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Direct evidence for the undulation of the 660-km discontinuity
beneath Tonga: Comparison of Japan and California array data
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Abstract. Short-period seismograms of Tonga deep
earthquakes recorded by Japanese and Californian seis-
mic networks are stacked to identify the S-P converted
wave associated with the 660-km discontinuity. The
travel-time difference between this S-P converted wave
and the direct P wave is used to constrain the depth
of the 660-km discontinuity. Analysis of a total of
29 events produced a detailed topographical map of
the discontinuity beneath the Tonga subduction zone.
Two events which exhibit clear S-P conversions in both
Japan and California data are selected to show directly
the depth variations of the 660-km discontinuity adja-
cent to the subducting slab. The S-P conversion points
on the ray paths to Japan are observed to be approxi-
mately 10 to 30 km deeper than the conversion points
on those to California, which represents direct evidence
for a slab-induced depression of the 660-km discontinu-
ity.

Introduction

Seismic constraints on depth variations of the 660-
km discontinuity adjacent to subducting slabs can play
a key role in our understanding of the physical na-
ture of the discontinuity. The 660-km discontinuity
may represent either a compositional boundary or a
phase transition. High-pressure experiments indicate
that the upper mantle mineral assemblage (primary -
spinel) transforms to perovskite plus magnesiowustite,
which are generally believed to represent the primary
constituents of the lower mantle, at the approximate
pressure-temperature conditions believed to occur at a
depth of 660 km [[to and Takahashi, 1989]. An ap-
proximately 20 ~ 60 km depression of this transitional
boundary is anticipated within the cold interior of sub-
ducted slabs, depending the Clapeyron slope of the en-
dothermic <y-spinel to perovskite transition. On the
other hand, dynamic models predict that a chemical
boundary may be depressed by as much as 100 to 300
km [Kincaid and Olson, 1987]. Seismic observations
may be able to tell us which of these contending expla-
nations is more realistic.

Short-period S-P conversion phases at the 660-km
discontinuity are often used to constrain the depth of
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the discontinuity within the slab [e.g. Bock and Ha,
1984; Richards and Wicks, 1990; Mizuta et al., 1991; Vi-
dale and Benz, 1992; Wicks and Richards, 1993). Wicks
and Richards [1993] observed a maximum 60-km slab-
induced depression beneath the Izu-Bonin arc using
data from the Warramunga Seismic Array in Australia;
Vidale and Benz [1992] obtained a depth perturbation
of less than 30 km beneath several subduction zones
using data for 6 deep earthquakes collected from Cali-
fornian regional arrays; Shearer and Masters [1992)] re-
ported a 20 km deep trough beneath Kuril-Kamchatka
from long-period SS precursors.

In this paper we use a large number of teleseismic
seismograms from Japanese and Californian arrays for
29 deep events that occurred in the Tonga subduction
zone to constrain the depth variations of the 660-km
discontinuity adjacent to the subducting slab. We fur-
ther introduce a direct comparison of Japanese data
with Californian data from some of those events to re-
duce the uncertainties (i.e., effect of source mislocation,
high velocity slab, etc.) in determining the depth of
the 660-km discontinuity and confirm the existence of
a depression of the discontinuity.

Data and Analysis

The Japanese array used in this study is the J-array
[J-array Group, 1993] which is comprised of numerous
local seismic networks operated by various Japanese na-
tional universities and research institutes. It covers the
entirety of the Japanese islands with more than 300
high-quality short-period (1 Hz) vertical-component seis-
mographs. In an effort to compensate for the relatively
small amount of data accumulated by the J-array since
April 1991, we also use short period seismograms from
the Southern California Seismic Network (SCSN; here-
after referred to as the California array). The California
array consists of more than 300 stations within a radius
of approximately 500 km and has accumulated a large
quantity of data since 1981.

