velocities between these two sta- 
tions. Since the instruments used at both stations on this date are approximately 
identical with only minor deviations in constants, no phase shift corrections are 
applied here in the determination of phase velocity. Only the normal branch of the 
Rayleigh wave train is identifiable with a "period range of 20 to 40 seconds. (See 
figure 26.) The phase velocity thus determined is 4.05 kin/see at the period 48 sec 
and in good agreement with the phase velocity of this period obtained from the 
Chile shock of September 4, 1958. The phase velocity steadily decreases from 
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Fro. 26. Phase velocity curves between Mr. Tsukuba and Honolulu. 

4.05 kin/see at 48 see to 4.02 km/see at 20 see. and is higher than the phase velocity 
determined by single station method in this period range. 

COMPILED PHASE VELOCITIES 

Phase velocities for all shocks previously determined are compiled in figure 27. 
Except P 13 and P 14, in which the paths of the Rayleigh wave propagations are 
crossing the Melanesian-New Zealand region, all follow a consistent trend. Phase 
velocity is nearly constant in the period range from 30 to 75 sec with a velocity 
slightly greater than 4.0 km/sec; most of the phase velocity curves indicate a slight 
maximum and minimum at approximately 30 and 50 sec respectively. Phase velocity 
for longer periods increases to 4.18 kin/see at 120 seconds. Phase velocities are com- 
paratively lower for P 13 and P 14 in the period range less than I00 sec and fall 
below 4.0 km/see at nearly 90 seconds. 

The dashed-line curve of 8099S in figs. 27 and 28 is Dorman's 8099 curve (Dorman 
et al, 1960) for oceanic Rayleigh waves approximately corrected for the effect of the 
earth's curvature according to the following relationship: 

C ,~ C~ (1 + 0.00016 T) (3) 
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where C is the corrected phase velocity, Ch is the uncorrected phase velocity and 
T, the period (Bolt and Dorman, in press). Equation (3) is the curvature effect on 
the phase velocity of continental Rayleigh waves in the period range 20 to 300 
seconds. It is assumed that this correction is applicable to the oceanic phase velocity 
curve for Rayleigh waves in this period range. Observed phase velocities in the 
period range 20 to 50 sec agree with Dorman's curve 8099S (except the phase 
velocity curves of P 13 and P 14, which fall below the curve of 8099S significantly). 
Dorman's curve 8099S lies increasingly above the observed phase velocities for 
periods greater than 50 seconds. 
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FIG. 27. Compiled phase velocities. 

C O M P I L E D  G R O U P  V E L O C I T I E S  

The compiled group velocities of all shocks (no group velocities were determined 
for C 1 and C 2) are presented in figure 28. Group velocities for Rayleigh waves 
reach a maximum of 4.0 km/sec at the period approximately 40 sec and decrease 
to 3.75 km/sec at 120 sec for the inverse branch and 3.50 km/sec at 20 sec for the 
normal branch. In general, the curve of 8099S gives a good fit to the observed group 
velocities except the group velocity of P 13 and P 14 are low in the entire period 
range. The group velocity of P 13 for periods less than 28 sec seems to fall on the 
c u r v e .  

DISCUSSION 

An arbitrary value of initial phase was assumed to make the phase velocity curve 
match Brune's phase velocity curve at a period of about 120 seconds. It is known 
that at this period the mantle Rayleigh wave phase velocities are nearly the same 
for oceanic and continental paths. Measurements of phase velocity over the great 
circle path between Honolulu and Pietermaritzburg (about 22 per cent continent), 
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the paths between Uppsala, Lwiro, and Pietermaritzburg (purely continental), the 
complete great circle path including Uppsala and Southeast Alaska (40 per cent 
continent) and the great circle path between Perth and Ottawa (nearly all in the 
Indian and Atlantic Oceans) all give almost the same phase velocity value, 4.17 i 
0.01 km/sec at 120 see period. These measurements are independent of the assump- 
tion of initial phase and the effect of the instruments has been eliminated or cor- 
rected. The exact difference between oceanic and continental phase velocities at 
periods of 120 see is not known, however. If it is found that for Pacific paths the 
true mantle Rayleigh wave phase velocity is slightly different from that of Brune's 
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curve at periods near 120 see, then the values for phase velocity presented in this 
paper will need to be corrected a small amount. Any such correction necessary will 
be less significant for shorter periods and will be less than other experimental errors 
for periods less than 60 seconds. When instruments are better calibrated and more 
closely spaced, it will be possible to make more precise measurements over smaller 
regions and to establish slight local variations in the phase velocity. 

In this analysis, it is assumed that no phase shifts and corresponding group delay 
times have resulted from the effect of a finite traveling source (Ben Menahem, 1961), 
which causes the initial phase to vary as a function of period. In terms of interpre- 
rations of structure such effects will cause the same error when group velocity is 
used as when phase velocity is used. This effect is small if the dimensions of the 
fault are small compared with the wavelengths involved. 

