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Depth variation of the mid-mantle seismic discontinuity

Fenglin Niu & Hitoshi Kawakatsu
Earthquake Research Institute, the University of Tokyo

Abstract. Short-period array seismograms of deep
events that occurred in the Indonesia, Japan and Izu-
Bonin arcs are stacked and beam-formed to identify the
near-source S-P converted waves that result from the
mantle transition discontinuities. Most of the result-
ing images reveal the existence of a mid-mantle seis-
mic discontinuity (“920 km discontinuity”) in these re-
gions. Of the 15 events analyzed, three that occurred
at the western end of the Indonesia arc show clear S-
P arrivals observable even in individual seismograms.
The mid-mantle discontinuity is characterized by large
depth variation (900 ~ 1080 km) and velocity contrast
variation in different subduction zones. Especially, the
depth variation of the mid-mantle discontinuity beneath
the Indonesia arc, where the discontinuity deepens from
940 km at the eastern end to 1080 km at the western
end, appears to be well correlated with the location of
the high-velocity anomalies in recent tomographic mod-
els. However, the mid-mantle discontinuity cannot be
simply coincided with the bottom of the high-velocity
anomalies, because a velocity increase at the disconti-
nuity is observed from the waveform analysis.

Introduction

Recent tomographic studies in the western Pacific
region [Zhou and Clayton, 1990; van der Hilst et al.,
1991; Fukao et al., 1992; Sakurai et al., 1995] have
found that high-velocity anomalies [hereafter referred
to as HVAs] are deflected at the ‘660-km’ discontinuity
in some subduction zones and extend to at least several
hundred kilometers below the ‘660-km’ discontinuity,
but no deeper than approximately 1100 km, in others.
This feature is clearly shown in recent studies of the
correlation between seismic tomography and subduc-
tion history [Wen and Anderson, 1995; Kyvalova et al.,
1995]. The result of tomographic studies showing that
subducted slabs are trapped in the depth range of 800-
1100 km suggests that there may exist a geodynamical
boundary at this depth which resists slabs penetration.
Meanwhile, we have reported that a mid-mantle seismic
discontinuity exists at a depth of about 920 km beneath
Tonga and two other subduction zones [Kawakatsu and
Niu, 1994]. Therefore the nature of this “920 km dis-
continuity” may have significant implication for mantle
dynamics; further detailed study of the “920 km dis-
continuity” in different subduction zones to delineate
its relation with the HVAs appears to be essential.

Copyright 1997 by the American Geophysical Union.

Paper number 97GL00216.
0094-8534/97/97GL-00216$05.00

In this paper, we extend our earlier study [ Kawakatsu
and Niu, 1994] to identify near-source S-P converted
waves (Sigeor P, S'9z0 P) in short-period seismograms of
deep events in the Indonesia, Japan and Izu-Bonin arcs
subduction zones. We find that the depth variation of
the “920 km discontinuity” is much larger than we had
originally thought. In the rest of this paper we therefore
refer to this feature as a mid-mantle discontinuity.

Array Analyses

We used all earthquakes with depth > ~350 km that
occurred in the Indonesia, Japan and Izu-Bonin arcs
from January 1990 to December 1994, for which high
quality array data (e.g., J-array [J-array Group, 1993])
are available. The data used for the eight Indonesia arc
events are short-period seismograms from the J-array.
For the Japan and Izu-Bonin arc events, we use short-
period seismograms from the Southern California Seis-
mographic Network (SCSN). Because the SCSN seismo-
grams usually cover only several tens of seconds after
the direct P wave, we chose seven deep events with a
record length longer than 60 sec so that we could see the
later-arriving phases. Source parameters of the events
used are listed in Table 1. We read the pP phase from
the global broadband network of IRIS and redetermine
the hypocentral depths. The source depth accuracy pri-
marily depends upon the proper identification of pP,
and, in general, an accuracy of £10km in hypocentral
depth estimate is expected. Since clear S-P converted
waves were identifiable even in most of the individual
seismograms for the three earthquakes that occurred at
the western end of the Indonesia arc, we will mainly con-
centrate on the results of array analysis of those events
in the following. Results for the Japan and the Izu-
Bonin arcs events are available from Table 1.

