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Abstract

Direct measurements of apparent velocities, d4/dt, of P waves
are made for about fifty earthquakes recorded at Wakayama Micro-
Earthquake Observatories for the distance range 5° to 55°. The
main features of the variation of d4/dt are as follows. d4/dt=
8.0 km/sec (5° <4< 12°), d4/dt=8.8 km/sec (15°<4<19°), d4/dt=12.8 to
13.0 km/sec (27°<4<40°). The transition from the 8 km/sec branch
to the 8.8 km/sec branch is relatively abrupt. A clear discontinuous
change of d4/dt is observed at 4=19.3°, followed by a rapid increase
from 9.8 to 12.5km/sec up to 4=25°. Amplitude becomes very
small around 4=15°, and at 16°<4<22° a large later phase is
observed. To explain the observed apparent velocity data, a pre-
liminary velocity-depth model with the following major features is
derived. The velocity is almost constant, about 7.9 km/sec, down
to 150 km depth where it rapidly increases to 8.3km/sec. Another
rapid velocity increase starts at the depth of 375 km. Below 430 km
the velocity variation with depth is midway between those of the
Jeffreys and the CIT11CS3 models. Travel-time residual from the
Jeffreys-Bullen Table for the preliminary model is consistent with
those determined by explosion and earthquake studies. The velocity
increase at the depth of 150 km is difficult to explain by a simple
pressure and temperature effect on a2 homogeneous mantle. Com-
positional change or partial melting or both may have to be invoked.
The rapid velocity increase at the depth of 375km is in good
harmony with the idea of the olivine-spinel transition of
(Mg, Fe),Si0s. The temperature at this level can be estimated as
1300 t01500°C for a reasonable composition of the mantle. Earthquake
energy release which takes a maximum value at this level in the
Japan region may be attributed to the same cause and may have
an important bearing on island are tectonies.
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§ 1, Introduction

The most reliable and fundamental knowledge of the earth’s interior
has been supplied by seismic travel-time studies. Recent reviews by
Nuittli [1963], Anderson [1965, 1967a], and Savarenskii [1966] desecribe
the present situation. A number of different structures are reported
by different studies for different regions. A part of these differences
is undoubtedly due to a regional effect, particularly in the upper mantle.
Although the travel-time studies are very useful in determining general
features of the velocity distribution with depth, it is extremely difficult
to determine detailed structures, since the inevitable smoothing of
travel-time data obscures details considerably. This seems to be partly
reflected in the differences reported hitherto. Direct measurement of
the apparent velocities d4/dt has a great advantage in this respect
over the ordinary travel-time method. Niazi and Anderson [1965]
applied the apparent velocity method to elucidate structural details.
Although the scatter of their data is large, they found relatively sharp
velocity increases at the depths of 320 and 640 km. Joknson [1967]
made array measurements of P waves for the basin and range province
in the Western United States and succeeded in revealing a detailed
upper mantle structure. Chinnery and Toksoz [1967] studied the lower
mantle structure by the apparent velocities measured at the Lasa array
in Montana.

Another advantage of the apparent velocity method is that there
is little difficulty in adding up data from a number of different
earthquakes. The “source correction” due to the regionality of the
source, and the errors in hypocenter determinations have little effect
in the apparent velocity determination. Both of these seriously affect
the usual travel-time method. The purpose of the present work is to
study structural details in the upper mantle around Japan by using the
apparent velocity method. For a precise measurement of apparent
velocities, seismometer arrays with identical seismographs and of a
considerable linear dimension are most suited. None of these exists in
Japan at present. However, Wakayama Micro-Earthquake Observatory
and its substations operated by the Earthquake Research Institute of
the University of Tokyo can meet many of the essential requirements for
the precise measurements of apparent velocities. Details of the Wakayama
Observatories are published in Seismological Bulletin of the Observatory
[Wakayama Micro-Earthquake Observatory, 1966]. The location map
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and abbreviated station names
% are given in the insert of
Figure 1. All the stations are
equipped with short-period
seismometers having a peak
\ displacement response at 20
\ cps. The displacement magni-
fication varies from one station
p—— to another, ranging from 5500
Wakayama Observatories to 18000 at 1 cps. Recordings
: are made with a paper speed
of 4 mm/sec on a drum recorder
equipped with an ink-writing
galvanometer and a 1 sec time
marker. The maximum extent
of the station net is about 1.5°
and the minimum is 0.8°. The

60°E Z80°E  100°E |20‘EMO'E;60’E|80;

‘L‘ocaiion of Epicenters

A/ . 60N

Fig. 1. Location of epicenters and Waka- linear dimension of about 1°
yama Micro-Earthquake Observatories. Station dist iate f
names (abbreviation) and detailed locations Istance seems appropriate 1or

are given in the insert. A cross mark is the the direct measurement of the

underground nuclear explosion Long Shot. apparent velocity. If the ex-
tent is too small, the reading error and the station anomalies greatly
disturb the measurement. If the linear dimension of the net is too large,
fine structures of the d4/dt curve may be overlooked.