A check on the phase velocities presented in the paper might come from examina- 
tion of initial phases implied if the mechanism of the earthquakes were known. 
Table III  shows the initial phase required for each shock to fit the Brune's curve at 
long periods. Statistically there are not enough examples to draw conclusions about 
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earthquake mechanism. According to the theory of Lamb (1904) as generalized by 
Aki (1960b), initial phases of 0 and ~r would be expected from a force couple in the 
horizontal plane acting as a step function in time. This is a reasonable model for a 
strike-slip fault. However, the exact nature of earthquake mechanism is not known 
and any definite conclusions must await more developed theory and experiment. 

The seismograms of the circum-Pacific earthquakes recorded at Pasadena and 
used by Aki (1960b) in the study of earthquake mechanisms will give phase velocity 
results in agreement with ours if the initial phase is chosen in such a way that the 
phase velocity agrees with Brune's curve at a period of about 120 seconds. This is 
guaranteed since his seismograms give group velocity data in good agreement with 
the group velocity curve for Dorman case 8099, which agrees with the group veloci- 
ties observed in this paper. Curvature has almost no effect on group velocity (Bolt 
and Dorman, in press; Pekeris, 1961). However, curvature raises the phase velocity 
by an amount given approximately by eq. (3) and if the phase velocity curve for 
Dorman case 8099 corrected for curvature is assumed to be more appropriate for the 
Pacific, the initial phase results of Aki (1960b) must be corrected by an amount 
varying directly as the distance. In the period range 40 to 140 sec this amounts to 
a correction of about - .75~ in the initial phase per 10,000 kin. If a mean phase 
velocity curve based on our data is assumed, the correction necessary to Aki's 
results would be about -.307r per 10,000 kin. Aki found that most of the earth- 
quakes he studied had initial phases of -~r/8 and 7~r/8 (in terms of our definition 
of initial phase). Statistically, then most of the shocks analyzed by Aki would give 
initial phases of about 7/2 when our revised phase velocity is used. 

Two theoretical models have been proposed to explain Pacific Ocean Rayleigh 
wave group velocity dispersion. These are Dorman's case 8099 (Dorman, Ewing, 
and Oliver, 1960) and case 6EGttP1 (Aki and Press, in press). Dorman's case 8099 
is a modification of the Lehmann's model for continents made by decreasing the 
depth to the top of the low velocity channel. Case 6EGHP1 is a modification of the 
Gutenberg's model for continents made by decreasing the shear velocity in the 
lowest velocity layer of the low velocity channel (4.30 km/sec under the ocean 
against 4.38 kin/see under the continent). Both case 8099 and 6EGttP1 have the 
Bullen A density distribution. Case 6EGHP1 has nearly the same structure as 8099 
proposed earlier by Dorman, Ewing and Oliver, and as would be expected gives 
nearly the same dispersion curve. The phase velocities for 6EGHP1 are slightly 
higher .than those for 8099 for periods less than 100 sec (0.01-0.03 km/sec). When 
the dispersion curves for these two models are corrected for the earth curvature, we 
obtain phase velocities that lie above the measured velocities in the period range 
50 to greater than 200 sec (0.03 kin/see at 100 see), suggesting a slight decrease in 
the density of the mantle at depths shallower than 700 kin, or a decrease in the 
shear velocity in the upper mantle. 

The consistency of the data of P 1 through P 12, C 1 and C 2 indicates the uni- 
fortuity not only of the crustal structure but also of the upper mantle in the entire 
Pacific basin proper. In studying group velocities of Rayleigh waves for periods less 
than 40 sec in the Pacific, Oliver (Oliver el al, 1955) also found there are no major 
variations in the crustal structure throughout the Pacific basin proper. A similar 
conclusion was drawn by Sant6 (1960c). 
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The  d a t a  of P 13 and  P 14 are  ve ry  different  f rom those  of the  Pacific bas in  
p rope r  and  suggests  c rus ta l  t h i cken ing  or low ve loc i ty  va r i a t ions  in layers  in the  
M e l a n e s i a n - N e w  Zea land  region of the  sou thwes te rn  Pacific.  The  b o u n d a r y  of the  
Pacific which  sepa ra t e s  the  Pacific bas in  p rope r  f rom p a r t i a l l y  submerged  cont i -  
nen t a l  a rea  in the  sou thwes t  is c o m m o n l y  d r a w n  on the  basis  of the  pe t rog raph ic  
d is t inc t ion .  Th i s  b o u n d a r y  is of ten  referred to  as  the  andes i t e  l ine or the  M a r s h a l l  
line, where  volcanic  i s lands  be tween  con t inen t s  a n d  the  andes i te  l ine f r equen t ly  con- 
t a i n  andes i t e  rocks  a n d  where  those  on the  ocean  side of the  line are  of ol ivine 
basa l t i c  rocks.  (See fig. 3.) T h e  d ispers ion  d a t a  fu r the r  suppo r t  the  poss ib i l i ty  of the  
andes i t e  line serving as the  a p p r o p r i a t e  b o u n d a r y  of the  Pacific bas in  p rope r  a n d  
the  tec ton ic  complex  of the  sou thwes te rn  Pacific.  
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