BuULLETIN OF THE EARTHQUAKE
RESEARCH INSTITUTE

Vol. 39, (1961), pp. 603-630

23. Division of the South-western Pacific Area into
Several Regions in each of which Rayleigh Wauwes
Have the Same Dispersion Characters.

By Tetsuo A. SANTO,

Earthquake Research Institute.
(Read July 28, 1961.—Received September 30, 1961.)

Abstract

In the previous papers, the writer classified the dispersion curves
of Rayleigh waves into seven kinds, and gave them the characteristic
numbers from 17 to “7”. These curves were revealed to be not in-
dependent of each other. For example, when Rayleigh waves pass
across three differing regions with dispersion characteristic numbers
«1” «3” apnd “7” with a pass length ratio of 3:3:4, the resultant
dispersion character along the total path shows the character “57.
Similar relations could be found also with the other curves (Fig. 3).

Using these relations, a trial was made to divide the complicated
oceanic area in the western side of the “ Andesite line” into four
regions “17” (purely oceanic type), “ 3 (sub-oceanic type), “57” (sub-
continental type) and “7* (purely continental type).

At first, the present oceanic area was divided into four regions
by using the dispersion data obtained along thirty-two paths for
Tsukuba Station (Fig. 4). Secondly, the same work was done by
adding other dispersion data along thirteen paths for three stations,
Hongkong, Honolulu and Suva (Fig. 11).

In order to check the results, the group velocities of Rayleigh
waves across these divided regions were calculated by least square
method (Figs. 6, 12). The result showed that our division map was
quite satisfactory. :

Judging from the division map obtained, it was recognized that
the crustal structure in the western side of the “ Andesite line ” was
certainly more continental than in the eastern side of it. In the sea
region deeper than 4km, for instance, Rayleigh waves show the
characteristic number “17” in the eastern side, while they show the
sub-oceanic. one “3” in the western side. The region in which
Rayleigh waves show the dispersion characterized by type “17 is,
in the western side of the ¢ Andesite line ”, limitted to regions with
a much greater ocean depth, the depth being greater than 6 km.
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Rayleigh waves through the East China Sea or the Borneo Sea
show the purely continental dispersion character “7 *. Only in the
central part of the South China Sea or in small parts of the Celehes
Sea, does the dispersion of Rayleigh waves show the sub-oceanic
character “37”.

Four kinds of dispersion curves in the divided regions were
compared with the theoretical ones, and it was found that the shift
of the dispersion character from “1” to “7” could be explained by
decreasing the compressional waves velocity in the crust from
6.9km/sec to 5.0 km/sec and by increasing the thickness of the crust
from 5km to 20km. (Fig. 13).

1. Introduction

Four kinds of seismological methods have often been used to
determine the crustal structure of the earth. The first two are the
“reflected or refracted wave method ” that is, the method by observing
the reflected or refracted body waves which are generated at some dis-
continuity near the surface of the earth. The other two are based upon
the observation of surface wave dispersions, which is classified into two.
The first one is the “phase velocity method ”, that is, the method by
observing the dispersive character of phase velocity and the other the
“group velocity method” by observing that of group velocity.

Among these, the last method has very often been used by many
seismologists on account of its simplicity. This method, however, has its
own weakness, t.e., what it gives us is an information only about the
average crustal structure along a path between an epicenter and an
observation station. For this reason, when the path covers various
regions with different crustal structures, this method gives us no in-
formation about these local crustal structures.

The present writer has made investigations into the dispersion of
Rayleigh waves along the various oceanic paths to Japan by using
the records of the Columbia-type seismograph at Tsukuba Station®:»-®.
The most interesting fact which attracted our attention was that the

1) T.A. SANTO, “ Observation of Surface Waves by Columbia-type Seismograph Installed
at Tsukuba Station, Japan (Part I).—Rayleigh Wave Dispersions across the Oceanic Basin—.”
Bull. Earthq. Res. Inst., 38 (1960), 219.

2) T. A. SANTO, “Rayleigh Wave Dispersions across the Oceanic Basin around Japan
(Part II).”  Bull. Earthq. Res. Inst., 38 (1960), 385.

3) T. A. SANTO, “Rayleigh Wave Dispersions across the Ocean Basin around Japan
(Part II[)—On the Crust of the South-western Pacific Ocean—.” Bull. Earthq. Res. Inst.,
39 (1961), 1.
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dispersive character of Rayleigh waves changed remarkably in the south

western Pacific Ocean.
the number beside each curve and
travelling path means the charac-
teristic number which the writer
gave to each individual dispersion
curve, from the typical oceanic
one (“1”) to the typical continental
one (“7”) in this order.

As is known, there runs a
line, called the “ Andesite line ”,
in the south-western Pacific region
(see the chain line in Fig. 2)
which separates the region of
predominantly andesitic volcanism
from the region of the oceanic
basin of predominantly basaltic
volcanism. However, it has not
been surveyed to ascertain wheth-
er or not the continental crustal

The result is shown in Figs. 1 and 2, in which
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Fig. 1. Seven kinds of dispersion curves.

condition just at the western side of the line continues over the whole

area in this side.

________ - Andesite line

For this reason, it becomes very interesting that the

Fig. 2. Main travelling paths of Rayleigh waves across various oceanic paths.
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dispersion character of Rayleigh waves on this side changes gradually
" from “27” to “T77” with the shift of the travelling path westward.

From this observational fact concerning the dispersion character
together with the complicated geographical conditions, we can suggest
that the crustal structure in this area will be very complicated and has
a lateral variation along the travelling paths to Tsukuba. In other
words, the Rayleigh waves along a path across this area must have
travelled through each region with different velocities. Therefore, the
dispersion data observed at Tsukuba along these paths are nothing but
an averaged ones, though the paths are all ocanic ones.

The present work is a trial to discover some regions in each of which
the Rayleigh waves may have the same dispersive character.

2. Method of dividing the oceanic area into some regions in each
of which Rayleigh waves have the same group
velocity dispersion character.