§ 2. Data

About fifty earthquakes selected from the observatory bulletin for
the interval January 1965 to June 1965 are studied. The records of
the Long Shot underground nuclear explosion of Oct. 29, 1965 and one
Kuril earthquake of Dec. 30, 1963 are added for supplementary use
(Table 1). The epicenter locations are given in Figure 1.

The hypocenter data are supplied from the Preliminary Determina-
tion of Epicenter (PDE) published by the United States Coast and
‘Geodetic Survey (USCGS).

§3. Analysis

The distances 4 are calculated on the basis of the PDE of USCGS.
To reduce 4 for all the earthquakes to that for corresponding normal
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Table 1. List of earthquakes for which d4/dt is measured. C. Delta
Is distance corrected for focal depth. C is d4/dt in km/sec.

r] O.T.(GST Depth Azim Delta C.Delta C
Date Yea h (m ) (ﬁm) (Deg) (Deg) (Deg)| (km/sec)
JANO2 65 44 9 142 6.1 148 17.31 18.55 8.70
JANO7 65 49 i 33 4.8 224 20,40 20.40 [10.04
JANOS 65 32 4 5 6.1 204 23.74 23.57 (11.14
JAN11 65 44 3 33 4.9 230 6,19 6.19 7.99
JAN11 65 47 3 102 5.0 37 19.71 20.61 9.82
JAN14 65 33 6 1490 5.3 237 6,93 11.81 7.92
JAN15 65 59 5 0 6.3 309 44,00 43.85 |14.08
JAN23 65 51 g 58 5.1 56 4.99 6.57 7.87
JAN24 65 11 1 [ 6.6 196 37.34 37.22 |12.84
JAN28 65 34 0 33 5.6 227 47.89 47.89 |15.02
FEBO4 65 06 3 25 5.8 44 31.91 31.86 |12.18
FEBO5 65 32 3 41 5.9 45 32,91 32.96 [12.8B1
FEBO6 65 40 2 33 6.4 47 47,42 47.42 |14.02
FEB15 65 43 8 33 6.0 199 32,24 32,24 J12.72
FEB16 65 24 8 33 5.6 41 7.30 7.30 7.90
FEB27 65 01 3 33 5.2 218 10,99 10.99 7.95
MARO1 65 18 4 42 5,2 228 18,34 18.44 8.76
MARO1 65 20 7 42 5.5 229 18.26 18.36 8.80
MAR11 65 31 3 49 4.5 41 16,03 16.38 8.71
MAR19 65 58 9. 173 5.6 201 35,80 36.85 112.64
MAR21 65 08 2 33 6.2 195 36,32 36.32 [12.80
MAR24 65 42 ] 51 5.8 200 26,79 26.94 [12.20
MAR28 65 22 6 33 5.9 33 27.9% 27.95 [12.71
MAR29 65 47 6 33 6.1 38 8,78 8.78 7.95
MAR30 65 27 2 51 5.7 49 34,76 34.82 (13.00
APRO5 65 52 4 81 5.7 44 15.86 16.71 8.63
APRO6 65 31 7 69 5.7 58 3.78 6,12 8.09
APR12 65 50 9 40 4.9 61 3,96 4.93 8.05
APR24 65 02 3 43 5.0 225 19.63 19.70 |10.40
APR24 65 55 5 59 5.7 169 22.77 23.02 (11.30
APR25 65 00 6 15 5.6 145 11.33 11.15 8.10
APR25 65 28 5 28 4.9 224 6.08 6.07 7.95
APR26. 65 29 4 53 5.9 45 47.11 47.22 [14.34
APR26 65 15 5 33 5.9 229 18,46 18.46 8.70
APR27 65 54 0 67 5.9 190 41,12 41.35 [12.95
MAY0?7 65 29 9 57 4.9 154 21,90 22.10 J11.00
MAY08 65 05 5 56 5.6 225 20.94 24.14 |10.59
MAY16 65 35 ] 36 6.2 200 30.17 30.17 (12.89
MAY18 65 08 4 34 4.8 235 8.02 8.02 7.80
MAY22 65 a5 6 25 5.5 197 33.80 33.76 |12.57
MAY23 65 46 9 22 6.1 45 33.24 33.18 |12.80
MAY24 65 02 8 67 5.0 211 48,31 48.51 [14.70
MAY24 65 21 6 33 5.9 208 23,34 23.34 |11.40
MAY31 6% 38 0 37 6.0 190 41.80 41.80 (12.80
JUN13 65 06 2 20 5.7 38 9,70 9.55 8.44
JUN1E 65 58 7 51 4.9 85 4,51 5.74 8.04
JUN22 65 48 1 60 5.6 205 29.08 29.28 |12.71
JUN23 65 09 3 36 5.7 42 52,46 52.46 |15.42
JUN24 65 45 6 50 6.0 200 28,25 28.39 (13.30
C JUN26 65 47 7 34 4.8 227 6.36 6.36 8.18
0CT29 65 go 1 1 5.5 48 35.80 35.65 {12.85
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earthquakes (d=233 km), corrections in 4 are made for earthquakes having
focal depths other than 33 km, based on the Jeffreys-Bullen Table. Only
minor differences result from a different choice of the travel-time table
for this correction. Travel times are calculated from the observed
arrival times of P and the reported origin times, station height correc-
tions and ellipticity corrections being subtracted. The calculations of
d4/dt were first made only from the reported times in the Bulletin.
The results were generally coherent but a much better result was
obtained when original seismograms from all the stations were copied
and pasted up.

