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Abstract

We analyzed the first and secondary waves recorded by the seismic
network of the Research Center for Earthquake Prediction of Hokkaido
University to obtain the upper mantle P-wave structure of the north-
western rim of the Pacific Ocean. We made a data set of 67 earth-
quakes which occurred at depths shallower than 100 km along the
Kuril - Aleutian Arc (6° < A < 55°) from April, 1985, to December,
1986. We read the first and secondary arrival times and determined
the slowness and azimuth at the center of the network. The travel
times of the first arrivals are approximately identical with the J-B
times in the distance range except for 14° —20°, where they are earlier
than the J-B times. The secondary waves are seen as back-branches
in the travel time curve and positive gradients in the slowness curve
in the distance ranges of 14° — 22° and 19° — 25°. We obtained the
one-dimensional P-wave structure which could explain the observa-
tions of both the travel time and slowness very well. No low velocity
zone exists in the uppermost mantle, where the velocity increases with
depth in the depth ranges of 33 - 95 km and 165 - 200 km and is con-
stant in between. There are two transition zones where the velocity
increases rapidly at depths of 400 km and 700 km and a minor tran-
sition zone at 460 km. The prominent difference between this model
and the models obtained by the previous studies, for example Fukao
(1977), is that it has no low velocity zone and the depth of the 660
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96 Upper Mantle P-wave Structure

km discontinuity is deep. Using a linear least-squares method with
linear inequality constraints we made the 7 — p inversion of the travel
time data to obtain the best velocity model and the error bounds that
include all velocity-depth curves which agree with the data within a
statistical limit. The error bounds of the discontinuity at the depth of
700 km for a 95 % confidence level of our model includes the 660 km
discontinuity of Fukao’s model. It might be a little difficult to suggest
the regional difference in the depth of the 660 km discontinuity on
the basis of rigid statistical consideration. However, our recent study
on the P-wave structure using a different seismic network (Kato and
Nakanishi, 2000) supports the depth of 700 km obtained here for the
discontinuity.

1 Introduction

It is well known that the seismic velocity increases discontinuously at
depths of about 410 and 660 km in the upper mantle (Anderson and Tokséz,
1963; Niazi and Anderson, 1965; Johnson, 1967; Walck, 1984).

Advances in high-pressure experiments have reached a depth of about
800 km in the Earth’s mantle (Ito and Takahashi, 1989). The upper man-
tle discontinuities are interpreted in terms of mineralogical phase relation
in Mg,Si0O4 — FepSi04 system. High-pressure experiments of olivine («)
to modified spinel () transformation, which is considered to correspond to
the 410 km discontinuity, suggest the transformation width of 11 to 19 km
in temperature range of 1400 to 1750°C (Katsura and Ito, 1989). Ito and
Takahashi (1989) show that the transformation of spinel () to perovskite +
magnesiowiistite takes place at pressure of 23.1 GPa with a pressure inter-
val less than 0.15GPa at temperature of 1600°C. These pressure values are
converted to depth of 653 km and a depth interval less than 5 km.

The reflected and converted waves from these upper mantle discontinu-
ities have been observed clearly and fine structures of the discontinuities
have been studied in both global and regional scales. Examples of those
discontinuity-sensitive waves are precursors to P’P’ (PKPPKP) (Engdahl
and Flinn, 1969; Adams, 1971; Nakanishi, 1986, 1988, 1989), P-to-SV con-
versions (Vinnik, 1977; Kosarev et al., 1999), and precursors to SS (Shearer,
1991, 1993, 1996).

The information on the regional variations of the depth and structure
of the discontinuities is indispensable for the discussion on dynamics in the
earth mantle.

A drawback of the approaches using the reflected or converted waves
is the difficulty in obtaining the absolute value of P or S wave velocity.
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Analysis of refracted waves can overcome this difficulty at the expense of
lateral resolution for velocity structure.

Several anothors have determined the P-velocity models of the upper
mantle of the Japanese region by almost indentical methods (Kanamori, 1967;
Fukao, 1977; Inatani and Kurita, 1980). Those models have different depths
and velocity contrasts of the discontinuities. This difference is not only due to
real mantle structure, but also due to non-uniqueness of the interpretation of
data. We must collect many accurate data to know actual regional difference
in the upper mantle structure.

In this study we attempt a P-wave analysis by using data from the seis-
mic network of the Research Center for Earthquake Prediction of Hokkaido
University (RCEP), Hokkaido, Japan, for the purpose of obtaining the up-
per mantle velocity structure beneath an area extending from the Kuril-
Kamchatka Arc to the Aleutian Arc. Section 2 of this paper shows the data
that we analyze. In section 3 we make an array analysis of refracted waves.
In section 4 we construct P-wave velocity model. Regional difference found
in this study is discussed with reference to the depression in 660 km disconti-
nuity beneath the subduction region in section 5. Section 6 summarizes the
results of this study.

2 Data

We use seismic waves recorded by the 18 stations network of RCEP. Figure
1 shows the station configuration of the network.

PACIFIC

l‘40 m QY l4:2

Figure 1: Map showing the locations of the 18 RCEP stations which we use
in this paper.

