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Abstract

Group velocities of long-period Rayleigh and Love waves are meas-
ured, by band-pass filtering and group-delay time methods, to study
regional differences in a deep island arc structure. The measurements
are made, over a period range 20 to 80 see, for propagation paths
across the Japan Sea. At longer periods, the observed group veloci-
ties of Rayleigh and Love waves are lower by as much as 0.1 km/sec
than those for normal oceanic paths. It is found that the ARC-1
model, which was previously introduced to explain the low group
velocities of long-period surface waves travelling across the Philippine
Sea, can also explain these low group velocities. The major feature
of this model is a reduction of mantle shear-velocity by 0.3 to 0.4 km/
sec, or 8%, over a depth range 30 to 60 km as compared with that
for normal oceanic models. This low mantle velocity and the high
heat flow which was previously reported for this region suggest com-
mon causes such as high temperature and partial melting. The veloci-
ty contrast found here can be explained in terms of a 500°C temper-
ature excess coupled with a 4% partial melting.

1. Introduction

The Japan Sea is a marginal sea lying between the Eurasia conti-
nent and the western Pacific Ocean. The Japan Sea is located just on
the continental side of the Japan Arc where active volcanoes, deep
earthquakes and deep trenches are concentrated. Because of these dis-
tinet tectonic features the Japan Sea, though small, plays an important
role in discussions of island arc tectonics. Comprehensive summaries of
the Japan Arc may be found in Rikitake et al. (1968), Kanamori (1970),
and Sugimura and Uyeda (1971). The significance of the Japan Sea
as a marginal sea is discussed by Menard (1967).

The regional difference of deep mantle structure is a key element
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in the elucidation of geophysical and geological phenomena associated
with island ares. The present paper is concerned with the determina-
tion of the deep mantle structure beneath the Japan Sea by a surface-
wave approach. This approach is particularly useful for the study of
deep structure under oceans where no seismographs can be installed.
We employed digital methods to obtain the group velocity data. With
these methods we can extend the period range to as long a period as
possible for relatively short propagation paths. Data on long-period
surface waves are indispensable for studying regional characteristics.

2. Data

Table 1 lists the data of earthquakes studied. Since these earth-
quakes were located on the basis of P times at as many as 200 stations,

Table 1. List of Earthquakes
Origin Lati . Mag-
: ati- Longi- |Depth| Bul- .
No Date ('(I;ll{lln’%) tude tude (k) mt;llde letin Region I, L

h
111964 Aug. 04| 17 24"98.6° 46.57°N| 151.36°E| 86 5.7 | ISC |Kurile Is.[ 0.84]0.16
2 (1963 Oct. 14 | 13 21 37.0 |44.79°N| 151.13°E| 0 5.9 | ISS |Kurile Is.| 0.68|0.32
3 11964 Nov. 06 | 09 53 20.5 [44.44°N| 149.09°E| 42 5.7 | ISC |Kurile Is.| 0.67]0.33
4 11963 May 17 | 12 09 09.0 [41.76°N| 141.99°E| 175 6.2 | ISS |Japan 0.85/0.15
5 (1968 May 16 | 19 16 47.2 [41.30°N| 142.38°E! 42 5.6 | EDR |Japan 0.78]0.22

the hypocenter parameters are believed to be accurate enough for the
present purpose. We used long-period waves recorded by a standard
Press-Ewing seismograph at Seoul (86.57°N, 126.97°E) which belongs to
the world-wide standardized station network (WWSSN) of the United
States Coast and Geodetic Survey. Figure 1 shows the propagation paths
from the epicenters to Seoul. In order to make a precise digital anal-
ysis, enlarged copies of seismograms were digitized at a 2 sec interval.
To separate Rayleigh and Love waves, the radial and transverse com-
ponents were synthesized from the N-S and E-W components. For the
measurements of group velocities we mostly used the band-pass filtering
method, and always cross-checked the results against the group-delay
times. In both cases, the instrumental group-delay time was corrected
for. The effect of the finiteness of the source and the group-delay time
at the source were ignored. The detailed description on these methods
is given in Kanamori and Abe (1963a).
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Fig. 1. Epicenters and the great-circle paths to Seoul (SEO) station.