The apparent velocities d4/dt for about one half of the earthquakes
are determined by referring to the original records. Several examples
are given in Figures 2, 3, 4, 5, 6, and 7. The record of each station is
displaced along the time axis proportionally to the epicenter distance of
the station, so that all the traces are aligned approximately vertically.

Straight lines corresponding to three apparent velocities are drawn
in the figures from which it is seen that the uncertainty of the d4/dt
determinations is much less than +0.5 km/sec under favorable conditions.
The apparent velocities thus determined are listed in Table 1 and shown
in Figure 8 with different marks for different azimuths. Data for NW
and SE directions are very few (1 for NW, 4 for SE), but no large

65 MAR Ol, 13H20M56S7
A=18.26°% =229 H=42km, M=5.5

HD —AW\N\/VV\V\NVV‘\/'\/\M
65 APR 25, OIHOOMIIS6 SK —f———r AN~
A=11.33° $ =145, H=15km, M=5.6 T
ST —H
|°
SK HB —
IS
———— R
/T \ A
c=8.6, 8.1, 7.6 km / sec c=9.3, 8.8, 8.3 km / sec
i«—|0sec —> — [Osec —>t

Fig. 2. Seismograms at 4=11.33°. Fig. 8. Seismograms at 4=18.26°.
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65 APR 26, 22HI5SM42S5 difference is observed as far as
A=18.46° $=229° H=33km, M=5.9 the present data are concerned.

A dipping interface below

the station net systematically

HD affects the measurement of the
ﬁ:z apparent velocity. Niazi [1966]

calculated the effect for a single
7 interface model and tabulated
the results in a convenient form.
Although no seismic determina-
ST V\/\/\/\/\/\/\/\/\A/" tion of the dip of the Moho has
been made, the regional distribu-
o tion of Bouguer gravity anoma-
lies suggests that the Moho dips
considerably towards the north,
though not more than 2°. As-
suming that the ratio of the
crustal to mantle velocities is 0.8,
¥ it immediately follows from
Is \/\M/\NWV‘ Niazi’s Table 4A that, for 4<50°
(Iz25°), the error in d4/dt is
N smaller than 2 per cent, which
8.3 km / sec is less than the observation error.
Circled values in Figure 8 in-
<—10sec —s dicate reliable data obtained from
Fig. 4. Seismograms at 4=18.64°. seismograms which show very
Seismogram at IS §h0ws a commencement sharp onsets.
of a large first arrival. . .
The apparent velocity is
almost constant up to 4=12°. The amplitude becomes very small towards
4=14°. From 4=15° to 19° the velocity is around 8.8 km/sec. The
transition from 8 to 8.8km/sec appears relatively abrupt although no
reliable determinations of d4/dt could be made because of the diminution
of the amplitude. Over this range a large later phase is observed, two
examples of which will be discussed later. At 4=19.3°, a discontinuous
change in the apparent velocity is observed. A very rapid increase of
the velocity follows up to 4=23°. At 27° <4<40°, the apparent velocity
is nearly constant. At distances larger than 43°, the increase of dd/dt
is fairly rapid although the measurement becomes less reliable at larger
distances because of the decrease of the total delay time within the net

HB 1

<A=19.3°
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65 APR 24, 0BHO2M26S3 and of the dipping Moho.

A=19.70° $=225", H=43km, M=50
¢ - § 4. Supplementary data

The Herglotz-Wiechert meth-

SK —— . . .
KK —-“W od is applicable to the determina-
T tion of the velocity structure, if
we know apparent velocities for
I all possible branches of travel-time
JZ curves. The present determina-

ST

tion of the apparent velocity is

s limited only to the first arrivals.