When Rayleigh waves pass across two regions A and B, for instance,
with different crustal structures, the resultant group velocity V can be
found by the following simple relation, k4/V,+(1—k)4/V;=4]V, in which,
V, and V, are the group velocities of Rayleigh waves across 4 and B
regions respectively and % is the ratio of the path length over the region
A to the total one 4. Therefore, if we know two kinds of dispersion
curves for these two regions, we can obtain the resultant group velocity
V for each period as well as the resultant dispersion curves for various
values of k. The broken curves in Fig. 8 mean some examples which
were obtained by this method for £=0.2, 0.4, 0.6 and 0.8 when the
composing two regions are “1” (it means the region in which Rayleigh
waves show the dispersion character of “1”) and “5” (diagram a), “1”
and “67” (diagram b), etc. Some observed dispersion curves are given
in these diagrams, for comparison, using thick solid curves. From these
results, the following relations can be recognized: The resultant dis-
persion curve “5” (see diagram b), for instance, can be considered to
be a resultant one when Rayleigh waves have passed across the regions
“1” and “6” with a ratio of path length approximately 3 : 7 respectively.
Further, from the diagram d, the dispersion curve “6” can be con-
sidered to be a resultant one when Rayleigh waves have passed across
the regions “4” and “7” with a path length ratio of 4:6. Therefore,
if we combine these two relations given above, the dispersion character
“5” can also be considered to be a resultant one when Rayleigh waves
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have passed across three regions “1”, “4” and “77 with a path length
ratio of approximately 8:8:4. Similar relations can be found for any
other curve.

36
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32

| | | |

20 40sec 20 40sec

Fig. 3. Some examples which show the relation between seven kinds
of dispersion curves.

These relations which hold between the seven kinds of dispersion
curves are important ones, which give us a method for discovering the
regions of differing dispersive character in the present area by using
inversely the relations given above. Namely, if we assume some regions
along a travelling path, we can divide each path into the parts belonging
to these regions with such suitable path lengths as to make the resultant
dispersion character along the total path into an observed one.

We must assume at first, a few kinds of regions from which the
present area may be composed. The most oceanic and continental ones
«17 and “7” must of course be selected. As has been reported in the




608 T. A. SANTO

previous paper, the dispersion curve through the Indian Ocean shows
“87, differing from that in the central Pacific Ocean (“1”). Therefore,
the region, 7.e., the curve “3”, was selected as a * sub-oceanic ” one
which represents the crustal condition i.e., the dispersion character, in

Table 1.

No. N District Epicenter O?ggfﬁil”l'l“l.r)ne Date l (k‘r’n) ‘ (kl:n) ‘ M
29 6 Javal. 9.5S 112.5E 01'1130"  Oct. 20,58 | 5850 '

77 3  Mindanao I 7 N 126.5E 18 01 30  Sept. 11,58 | 3550 ;
101 :5 Celebes I 1 N 1238 E 093400 Dec. 02,59 3500 6.5
5 '5 Molluca passage. 2 S 126.5E 20 1533  July 22,59 | 4060 ?
125 = 3 ' Helmahera Is. 1 N 129 E 022206 Mar. 06,60 : 4080 |
114 4 Ceram Is. 4 S 127.5E 044056  Jan. 23,60 | 4700 6.5
15 4 v f ’ 17 56 30 v v 1
217 +5  Timor Is. region | 7.6S 128.8E 22 27 52.7 Aug. 16,60 | 5010 63

34 5 Banda Sea 6 S131 E 134820 Nov. 14,58 | 4780 ;

21 , 4 ' New Guinea 3.5S 135.5E 07 19 16 May 01,59 . 4480 . i
126 j4 " 3 S138 E 191537  Mar. 19,60 t 4390
221 4  Solomon Is. 110.3S 161.2E 08 22 00.7 Oct. 22,60 i 5570 | | 6.5
138 4  Norfolk Is. 28 S 167.5E 111231 May 20,60 | 7650 6.5
207 3  Solomon Is. 11.2S 163.1E 14 04 31.9 Sept. 10,60 ! 5750 | 48
116 -3 . Santa Cruz Is. 11.5S 166.5E 20 56 08  Feb. 11,60 5950
216 |3 ; " 12.4S 166.4E 23 36 51.5 Aug. 09,60 | 5980 . 80
238 |3 " '12.4S 166.3E 10 11 56.9 Jan. 02,61 | 6060 ; 161 ' 6.8
127 '3 ' Loyality Is. 22.5S8 174 E 151930  Mar. 30,60 74005 ‘
119 ' 3 | Fiji Ls. 20 S 174.5E 16 1447  Nov. 28,50 | 7180
123 |3 " 19.5S8 174.5E 02 45 45 v 28,59 ) 7140 |
1 |q i ShI of New 45 S 173 & 004656 Feb. 21,60 | 9270 ; |
12,3 " 29.5S 176.5W 14 19 51  Oct. 29,59 8550 | 3’6.5

9 !‘ 3 Kermadec Is. 29 S 177 W 222353 Sept. 14,59 | 8500 ‘; | 6.5
10 /3 " L7 176.5W 1531 57 r 2959 | 8510 | ' 6.5
206 3 - Tonga Is. | 27.6S 176.9W 07 35 22 » 01,60 8480 & 500

13 .3 i ” |24 S 176.5W 13 15 49 r 14,59 8100 :
227 .3  Southof Tongals. 24.2S5 176.1W 14 12 21.1 Nov. 23,60 | 8125 ‘ 28 | 7
205 | 2 | Fiji Is. '16.1S 179.6W 20 02 12.8 Sept. 01,60 7160 183 |
203 ;2 | Tonga Is. 1518 176.1W 14 16 52.4 » 24,60 7200 | 92 \

17 |2 . Samoa Is. 15 S 174.5W 201427 Apr. 22,58 | 7400 | 6.5
14 |3 | Tonga Is. 17 S 173 W 210909  Aug. 06,58 ' 7670 ' . 6.5
45 |2 | Samoa Is. 16 S 172 W 17 44 48 . Nov. 16,58 | 7660 {6.3

N: Characteristic number of Rayleigh wave dispersion.
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the India Ocean. Corresponding to this, the region, i.e., the curve “5”
was selected as a “sub-continental ” one.

Then, our purpose is to discover these four parts in each travelling
path. The actual procedure taken is as follows. (The data of the
shocks used in this work are given in Table 1.)

In the area A containing the Mariana Sea (see Fig. 5), the observed
dispersion characters are all rather continental (almost all of them are
from “47 to “6”). Therefore, the Mariana Sea, though the depth is
mostly deeper than 4 km, cannot be supposed to be region “1”, but must
be “37” at least. Then, as a first approximation, nearly the whole of the
area in the Mariana Sea was supposed to be region “ 3, and outside of it,
the contour line of 1 km sea depth was taken as the boundary between the
regions “5” and “7”. Upon this division, the travelling-time of Rayleigh
waves with a certain period along a certain path was calculated C.
This was compared with the observed travel-time O. Then if C is much
greater than O, for instance, corrections were successively made on the
division. That is, the length of the higher velocity region in the path,
“3” in the present case, must be decreased or the length of the lower
velocity region “7” or “5” must be increased, ....ete.

