A New Seismic Phase From Earthquakes Beneath
the Japan Sea, Generated Near the Moho

Discintinutiy

journal or O0o000O0O0OO00000ooon
publication title

number 78

page range 1-12

year 1988-11-17

URL http://i1d.ni1.ac.jp/1625/00002815/




EIEH K BENM L SRR BI8T 1988FUR

550.1.344.094 (265.54)

A New Seismic Phase From Earthquakes Beneath the
Japan Sea, Generated Near the Moho Discontinutiy

by
Shoji Sekiguchi*

National Research Center for Disaster Prevention
Science and Technology Agency
Tsukuba, Tbaraki 305

Japan

Abstract

A new seismic phase has been identified on seismograms at 12 stations in
central Honshu, Japan from several earthquakes beneath the Japan Sea (denoted
as X-phase). Analysis of the X-phase arrivals could provide information about
the geometry and the location of laterally heterogeneous boundaries. The charac-
teristics of the X-phase are: (1} the arrival time differences relative to initial P
are 11 to 15 seconds; (2) the wave type is of P wave; {3} the apparent velocities
are between 7.5% km/sec and 7.07 km/sec. It is inferred from these observations
that the X -phase is generated near the Moho discontinuity and travels in the crust,
multi-bouncing at the free surface and the Moho discontinuity. To generate the
X-phase, lateral heterogeneity in the velocity near the Moho is needed. One
possible interpretation is that there is a dipping interface across which the changes
of P velocities of more than 5% occur at distance 1.1 to 2.3 degrees from the
stations.

1. Introduction

A new seismic phase was observed at seismic stations in central Honshu, Japan from
several deep earthquakes beneath the Japan Sea. The characteristics of this phase and
the interpretation of its generation in terms of lateral heterogeneity are described herein.
This new seismic phase is called "X-phase”.

2, The New Seismic Phase

The X-phase is identified from deep earthquakes beneath the northern Japan Sea.
Fig. 1 shows locations of the stations and the earthquakes which recorded and generated
the X-phase, respectively. The origin times and the locations of these earthquakes are
shown in Table 1. X-phase arrivals were looked for but not ohserved in seismograms
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from other deep earthquakes that occurred in the subducting plate beneath the area south
of Honshu, Okhotsk Sea or the central and eastern Japan Sea. The stations, where the
X-phase was observed, are located in a narrow zone near the Japan Sea. The X-phase
is not identified at stations far away from the epicenters.

Fig. 2 shows the waveforms of the vertical component of the X-phase. The arrival
times of this phase are between 11 sec and 15 sec after the first P arrivals.

In order to specify the wave type of the X-phase and its apparent velocity, the
particle motion observed at station KT] was investigated. At this station, the distinet X
-phase was observed and three-component seismograms are available. Fig. 3 shows
examples of the three-component seismograms and the particle motions ohserved at
station KT], The predominantly longitudinally polarized particle motions implies that
the X-phase arrives at the station as a P wave.

To obtain the incident angle of the X-phase to the earth’s surface, the free surface
effect on the particle motion was removed. A Vp/Vs value of 1.69, determined for
southwest Honshu (Ukawa and Fukao, 1971) was used. We obtaired the corresponding
incident angles of the X-phase as 46 to 51 degrees (Table 2). We also obtained the
incident angles of the first P phase. To check the correction of the free surface effect,
these incident algles were compared with those calculated by ray tracing, The agree-
ment of each value was good (Table 2}, therefore the correction for the free surface
effects are considered reliable.

Fig. 4(c) shows a P wave velocity structure beneath station KTJ. The velocity of
the surface layer is 5.5 km/sec. Using this value, we obtained an apparent velocity of
the X-phase, 7.07km/sec to 7.59km/sec. This apparent velocity is smaller than the
velocity, 7.8km/sec, found immediately beneath the Moho discontinuity (Aocki et al.,
1972).

Table 1. Origin times and locations of the earthquakes used in this study.