It is, therefore, not possible to

, determine a unique velocity-depth

c=109, |§.4. 59 km / sec function within the earth’s man-

tle, even if low-velocity zones can

<—|0sec—> be appropriately taken care of by

Fig. 5. Seismograms at 4=19.70°. the method of successive stripp-

ing. To reduce the ambiguities of the interpretation, amplitude varia-
tions with distance, later phases, and travel times are considered.

Although quantitative determination of the amplitude variation with

65 MAY 08, 03HO5M38S5
A =2094°, ¢=225°, H=56km, M=5.6
65 MAR 28, I13H22M57S6

HD N A=2795 ¢ =33, H=33km, M=5.9
AR VA NVA e Wa VSN S
/
I
ST
: 1° HB
HB _ )L
ST /wa\/w\/\r °
IS WK \I\,WW
6z KK N\ A
HD \N\r—mr——r——
w
/’r N : AN
c=ILl, 10.6, 10.l km / sec C=13.2, 12.7, 12.2  km /sec

ke—10sec— —10sec—>

Fig. 6. Seismograms at 4=20.94°. Fig. 7. Seisrriograms at 4=27.95°.
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Fig. 8. Observed apparent velocities versus distance. Solid and bfoken
curves are for the CIT11CS3 and Jeffreys models given in Figure 13. Dotted

curves indicate later phase branches.

penetration of the rays.

distance is not made here, we ob-
served no clear indication of shadow
zones. However, it is observed that
the amplitude of the first arrival
is sometimes very small around
4=14°. Kishimoto [1956] first
found this trend for Japanese
earthquakes using records of the
Japan  Meteorological = Agency
(JMA) stations. He also found a
relatively large later phase emerg-
ing at 4=13° several seconds after
the first arrival. A similar feature
is often found in the present study
though at slightly larger distances.
Figure 9 shows seismograms of a
Kuril earthquake recorded at
closely located stations at distances

Numbers indicate the depths of

63 DEC 30, |3H29M25S3
LONG. 150.6E. LAT. 45.5'N

H=40km, M=5.7

R
IS ———— A NN~ AN
o N
H=15.28 J-B

R

K— 10sec—3

Fig. 9. Seismograms showing large
later arrivals emerging at 4=16°. Ar-
rivals at the J-B times are small.
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65 MAY 17, ITHISM25S9 around 16°. A large later
phase designated as Py which
is not very clear at station
IS (4=15.28°) emerges at
stations WK (4=16.35°) and
KK (4=16.42°). Figure 10

o shows another set of seismo-
w grams at distances around

17°. Arrivals at the Jeffreys-

Bullen times are not clear,

ST . but relatively large phases
are observed a few seconds

° later, though some of these

"B later phases may be due to
multiple shocks.  Supple-

mentary data from JMA

‘ stations also suggest this.
v Figure 11 is a composite

( presentation of travel times

1S of four earthquakes. The
Gz difference of the observed

A=17.17] &=230° H=2lkm, M=6.2

HD

travel times from the
Jeffreys-Bullen times corres-

N .
J-B P due C=9.8 km/ sec ponding to the focal depth
of each earthquake is plotted.
ke—10sec—> Hypocenter data given by

Fig. 10. Seismograms at 4=17.17°. Com- USCGS are used for the cal-
mencement of the P phase is not clear. Two culation of the distances and
lines corresponding to J-B time and C=9.8 km/sec 1 . E
are drawn only for reference. travel times. xcept at

14° < 4<22° and 4<5°, the
difference is, on an average, within +2 seconds. A clear delayed branch
extending from 4=16° to 4=22° is observed for the earthquake of
May 17, 1965. JMA reports only first arrivals but the magnification is
not high enough to record weak arrivals. This branch is therefore
quite likely to be of later arrivals, weak first arrivals being overlooked.
Actually, a branch which seems to represent the first arrivals is observed
for the earthquake of June 11, 1965. This delayed branch as evidenced
by Figures 9, 10, and 11 is probably the same as that observed by
Kishimoto. Archambeau et al. [1966] also found this branch and
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Fig. 11. Composite travel times for four different earthquakes recorded at the
Japan Meteorological Agency Stations. The ordinate shows the residuals from the
J-B Table. Positive and negative times indicate late and early arrivals respectively.

designated it as P2. This branch can be interpreted as due to a strong
upward refraction by a sharp velocity increase with depth.