For instance, for the case of a path from epicenter 29 to Tsukuba (see
Fig. 4), the path was, as a first trial, divided into the regions “7”, “5” and
“87”, by boundary lines marked by ! and m in Fig. 4, referring to the sea
depth countour lines of 1km and
4 km respectively. In this case, 32
X, X;, X;and X, (the path lengths
which belong to the regions “17,

“8” “B” ang “77 respectively Fig. 4. Schematic figure which shows the

method of discovering the boundaries of different
along the path) become 3160 km, regions. Along the path from 77 to the observed

280 km, 2410km and Okm re- station O, the boundaries m and » which divide
spectively. As the group ve- the regions (7, 5) and (5, 3) respectively were
Jocities of Rayleigh waves for S© moved as m —m’ and 'r.z,-—wn,’ in order to make
the period of 30 seconds in the the values of O~C sufficiently small.
regions “77, “5”, “8” and “1” have been observed to be 3.40 km/sec,
3.70 km/sec, 3.88 km/sec and 4.00 km/sec respectively, the travel-time
C became 930+76+720+4-0=1628 seconds, which is too much smaller than
the observed one O, 1648 seconds. Then the value of X, was suc-
cessively so decreased as to become the O~C much smaller.

Next, in the case of the path from 77 to the observation station
O, the boundaries which had been determined along the previous path
were prolonged approximately parallel to the contour lines of sea depth.
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In this case, however, the resultant dispersion characteristic number for
this path is “3” which is remarkably more oceanic than the previous one
(“67). In order to explain this, the purely oceanic portion “1” was in-
serted along the path at a position in the deep sea region, deeper than 6 km.
In this case also, the lengths belonging to each region were so chosen by
the trial and error method as to make the value of O~C sufficiently small.

These procedures were successively taken one by one for every
path. Of course, the individual division itself along each path is not a
unique one. But, if these boundaries being obtained on every path are
reasonably connected to each other, we may say that the boundaries
thus obtained are suitable as a first stage at least.

By connecting the corresponding division points on every travelling
path, a map of the divided regions can be made, which is given in
Fig. 5. For comparison, a chart is also given in the left, in which, in
order to avoid complexity, the travelling paths are omitted. The path

Fig. 5. A chart (left) and the map of the divided four regions in each of which Rayleigh
waves have the same dispersion character. The number beside each epicenter in the chart
means the shock number. d: sea depth in km.
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lengths X;, X,, X; and X, belonging to each region, the observed travel-
time C and the calculated one O along each path are given in Table 2.

As a check on this result, on the other hand, we can calculate the
group velocities of Rayleigh waves in these four regions by the least
square method as follows.

If the divisions were correct and thus, the dispersion characters
were the same along every path in each region, we can write down the
following k linear equations for every path for a given period 7.

X, X; X X
11 1 51 71 =t T
VI+V3+V5+V7 {(T)
14 35 54 1 —¢ (T e eeienaaeeeaaa (1),
A AR i{(To) »
K X Ko Ky oy

1 Vl VS V5 V7
where X;;, for instance, is the travelling path length belonging to the

Table 2.

“A” Group

No N 4 Xi Xz Xs X tao t2s t30 tas
: (km) | (km) (km) (km) (km) (sec) (sec) (sec) (sec)
29 ®) 5850 0 0 2890 2960 1880 1720 © 1640 1590

(1848) | (1715) = (1648) | (1609)

66 | (3 | 350 | 1000 | 140 | 1160 | 300 | g0 (03D | ( oig)

101 | (5 | 4500 | 400 | 1660 | 760 | 1680 | 140 1D G0 | a0

1230 | 1120 1080 | 1060
56 | (B | 4060 | 300 | 1560 | 1600 | 600 | (1514 | (1121) | (1085) | (1065)

125 | (3 | 4080 | 80 | 2800 | 710 | 220 | 1180 | 1008 | (i0g9) | (1046)

114 | (@) | 4700 | 850 | 1330 | 1710 | 810 (}ggg) (}ggg) &%22) (}%gg)

us | @ | a0 | s0 | 1330 | wio | 10 | 1300 3588 | e | aza0y
217 | (5 | 5010 1820 | 2000 | w70 | 12001 0| 130 | 1%
3 | 6 4780 uro | 250 | 720 | 1300 | 1380 | (15a9) | azed)
21 | () | 4480 250 | 1200 | a0 | 350 B0 | (11g0) | 11en)
126 | (@) | 43% 2200 | 1890 | 330 | 1330 | 1309 | ileg) | (1146)

o o o ©

(to be continued)
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(continued)
“B?* Group
No i N “ 4 X, Xs_ X Xz t20 l t25 too | tas
: o (km)  (km) (km) (km) (km) (sec) (sec) (sec) (sec)

1550 1390 1350 1320

121 ' (@) 5110 620 1590 2220 680 (1520) (1407) ' (1365) | (1340)
1650 1570 : 1500 1450

221 ' (4) 5570 1200 870 2820 680 (1648y  (1531) | (1486) | (1461)

( ‘ 23100 . 2120 | 2050° | 1999
188 © (4 5650 1200 930 4620 900 (278 (2U8) (2054 | 01n)

207 (3) 5750 2200 430 2820 300 dgé% | &ggg): 1500 1 1450

(1517) | (1488)
6 | @ %0 0 w0 gm0 g M2 azo0) | (o) | dom

]
| (1548) | (1517
1580 | 1530 | 1510

E i 1700
238 | (3) | 5950 2800 800 1870 30 A780 1620 [ 1550 | 1520

1714y (1590) ' (1548) | (1517

2010 | 1940 | 189
127 | (3) | 7400 2600 1700 2600 500 (%8) (1989) | (1935) (180(7))

|
A 1910 | 185
19 | @ | 7180 2800 2200 1900 280 éggg) 1908) ' (1262) (}gg%

: 00 | 1840
122 (3) | 7180 2800 2200 1900 280 (g(l)gg) ' ioog | (1264) ({gé%

| 2365 | 2460
ML @ | 90 100 150 50 1z 200 B8 | (oiro) bism)
| 2200 | 2160

9 | (3 | 800 3200 3500 1500 300 2400 | 2250

(2437 | (2250) | (2193) | (2167)

|
|
‘ |
10 | (3 & 800 3200 3500 1500 300 2430 2260 | 2200 | 2180

Giary | @20 | 21%3) | @16
206 @ s 0 0 150 28 (gggg) ; O3 | (lad) G136

2300° | 2100 | 2060 | 2020
13 (3) 2100 4700 1700 1490 300 (2300) | (2126) ! (2078) | (2054)

227 | (3) 8100 4700 1700 1400 300 éggg) é{gg) < (§8§g) (3822)
25 | () 7160 400 1900 1600 260 (029) | (1568 | (1929 | (oo
203 | (@ | 7290 5350 1250 500 190 (gggg) ' ose } (1659, | dg;g)
W@ | o a0 s 20 o0 260 1920 Q8O0 1830
4 @ 7670 30 360 a0 a0 A0 SN0 1090 1030

| | = 2190° | 20000 : 1940° | 1920
45 | ) { 7660 - 3810 3250 400 200 167y | (2001) | (1952)  (1932)

No: Shock number. N: Dispersion characteristic number.