No. Y M D H M S N{%) E{% hikm}  Mb

1977 09 09 02 3% 02.0 42.88 131.43 530 4.8 Is8C
1879 12 25 03 36 52.3 43.23 131.26 523 4.9 18C
1881 100 05 04 28 13.1 42.82 131.31 531 4.7 I18C
1883 09 28 07 59 13.90 41.187 132.511 522.1 5.1 EDR
1983 09 28 08 04 47.60 41.170 132.455 513.1 5.1 EDR
1983 10 08 07 46 26.68 44.22% 130.741 557.9 5.7 EDR
1984 04 15 07 34 12.09 42.926 131.085 538.0 5.0 EDR
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Figure 1. Stations and earthquakes. Triangles are the stations where the X-phase has
been ahserved. Circles are the epicenters of the eartquakes, from which the X
-phase is identified. Numbers in parentheses indicate the depths (km) of the

earthquakes.
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Figure 2. Waveforms of the X-phase. Dots indicate arrival times of the X-phase. The
arrivals of this phase are between 11 and 15 seconds after the first P arrivals.
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Figure 2.  {Continued)
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Figure 3. The three-component seismograms and the particle motions observed at
station KTJ. Time window (A) and time window (B} include the initial phase
and the X-phase, respectively. In the particle motion diagram, the abscissa
indicates a radial component: “A” directs away from the station, “T” directs
towards the station, The axis of the ordinate is vertical. (b) and (c)
correspond to the NQO. 4 and NO. 5 earthquakes in Tabie 1, respectively.
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Table 2. Incident angles of the first F phases and the X-phases at KT].

No X-phase first P

(Corr.) ({(Obs) (Cal.) (Corr.) (Obs.)
30.5 54.3 30.0 32.1 36.7
91.1 54.8 28.3 28.2 33.6
47.9 52.1 28.6 30.4 34.9
47.8 52.0 29.9 26.8 30.9
46.5 50.8 29.9 29.9 34.3

I |G| e

‘Corr.” means the incident angle with the correction of the free surface effect.
'Obs,” means the observed incident angle without the correction.
'Cal’ means the calculated incident angle by the ray tracing.

3. Interpretation

In this section, possible mechanisms generating the X-phase will be investigated,
Since the apparent velocity of the X-phase is smaller than any velocity in the mantle,
generation of the X-phase should occur above the Moho discontinuity or where the
velocity is smaller than the apparent velocity. If an S wave travels to the Moho
discontinuity or an overlying discontinuity and converts to the X-phase, then the arrival
time difference from the P to X phases would become significantly longer than those
observed. This provides strong evidence that the X-phase is converted from a P wave
which has traveled throughout the path from the seismic source to the conversion point,
In the following part of this paper, any phase conversions such as § to P, before the ray
arrives near the Moho plane, are not considered.

It is supposed that the X-phase is generated at the Moho discontinuity and propa-
gates in the crust as a P wave in order to specify the distance of the location where the
X-phase is generated. Ray paths of the X-phase are calculated backwards from the
station, varying an incident angle to the station from 45 to 55 degrees. An incident angle
slightly larger than the observed one is permitted for the calculation. The reason is that,
in the ray tracing, the velocity structure with the layers of the thickness thinner than the
actual thickness beneath the seismic station were used, as shown later. As a result, a
slightly larger incident angle is required to satisfy the observed travel time differences of
the P to X-phase. If the velocity structure with lateral heterogeneity is used in the ray
tracing, the incident angle will be within the observed angles. The ray paths forward
from the seismic source are also calculated. Then the two rays at the Moho discontinuity
are connected to satisfy the observed P-to-X time. The incident angle is allowed to
increase at the Moho discontinuity when the ray of the X-phase passes through there
from the mantle. '

Figs. 4(b} and (¢} show velocity models for the crust beneath the northernmost
peint of Fig. 4{a} (open triangle} and beneath station KT] (solid triangle}, respectively.
This velocity structure is the laterally homogeneous layered structure. Different velocity
structures of the crust are used for the initial phase and the X-phase. For the intial
phase, the velocity structure shown in Fig. 4{(c} is used. For the X-phase, a crustal
structure of the surface layer beneath KT and of the second and the third layers are used
as shown in Fig. 4 (b}, because X-phase travels in the crust in the north of the station
KT]. The Jefffreys-Bullen’s velocity structure is used for below the Moho discontinuity.
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The calculations show that two kinds of ray paths are possible to satisfy the
observed P-to X arrival time difference (Fig. 2(a)). One ray reflects twice at the free
surface and twice at the Moho discontinuity (case A}. The other ray reflects once at
each interface (case B).