Travel times are also calculated from the USCGS hypocenter data
for the earthquakes listed in Table 1. Since the earthquakes are of
different focal depths, appropriate corrections in distances and travel
times are made to reduce the depths to 83 km (A=0.007,). The Jeffreys-
Bullen Table is used for this correction. Reduced travel times 7—13.64
are plotted in Figure 12 as compared with the Jeffreys-Bullen curve
for h=0.007, The large scatter at distances 4<20° is probably due
to differences in the structure of the hypocentral area of each earthquake.
The Jeffreys-Bullen curve explains well the average features of the
observed travel times, although the accuracy of the USCGS hypocenter
location may be questioned for quantitative discussions of absolute travel
times.

§ 5. Construction of velocity-depth model

In what follows we will construct a velocity-depth model which
best explains the observed apparent velocity data. Other supplementary
features such as the frequently observed small amplitude of the first
arrival at 4=14°, and the strong later phase branch at 16°<4<22°
(Figures 9, 10, and 11) will be considered in an approximate manner.
We will start with two velocity models, the Jeffreys model and the
CIT11CS3 model [Niazi and Anderson, 1965] which is a smoothed version
of the CIT1l model introduced by Anderson and Toksoz [1963]. The
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Fig. 12. Reduced travel times as compared with the Jeffreys and the
preliminary velocity structures given in Figure 13.

models are shown in Figure 13 and Table 2, and the corresponding
apparent velocities in Figure 8.

The constancy of the apparent velocity of about 8km/sec up to
4=12° followed by a fairly sharp transition to 8.7 to 8.8 km/sec implies
a velocity structure similar to that of the CIT11CS3 model down to the
depth of 150 km. The small amplitude of the first arrival at A4=14°
implies that the velocity gradient at depths corresponding to 4=14° ig
almost “critical”. Under this condition the amplitude behavior becomes
very sensitive to the velocity structure. Even a slight difference in
velocity may cause a drastic change in the amplitude variation with
distance. Although the lack of clear shadow zones excludes the possibility
of a pronounced low-velocity layer, it is by no means unreasonable to
assume a slight low-velocity zone. Gutenberg [1953, 1959] used the
“minimum apparent velocity method” and found relatively low velocities of
7.7 to 7.9 km/sec at depths 50 to 150 km for some Japanese earthquakes.
Although his method is not strictly valid when the rate of the velocity
decrease is larger than the critical value, it is approximately valid for
a low-velocity layer of smaller magnitude. In view of these we provi-
sionally introduce a slight low-velocity layer at depths from 85 to 150 km
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\ yelosity.  km ssee . as shown in Figure 13. It should
°r — be noted that the regional dif-
'f\ 4 ference is probably too large to
200 \:\\ T :’T'I’e:; | justify a construction of a detail-
N ‘ | ed model for this depth. The

Preliminary Model

model given in Figure 13 should
be taken as representing an ap-
proximate feature of the upper
mantle structure around Japan.
What is essential here is the
relative constancy of the velocity
to the depth of about 150 km.
The observed apparent velo-
city of 8.7 to 8.8 km/sec over the
distance range 16°<<A4<19° is
slightly higher than that for the
CIT11CS3 model. The velocity
A values corresponding to this part
" B of the apparent velocity curve
1500} %, | are therefore slightly increased
- 3 compared with those of the
1800 1 ‘ } CIT11CS3 model but with an
Fig. 13. Three velocity models. The  almost identical velocity gradient
?relir;:in;ré model iz cgrll;tlrllécst;d byd nlwdifyl; with depth (see Figure 13). The
::r;)itti: ﬁ:s :szso?;slerved appargﬁz 3:1:;‘;}’ sharp dls?ontmulty of the appar-
data. ent velocity observed at 4=19.3°
can be interpreted either in
terms of a change in the velocity gradient alone or of a rapid change
in velocity. We will take the latter possibility in order to explain the
observed later phase branch which apparently forms a cusp at 4=15°,
The depth of this sharp increase in velocity is adjusted so as to place
the discontinuity in the apparent velocity around 4=19.3°. The sharp-
ness and the amount of velocity increase are mainly determined by the
general feature of the later phase branch but also by the behavior of
the apparent velocity increase from 4=19.5° to 23°. The observed
variation of the apparent velocity with distance for 19.5°<4<23° lies
midway between the Jeffreys and the CIT11CS3 models. Thus we con-
structed a velocity-depth function corresponding to this portion of the
apparent velocity curve such that it has a rapid increase at the depth

4001

600

800 |-

km

1000~

Depth

1200 I~

1400
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Table 2. Velocity-depth structures for three models.