We analyze a total of 29 deep events with a magni-
tude between 5.9 and 6.9 that occurred in the Tonga
subduction zone since 1984 (Table 1). Nine of these
were recorded by the J-array (for two events that oc-
curred before the operation of the J-array we utilize
the data of the regional network of the Earthquake Re-
search Institute of the University of Tokyo, which is lo-
cated in central Japan) and twenty-six by the California
array. We redetermine the hypocentral depths by fit-
ting the observed pP-P travel-time difference obtained
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.7 181.63 -23.863 335.7 327. 8. .
1984 04 22 03 33 00.7 180.58 -21.83 616.6 595. 6.3 675,
1984 04 25 04 19 31.9 182.77-17.29 418.4 406. 6.3 1
1984 08 26 05 00 45.8 179.07 .23.57 571.8 572. 6.4 670.
1984 09 28 03 03 50.9 182.02 -21.42 384.6 370. 6.0 665,
1984 11 15 05 52 30.3 182.54 -20.36 305.3 340. 6.3 660.
1984 11 17 13 45 49.1 181.91 -18.74 471.5 455. 6.7 665.
1984 11 22 17 07 36.4 181.91 -17.77 663.0 650. 6.5 700.
1985 08 28 20 50 48.4 180.99 -21.01 640.4 628. 6.6 705
1986 04 01 10 13 41.2 181.37 -17.91 562.4 545. 5.9 670,
1986 05 26 18 40 46.1 180.74 -21.72 603.4 597. 6.8 665
1987 02 10 00 59 20.3 182.52 -19.45 418.5 397. 6.4 t
1987 04 29 14 27 36.6 182.14 -18.93 410.6 395. 6.5 655.
1988 03 10 10 25 04.8 181.30 -20.88 635.9 632. 6.6 685,
1989 04 30 15 33 52.9 181.25-17.82 591.2 572. 6.0 t
1989 10 23 13 08 25.5 179.79 -25.56 480.3 451. 6.1 855.
1989 11 16 08 39 42.3 180.94 -17.69 555.1 530. 6.2 660.
1989 11 29 05 49 03.4 179.52 -25.39 515.6 505. 6.1 - 665.
1990 06 08 15 05 10.3 181.10 -18.70 499.0 518. 6.4 660. -
1990 07 11 19 48 09.5 178.22 .25.22 596.4 591. 6.0 - t
1990 07 22 09 26 18.0 179.93 -23.48 531.0 535. 6.3 660. 655.
1990 10 10 05 54 58.0 178.87 -23.35 575.1 559. 6.0 - t
1991 06 09 07 45 06.6 183.69 .20.18 278.0 287. 6.9 660. t
1991 09 30 00 21 47.5 181.41 -20.88 579.0 595. 6.9 685, 675.
1991 12 03 10 33 42.0 178.57 -26.31 561.0 559. 6.3 730. 700.
1992 08 30 10 33 42.0 181.23 -17.74 574.0 565. 6.4 710. ¢
1992 11 12 22 28 58.4 181.92 .22.35 368.0 375. 6.2 855. t
1993 04 16 14 08 40.0 181.10 -17.40 569.0 563. 6.9 670. t
1993 08 07 17 53 28.5 179.10 -23.60 560.0 553. 6.7 710, 700.
® JP: J-Array; US: Calillornia Array

-+ No Array data; f: No observed Sggo P

from J-array data and broadband data from globally
distributed IRIS stations. Source parameters and rele-
vant array data are listed in Table 1.

Seismograms with favorable signal-to-noise ratios are
selected and low passed at a corner period of 2 sec. The
seismograms are subsequently aligned so that the max-
imum amplitude, which is normalized to unity, occurs
at time zero. The polarity of the seismogram is also
reversed when necessary. We employ a time window of
150-s for the J-array data. In the case of the California
array data, a shorter time window, usually the maxi-
mum time length of the record (30 ~ 50 sec), is used.
Approximately 40 to 120 station records are selected for
an N-th root stacking process [e.g., Kanasewich, 1973;
Vidale and Benz, 1992; Richards and Wicks, 1990];
here, we use N = 2. Fig. 1 shows a representative result
of the N-th root stack; black clusters represent greater
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Fig. 1 N-th root stacked waveforms in which normalized
amplitudes are plotted as a function of relative slowness with
respect to the direct P wave vs. arrival time (see text).
Note that later phases, which are ambiguous in individual
seismogram (not shown), are clearly evident in the stacked
data. Also, note the slight difference in slowness between
the direct P-wave and the later phases.
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Fig. 2 Schematic illustration of a 2-D slab and ray paths
of Sgeo P directed towards Japan and California.