L '
144 146 E



98 Upper Mantle P-wave Structure

First we searched the earthquakes which occurred in the region extending
from the Kuril Islands to southern Alaska in April - December of 1985 by
referring to the PDE (Preliminary Determination of Epicenters) monthly list.
Then we picked up only the earthquakes which were successfully recorded at
RCEP stations and located at depths shallower than 100 km. The reason
why we restricted the analysis to only relatively shallow events was to keep
the error due to depth correction as small as possible. The number of the
events thus selected was 55.

We found the absence of events in the distance range of about 23° — 37°.
Thus we searched events in that epicentral range in the data of January -
December, 1986, and found 7 events. We took 5 events from the data set of
Nakanishi and Motoya (1990). The events used in this study totaled 67.

Table 1 shows the source parameters, epicentral distances and azimuths
calculated for station HIC (Hidaka), the center of the network, after the
source depth correction. Here the parameters are not taken from the PDE
list but from the bulletin of ISC (International Seismological Centre) because
we consider that the latter is more reliable than the former. In fact, the
comparison of the travel times based on the two kinds of parameters shows
a little disagreement.

Table 1. Earthquake List

ev date origin time epicenter dep | my | dist azim
no y m dj{h m s deg deg km deg deg
1198 4 12| 0 0 43.0 | N43.89 E14860 45|46 | 7.11 7534
211985 4 12|10 16 4.7 | N56.31 E162.34 33 | 4.8 | 18.96 36.64
31198 4 12|21 53 585 | N45.25 E15042 7045, 883 64.94
41198 4 14121 39 4.0 | N47.33 E153.04 33|47 890 5570
51198 4 18 0 6 309 N52.16 EI159.57 18| 5.6 | 15.15 45.26
61198 4 18| 4 6 49.5 | N52.15 E159.64 39| 4.9 | 15.07 45.38
71198 4 25| 3 10 7.5 | N46.52 E154.10 37|51 | 934 62.38
81198 4 25|13 49 2.7 | N56.23 E16420 39|49 19.78 38.74
91198 5 2] 8 55 16.0 | N48.83 EI156.19 42|59 | 11.76 53.45
101198 5 2|12 52 28.0 | N56.17 E163.30 24| 51 | 19.15 38.00
111198 5 10| 3 51 381 | N47.70 E15240 52|46 | 935 5213
12 (1985 5 12 7 13 26.7 | N52.12 EI159.15 70| 4.7 | 15.35 44.85
131985 5 16|10 22 504 | N48.37 E155.53 54 | 5.1 | 11.45 54.60
141198 5 19| 8 7 470 | N53.57 E160.53 54| 6.0 16.46 42.02
1511985 6 3|23 53 44.1 | N44.02 E14786 71|48 8.70 72.16
16 11985 7 15| 5 32 b56.0 | N563.81 EI161.47 29| 4.7 | 16.86 4241
17 (1985 7 17 (12 13 22.0 | N52.04 E160.01 8151|1525 46.21
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ev date origin time epicenter dep | mp | dist azim
no y m d{h m s deg deg km deg deg
1811985 7 25|18 59 57.0 | N45.17 E150.11 50 | 5.0 | 7.54 64.96
191198 7 291 6 32 185 i N56.10 E16454 37 5.2 19.82 39.39
20 (1985 7 29|18 31 383 | N49.50 EI156.20 63 ] 4.6 | 12.62 5048
2111985 7 30| 5 35 374 | N4490 E14930 33|44 ] 6.60 6557
2211985 7 31| 7 37 520 N5240 E173.44 25 57| 23.09 54.55
2311985 8 520 23 374 |N53.59 E16040 33|50} 16.23 41.80
241198 8 9|13 3 106 | N5244 EI73.56 35 55| 23.13 54.49
2511985 8 9[22 24 93 |Nb56.16 E162.75 45| 5.1 | 19.26 37.46
26 11985 8 9|23 7 2.7|N56.30 E162.60 33| 4.7 19.08 36.95
27 11985 8 11{ 9 59 420 ([ N54.15 E168.69 2959|2039 47.72
2811985 8 13|12 50 39.0 | N43.80 [E150.10 33|47 6.66 78.15
2011985 8 24| 9 .9 1.1 | N43.45 E14707 54|46, 7.60 79.04
30 {1985 8 26| 2 26 400 | N4540 E14840 33 | 45| 6.57 57.58
31198 8 31|12 31 50.2|N5540 [E163.70 33| 4.9 | 19.06 40.38
3211985 9 1(14 7 30.3|N49.30 [EI15580 33| 4.5 | 11.55 50.71
3311985 9 1|21 58 2.6 |N43.77 [E148.03 68| 4.8 | 8.50 75.92
3411985 9 9|15 17 59.6 | N46.28 EI15329 10 ) 5.4 | 8.39 62.63 |
3511985 9 18| 1 27 15.7 | N49.59 [E155.74 41| 5.6 | 11.86 49.33
3611985 9 18|23 53 19.9 | N47.78 [E154.06 45 ; 4.8 | 10.03 55.12
3711985 9 2r{ 2 6 292! N46.85 E153.53 34|49 9.03 59.49
38 (1985 10 2| 3 16 26.0 | N43.73 E151.25 40| 54| 7.30 79.57
301985 10 9| 9 33 32.6| N54.73 W159.65 30| 6.1 | 39.16 51.59
40 (1985 10 16|15 23 42.5 | N48.10 EI154.10 33|45 9.890 53.49
41 11985 10 24|19 10 25.0 | N44.35 ©E148.60 70| 4.5 | 8.64 69.81
4211985 10 26|15 53 36.9 | N54.82 W159.57 40| 5.5 1| 3942 51.44
43 11985 10 28 |14 54 40.0 | N54.70 E162.10 -33 | 4.8 | 17.76 40.59
44 | 1985 11 14|22 17 46.2 | N55.02 W160.12 33| 5.4 | 39.01 51.18
4511985 11 15|11 56 18.0 | N43.95 [E14842 40| 51| 6.86 74.28
46 | 1985 11 15|15 40 29.8 | N49.60 [E155.80 33 | 4.8 | 11.71 49.39
47 11985 11 15[ 18 42 46.5 | N47.40 ©EI53.10 33|45 8.97 5541
48 | 1985 11 17| 7 30 29.0 | N53.77 E160.43 44 | 5.1 | 16.42 41.30
49 11985 11 20| 5 14 27.1 | N43.66 E14848 40| 5.0 | 6.86 78.05
50 11985 12 1| 4 48 53| N43.69 E14894 38 (49! 6.77 78.22
5111985 12 6| 8 55 34.6 | N44.66 E148.70 95| 4.7 | 10.28 66.51
52 11985 12 6|12 33 222 | N49.63 EI157.15 42|50 | 12.73 51.37
53 (1985 12 19| 5 16 2.8 | N52.86 [E159.60 0511520 43.03
5411985 12 23| 0 1 236 | N46.54 [E15261 51| 5.2 | 898 59.75
55 (1985 12 28| 7 44 36.0 | N56.56 W156.59 39 | 52| 40.19 4840
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Table 1. Earthquake List (continued 2)