JEFFREYS CIT11CS3 PRELIMINARY MODEL
DEPTH RADIUS  VELOCITY DEPTH RADIUS  VELOCITY GEPTH RADIUS  VELOCITY
(KM) (KMY (KM/SEC) (KM) (kM) (KM/SEC) (KM) (KM) {KM/SEC)

0 6371 5,57 1) 6371 5.57 0 63/1 5.57
15 6356 5.57 15 6356 5.57 15 6356 5.57
15 6356 6,50 15 6356 6.50 1% 6356 6450
33 6338 6.50 33 6338 6.50 53 0338 6.50
38 6338 7.75 33 6338 7.90 53 6358 7.90
100 6271 7.95 65 6306 7.90 8% 6256 7.90
200 6171 8.26 /5 6296 7.70 BET) 6276 7.7%
300 6071 8.58 140 62351 7.70 150 6221 7.75
413 5958 8.97 170 6201 8.19p 189 5191 8.27
600 5771 10,25 210 6161 8.25 250 6121 8,40
800 5571 11.00 250 6121 8.30 375 5996 8.60
1000 5371 11.42 300 6071 8.49 419 5961 9.1%
120y 5171 11.71 330 6041 §.50 440 5931 9.20
1400 4971 11.99 350 6021 8.75 544 58381 9.77
1600 4771 12.26 370 6001 9.15 64u 5731 10.35
1800 4571 12.53 451 5921 9.45 700 5671 10,80
2000 4371 12.79 500 5871 9.65 765 5606 11,20
2200 4171 13,03 600 5771 10.00 950 5421 11,30
2400 3971 13.27 640 5731 10.15 140y 49/1 12,10
2600 3771 13.50 665 5706 10,55 16u¢ 4771 12,35
2800 8571 13.64 690 5651 11.05 1800 4571 12,58
2898 3473 13,64 700 5671 11,10 2000 4371 12.79
800 5571 11,20 2200 4171 13,98
900 5471 11.30 2400 3971 13,27
1000 5371 11.45 2600 3771 13.50
1200 5171 11.71 2800 5571 13,64
1400 4971 11,99 2898 3473 13.64

1600 4771 12.26

1800 7 4571 12.53

2000 4371 12.79

22u0 4171 13,03

2400 5971 13.27

2600 3771 13.50

2800 3571 13,64

28Yy 3473 13,64

of 375 km followed by a gradual increase with a slope between that of
the Jeffreys and the CIT11CS3 models. From 4=27° to 40° the apparent
velocity is fairly eonstant around 12.8 to 13 km/sec. This means that
the velocity at depths corresponding to this distance range is relatively
constant and about 15 per cent less than the apparent velocity since
the depth is about 15 per cent of the earth’s radius. Although no data
are available around 4=25°, it is evident that the increase of the appar-
ent velocity from 4=23° to 27° is rapid. Combining this with the con-
stancy of the apparent velocity at 27° <4<40° we constructed a velocity
model which has a slightly rapid increase from 640 to 770 km followed by
an almost constant velocity down to 950 km. The velocity variation at
640 km can be sharper than that indicated in Figure 13, but a more gradual
variation would not be consistent with the observed apparent velocity.
At distances larger than 43°, there is an indication that the apparent
velocity again starts increasing, although the apparent velocity
measurement becomes less reliable. The velocity structure for this
portion is constructed so as to fit the observed apparent velocity only
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in an approximate manner. The entire velocity-depth model thus con-
structed is shown in Figure 13 and Table 2. The corresponding travel
times and apparent velocities are shown in Figures 12 and 14 respectively.
The fit of the apparent velocity curve to the observed data is generally
good, and the travel-time curve explains the observed times satis-
factorily.

The overall feature of the model constructed here has an intermediate
character between the Jeffreys and the CIT11CS3 models.

16 . T ; T T T

— st Arrivals

........ Later Arrivals

km/sec
o
T

Apparent Velocity,

L]
8 ”—_‘@ o 83 54

7 . 1 . | . i . ! \ i
0 10 20 30 40 50

AN Degree b
Fig. 14. Observed apparent velocities as compared with the calculated
curve for the preliminary model given in Figure 13. Solid and dotted

segments correspond to the first and later arrivals respectively. Numbers
indicate the depth of penetration.

§ 6. Discussion

The approximate constancy of the apparent velocity up to 4=12°
observed here may be compared to the findings by Dahm [1936], Lehmann
[1955], Jeffreys [1954], and Cleary and Doyle [1962] who reported that,
in some regions, the travel-time curve is nearly straight up to about
14° to 15°. Jeffreys [1966] gave a value of 7.870+0.024 km/sec for the
average apparent velocity over 2°<4<10° for Japanese earthquakes.
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From a study of Hindu Kush earthquakes, Shirokova [1959] reported a
rather rapid velocity increase from 8.00 to'8.71km/sec at the depth
from 40 to 100 km. No indication of the velocity increase of this sort is
found in the present work.