Xi: Path length along the region “1* (in km).

4 : Total path length (in km).

t20 1 Observed and calculated (in bracket) travel-times for the Rayleigh waves with
periods of 20 seconds.

region “37”, being measured on the division map along the path between
the epicenter j to the observation station, V, the group velocity of
Rayleigh waves in the region “3” and ¢; (T,) the travel-time of Rayleigh
waves with the period T, along the total path. From these equations,
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we can calculate the four unknowns V,, V,, V; and V, for a given
period from eleven equations in A area, from twenty-one equations .in
B area or thirty-two equations for the A-+B area respectively.

From the data given in Table 2, the following observational equa-
tions can be written.

T,: 20 25 30 35

1 1 1 1
oL + 0.l o390 1 120601 —1880, 1720, 1640, 1590
v, v, v, v, |
1000-1 +1140-1 11160 1 + 3001 —1040, 950, 915, 890
V, Vs Vs V.
area A 1 1 1 )
4001 +1600-L + 7601 116801 —1410, 1275, 1220, 1195
V. Vs Vs V.
0L to000 L 18901 & 330_1,=1310, 1190, 1160, 1140
Vl V3 V5 V7
6201 +1590-1 19220 1 4 680 1 —1500, 1390, 1850, 1320
Vl Va V5 V7 :
12001 + 870 1 12820 1 1 680 L —1650, 1570, 1500, 1450
area B V. v, Vs V.
3810-L +3250- L + 400-1 4+ 200-1 —2190, 2000, 1940, 1920
Vi Vs Vs V.

The calculations were made for the following three cases: (1) for
A area only, (2) for B area only and (3) for (A+B) area. The values
of Vi, V,, V; and V, calculated from the equations (2) are given in
Table 3, and are plotted in the dispersion diagrams of @, (for A area),
b, (for B area) and a,+b, (for A+B area) in Fig. 6 respectively. In
these cases, the calculated dispersion dots lie well, in the range of
observational errors at least, around the corresponding four dispersion
curves. Of course, the writer could not reach this satisfactory result
at once. He also obtained some unsuitable results, which are shown in
the diagrams of a,, b, and b, in Fig. 6. In these cases, the discrepancy
between the calculated dots and the observed dispersion curves was
very large owing to the great values of O~C along every - path and
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Table 3.
\V ‘ Vi(kmfs) Vs (km/s) Vs (km/s) ‘ Vi (km/s)
| ' : | i a ‘

T | Cal. | Obs. | Cal. | Obs. | Cal. | Obs. | | cal. | Obs.
1 A 13.69 A 3.48 A |3.56 A 299
20sec | B_[3.66'3.65 B _ 352 345 B 1334335 B_ 272 3.00
|A+B | 362 A+B 3.56 . A+B3.32 A+B|2.93 |
A 3.9 A 3.8 A | 3.68] A 319
25scc | B 393 394 B _ 38 3.78 B _ 348 3.5 B_[3.58 3.25
|A+B 3.9 | "A+B 3.87 A+B) 3.5 | A+B 328
A | 4.02 A 3.93 A 3.68 LA 345
30sec B 4.03 4.00 B_ 3.90 3.88 B _13.70 3.70| B _|3.52|3.40
A+B 3.9 | A+B 3.87 A+B: 3.5 A+B'3.28

I ! :

A 1419 A 3.9 A 3.74| | A 13.57
35sec B _|4.09,4.04 B_ 392 393 B 1387 3.78| B_3.49]3.50
|A+B | 4.04 A+B 3.90 A+B 3.72 | A+B 3.42

a, as+bs

(19.8)
ST <SS
B - SE8gel " B
Lol ot Tt L]
20 30 40 20 30 40 20 30 40 20 30 40 20 30 40 20 30 40

Fig. 6. Calculated dispersion data based on some unsuitable division (a;, by and b;) and
the final one (as, bs and ag-+bs). The black and white circles, crosses and triangles mean the
calculated group velocities in the regions 17, ¥37, 5 and “7” respectively and the smoothed
curves mean the observed ones. The numbers in brackets above every period scale and in
the centre are the standard deviations of O~C in seconds for every period and for the

whole periods respectively.
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their large standard deviations for every period. (See Table 4 and
diagrams in Fig. 6).

Table 4.
O~C for “A” Group
20 sec 25 sec ‘ 30 sec 35 sec

a az a1 } Qs | aq ‘ az a1 [¢2)

29 32 23 5 5 8 8 19 19

77 15 3 6 8 7 17 18 28

101 41 30 15 1 2 8 3 7

56 27 16 20 0 5 5 10 5

128 37 4 50 21 39 9 48 16

114 25 38 5 13 13 6 10 5

115 27 38 8 13 16 6 12 5

217 51 11 11 31 31 9 9 11

34 39 39 11 11 1 1 6 6

21 59 44 30 14 26 9 25 12

126 19 19 13 13 6 6 6 6
I3 ‘ 36.8 28.8 10.5 14.1 18.9 8.5 y 24.4 ’ 15.8

O~C for “B” Group

\ 20 sec 25 sec 30 sec 35sec
Db b | b b b | b | b R
121 136 86 30 23 23 17 19 19 15 8 8 20
221 68 54 2 84 74 39 51 43 14 34 14 25
138 147 96 32 60 34 2 43 25 4 13 7 7
207 197 197 40 A2 42 17 17 17 17 20 38 38
116 27 27 6 10 10 10 2 2 2 3 3 3
216 7 7 14 10 10 10 18 18 18 7 7 7
238 87 87 66 30 30 30 2 2 2 3 3 3
127 45 45 20 21 21 21 5 5 5 17 17 17
119 36 36 1 2 2 2 14 14 14 17 17 17
122 61 61 1 8 8 3 24 24 24 27 27 27
111 89 31 31 22 22 2 9 9 19 23 35 35
9 2 31 31 0 0 0 7 7 7 7 7 7
10 38 38 37 10 . 10 10 7 7 7 13 13 13
206 29 29 7 7 7 7 34 34 34 56 56 56
13 18 18 8 50 26 26 28 18 18 46 34 34
227 32 32 0 30 30 6 8 8 2 6 6 4
205 24 24 20 0 0 12 27 27 19 6 6 34
203 5 5 16 70 4 4 36 23 25 34 19 19
17 3 38 38 18 18 18 17 17 17 13 13 13
14 10 47 47 33 19 19 15 5 5 15 15 12
45 64 23 23 1 1 1 12 12 12 12 12 12
[ 74.11 65.1128.3|34.4 !31.4!15.6]22.7 |21.0|17.0|23.4|24.6]|22.2

In Table 4, the O~C for T,=20 seconds are remarkably larger than
those for other periods. This is owing to the large observational errors
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in determining the group velocities in such a short period range where
dV/dT is nearly infinitive.