3. TResults and Interpretation

Figure 2 shows the group velocities of Rayleigh and Love waves for
five propagation paths across the Japan Sea. This figure includes theore-
tical dispersion curves for two typical oceanic models, 8099 and ARC-1.
The 8099 model (Dorman et al., 1960) fits the experimental group veloci-
ties of Rayleigh and Love waves for normal oceans, such as the central
Pacific basins. In contrast, the ARC-1 model (Kanamori and Abe, 1968a,
b; Abe and Kanamori, 1970) fits the low oceanic group velocities of
Rayleigh and Love waves travelling across the Philippine Sea. All the
group velocities obtained in the present study are definitely lower than
those for the 8099 model, and are much closer to those of the ARC-1
model.

The propagation paths used here consist of oceanic and continental
parts; the average fractional path length of the continental part is 24%
of the entire path length. In order to make the discussion more spe-
cific, we derive the group velocity for “pure-oceanic” part from the
observed composite group velocities as follows. We let U, U, and U, be
the group velocities for the mixed, oceanic and continental paths respee-
tively. Assuming that the ocean-continent boundary does not greatly
affect the group velocity measurement, we obtain
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Fig. 2. Group velocities of Rayleigh and Love waves for mixed
propagation paths. The dispersion curve of 8099 model fits the nor-
mal oceanic data well. The shear-velocity distribution for the two
models is given in Fig. 5.

1 1, I

U_u+m (1)
where [, and [, are fractional path lengths over ocean and continent. It
can be shown, on the basis of Boore’s (1970) recent results of numerical
experiments, that the above assumption is reasonable. The parameters
I, and I, for each path are listed in Table 1. The continental region
includes Hokkaido, Korea and their continental shelves. The values of
l, may be uncertain to several per cent owing to the ambiguity in defin-
ing the ocean-continent boundary. For U, we use the dispersion curve
for the Jeffreys model, since no data are available for these regions. A
slightly different choice of the model, however, would not cause a major
difference in the final results.

The effective group velocities for the “pure-oceanic” region are cal-
culated for each propagation path with the formula (1). All the data are
interpolated at common periods and averaged (Fig. 3). The standard
deviation for the data are shown in the figures. Difference of the group
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Fig. 3. Average group velocities of Rayleigh and Love waves.
Filled circles indicate the group velocities for mixed propagation paths.
Open circles indicate the group velocities caleulated for “pure-oceanic’’
paths across the major portion of the Japan Sea.

velocity between the mixed and the oceanic paths ig slightly larger for
Love waves than for Rayleigh waves. Figure 3 shows that the ARC-1
model fits the “pure-cceanic” group velocities reasonably well at periods
longer than 40 sec.

The effect of shallow structures such as water layer, sedimentary
layer and the crust on group velocities is examined. According to seis-
mic refraction studies, the Japan Basin has a typical oceanic crust; the
Basin has a water layer about 3 km thick, a sedimentary layer 2 to 3 km
thick, a lower crust 8 to 12 km thick, and a P, velocity of 8.1 to 8.3
km/sec (Andreyeva and Udintsev, 1958; Kovylin and Neprochnov, 1965;
Kovylin, 1966; Muraucht et al. (see Rikitake et al., 1968)). We con-
structed, starting from the ARC-1 model, two models, A and B, incor-
porating these results (Table 2). The difference of the group velocities
between each of the two models and the ARC-1 model is shown in Fig.
4. The group velocities are affected only at short periods. Therefore
an appropriate modification of shallow structures of the ARC-1 model
would improve the fit between the calculated and the “pure-oceanic”
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Table 2. Layer parameters for four models, 8099, ARC-1,
A, and B models.