In this way, the ray paths from all the sources to the stations are calculated and the
locations where the X-phase crosses the Moho discontinuity are specifieid. Fig. 6{(a) is
a plot of the crossing points for the ray paths reflected twice at each boundary (case A).
Open circles indicate the crossing points, The distances to the crossing points from the
stations are 1.1 to 1.9 degrees. Fig. 6(b) shows a similar result for the ray path
reflected once at each boundary (case B). The distances are 1.5 to 2.3 degrees.

As shown in Fig. 5(a), the incident angle of the two ray paths increase when the
rays pass across the Moho discontinuity. However, the incident angle does not increase
when the ray propagates in a laterally homogeneous medium. Thus, we believe that a
laterally inhomogeneous structure is needed. One simple but likely velocity structure is
suggested in Fig. 5(b): a higher velocity layer adjoins a lower velocity layer with a
dipping interface resulting in increases of incident algles of the X-phase. This interface
can exist either below the Moho discontinuity or within the crust. However, no data is
available at present to determine its depth more precisely. Other possibilities can not be
excluded at this time, There might he other velocity structures that can explain the
increase of incident angles of this phase.

Finally, it is necessary to explain the amplitude of the X-phase relative to the first
P phase. It is assumed that each phase impinges against the Moho discontinuity as a
plane wave and has the same unit amplitude, Reflection-transmission coefficdents at the
interfaces are only considered in order to estimate the amplitudes. As an apparent
velocity of the initial P phase, the observed one is taken, which correnponds to the
incident angle of 30 degrees at the station (Table 2). In this way, it is found that the
amplitude of the first P phase is 1.14. Next, the amplitude of the X-phase is estimated.
As a first step, the case where the X-phase passes through the heterogeneous velocity
structure, i.e., travels through the dipping interface and the Moho plane but does not
reach the next interface in the crust, is considered. The dipping interface is assumed to
exist beneath the Moho discontinuity. The dip angle of the interface is adjusted to satisfy
the increase of the incident angle of the X-phase. The high velocity region of 7.8km/sec
and the low velocity regions of 20% (6.24km/sec), 15% (6.63km/sec), or 10% (7.02km/
sec) smaller than the high velocity are considered. The apparent velocity of the intial P
wave is considered to be that of the X-phase impinging against the dipping interface.
This apparent velocity corresponds to 45 degrees in the incident angle there, and this
value is used in the estimation of the amplitude. As a next step, consideration is given
to the case where the ray, after leaving the Moho plane, travels through the interfaces
within the crust and reaches the station. The two kinds of ray paths, dencted by cases
A and B previously, are considered. The ray element, numbered as 1 in Fig. 5(al,
travels within the crustal structure shown in Fig. 4(c}. The ray element, numbered as
2 in Fig. 5(a), travels within the crustal structure shown in Fig. 4(b). As an apparent
velocity of the X-phase in the crust, either of the two apparent velocities which corre-
sponds to the lower or upper limit of the observed incident angles of the X-phase at the
free surface (45 or 50 degrees) are taken. These incident angles are used in the
estimation. Table 3(a) summarizes the results of the dip angles and the products of the
transmission coefficients in the first step. Table 3(b} shows the results of the products
of the transmission-reflection coefficients in the second step. The amplitudes of the X
-phase do not diminish so much in the second step, since the wide angle reflection occurs