ev date origin time epicenter dep | my | dist azim
no y m d{h m s deg deg km deg deg

561 1986 3 2|20 42 28.8 | N51.60 WI176.78 55| 5.1 | 29.71 58.04
57 11986 5 8] 1 11 2.3 | N51.09 WI176.70 32| 5.8 |29.31 59.11
58 11986 5 8} 5 37 204 | N51.34 WI17541 18 | 59| 29.60 58.58
5911986 5 17|16 20 23.7 | N52.26 W174.29 26 | 5.7 | 30.37 56.75
6011986 6 18 8 5 15.7 | N51.66 WI176.90 56 | 5.8 | 29.64 5791
6111986 7 19| 4 31 b57.7| N53.38 WI165.91 46| 55| 35.25 54.40
62 [ 1986 11 618 27 1.1 | N51.43 WI176.68 40 | 5.2 | 29.56 58.40
631198 5 2422 4 445 | Nbl.41 WI17843 43| 5.7 | 28.18 58.37
6411985 10 5|15 24 25| N6222 WI12426 10| 6.4 | 54.58 35.03
6511986 1 18| 1 58 59.0 | N51.b4 WI173.11 13| 58| 30.94 58.16
66 | 1986 6 19| 9 9 10.1 | N56.39 W152.86 17| 59| 42.36 48.20
67 11986. 9 12|23 57 158 | N56.19 W153.40 31| 6.0 | 41.67 48.53

Figure 2 shows the locations of the 67 events. They occurred along the
Kuril-Kamchatka Arc and the Aleutian Arc. The range of the azimuth of
the events extends about 60°. The epicentral distribution bends abruptly
at the junction of the two arcs. This causes a large change in the epicenter
azimuth.

LAT = 42.88 N
LON = 142.46
BIST = 60.0

DDIST=  10.0

Figure 2: Epicenters of the 67 earthquakes used in this study. Equidistant
azimuthal projection is used. The center of circles is the array center. The
circles are drawn at an interval of ten degrees.
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3 Interpretation of data

3.1 Seismograms

Figure 3 shows the seismograms that are lined up according to the epicen-
tral distance to find the correlation of the first and secondary phases among
the stations. The seismograms are high-cut filtered at a frequency of 3.0
Hz to make the correlation apparent. The amplitude is normalized to the
maximum of each trace. In the figure letter JB represents the arrival time of
J-B tables (Jeffreys and Bullen, 1940). We summarize the characteristics of
the first and secondary phases in four epicentral distance ranges.

0
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Figure 3 (a), (b): The seismograms high-cut filterd at a frequency of 3.0 Hz.

The traces are lined up in order of the epicentral distances. They start 8.0 s
before the J-B times. (a) event 46, (b) event 5.

EVas
e

A =9° — 14° (Fig. 3(a), event 46 in Table 1). The flrst arrival times at
distances nearer than 11° are almost identical with JB but are earlier than
JB at distances beyond 11°. We can identify no secondary phase in this
figure.