Dahm [1936], and Lehmann [1959, 1962] placed a rapid or discon-
tinuous velocity increase at a depth slightly larger than 200 km. The
rapid increase of the velocity is found here at a depth slightly less than
200 km.

The 8.6 km/sec branch found here may correspond to that reported
by Ryall [1962] who found a branch of 8.9 km/sec velocity from 4=12°
to 19°. Archambeau et al. [1966], and Roller and Jackson [1966] have
also found a branch with 8.5 to 8.6 km/sec velocity which emerges at
distances around 4=12°. The abrupt increase at around 19° has been
frequently reported since Byerly [1926] found it for the Montana earth-
quake of 1925. Archambeaw et al. [1966] also found this discontinuity
at about 19° for the Salmon experiment. Doyle and Webb [1963],
Golenetskit and Medvedeva [1965], Niazi and Anderson [1965] found an
indication of the discontinuous change in d4/dt at 4=16.5° to 17° rather
than at 19°.

Niazi and Anderson also reported another discontinuity at 4=24°,
No data are available here around this distance but a relatively rapid
increase is indicated.

The observed constancy of the apparent velocities over 27° < 4<40°
is consistent with the findings by Ryall [1962], and Doyle and Webb
[1963] who reported that the travel-time curve is straight with a slope
of 12.5 to 12.6 km/sec over 25° < 4<40°.

Recently Johnson [1967] measured dt/d4 at Tonto Forest, Arizona,
for both first and later arrivals, His di/d4 results at 4<22° are in
close agreement with the present results and therefore his velocity
structure (CIT204) is very similar to the present model (Figure 13)
above 500 km.

Although many of the features found here are consistent with
those of previous works as mentioned above, a number of disagreements
are also noticed. Since the data used here are only from a six-month
observation, the present result should be regarded as preliminary. It
is hoped in future studies to triple the amount of data and combine
more quantitative later phase and amplitude observations to attain the
uniqueness of the solution which is hardly obtainable with the present
amount of data.
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The construction of the
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three nuclear explosions [Gor- Fig. 15. Travel time residual from the J-B
don 1966] and a number of Table calculated for the preliminary model given
’

i in Figure 13 as compared with those for three
earthquakes observed in the

explosions and that for earthquakes.

United States [Cleary and

Hales, 1966]. The position of the base line is different for different
events. This is partly due to structural differences of the source area.
Aside from the shift of the base line which is adjustable by shallower
structures, the general trend of the travel time curve for the preliminary
model is quite similar to others over the distance range 25°<4<60°.
This implies that the modification of the Jeffreys model in the manner
shown in Figure 13 for the depth range of 600 to 1800 km is one of
the possible solutions which explain the recently reported residuals from
the J-B Table.

Ludwig et al. [1966] reported Py velocities of 8.0 to 8.3 km/sec near
the Japan trench. Since no earthquakes of 4<5° are used in the present
analysis it is not possible to determine the velocity just below the Moho
discontinuity. In the ocean explosion studies, however, it is not possible
to determine deeper structures, since the depth of the wave penetration
is very shallow. The relatively high P, velocities observed by Ludwig
et al. and the relatively low upper mantle velocity inferred by the
present work can be reconciled if we consider the possibility that the
velocity just below the oceanic Moho may be large compared with that
further below due presumably to the temperature effect.

Figure 16 shows the preliminary velocity model as compared with
distributions of earthquake energy release in Japan region [Gutenberg,
1957; Miyamura, 1966; Mizoue, 1967], a phase diagram of the olivine-
spinel transition [Akimoto and Fujisawa, 1966, 1967], temperature
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Fig. 16. The velocity-depth model (a), earthquake energy release (b, c), olivine-
spinel phase diagram (d), temperature distributions (d), attenuation coefficient (e),
and @ (f). The earthquake energy curve (b) is recalculated from the data given by
Miyamura [1966], and Mizoue [1967]. The total energies released for the period
January 1963 to June 1966 in their regions 18 and 19 are averaged. Figure ¢ is the
annual energy release calculated by Gutenberg [1957]. Sources of the temperature
distributions in (d) are as follows.

Vi, Vo Verhoogen [1954]
R: Rikitake [1952]
L: Lubimova [1958]
The olivine-spinel phase diagrams are from Akimoto and Fujisawa [1967].

distributions [Verhoogen, 1954; Rikitake, 1952; Lubimova, 1958], a
distribution of attenuation coefficient [Wadati and Hirono, 1956], and
a distribution of Q [Anderson et al., 1965].