Shear
Velocity 8099 ARC-1 A B
(km/sec)
Water 0.0 5 5 3 3
Sediment 1.0 1 1 3 3
Crust 3.7 5 5 5 8
4.6125 49 19 19 16
Mantle 4.23 0 50 50 50
4.30 160 140 140 140

Layer thickness is given in km.
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Fig. 4. The effect of shallow struec- Fig. 5. Shear-velocity model, ARC-1.
tures, such as water, sediment and crust The oceanic model 8099 which is a start-
.on group velocity. The ARC-1 model is ing model in constructing the ARC-1 model
taken as a standard. Layer parameters is shown for comparison.

of A and B models are listed in Table 2.

group velocities in the short period range (7<30 sec); such modification
does not affect the fit at long period range. Thus we conclude that the
mantle beneath the Japan Sea can be approximated by the mantle as
employed in the ARC-1 model.

Because of the limited period range (T'<<80 sec), the mantle struc-
ture below 100 km cannot be resolved. Figure 5 shows the difference
between the shear-velocity distribution of the ARC-1 model and the 8099
model. The ARC-1 model is characterized by very low shear-velocities
in a depth range 30 to 60 km; over this depth range, the shear velocity
is lower by 0.3 to 0.4 km/sec or 8% for the ARC-1 model than for the
8099 model, the normal oceanic model. Although the group velocity
method is not very straightforward, we believe that an overall reduction
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of shear velocity of this magnitude is required. It should be noted that
the thickness of the high-velocity lid is thinner by as much as 50 km
than that of the normal oceanic lithosphere which is about 70 km (Ka-
namori and Press, 1970).

Figure 6 shows a vertical cross section taken along 41°N latitude.
The earthquake foci for the year 1967 (d>60 km) are taken from Ishida
(1970). Note the location of the propagation paths across the Japan Sea

. JAPAN oy, VOLCANIC PACIFIC
Lo SEA 41°Ny RIDGE ~ TRENCH OCEAN
131°E 140°E Yy i
Depth T A S .'%z,,o
km n fn °
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Fig. 6. Vertical cross section showing the location of the paths
relative to trench, voleanic ridge, and deep seismic plane. Section is
taken along 41°N. The cross hatched part indicates an approximate
area sampled by the surface waves. Note that all the propagation
paths across the Japan Sea lie above the deep seismic plane, while the
path from the Aleutian Is. to Dodaira station (see Kanamors and Abe,
1968 a, b and Abe and Kanamori, 1970) lies on the oceanic side of
the deep seismic plane.

with respect to various tectonic features. A major portion of the paths
lies on the continental side of the deep seismic plane, volecanic ridge,
and trench. Kanamori and Abe (1968a, b) and Abe and Kanamori (1970)
found that the path from the Aleutian to Dodaira station which is on
the oceanic side of the are shows the normal dispersion characters. Thus,
we conclude that a large structural heterogenity in the mantle exists
across the deep seismic plane.

4. Discussion

The heat flow distribution shows a regionality similar to that found
for the group velocity; it is high on the continental side and low on the
oceanic side of the deep seismic plane (Vacquier et al., 1966). Utsu
(1966, 1967) found that @ is significantly lower on the continental side
than on the oceanic side. A partial melting of the mantle provides a
favorable explanation for the low seismic velocity, high heat flow, and
low @.
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The seismic wave velocity V varies with temperature 7 as

5VP~<%€>P5T @)
e ()

The pressure effect is insignificant as compared with the temperature
effect. A high temperature may cause a partial melting which also
lowers the velocity (Mizutani and Kanamori, 1964; Spetzler and Ander-
son, 1968). According to Hashin (1962), the velocity in a solid with
scattered spherical liquid inclusions decreases as