From the final results a,, b, and a.+b, in Fig. 6, we may say that
our division of the present area into such regions as is shown in the
right map of Fig. 4 is quite a satisfactory one. It means, in other
words, that if we divide the present area into such regions “17, “37”,
“5” and “7” as is shown in the right-hand map given in Fig. 4, all
of the resultant dispersion character of Rayleich waves observed at
Tsukuba through the present area can be well explained.

3. Further investigations by using the seismograms
at some other observation stations.

The figure of the divided regions, obtained by the method above
given, is of course not exact. This method has an inevitable assumption
about the kinds and numbers of fundamental regions. Even if the
assumption we made were suitable, there remains the uncertainty about
the shapes of divided regions due to the restricted dispersion data at
the single station, Tsukuba. In other words, as the paths are all con-
-centrated into a single station, the positions or the shapes of the divided
region may have some radial uncertainty along the paths.

In order to remove this uncertainty and to correct the figures of
regions or to discover some new boundaries which have been blind to
the data at Tsukuba, dispersion data along other paths which, if possible,
cross nearly perpendicularly the paths to Tsukuba Station are quite
desirable. The most suitable stations for this purpose are Hongkong
(China), Honolulu (Hawaii) and Suva (Fiji Is.) at which the same instru-
ments as at Tsukuba, the Columbia-type seismographs, have been installed
for the I.G.Y. and I.G.C. program.

The Lamont Geological Observatory, Columbia University, U.S.A.
favoured the writer by sending him many copies of the seismograms
recorded at these stations. From these copies, the writer was able to
investigate into many such dispersive characteristics of Rayleigh waves
resulting from shocks as are given in Table 5.

a) General description about dispersion characteristics.
Fig. 7 shows the dispersion data of Rayleigh waves along shorter

paths (diagram (a)) and along longer ones (diagram (b)). From the
dispersion characters shown in (a), the crustal conditions in the South
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China Sea were newly ascertained. That is, the dispersion data of
Rayleich waves which pass over this area lie quite close along the
continental curve “7”. But, the dispersion data along the path, from
the shock (250) to Hongkong which partly passes over the deep sea
region at the middle of the Sea, lie close on the curve “5”. This tells

40

()
3.8 256-257

//©//©

’,

3.6

420 30 40 SOsec 20 30 40sec

Fig. 7. Travelling paths of Rayleigh waves for Hongkong Station (A), and the dispersion
data for every path (diagrams (a) and (b)). The black circles in (c¢) diagram represent the
dispersion data being calculated by the subtraction of travel-times between the two epicenters
(256) and (257). ’

us that there is an oceanic region somewhere in the middle of the South
China Sea. The dispersion data of the shock (251) also lie close on the
dispersion curve “7” for periods longer than 20 seconds, but they
remarkably deviate from it in the short period range. The writer
should like to postpone the explanation of this fact to some future time.

The dispersion data along the northern paths traversing the Japan
Sea and the East China Sea were given in diagram (b). The dispersion
data along the path resulting from the Kurile Islands shocks (24) and (257)
lie close on the continental curve. “7”, though the dispersion data are
missing for the periods longer than 25 seconds. On the other hand, in the
dispersion data resulting from the Aleutian Islands shocks (4) and (256),
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Table 5.
Station: Hongkong
! . e . | I
No. | N } District Epicenter Or(g'x&.?‘r;]e‘ Date ' (kdrn) i(klrln) M
4 |6 ! Aleutian Is. 51.5N 176.5W 05'53°07° July 01,58 ' 6660 ' 250 | 6
76 |5 | Bismark Sea 3 S 145.5E . 18 01 05 Aug. 17,58 | 4440
24 |7 | Kurile Is. 44 N 149 E 053453 Nov. 14,58 | 4110
75 | 6 | Kamchatka 53 N 160 E 08 30 17 Oct. 10,58 | 5110
211 |5 | Solomon Is. region 10.3S 161.2E ; 08 22 00.9 . Oct. 22,60 6250 | 93 | 6.5
247 |7 | Sumatra I. 5 S§104 E 073005 - Dec. 02,59 16200 | 250
249 |5 ! Volcano Is. 24 N 141.5E 10 47 40 : Feb. 23,58 | 2850 j
249 | 7 | Mindanao I. 5.5N 127 E 113524  Oct. 10,58 ; 2350 ;
250 |5 . Celebes I 0.5S 120.5E : 09 08 13 Apr. 22,58 | 2620 |
252 | 5 | New Britain 4,55 153 E 191236 : Apr. 23,58 i 5150 ! 100
253 | 5 | Tonga Is. region 24 S 176.5W 13 1549 | Sept. 14,59 i 9100
256 | 6 | Aleutian Is. 215N 176 W 09 08 35  Aug. 17,58 | 6650
257 | 7 | Kurile Is. 45 N 152 E .02 57 40 = Apr. 23,58 | 4200
28 | 7 | Sumatra I. 2 N 98.5E 032152 . Oct. 12,59 | 2850 |
320 |4 | Solomon Is. 5 S154 E 14557 . May 1,59 5280 i
99 |6 | Nicobar Is. region . 7.9N 92.9E . 20 40 06.5 | Oct. 08,60 | 2780 | 84
118 |5 | Mariana Is. region . 22 N 144 E 1838 10 | Jan. 30,58 | 3060
119 |5 ’ 215N 142.5E 175605 » 2920 |
307 |5 | Near Hebrides Is. 13.5S 166 E 1220506 i 6900 !
310 | 7 | Komandorskie Is. ' 55.7N 163.9E 05 35 21.0 ' Aug. 15 60 | 5360 | 25
212 | 3 | Indian Ocean 13.4S 65.8E : 06 58 56.4 i 6580
213 |3 ” ' 13.56S 67.0E 1433384 6470
206 |4 | Tonga Is. region  27.6S 176.9W 07 53 21.9 | Sept. 01 60 | 9220 ' 500
205 |4 | Fiji Is. . 16.1S8 176.9W 20 02 12.8 ¢ r 8350 | 184
Station: Honolulu
77 |3 | Mindanao 1. ‘ 7 N 126.5E ; 08 01 45 | Sept. 11 58 | 8250 i
19 | 2 | Marshall Is. '12 N 165 E 032958 | July 12 58] 4060 X
9 | 2 | Kermadec Is. 29 S 177 W 222353 | Sept. 14 59 | 8500 1 6.5
304 |2 | New Hebrides Is. ' 16.8S 167.6E : 09 28 19.5 | Sept. 01 60 | 5640
308 |2 r 116.5S 167.6E | 10 3501.1} ~ 5620
138 | 2 ) Norfolk Is. 128 S 167.5E 1112 31 May 20 60 | 6600
297 Gulf of California {24 N 108 W 0411 34 Mar. 06 60 | 5180
125 | 2 | Helmahera I. i1 N129 E 022206 r 8260
121 13 | Solomon Is. ¢ 75515 E ‘213705 Feb. 24 05| 5920
101 ;4 | Celebes I. i 1 S123 E {093400 Dec. 02 00 | 8940
Station: Suva
319 |5 | Kermadec Is. 29 S 176.5W ; 10 15 17 Oct. 12 58 | 1310
19 (1 | Marshall Is. 12 N 165 E l 03 29 58 July 12 58 | 3660
111 |5 | New Zealand 42 S 173 E | 00 46 56 Feb. 21 60 | 2700
77 |5 | Mindanao I. 7 N 126.5E | 18 01 45 Sept. 11 58 | 6340
29 Java L 9.55 112.5E | 01 12 30 Oct. 20 58 | 7150
28 | 6 | Sumatra I. 2 N 28.5E | 032152 Oct. 12 59 | 8850