A = 14° — 17° (Flg. 3(b), event 5 in Table 1). The travel times of the
first arrivals are earlier than JB and their amplitudes are small. We can
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identify remarkable secondary phases with large amplitudes which correlate
well between all traces. The travel time difference of the first and secondary
waves decreases with distance. The slowness of this remarkable phase is
determined to be 11.72 sec/deg by the method as described in a later section.
We consider that this is a refracted wave from the 410 km discontinuity, which
is called BC branch in this paper (see Fig. 12(a)).

26. 27. 28. 29. 3.
DISTANCE IN DEG

Figure 3 (c), (d): The seismograms high-cut filterd at a frequency of 3.0 Hz.
The traces are lined up in order of the epicentral distances. They start 8.0 s
before the J-B times. (c) event 22, (d) event 57.

(d)
25, SEC
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g
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A = 20° — 25° (Fig. 3(c), event 22 in Table 1). The travel times of
the first arrivals are identical with JB. The arrivals are very clear especially
around 21°. This may suggest the existence of a transition zone at a deph
of about 500 km. We can identify the secondary phase that arrives a few
seconds late after the first arrivals in this figure. The travel time difference
gradually decreases with distance. The slowness of this secondary phase is
9.20 sec/deg. We consider this to be the phase which is turned back from
the 660 km discontinuity (DE branch, see Fig. 12(a)).

A = 26° — 31° (Flg. 3(d), event 57 in Table 1). The first arrival times
are identical with JB. There is no secondary phase well correlated through
all the traces in this figure.
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We use here the J-B arrival time after correcting the effects due to
hypocenter depth, station elevation, the Earth’s ellipticity (Dziewonski and
Gilbert, 1976) and the anomalies of velocity structure beneath the network
(Nakanishi and Motoya, 1990).

Figure 4 shows a record section of 74 seismograms which have relatively
good S/N ratios so that we can recognize the triplications.

)
L) 100 .

DISTANCEx10. IN S

(&3]
o

20. T T : r v v T
5. 10. 15. 20. 25. 30. 3S. 40. 45.

DISTANCE IN DEG
Figure 4: Data record section of 74 seismograms. They were obtained by
resampling all the data at 0.25° distance interval in the range 6° — 40°. The
records are high-cut filtered at a frequency of 3.0 Hz. Each trace is normalized
to its maximum amplitude.

3.2 Travel time

Figure 5(a) is a plot of the travel times of the selected events with clear
arrivals. Fig. 5(b) shows the means and standard deviations of the travel
times for the distance interval of 1°. It is likely that there are two groups
of secondary arrivals which have nearly constant gradients in this plot. One
extends over the distance range of 14° — 22° and the other 19° — 25°. These
may correspond to the backbranches of the 410 and 660 km discontinuities,
respectively.

3.3 Slowness and azimuth

Assuming that an arrival is a plane wave, one can calculate the slowness
and azimuth of the arrival. We use a method of Walck and Minster (1982)
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for that purpose. We calculate the slowness and azimuth only for the events
which produce records with good S/N ratios at more than eight stations.
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Figure 5: Reduced travel time data of 67 earthquakes. (a) 768 first arrivals
(solid circles) and 137 secondary arrivals (open triangles) are plotted after
the corrections of source depth, station elevation, the Earth’s ellipticity and
velocity anomalies right beneath the stations. (b) The means and standard
deviations of the travel time data (a) obtained for a distance interval of 1°
for each branch.

Figure 6 shows the slownesses and azimuths thus determined. We point
out some remarkable features in this figure.

Slowness (Fig. 6 (a)): The slowness decreases with distance and its
slope changes rapidly at a distance of about 25°. On the contrary, the slow-
ness increases with distance in the distance ranges of 15° to 18° and 18°
to 23°. These may be the BC and DE branches originating from the 410
and 660 km discontinuities. There is a gap at about 20° where the slowness
abruptly drops and the values of the first and secondary waves are mixed
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there. It appears that this corresponds to the sudden decrease in slowness
that Fukao (1977) and Kanamori (1967) have already pointed out, though
its apparent distance differs from their results. We take their interpretation
that the observation requires the introduction of a minor velocity transition
zone between the two major discontinuities at 410 and 660 km.
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Figure 6: Results of the array analysis. (a) The slownesses of 67 first phases
(solid circles) and 14 secondary phases (open triangles). (b) The difference
between the azimuth obtained by the observed data and the one expected
from the relation of the epicenter and the array center. The azimuth is
measured clockwise from the north.

Azimuth (Fig. 6(b)): The result shows that the waves from events at
distances shorter than 20° arrive at the network from the direction further
south than the expected direction. On the contrary, at distances beyond
20° the waves arrive from the expected direction. This means that the wave
propagates nearly within a vertical plane including the hypocenter and the
network center. These characteristics in the observed azimuths are consistent
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with the epicenter distribution of Fig. 2. One notices that the distance of
20° where the trend of the residual azimuth changes largely is the position
of the junction of the Kuril-Kamchatka Arc and the Aleutian Arc (Fig. 2).
According to Utsu (1971) the Pacific Plate descends under the Okhotsk Sea
from the southeast to the northwest along the Kuril Arc. The seismic waves
from the events located at distances greater than 20° leave the Pacific plate
quickly and travel through the area of the oceanic side of the mantle. On
the other hand, those with epicentral distances less than 20° initially leave
the hypocenters approximately parallel to the strike of the discending Pacific
plate and then arrive at the network after turning off into the oceanic side
mantle because it is a few percents higher in P-velocity than the continental
side mantle (Utsu, 1971; Hamada, 1973).