Indonesia Events Fig. la shows the raw wave-
forms recorded by the J-array for a deep event that

Table 1. Earthquakes Used and Parameters Estimated

Date Time Lat. Lou. Depth Region Mag. ‘660° ‘920" ==
(ymdy) (hmuns) km mb  km  km “
1990 08 27 1517127 -6.86 12541 5121 BandaSea 58 670. 940. 0.35
1991 06 07 115127.6 -726 122.57 5430 FloresSea 6.8 720 945 0.34
19920802 1203202 -712 121.72 4983 FloresSea 6.6 710 950. 033
19920902 0550 02.5 -604 11214 636.5 Java 66 720 1020. 0.64
1992 1227 2149054 -611 113.06 6215 Java 59 t t

1994 09 28 16 39 52.0 -5.67 11046 638.0 JavaSea 5.8 740. 1080. 0.78
1994 0928 173359.1 -557 11042 6340 JavaSea 5.4 740. 1080. 0.78
19941115 2018113 -560 11023 5700 JavaSea 6.2 720 1080.
1990 0511 1310203 41.78 130.88 586.0 Japan Sea 6.2 - -

1993 0119 1439264 38.57 133.52 454.0 JapanSea 6.0 660. 943  0.22
1990 04 11 2051127 3545 13548 367.0 Hooshu 6.0 t

1993 1011 1554 22.3 31.99 137.89 3650 Izu-Bonin 6.3 655 -

199210 30 0249 49.4 20.97 138.93 4080 Izu-Bomm 6.4 655 970. 0.10
1990 08 05 01 34 57.5 2951 137.60 5140 Izu-Bonm 6.4 - -

19920120 1337041 27.956 139.33 5120 Imu-Bomn 6.6 655 970. 0.25

- . Not observed; t: Not observed due to unfavorable source mechamism.
*: 0.65 below 0.5 Hz; 1.87 in 0.5~1 Hz.
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Fig. 1 (a) A portion of the seismic section for the 11/15/94
event. Theoretical travel times of the iasp91 model [Kennett
and Engdahl, 1991] for the major expected body wave ar-
rivals are indicated by straight lines. Note that two clear
phases at 15 and 50 sec after the direct P arrival (indicated
by arrows) can be recognized in most of the individual seis-
mograms. (b) Same as (a) for the larger of 09/28/94 events,
low-pass filtered at a cut-off period of 1 sec. Note that a
clear phase appears at 40 sec after the direct P wave, an
interval approximately 10 sec shorter than in (a).

occurred on November 15, 1994, plotted in order of in-
creasing epicentral distance. Between the arrivals of the
direct P and PcP, two conspicuous signals at about 15
and 50 sec (especially the latter) after the direct P ar-
rival line up very well. To identify these phases, we used
stacking and beam-forming to determine the incidence
angle and azimuth of the arrivals. The data were low-
pass filtered at a cut-off period of 2 sec before stacking
and beam-forming.

Linear stacking Before stacking the data, we first
aligned the seismograms such that the maxirmmm ampli-
tude of the direct P, which is normalized to unity, occurs
at time zero. We employed a time window of 150 sec
for the J-array data. For the SCSN data, shorter time
windows, though not less than 60 sec, were used due to
limitations of the available record length. Records from
approximately 40 to 120 stations were selected for a lin-
ear stacking process. Details of the stacking procedure
are given by Kawakatsu and Niu [1994]. Fig. 2 shows
the result of the linear stacking for the records shown in
Fig. la; the black clusters represent greater energy, in-
dicating potential phase arrivals. The two later arrivals
seen in Fig. la have slowness slightly less than that of
the direct P wave (defined to be zero), which is charac-
teristic of S-P conversion waves. The signals at about
22 and 38 sec have slowness slightly larger than that
of the direct P wave, and are identified as the reflected
waves (pg100P, 84100 P) at the ‘410-km’ discontinuity,
which is 10 km deeper than the global average. At the
bottom of Fig. 2, we also show the stacked waveforms
of the observed and synthetic data at a slowness of -
0.3 s-deg~?!, at which the SosyP reachs its peak. The
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Fig. 2 (top) Normalized amplitudes of linear stacked wave-
forms is plotted as a function of relative slowness and arrival
time. The expected arrivals of the later phases are indicated
by crosses. (bottom) Stacked waveforms of the observed and
synthetic data at a slowness of -0.3 s-deg™!.

reflectivity synthetic seismograms [Kennett, 1988] are
calculated using the Harvard CMT solution for a mod-
ified iasp91 model, which has an extra discontinuity at
a depth of 1080 km; both the velocity and density con-
trasts are assumed to be 55% of those at the ‘660-km’
discontinuity.