Ve~ —0.58¢V, (4)
0Vs~—0.98¢V, (5)

where the parameter ¢ is the fractional volume concentration of the
liquid inclusion. In formulas (4) and (5), it is assumed that A=p (A
Lamé constant, g: rigidity) in the solid and that 2 is the same for the
solid and liquid. Thus, the velocity decrease is given by a linear com-
bination of the parameters ¢ and 67. Figure 7 shows the relation be-
tween the temperature difference and melt concentration for a given P-
and S-velocity decrease. We used laboratory data @Vp/oT)p=—6x10"*
and @Vs/oT)p=—4x10"* km/sec-deg (Soga et al., 1966; O. L. Anderson
et al., 1968).

S A L L A B The temperature beneath the
Japan Islands has been estimated,
] though with large uncertainty,
L S 41 from heat flows. Watanabe (1968)
explained the high and low heat
flows observed in the Japan region
in terms of a temperature con-
trast in the mantle; a tempera-
- ture difference of 500°C between
4+ the high and low heat flow regions
7] is suggested. In an attempt to
simulate thermal processes beneath
, , the Japan Are, Hasebe et al. (1970)
Tempemtﬁ?ﬁo Differen«l:g?o"c made a numerical experiment in

Fig. 7. Relation between the tem- which a frictional heating is as-
perature contrast and melt concentration sumed on the surface of the sink-

for a given P- and S-velocity contrast. . . .
The lines for 1, 5, 10% of P- and S ing lithosphere beneath Japan; a

velocity contrast are given for reference. thermal process which accounts for
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the heat flow distribution in the Japan region results in a temperature
excess of about 250°C in the mantle beneath the Japan Sea. From these
results it seems reasonable to consider that the temperature beneath the
Japan Sea is higher by 200 to 500°C than that in the normal mantle at
comparable depths. If we take the value of 500°C, we see from Fig. 7
that a partial melting of 4% is required to account for the observed
velocity contrast of 8%. For a 200°C temperature contrast, a partial
melting of 6% is required.

Kanamori (1968) obtained a 4% P-velocity contrast in the mantle
beneath Japan from the travel-time anomalies of the Longshot under-
ground explosion, and explained it in terms of a 2% partial melting
coupled with a 500°C temperature difference. Considering the difference
in the method, the present result is in general agreement with Kanamori’s
result.

A temperature excess and the resultant partial melting may not
necessarily be a unique interpretation for the velocity contrast. An al-
ternate explanation may be provided by considering a concentration of
water at grain boundaries or a dehydration of hydrated minerals. If
these effects are superimposed on the temperature effect, the proposed
amount of melt concentration is correspondingly reduced.

The regional difference in the mantle beneath island ares around
Japan has been studied by many investigators. By using body waves,
Fedotov and Slavina (1968) studied the Kamchatka—Kurile Are, and Utsu
(1967), Kanamori (1968) and Ishida (1970) studied the Japan Arc. By
using surface waves, Kanamori and Abe (1968a, b) and Abe and Ka-
namori (1970) determined the deep structure beneath the Izu-Mariana
Are. A common result obtained in these studies is that the mantle
above the inclined deep seismic zone is characterized by an extremely
low seismic velocity. Thus, we conclude, on the basis of the present and
the previously obtained results, that this low-velocity mantle extends all
along the chain of the Kamchatka-Kurile-Japan-Izu-Mariana Arcs.

5. Conclusion

By using long-period surface waves, the deep mantle structure be-
neath the Japan Sea is determined; the mantle shear-velocity over the
depth range 30 to 60 km is found to be lower by 0.3 to 0.4 km/sec than
that for normal oceanic models. Combining the present result with those
previously obtained, we conclude that, all along the Kamchatka to Mari-
ana Are, a pronounced low-velocity layer extends to a much shallower
depth on the inward (continental) side of the island arc than on the
outward (oceanic) side. This prominent feature can be explained in terms
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of a 500°C temperature contrast coupled with a 4% partial melting.
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