In the parameter determination by a least-squares method, the decrease
of the number of parameters increases the precision of the solution. We also
determined the slowness by fixing the azimuth to the value expected from
the network and epicenter location. Figure 7 shows the result. If the residual
azimuth seen in Fig. 6(b) were insignificant, the results in Figs. 6(a) and 7
must be identical and the result in Fig. 7 which did not suffer from the error
due to the trade-off between the parameters would be more reliable. But in
reality both are very different at distances less than 20° and the result in Fig.
7 is more scattered. This means the azimuth deviation in Fig. 6(b) is not
negligible.
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Figure 7: The slowness determined on the assumption that the azimuth is

equal to the expected value.
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Figure 8: (a) Ichikawa and Mochizuki model ( Ichikawa and Mochizuki, 1971;
Hamada, 1984) is indicated by the solid line and Fukao (1977) model by the
dashed line. (b) The comparison of the travel time curves calculated for the
two models (solid and dashed lines) with the observations (Fig. 5(b)). (c)
The comparison of the slowness curves with the observations (Fig. 6(a)).
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4 Modeling

4.1 Shallow structure

For the modeling, it is necessary that the shallow structure is established.
Unfortunately we can not obtain enough information about the shallow struc-
ture from the data described above. Therefore we must introduce some as-
sumptions on the shallow structure in the modeling of the deep structure.

Fukao (1977) presented an upper mantle model of the ocean side of the
Japan-Kuril Arc by analyzing the Kuril-Kamchatka events observed by an
array in the Kii Peninsula, central Japan. The study area of this paper
neighbors on that of Fukao, being just shifted to the north. On the other
hand, Ichikawa and Mochizuki (1971) made a velocity model by using the
explosion seismic data down to the depth of 35 km and the Jeffreys velocity
model for greater depths. Their model was reexamined by Hamada (1984).
This model may represent an average shallow structure of Japan.

Figure 8(a) shows the velocity-depth models of Fukao (1977) (FK) and
Ichikawa and Mochizuki (1971)(IM), of which the travel times and slownesses
are compared with the observations (Figs.5(b) and 6(a)) in Figs.8(b) and (c).
Here we are concerned with the observations of the first arrivals at distances
less than 20°.

The travel times of the first arrivals of FK are about 5 s earlier than the
observations at distances less than 13° but are in agreement in the range
13° —20°. Though the first arrivals of FK in the range 13° — 15° are also too
early, it is likely that we consider the secondary phase arriving a few seconds
late as the first arrival in the same distance range because the amplitude of
the latter is larger than that of the former. On the other hand, IM is in
agreement with the observations at distances less than 13° but is too late in
the range 13° — 20°.

The slowness of FK takes nearly an average value of the observations at
distances less than 10°. The slowness of IM is obviously too large in the same
distance range.

As already mentioned, we determine the slowness on the assumption of
a plane wave approximation. It is reasonable for teleseisms but the waves
generally propagate as spherical waves in the case of near earthquakes which
we deal with in this section. Therefore the obtained slownesses do not nec-
essarily present real values. In the case of the travel time we are not afraid
of the influence of the non-planar wave front. Considering these we decided
to find the shallow model which mainly satisfies the travel time data.

Figure 9(a) shows three models which are obtained by changing the ve-
locity at the depth of 33 km in model FK. The velocity values at that depth
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are 8.00 km/s (model 1), 7.84 km/s (model 2), and 7.70 km/s (model 3).
On the other hand, three models in Fig. 9(b) are those obtained by keep-
ing a constant velocity in the depth range of 33 km to about 150 km. The
constant velocity is 8.10 km/s (model 4), 8.00 km/s (model 5), and 7.84
km/s (model 6). Figures 10(a) and (b) compare the observed travel times
with the calculated curve for each model. The travel times of model 1 and
model 4 are too early at distances less than 12° and consistent beyond that
distance. Model 2 is approximately consistent up to 20°, but is a little early
at near distances. Model 3 is consistent at short distances and early at long
distances in comparison with model 2. Model 5 is too early at near distances
and somewhat late at far distances. Model 6 is consistent at distances less
than 11° and too late beyond that distance.

(a) (b)
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Figure 9: The trial models for the shallow structure. The dashed lines rep-
resent Ichikawa and Mochizuki model and Fukao model (Fig. 8(a)). (a) The
velocity has a constant depth gradient at depths from 33 km to 95 km. The
velocity at 33 km depth is 8.00 km/s (model 1), 7.84 km/s (model 2), and
7.70 km/s (model 3). (b) The velocity is constant at depths from 33 km to
about 150 km. The velocity at 33 km depth is 8.10 km/s (model 4), 8.00
km/s (model 5), and 7.84 km/s (model 6). ~

From the comparison we can say the following. (1) Velocity at the depth of
33 km is lower than 7.84 km/s. (2) The mean velocity in the depth interval of
33-100 km is nearly equal to or a little smaller than 8.00 km/s. (3) It is easier
to explain the observed travel times by the model whose velocity gradually
increases with depth than the model with a constant velocity value.