— B —
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at the Moho dicontinuity. Amplitude of the X-phase at the station is obtained by
multiplying each result with the same incident angle of the X-phase. The maximum
amplitude is 0.43, obtained from case A at the incident angle 45 degrees. Some observed
maximum amplitudes of the X-phase are as large as the first P phase amplitudes. The
estimated maximum amplitude of the X-phase is about one third of the estimated
amplitude of the first P wave. Therefore, the estimated ampidtudes will be consistent
with the observed ones. If the low velocity of only 5% smaller than the high velocity is
taken, any dipping angles of the interface can not be adjusted to satisfy the increases of
the incident angle of the X-phase. Therefore, a change of the P wave velocity of more
than 5% across the dipping interface is needed,

The situation, where the ray of the X-phase always travels as a P wave within the
crust, has been considered. It has been noted that by using the same consideration about
the amplitude, when the X-phase goes through some wave conversions within the crust
all of the amplitudes are smaller than the maximum amplitude of the X-phase with no
wave conversion. Therfore, the X -phase without any wave conversion is most preferable
in explaining the amplitude of the observed X-phase. The X-phase with wave conver-
sions, however, might contribute the amplitude of the later part of the X-phase,

It was supposed that in the amplitude estimation the dipping interface, separating the
high velocity region and the low velocity region, exists beneath the Moho discontinuity.
There is no reason to exclude the possibility that the dippdng interface might exist within
the crust.

It was previously mentioned that the X-phase is associated with only the earth-
quakes beneath the Japan Sea. This implies that the proposed inclined velocity structure
does not exist where the rays from the other earthquakes cross the Moho discontinuity.
The X-phase is identified at the stations in a narrow zone along the coast of the Japan
Sea. This phenomena can be explained if the proposed velocity structure is limited to a
certain depth.

(b) Depth (C)
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Figure 4. (a) P wave velocity structure near the stations (after Aoki et. al. {1972}}. (b}
P wave velocity structure beneath the northernmost point of (a). (¢) P wave
velocity structure beneath station KT]J.
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4. Conclusion

In summary, the characteristics of the X-phase are as follows:
(1) arrival time differences of P-to-X phase are 11 to 15 seconds;
(2} X-phase is of P wave;
(3) apparent velocities of the X-phase are between 7.59 km/sec and 7.07km/sec.

It is inferred from these observations that the X-phase travels to the Moho disconti-
nuity as a P wave. The X-phase is generated near the Moho discontinuity with specific
lateral heterogeneous velocity structures. After the reflections at the free surface and the
Moho discontinuity, it arrives at the observational stations as a P wave. QOne of the
specific velocity structures is that of a high velocity layer and a low velocity layer
adjoined at a dipping interface.

With some constraints on the heterogeneous velocity structures, it can be inferred
that the dipping interface exists at distances of 1.1 to 2.3 degrees. The change of P
velocity is more than 5%, From a simple estimation of the amplitudes, it is found that
the observed amplitude of the X-phase can be explained in this inferred velocity model
and the X-phase with no wave conversion in the crust is most preferable in explaining
the amplitude,

Table 3. Products of transmission-reflection coefficients

(a) for the rays going through the heterogeneous region

incident anglet® low velocity®  dip angle®™ products

{degree) {km/sec) (degree)

45 6.24 - 82 1.12
45 6.63 73 0.93
45 7.02 38 0.46
50 6.24 77 1.04
50 6.63 56 0.59
a0 7.02 no solution

{b) for the rays in the crust

incident angle' case!t product
(degree)
45 B .38
45 A 0.15
50 B 0.31
50 A 0.11

(1) The incident angle of the X-phase impinging against the inclined interface.

{2) The velocity for the lower velocity side in Fig. 5(b).

{3) The dip angle of the inclined interface in Fig. 5(b), where the angle is measured from
horizontal to downward directions and the positive and negative values of the angle mean
that the interface dips to the seismic source and the station, respectively.

(4) The case of the ray paths of the X-phase in Fig. 5(h) (see the text or the figure caption for
the meaning of A and B).
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