the paths of which cover in addition the oceanic region between the
Kurile and Aleutian Islands, lie also on the rather continental charac-

teristic curve “67”.

As the path resulting from the shock (257) runs

quite near the path of the shock (256), we can obtain the dispersion
curve for the remaining part, from (256) to (257) by the subtraction of
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" the travel-times for every period. The result is shown in the diagram

(c) given at the left upper part of Fig. 7. This result tells us that the
dispersive characteristic number for the region along the path between
the two epicenters (256) and (257) is approximately “47”. The path
from (256) and (257) includes sea region deeper than 4 km which occupies
approximately 3/5 of the total path. On the other hand, the dispersion
curve “4” can be obtained when Rayleigh waves passed across the
regions “8”, “2”, “1” and “57, “6”, “7” with the path length
ratio of 8:2 respectively. Therefore, if the region deeper than 4 km
along the path is region “8”, “2” or “1”, the remaining part must
be region “57, “6”, or “7” in this order respectively. Regrettably,
the writer does not have sufficient knowledge about the crustal structure
of these regions to select a suitable pair among these three cases. But,
the first case, i.e., the characteristic number for the region deeper than

O
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Fig. 8. The dispersion data at Hongkong and the corresponding paths over the com-
plicated area.
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4 km along the present path is in an average “3” and accordingly, that for
the remainder region is in an average “5” seems to be the most natural.

The dispersion data and the corresponding paths which cover the
complicated area are given in Fig. 8 (Hongkong Station), Fig. 9 (Honolulu
Station) and Fig. 10 (Suva Station).
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Fig. 9. The dispersion data at Honolulu and the corresponding paths over the com-
plicated area.

b) Use of the new data.

The dispersion data given in Figs. 8, 9 and 10 are quite valuable
for checking the division map which was made by the dispersion data
at Tsukuba. Besides, they can be used to find some new boundaries of
the regions for which the Tsukuba data were missing. The paths here
used are shown in the left chart of Fig. 11, and the revised map of
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the divided regions, based upon the supplementary data, is given on the
right hand. The method adopted was quite the same as the previous one.
That is, to divide each travelling path into such sections in order to

L ofe e — o
32—0%’ 32t—2/ o
—% o 19 -’
® ® 319
A0T—9 30 o
_o. @ 11! .. o 29
+ 77
28— 28
]
EEERER ANEEEN
20 30 A40sec %20 30 40sec
¥

Fig. 10. “The dispersion data at Suva and the corresponding paths over the complicated
area.

make the differences between the two travelling times O~C along
each path sufficiently small. In these trials, the previous result, together
with the topographical conditions was of course considered. For instance,
along the path from 248 (Mariana Is. shock) to Hongkong, the travel
distances which cover the regions “1”, “8”, “5” and “7” becomes
0 km, 830 km, 780 km and 1240 km respectively if we measure them on
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Fig. 11. A division map revised by the new data at Hongkong (A), Honolulu (B) and
are the areas deeper than 6 km and broken and chain lines mean the contour line of the
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Suva (C), and the ordinary chart of the same area (left). In the left chart, hatched regions
depth of 2km and 4 km respectively.
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the division may previously drawn up. If so, the travel-time of Rayleigh
waves with the period of 30 seconds along this path was calculated as
789 seconds, which was too large as compared with the observed one,
766 seconds. In order to decrease the difference between these two
values, the region “1” was added at the Ryukyu Trench position. After
that, the lengths of four regions were successively changed, and the
value of C could be reduced to 768 seconds at last by the values of X,
X, X; and X; as 450 km, 1060 km, 500 km and 840 km respectively. The
same procedures were carried out along all the paths. The numerical
results are given in Table 6, in which X, represents the travelling path
length of Rayleigh waves across the region “i” and t, for instance,
represents the observed and calculated (in brackets) travel-times of
Rayleigh waves with the period of 20 seconds respectively. The values

Table 6.