Therefore if the velocity at 33 km depth is between 7.70-7.84 km/s like
models 2 and 3 of Fig. 9(a), the agreement with the observations is accept-
able. Finally we select model 2 for the shallow structure, considering the
secondary arrivals at the end of AB branch.



110 Upper Mantle P-wave Structure

Hodel 1 Hodel 2 Hodet 3
80,

IN SEC ®

80.

8.

60.

50.

40+

T - DISTANCEx10.

30.

20. 20, g 20,
S. S. S.

DISTANCE IN DEG

Hodel 4 Hodel §

Hode! 6
80. 80.

90.

IN SECT

80.

80. 80.

e 0.

70,

60. 60. 60.

S0. S0.

40, 40.

T - DISTANCEx1O.

|
30. 304 '

20 20, 20.
S. 10. 15. 20. 25. S 10, 15. 20. 25. S. 10. 15. 20. 2.

DISTANCE IN DEG
Figure 10: The comparison of the calculated travel times for models 1 to 6
with the observations.

4.2 Low velocity zone

One of the prominent features of the upper mantle structure that some
have pointed out is the existence of a low velocity zone (LVZ) in the depth
range of 70-200 km (Johnson, 1967; Kanamori, 1967). However, model 2
which we select above does not have it. The lid velocity of 8.23 km/s at
33 - 85 km depths and the LVZ velocity of 8.1 km/s at 95 - 165km of FK
are rather high as compared with other models, such as Kanamori’s (1967)
model. As already mentioned the lid velocity of 8.23 km/s is too high to
explain the travel time data of this study. If we allow the lid of a relatively
low velocity, it is difficult to put further LVZ below the lid. Therefore it is
difficult to find a model which has LVZ and satisfies the travel time data.

Furthermore the travel time curve for a model with LVZ must have a gap
in the travel time, which becomes the very evidence for LVZ. It does not
seem that there is such a gap in the observed travel time curve (Fig. 5).
Thus we decide to use the model of the uppermost mantle without LVZ as
shown in the above section (model 2).
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Recently the existence of a strong LVZ has been questioned at least in
the oldest part of the northwestern Pacific (Kawasaki et al., 1989). Several
studies on the body wave travel times for the oceanic side of the Japan Arc
have shown that LVZ is absent or that if it exists the velocity contrast is
very small. Our analysis does not rule out a LVZ with such small velocity
contrast.

4.3 'Transition zone

Generally if the depth of a velocity discontinuity is increased, the travel
times of the rays with turning points deeper than that depth become late
and the triplication is formed at greater distances, which appears as the right
shifted slowness on the slowness-distance diagram. If the velocity contrast is
increased, the travel time becomes early, the end point C of the triplication
goes back to a near distance, and it is indicated as greater slowness step
on the slowness-distance diagram. Model 10 is obtained in such a way that
the structure down to 400 km explains the observed travel times of the AB
branch. The model is also consistent with both the travel time and slowness
data of the BC back branch, which arrives as the secondary wave at distances
from 22° to 14°. Because the branches are controlled by the depth and
velocity contrast of the 400 km discontinuity, we use the 400 km discontinuity
of model 10 in the modeling below.

We change the velocity profile at depths greater than 400 km of model 10.
Figure 11 and Table 2 present model 12 thus obtained. We can explain the
abrupt drop of the slowness at about 20° in the data by putting a transition
zone of 3 % velocity contrast in the interval of 40 km around 460 km depth.

VELBCITY IN KM/SEC
S. 7. S. 1. 13.

0.
— MODEL 12
100 4 — M@DEL 10

200 .1
300 .1
400 .4

500 .4

DEPTH IN KM

600 .1

7060 4

800 .-
Figure 11: Models 12 and 10.
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Table 2. Model 12 (Depth variation of P-velocity)

Dep

Vel | Dep Vel | Dep Vel | Dep Vel

km

km/s | km km/s| km km/s| km km/s

0
15
15
33
33
95

165
200
205
225

557 | 240 840 | 440 9.33 | 640 10.12
5.57 | 260 8.42 | 460 9.44 | 660 10.22
6.50 | 280 8.45 | 480 9.58 | 680 10.34
6.50 | 300 8.48 | 500 9.66 | 690 10.40
7.84 | 320 853 | 520 9.72 | 700 10.55
810 | 340 858 | 540 9.80 | 717 11.10
8.10 | 360 8.65 | 560 9.82 | 800 11.19
841 | 385 8.75 | 580 9.88
841 | 400 9.25 | 600 9.96
8.40 | 420 9.27 | 620 10.04

IN SEC

70.

T - DISTANCE=10.

SLOWNESS IN SEC/DEG

6.

0.

Figure 12: The comparison of the travel time and slowness for model 10
(normal line) and 12 (heavy line) with the observations. (a) Travel time.
Letters refer to travel time branches discussed in text. (b) slowness.
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Figure 12 compares the travel time and slowness of models 12 and 10
with the observations. The calculated travel time of CD branch, which is
influenced by the velocity structure in the range from 400 km to the upper
boundary of the second discontinuity, is consistent with the observations.
Putting a discontinuity of 7 % contrast around 700 km depth (model 12)
we can explain the DE branch which is inconsistent with model 10. The
slowness is consistent at the end E of the DE branch.