Beam-forming In the linear stacking we assumed
that the ray path stays in the same great circle plane
as that of the direct P wave, and determined the in-
cidence angle (i.e., slowness) of the signals in different
time windows. We check this assumption by applying
beam-forming to several individual time windows. We
first align the filtered seismograms so that the direct P
arrivals coincide with the theoretical iasp91 travel-time.
We vary the slowness from 4 to 10 s-deg™~! at increments
of 0.1 s-deg™!, and the azimuth is deviated from the
great circle within a range of +40° at increments of 5°.
Then we calculate the energy of the stacked seismogram
for each slowness and azimuth within a time window of
4 sec.
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Fig. 3 Beam amplitudes are shown as a function of slowness
and azimuth. (a) direct P wave; (b) P-coda scatters; (c)
S720 P; (d) S1080P. Numbers on top of each figure indicate
the time in sec from the origin time, the time window used
in the analysis being 4 sec.
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Fig. 3 shows the result of the beam-forming for the
11/15/94 event; the position of the peak of contours
represents the most likely slowness and azimuth of each
arrival. The intersection of the two straight lines is the
expected position of the direct P wave. The resolvabil-
ity of the slowness and azimuth provided by the array
may be visually assessed from the beam-forming result
for the direct P wave. The energy in the time window
8 sec after the direct P is diffused over both slowness
and azimuth, suggesting that the arrivals in this time
window are mainly scattered waves. But in the time
windows where the S-P converted waves are expected
to arrive, most of the energy comes from the great cir-
cle azimuth with a slowness slightly smaller than that
of the direct P wave. This rules out the possibility that
these arrivals are scattered energy from unresolved in-
homogeneities in the mantle.

The incidence angle and back azimuth determined by
using the above methods suggest that the well-aligned
signals shown in Fig. 1a are S-P waves converted at
mantle discontinuities beneath the source. From the
travel-time difference with the direct P wave, we esti-
mate the conversion depths to be about 720 and 1080
km, respectively.

Two more deep earthquakes occurred on September
28, 1994 at almost the same epicentral location as the
11/15/94 event but at different hypocentral depths (Ta-
ble 1). The J-array records for these two events are very
similar due to the almost identical focal mechanisms. In
Fig. 1b we show the waveforms for the larger of the two
events. We can observe clear S-P converted waves in
Fig. 1b; however, the well-aligned later arrivals appear
40 sec after the direct P wave, approximately 10 sec
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Fig. 4 Vertical raw waveforms of P, S1os0 P, and S.P for
the 11/15/94 event at different stations are shown together
with the corresponding Harvard CMT solution (lower hemi-
sphere). This event appears to have two subevents with
different focal mechanisms separated in time by few sec-
onds. Note the strong similarity between Sigso P, and S.P
waveforms.
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carlier than the value of 50 sec observed for the event
of 11/15/94 (Fig. 1a). Since the hypocentral depth of
the former event is about 70 km deeper than the lat-
ter, the S-P conversion depths for the two events on
09/28/94 are again estimated at about 1080 km. The
good agreement of the conversion depths for these three
events further confirms our identification of the phases
and strongly suggest that beneath the western end of
the Indonesia arc the mid-mantle discontinuity is de-
pressed to a depth of 1080 km.

Discussion

The observed amplitude of Sy g P for the three events
that occurred at the western end of the Indonesia arc is
highly frequency dependent. In the low-frequency band
of less than 0.5 Hz, the relative amplitude of S;ggoP
to S720P is about 0.7; the relative amplitude increases
to nearly 1.9 in the frequency range of 0.5~1 Hz. We
do not observe such obvious frequency dependence for
the other events. We calculated the S-to-P conversion
coefficient of a plane wave for discontinuities with dif-
ferent transition thickness using the Thomson-Haskell
method. A sharp discontinuity with a thickness less
than 5 km and a velocity jump of about 55% of that
of the ‘660-km’ discontinuity can explain the observed
frequency dependence of the relative amplitude ratio of
Sio0s0P to S799P, if we assume that the ‘660-km’ dis-
continuity has a thickness of about 10 km.