Station: Hongkong

I 4 X X X X o |

Noo DN Gm) ) Gm) Gyt o |t
205 | 4 | 850 | 770 4010 | 2980 560 éﬁg) f’ éggg) éggg) é%gg)
307 | 5 | 6900 0 330 . 230 880 égig) | (}ggg) (}gi‘l)) &g(l)g)
U8 | 5| 3060 | 250 1510 510 79 5(82‘1)) (gjg) (2;% (ggg)
248 | 5 | 2850 | 450 1060 500 } 840 (ggg) (;gg) (;gg) (;gg)
253 | 5 | 9100 | 150 280 4740 | 730 (g%g) éggg) (gjgg) égg%
221 | 5 | 6250 | 150 2670 2700 ; 730 | (1hew | (Loag (1679) (e
71| 5 | 4400 0 195 1500 o &%g% (vt | diog | diom
2L | 6 | 3680 | 230 | 0 1200 ’ 2150 | (ﬁgg) (}822) (igfg) (ggg)

Station: Honolulu

1670 . 1540 1510 1490

121 3 5920 | 3960 ! 980 980 0 (1660) | (1340) | (1306) | (1489)
1160 | 1060° | 1020° | 1010

19 2 4060 | 3350 f 710 0 0 (1139 ' (1039 | (1020) (10%(2))
2300 | 2130 | 2085 | 20

77 3 8250 | 5400 | 1890 890 0 (3 | (2141) | (2078) | (2071)

Station: Suva

- .+ 385 360 350 | 305
319 5 1310 0 . 630 660 0 (383 | ( 361) (1349) | (1g<1;3)
. U s . . 1870 | 1730 700" 0
77 5 6340 80 ' 1850 4030 : 360 | (1888) | (1753) | (1692) : (1666)
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of O~C are given in Table 7. The regions thus obtained are shown in
the right map of Fig. 11.

Table 7.
E\T\ 20 sec 25 sec 30 sec 35 sec

248 16 1 2 1
253 51 28 0 13
252 16 6 5 -
% 221 15 7 8 13
S 250 35 22 2 -
%" 71 17 8 2 9
= 205 38 6 2 1
307 18 9 1 0
118 29 13 7 2
21 64 7 7 8
319 : 0 3 5 8

o 111 8 3 4
& 77 17 20 3 6
19 33 3 5 -
121 10 7 4 2
g 138 15 9 - -
S 19 23 21 2 3
= 9 } 8 1 - -
77 17 11 7 1

] B 27.0 12.1 44 6.4

As before, the group velocities of Rayleigh waves in every region
were calculated by means of the least square. In this case, not only
the numerical data newly obtained but also the data at Tsukuba Station
(Table 2) were used. Therefore, the least square method was carried
out by observational equations as many as forty-five in all.

The group velocities in every region thus obtained are given in
Table 8, and they are plotted on dispersion diagrams in Fig. 12. Judging
from the result which shows that the calculated dots lie close, at least
in the range of observational errors, on the observational dispersion
curves “17, “8”, “5” and “7”, we can say that our division map is
quite satisfactory for explaining all of the Rayleigh waves dispersion
characteristics along forty-five paths.

Comparing the revised division map (right map of Fig. 11) with the
previous one (Fig. 5), the following points can be noticed.




626

T. A. SANTO

I) The area west of the Philippines, Mindanao Island and north of
Celebes Island, was newly divided into some regions. The effect of the

km/sec

4.2

4.0
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36

34
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30— ’ ’
20 30 40sec
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Fig. 12. Calculated dispersion
data for the divided four regions
and the assumed dispersion curves.
The marks of the calculated dots
are the same in Fig. 6. Numbers
in bracket under the period scale
mean the standard deviations of
O ~C for the corresponding periods.

existence of a rather deep sea regions at
the South China Sea and the Celebes Sea
appears on the dispersion character along
the path from the epicenter (250) to
Hongkong.

II) The area around the Ryukyu
Islands which also had been left blank was
divided. The existence of the Ryukyu
Trench also had remarkable effect upon
the dispersion character along the paths
from (248) and (118) to Hongkong.

IIT) The sub-oceanic region “3” which
was postulated in the Caroline Sea was
enlarged eastward in order to explain the
dispersion characteristics along the paths
from (121), (221), (252), (71), (253) and

(205) to Hongkong.
IV) In the Mariana Sea, the shape

of region “38” was slightly extended
westward. The location and the shape of
region “1” could not be sufficiently in-
vestigated from the new data.

V) The isolated purely oceanic region
“1” which was situated in Micronesia was
greatly extended from the Fiji Islands to
the Marshall Islands in order to explain
the dispersion feature along the path from
the epicenter (19) to Suva (C).

VI) The dispersion character in the broad sea area northeast of a

Table 8.

V (km/s) Vi ! v ! Vi | Vi
T (sec) Cal. | Obs. | Cal. | Obs. | Cal. | Obs. | Cal | Obs.
20 3.6 © 3.65 3.5 | 3.45  3.3¢ | 3.35 | 2.87 | 3.00
25 3.90 3.4 3.8 | 3.78  3.58 | 3.58 | 3.33 | 3.25
30 4.04 400 3.9  3.88 370 | 3.70 | 3.2 | 3.40

i i 1
3 411 404 3.8 3.93  3.90 | 3.78 | 3.59  3.50
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line from the Tongas up to Hawaii, belongs to “1”, which is the same
as those in the ordinary Pacific Ocean.

4. Crustal models which satisfy the four dispersion curves

The most important problem is that what kind of crustal model can
explain each of four dispersion curves in the divided region “17, “37”,
“57” and “7” respectively.

R. Yamaguchi et. al.® calculated the theoretical dispersion curves
of Rayleigh waves along various crustal models being covered with
water. From their results, four models T, 7%, T, and T, given in Fig.
13 were selected as suitable ones which respectively fit best for our

km/sec
4,2
T Ts
4,0 X P h K P h
1.52 1.00 60 .50 .00 3.0
38 6.90 267 6,0 550 280 12.0
' | -
8.10 3.00 oo 7.80 3.00 ©o
3.6
34 Ts Tz
22 (0.4 P h X r h

1.50 1.00 4.5 .50 1.00 0.9
6.00 280 6.75 5.00 280 18.0
7.95 3.00 oo 7.95 300 oo

3.0

20 30 40 50 sec ,
Fig. 13. Observed dispersion curves (broken curves) 17, “3%, “57 and “7” in the
divided regions and the theoretical curves (solid curves) for the models of Ty, T3, Ts and
T, which are given in the right hand.

four observed dispersion curves “1”, “3”, “5” and “7”. The mean
value of water depth measured along all of the paths in the region “1”
was around 6.8km. But, as the calculations of the dispersions for

4) R. YaMAGUcHI and T. Kizawa, «Surface Waves and Layered Structure (Part II),”
Bull. Earthq. Res. Inst., 39 (1961), 669.
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the crustal models with such deep water layer had not been done, the
writer had to compare the observed curve “1” to a theoretical dis-
persion curve for the model with the water layer of 6 km. If we in-
crease the thickness of the water layer and decrease that of the crust,
however, the calculated curve T, must be shifted leftward, and the
discrepancy between two curves T, and “1” will become much smaller.
The depth of the water layer in other three models were taken as
mean values of those along all of the paths which cover each divided
regions respectively.