It is apparent that model 12 that explains our data is similar to FK
except for some differences. (1) The low velocity zone is absent. (2) The
second discontinuity has a deeper depth of 700 km and a larger velocity
contrast of 7 %. (3) The depth of the minor transition zone around 460 km
is shallower by 40 km. This shallow start of the transion zone is also found
in the model of Kanamori (1967). (4) The minor transition zone around 740
km is absent.

4.4 7 — p inversion and error bounds

We performed the inversion of the travel time data to velocity structure
by the 7 — p method of Stark and Parker (1987) (see also Stark et al. (1986)
and Lawson and Hanson (1974)). 7 means the time intercept of the travel
time curve and is defined by the equation:

7(p) = T(X) — pX,

where p is the ray parameter, T the travel time, and X the epicentral dis-
tance.

We obtain the 7 — p relation from the observed (X,T) data following
Bessonova et al. (1974) (see also Aki and Richards, 1980). If the travel time
curve were ideal, 7 or X would be a single-valued function of p. However, the
observed travel time of secondary wave is not necessarily a smooth convex or
concave curve due to reading errors and lack of data, and 7 or X might have
two values for one ray parameter. We make single-valued 7 — p and X — p
relations by selecting relatively well determined data.

Figure 13 shows the 7 — p and X — p relations thus obtained from the
travel time data in Fig. 5(b). Because the observation at distances beyond
44° is sparse (Fig. 5(b)), we use only the data at distances less than 44°.

To obtain the error bounds that include all velocity-depth curves which
agree with the observational 7(p) and X (p) data within a statistical limit,
we take the approach of Stark and Parker (1987) and adopt the following
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function as the measure of misfit:

p(M) = Z( —r(M)/o:)’ + Z 1((d — Xi(M))/03)?,
i=n,+
where d; and o; are the means and standard deviations of data, 7 for ¢ =
1,...,n,and X for i =n, +1,...,n. 7(M) and X;(M) are the 7 and X
calculated for model M. The depths for which the misfit function p(M) is
equal to the statistical limit suggested by the x* distribution of a confidence
level given a priori define the upper and lower error bounds of the depth
for a target velocity. An iteration of finding the bounds for different target
velocities results in the error bounds for an optimum velocity profile.
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7. 8. 14, 15.

SLOGWNESS IN SEC/DEG
Figure 13: 7 — p and X — p relations obtained from the travel time curves of
Fig. 5(b).

Figure 14 is the model (model 14) which is obtained by assuming the
structure of model 2 at depths shallower than 191.6 km. The model has two
major discontinuities at 460 and 720 km. As compared with model 12 the
400 km discontinuity of model 14 is deep and great in velocity contrast. Both
models have similar depths and velocity contrasts of the 660 km discontinuity.

Figure 14 shows the error bounds obtained with the confidence level of
99.5 %. The width of the bounds is 40 km for the first discontinuity (445-485
km) and 70 km for the second discontinuity (685-752 km) of model 14. The
depth of the 410 km discontinuity of model 12 is far shallower than the upper
bound of the depth of the discontinuity.
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Figure 14: The best velocity model (CENTR) (model 14) and its error
bounds (BORDR) obtained by the 7 — p inversion. The confidence level
is 99.5 %. The depth of the stripping is 191.6 km.

Figure 15 is the comparison of the calculated travel time for model 14
with the observations. The figure shows that model 14 can explain overall
trend of the travel time but not the details of the triplications, such as the
positions of C and E (Fig.12(a)).
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Figure 15: The comparion of the calculated travel time for model 14 with
the observations.
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5 Discussion

An important feature of model 12 is that it has the second discontinuity
at a greater depth and with a larger velocity contrast than Fukao’s (1977)
model. We examine whether the difference in depth and velocity contrast
between the two models is significant or not.

For that purpose we determine the best fitting model and its error bounds
by assuming model 12 for the structure shallower than 644 km. Model 15
thus obtained is presented with its error bounds of the 95 % confidence level
in Fig. 16. Both the depth and velocity contrast are nearly equal to those of
model 12. This may indicate that the existence of the second discontinuity
with a velocity contrast of 7 % around 700km is reasonable.
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0. ' o 1 L 1 1 i s
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Figure 16: The velocity structure (model 15, designated as CENTR) with its
bounds (designated as BORDR) obtained with the confidence level of 95.0 %
by the 7 —p inversion using the stripping depth of 644 km. The comparison is
made with the models of Fukao (1977), Kanamori (1967), Inatani and Kurita
(1980), and Walck (1985).