The minimum of log Z at the depth of 140km may correspond
to the low-velocity layer as suggested by Gutenberg [1957]. This
depth also approximately coincides with the level of maximum
attenuation suggested by Wadati and Hirono, and also with the trough
of the @ distribution of Anderson et al. A common cause of this
coincidence is most probably a temperature effect. A more quantitative
discussion is highly desirable on the basis of more quantitative data.
The maximum of the energy release at the depth of 170 km (Figure 16)
corresponds to the sharp increase of velocity at the same depth. Johnson
[1967] also found a relatively rapid increase in velocity near a depth of
160 km. The rate of the velocity increase at this level can hardly be
explained by the simple pressure effect alone. If the cause of the low-
velocity layer is a simple temperature effect, compositional change may
be required to explain this rapid change in velocity. On the other hand,
if the low-velocity layer is a seismological manifestation of partial
meltings, this rapid increase is probably due to “rehardening” of the
material caused by a downward separation of the temperature distribu-
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tion from the melting curve. The latter view may be more favorable
to the observed increase of the earthquake energy release, but the
question is still open.

The marked increase in velocity starting at the depth of 375 km is
one of the features which are commonly referred to as the 20° discon-
tinuity. The existence of this marked velocity increase has also been
verified by several recent works [Niazi and Anderson, 1965; Anderson
and Julian, 1965; Archambeaw et al., 1966; Johnson, 1967; Archambeaw
and Flinn, 1967]. The possible relation of the 20° discontinuity to the
phase transition of the mantle material has been frequently discussed,
among others, by Jeffreys [1937] and Birch [1952], and recently detailed
discussions were made by Sclar et al. [1964], Anderson [1965, 1967a,
1967b], Ringwood [1966], and Fujisawa [1966, 1967]. If the velocity
increase is due to the olivine-spinel transition, we can estimate the
temperature at this level with relatively small uncertainties by collating
the phase diagram (Figure 16d) with the velocity distribution (Figure 16a).
From Figure 16, the temperature can be estimated as 1500°C and 1300°C
at the depth of 375 km corresponding to a mantle model consisting of
(Mg, Fe, .),8i0, and (Mg, Fe,.,).Si0; olivine respectively. This temperature
falls between the minimum and maximum temperatures suggested by
Verhoogen [1954] and is in the same neighborhood of that determined
by Rikitake [1952] from electrical conductivity studies. The temperature
distribution based on thermal history calculations [Lubimova, 1958] is
also shown in Figure 16d. It gives much higher temperatures compared
with those by Verhoogen and Rikitake. If the mantle mainly consists
of magnesium olivines and the pressure scale used for the construction
of the olivine-spinel phase diagram is correct, this temperature distribu-
tion is not compatible, at least around Japan, with the idea of correlating
the rapid velocity increase at the depth of 375 km to the phase transition.
Anderson [1967b] interprets this rapid velocity change in terms of the
olivine-spinel transition of Mg,Si0,—Fe,Si0, system with an increasing
fayalite content with depth. A marked peak of the earthquake energy
release at the same depth is suggestive of the common cause. This
peak is notable only in the Japan region. The idea of correlating the
phase transition to the peak of the strain release is that the level of
the phase transition has a potential capability of converting thermal
energy to mechanical energy through the volume change associated
with the phase transition. Although the mantle at about 400 km depth
has the potential capability, no strain accumulation and therefore no
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strain release occur unless thermal energy is supplied. The notable strain
release at this depth observed only in the Japan region implies that
the temperature at this depth is still changing and some mechanism is
operative to transfer the thermal energy. The lack of a notable strain
release at this level in other regions in the world may imply that the tem-
perature at the level either has been stabilized or has not as yet been
agitated. All of these ideas are highly speculative but future works
on earthquake source mechanisms and seismicity in relation to the
mantle structure may solve the problem.

The velocity structure derived here is slightly different from
Johmson’s [1967] CIT204 and the CIT109P by Archambeau and Flinn
[1967] at depths 450 to 600 km. Although some complicated features
were observed in seismograms, it was not possible to identify a clear
later phase branch in the present study. The present velocity model
should therefore be regarded as a somewhat smoothed version of the
actual structure over this depth range. Since the earth’s mantle probably
consists of olivines and pyroxenes, we may expect a series of phase
transitions such as Mg, SiO, (spinel)—»MgSiO; (ilmenite)+MgO, MgSiO, -
(ilmenite)—MgO + SiO, (stishovite), 2MgSiO, (enstatite)—Mg,Si0, (spinel)+
SiO, (stishovite), and other pyroxene transformations. It is therefore
possible that the apparently gradual increase of velocity of the present
model at 450 to 700 km may represent successive stepwise variations.
Unfortunately, none of the transitions listed above has been experimentally
verified and the present determination of the structure at these depths
is not accurate enough to justify detailed discussions. The revision of
the structure below 450 km must await future studies including detailed
later phase and amplitude analyses.
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