Although it is often very difficult to measure the po-
larity of later arrivals in high frequency data, we sug-
gest that the polarity of SyosP is positive. Fig. 4 com-
pares P, S1ps0P, and S, P waveforms of the raw vertical
component seismograms at relatively noise-free J-array
stations. The apparent positive polarity of S19s0P can
be confirmed by comparing the waveform with other
clearly observed phases; we use S.P for this purpose,
because the direct P goes through near the nodal line
and is not suitable for the waveform comparison. The
strong similarity of S)jgsoP and S.P waveforms indi-
cates that the polarity of these two phases is the same.
Since the polarity of S. P is expected to be positive due
to the known focal mechanism, we conclude that the po-
larity of SjpsoP is also positive. This polarity together
with the known focal mechanism requires a velocity in-
crease at a depth of 1080 km in this area, if the observed
phase is an S to P converted phase.

A systematic investigation of the eight deep events in
the Indonesia arc clearly shows that beneath the eastern
end of the Indonesia arc, the mid-mantle discontinuity
has a depth of about 940 km; it steadily goes deeper to
a depth of 1080 km at the western end of the arc (Fig.
5) Analysis of the seven deep events in the Japan and
Izu-Bonin arcs also reveals the depth variation of the
mid-mantle discontinuity, which has a smaller velocity
contrast in these regions; it has a depth of 945 km be-
neath the Japan sea and deepens to a depth of 970 km
beneath the Izu-Bonin arc (Table 1).

At the bottom of Fig. 5, we show a tomographic
model of the seismic velocity structure of Sakurai ef al.’
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Fig. 5 (top) Geographic distribution of the eight deep
events that occurred in the Indonesia arc. (middle) Con-
version points are shown in the vertical cross section (line
AB) along the Indonesia arc. Earthquake locations from 18C
(1964~1991) are also shown. Open and closed squares stand
for the S-P conversion points of Siggor P and Sigo¢ P, respec-
tively. Open triangles are the reflection points of p;o/ P or
si10' P. (bottom) Whole mantle P wave tomographic image
of the same cross section, after Sakurai et al. [1995].

[1995] on the same vertical cross-section. The location
of the HVAs beneath the western part of the Indonesia
arc is deeper than that at the eastern end. This is in
good general agreement with the trend of depth vari-
ation of both the mid-mantle and ‘660-km’ discontinu-
ities. The intense HVA beneath Borneo island is one
of the strongest in the mid-mantle and has consistently
inferred by recent tomographic studies using different
data sets [e.g., Li and Romanowicz, 1996]. So it seems
likely that the deepening of the discontinuities toward
the western end of the Indonesia arc is related to the
HVA. Note, however, that the mid-mantle discontinu-
ity cannot be simply coincided with the bottom of the
HVA as was suggested in our earlier paper as one pos-
sible explanation [Kawakatsu and Niu, 1994}, because a
velocity decrease would be expected in that case.

Because of the lack of an appropriate deep earth-
quake between longitude of 115° and 120° during the
time period of our study, the continuity of the mid-
mantle discontinuities from the eastern end to the west-
ern end beneath the Indonesia arc should not be con-
sidered proved. However, if we assume that this feature
is continuous, the observations presented in this paper
suggest that the mid-mantle discontinuity corresponds
to a velocity increase. A regional variation of the depth,
velocity contrast, and sharpness of the mid-mantle dis-
continuity has also been observed.
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No obvious explanation for such a feature in the mid-
mantle below the ‘660-km’ discontinuity seems to ex-
ist in currently available geophysical literatures. Fur-
ther seismological studies in the western Pacific region,
where many HVAs appear to exist in the mid-mantle
[Sakurai et al., 1995], may be the key to resolve this
puzzling situation. The mantle structure below the
‘660-km’ discontinuity down to at least ~1100 km ap-
pears to be more complicated than generally expected
[Kawakatsu and Niu, 1994; Niu and Kawakatsu, 1996].
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