Figure 16 also shows the models of Kanamori (1967), Fukao (1977),
Inatani and Kurita (1980), and Walck (1985) for comparison. The 660 km
discontinuity of Fukao’s model is within the bounds of 95 % confidence level.
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Even if we lower the confidence level down to 50 %, it is still within the
bounds. Therefore the difference of the 660 km discontinuity between our
model and Fukao’s model might be insignificant. Kanamori’s model passes
in the middle of the error bounds of our model. The velocity contrast of
Inatani and Kurita’s model is obviously larger than that of our model. The
depth of the discontinuity is shallower in Walck’s model than in our model.
On one hand her model concerns the northeastern rim of the Pacific. On
the other hand the other models represent the northwestern rim or the west-
ern marginal sea of the Pacific. We could probably say that the 660 km
discontinuity is deeper in the northwestern rim of the Pacific than in the
northeastern rim. Our recent study of the P-wave structure for the western
Pacific rim using a different data set (Kato and Nakanishi, 2000) suggests the
depth of 700 km for the 660 km discontinuity, and may support the result of
the present study.

The result of the present study may suggest the depression of the 660 km
discontinuity beneath the Kuril-Aluetian arc, where the old Pacific plate (65 -
135 Ma: Cretaceous) (Pitman et al., 1974) is subducted and the cold leading
edge of the plate must cool the mantle surrounding the 660 km discontinuity
beneath this region.

The high-pressure experiment made by Ito and Takahashi (1989) shows
the negative value of dP/dT (P: pressure, T: temperature) of Clapey-
ron curve for the dissociation of spinel (Mg, Fe)2S5i04 () to perovskite
(Mg, Fe)SiO; (Pv) and magnesiowiistite (Mg, Fe)O (Mw), which is consid-
ered to be the most plausible candidate for the 660 km discontinuity. They
obtain dP/dT = -0.0028 GPa/K for the phase boundary of y and Pv + Mw.
If the temperature in the upper mantle at the depth of 660 km discontinuity
is lower by 100°K in the subduction region than in the surrounding regions,
the temperature difference increases the pressure of the phase change by
0.28GPa, which is equivalent to the depth increase of about 10 km. Thus a
temperature decrease of about 300°K is required to explain the depth differ-
ence of 30 km. '

Thermal structure of the subduction region has been modelled by many
scientists but the temperature distributions from these studies are broadly
similar to each othrer. Here we take the modelling result obtained by Shu-
bert et al. (1975). In their model the temperature difference between the
cold slab and the neighboring mantle is about 700°K near the 660 km dis-
continuity. However, the temperature decrease due to the cold slab is rather
small in the oceanic mantle beneath the trench and it seems difficult to in-
terpret the depth difference of 30 km in terms of only the thermal structure.
Further discussions with consideration of convection, gravity, and mineral
compositions are beyond the scope of the present paper.
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The result of Kato and Nakanishi (2000) also supports that the 660km
discontinuity is depressed beneath the subduction region. However, it is
still difficult to rule out the possibility of the measurement errors. Analysis
of broadband digital waveform data recorded by the seismological networks
deployed for the last decade can reduce the measurement errors and can show
up the undulations of the upper mantle discontinuities.

6 Conclusion

We obtained the upper mantle P-wave structure of the northwestern rim
of the Pacific Ocean. Model 12, which can be considered the best model
in the sense of the best explaining the observations, is characterized by:
(1) It has no low velocity zone. (2) The velocity of the uppermost mantle
gradually increases from 7.84 to 8.10 km/s in the depth range of 33-95 km
and is constant in the depth range of 95-165 km and abruptly increases at
depths 165-200 km. (3) The 410 km discontinuity is almost identical with
that of Fukao’s (1977) model (FK) which has an increase of about 6 % in
velocity near 390 km. (4) There is a minor transition zone around 460 km,
the depth of which is shallower than that of FK. The velocity contrast is 3
%. (5) The depth of the 660 km discontinuity is 700 km, which is greater
than that of FK. The velocity increase is 0.70km/s or 7 %, which is a little
larger than that of FK.

We obtained the velocity bounds that include all velocity-depth curves
which agree with the observational 7(p) data within a statistical limit to
know how large the uncertainties of data reflect in the modeling result. For
the discontinuity at 700 km the error bounds obtained by the 7 — p inversion
include FK within the 95 % confidence interval. Therefore we cannot say
that the character (5) of model 12 is significant. However, the comparison
with other models obtained for the regions along the rim of the Pacific might
imply that the 660 km discontinuity is locally deep beneath northwestern
rim. We need more abundant data of secondary waves to make a definitive
conclusion on the regional difference of the 660 km discontinuity.

Recently we have made a study of the upper mantle P-wave structure
of the western Pacific rim using a different seismological network (Kato and
Nakanishi, 2000) and the result (model sn12c, which is obtained by correcting
the model 12 of the present study (Fig. 11 and Table 2)) may support the
depth of 700 km obtained in the present study.

Using the aray analysis we showed that the waves from the events at dis-
tances less than 20° arrived at Hokkaido from the direction rotated clockwise
from the expected direction to the ocean side of the Kuril arc. This means
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that the assumption of the lateral velocity homogeneity is invalid. Therefore
we may have to consider the three-dimensional velocity variation to obtain
more accurate velocity structure beneath the region with a strong lateral ve-
locity contrast. The northwestern rim of the Pacific Ocean, where the high
velocity plate contacts with the low velocity marginal sea, is an example of
such region.
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