From these results, we can say at least that the shift of the dis-
persion curves in these four regions can be explained by both decreasing
of the compressional wave velocity in the crust and by increasing the
thickness of the crust. As was suggested in the previous paper®, the
decreasing of compressional wave velocity in the crust may be caused
by the existence of volecanic layers in the crust in the present area.

5. Conclusions

Intricated structured area in the western side of the “ Andesite line 7,
embrasing the Mariana Sea, Micronesia, or Melanesia, was divided into
four regions in each of which the dispersion character of Rayleigh waves
show the characteristic numbers “1”, “8”, “5” and «7” respectively.

The first division map was drawn up by using the dispersion data
of Rayleigh waves observed at Tsukuba Station along thirty-two paths
across the area. Next, this map was somewhat corrected by the addition
of thirteen new dispersion data for three other stations, Hongkong,
Honolulu and Suva.

These results were checked by calculating the group velocities in
every region by the least square method, and it was found that our
result was quite satisfactory as all of the resultant dispersion data along
forty-five paths across the area were well explained.

Four crustal models which respectively fit the four dispersion curves
“17, “8”7, “5” and “7” were selected, and it was found that the
shift of the dispersion character from “1” to “7” could be explained
by decreasing the compressional wave velocity in the crust from 6.9
km/sec to 5.0 km/sec and by increasing the thickness of the erust from
5km to 20 km.

I) As was found in the previous papers, the dispersion character

5) loc. cit. 3).
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across the sea deeper than 4km in the Central Pacific Ocean was “1”.
This circumstance, however, changes in the western side of the “ Andesite
line”. In this area, the dispersion character in the sea deeper than
4km becomes “3” instead of “1”. Roughly speaking, the region “17”
in this area, seems to be limited to the regions deeper than 6 km.

II) In the area west of the Philippines, Mindanao Island and north of
Celebes Island, the sub-oceanic region “38” could be found only at two
locations, the first is at the central part of the South China Sea and
the other at the Celebes Sea.

III) Four kinds of dispersion curves in the divided regions were
compared with the theoretical ones, and it was found that the shift of
the dispersion character from “1” to “7” in the divided regions can
be explained by decreasing the compressional waves velocity in the
crust from 6.9 km/sec to 5.0 km/sec and by increasing the thickness of
the crust from 5km to 20km. The decreasing of the compressional
wave velocity in the crust in the present area may be, as was suggested
in the previous paper, caused by the existence of volcanic layers.

6. Acknowledgement

In the course of the writer’s investigations into the dispersion
character of Rayleigh waves including the previous three papers, he
was greatly indebted to Prof. T. Hagiwara who allowed him to use the
abundant records of seismograms recorded at Tsukuba Station under
his supervision. The indefatigueable effort of the observational staff
of the station including Mr. M. Watanabe must be highly acknowledged.

The writer wishes to express his hearty thanks to Prof. C. Tsuboi
who gave him valuable advice and discussed with him the methods of
finding regional group velocities from abundant dispersion data.

The Lamont Geological Observatory, Columbia University, U.S.A.
helped the writer by sending many copies of seismograms obtained at
Hongkong, Honolulu and Suva. The writer’s cordial thanks are due to
all the people concerned in these institutes and stations.

In selecting some suitable crustal models which fit well for our
observed dispersion curves, the writer is greatly indebted to Mr. R.
Yamaguchi.

 Finally, it must be added that all of the calculations by the least
square method were made at the Yulin Computing and Processing
Centre, Tokyo.




630 Division of the South-western Pacific Area into Several Regions

23. WEEATFHIHKZ, RxXOWHTLY — Y —HWBFA—OHELE
2RIV DD ORKEIR G BT &

AR = OB W %k

MEHRT, ENZEDLOTHATDOTL S v — Y ~UORHMAE THIZABI LR, chb
OHEIE, FHIR A IO TRELT mAdv—Y - KxoRTix 17, “47,
“€TP L3 HEHER R EUE i, 3134 O A TAEDRBEEOTCE AL, 2k
ELTONEGEX “57 12783, LWborlgils, BSEWIZEHEEEZ L OTWS - L IREHIT
FENTWS (3. ZoHidid; TRT5Z 21252 T, BERTATER 5w 32 E
BOTEMND FERE, v—) ~EAeER TR RTE Mo b [E e Stk RIS
“57, ic O HERYR SRR RTER 937, SETEMN SR ERTE “17 0 4 o0 fUkiz o
THZERRKRA. BTN, TRDE O KN O BENBIHCAE 32 K0 BEKIZIBOTO 4
TR v (14 K), wiz, ChH0ERETEXTHEBEZLEIOLLT FHE ~74, 7
¢ o= [0 3 rFRCSEBRENLIEAKI I3 r OV~ ) —UOHHIHEMLT, FRIZLDT
MOBRIZEFORMEZ Mzt (511 ).

Wz, ZORIZLTHITbRE 4 DOEEATO v — Y —EOREE & ARl 35T
RDTRB L, EDIEELLETRAOTIAbE, P ELHENOFEHRERTH ) X< &
bz AT IR (12 ).

25 LTHEBLRIAEREADRET S &, ZUSEAOEIIREIC RN T L2tk LTz
B sIC e D T LB ISz S, s, TT4TH, 4 F e EOBEFITCERY — Y —¥iEs
FURE«1”, o b HIERERY RO TEMER R30Iz, ETIEE CIESOEPTE, oo uEiy ikt
“37 e DT WA, FLTEHTYI? 2T ENIIEE 6 2 e M EOFEETHMIZE 5 T
3.

¥, BIEHEE, AARFESEEL V- 3L, SERREMAARATMHE“T Y 2R T S o
SLTRRFEEN R DY, BRI EEEORSNY, U NAEO—IE (@2 “37) Th .

TRIL, Thbh4HOSHEHE “17, €37, “5” [Tt “7” #RTHHIRN, LALIERIEED
wF N THPTESNEFENTRSD L, KATIRSS2, EINTOPHOWEENL 8km/s THBHE
1O LIz, ZORMGTOPHOME, LRUTLEMFEA “1” ¢ 69km/s ¢ 5km, €37 ¢
t% 6km/s ¢ 7km, “5” G{X 5.5km/s ¢ 12km, “7” ¢iX 5.0km/s ‘¢ 20km D% >
MZBEDLed0ized GT13K). RIOBILTLIFEELLL S, WERIZEHS P EOHED
M, BEL CEEKUDOEHFOTFEZIERALCW20 TR h e E 5.

—