energy and indicate a phase arrival. On the basis of the
N-th root stacking we can obtain the slowness (rela-
tive to that of the direct P wave) of a particular phase,
which facilitates the correct identification of that phase.
The SgeoP phase is characterized by a smaller value of
slowness than that of the direct P-wave. The details of
the stacking procedure are given by Kawakatsu and Niu
[1994].

The travel-time difference between the direct P and
the SgeoP phase (8ts,,,p-p) is then used to estimate
the depth of the S-P conversion point at the 660-km
discontinuity. To determine the travel-time difference,
we cross-correlate P and Sggo P phases in stacked traces.
We use the iasp91 seismic velocity model [Kennett and
Engdahl, 1991] to convert the travel-time difference to
the depth of the S-P conversion point. Assuming that
all deep earthquakes occurred within the core of the
slab, and that the dip of the slab is adequately con-
strained by deep seismicity, we also compute the hori-
zontal distance between the slab core and the S-P con-
version point using a 2-D slab model (Fig. 2). The fact
that rays do not travel perpendicular to the strike direc-
tion of the slab is also taken into account when deter-
mining the conversion point. We adopt the slab model
of Fischer et al. [1991), which consists of a straight slab
within the northern section (dip 64°, strike 20°) and a
more complex southern section consisting of a kinked
slab that changes dip from 55° to 74° at depth 500 km
and has a strike of 34°.

Results and Discussion

Analyzing the 29 events in the above manner pro-
duced a cross-section of S-P conversion-point positions.
Fig. 3a shows the depth map of the 660-km disconti-
nuity, and in Fig. 3b, the conversion-point depths are
depicted as a function of horizontal distance from the
slab core at a depth of 660 k. Closed circles in Fig. 3b
represent conversion point depths obtained from the J-
array data and open circles represent depths obtained
from the California array data. Although some scat-
tering is evident and may be attributed either to po-
tential along-strike variation in the depth of the 660-
km discontinuity or to the inadequate assumption that
earthquakes occurs in the slab core, the trend that this
discontinuity deepens as it nears the slab core is very
clear. The greatest depth increase is about 70 km com-
pared to the global average. The correction to a dipping
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Fig. 3 a) Depth map of the ‘660-km’ discontinuity. Great
circle arc directions, which connect the epicentral region and
the arrays, are shown by arrows. b) Depths of the ‘660-km’
discontinuity are shown as a function of horizontal distance
from the slab core. Closed circles represent conversion point
depths obtained from the J-Array data, and open circles
represent depths obtained from the California array data.
Dotted line represents the deep seismic zone, which is as-
sumed to be the slab core. Conversion-point pairs of the two
events are connected by dashed lines. For conversion-point
pairs of other two events with more complicated sources,
dotted lines are used.

discontinuity merely requires that the conversion point
location in Fig. 3b be shifted up and to the right by
several kilometers.

Fig. 3b is obtained by projecting all the conversion
points, which extend along the slab strike for nearly
1000 km, onto a single representative cross-section. The
assumption of a 2-D slab geometry and the variation of
the hypocentral position within the slab may distort the
actual 3-D image of the 660-km discontinuity beneath
the Tonga subduction zone.

Direct Comparison of Japan and US data.
One method of direct examination of the undulation of
the 660-km discontinuity is to compare the Japanese
and Californian array data for the same event. Al-
though S-P converted rays to both Japan and California
initially travel almost directly downward, the S-P con-
version points of rays directed toward Japan always lie
closer to the slab than the conversion points of those
directed toward California (Fig. 2). Depth discrepan-
cies between these pairs of conversion points may reflect
the undulation of the 660-km discontinuity across the
slab. Among the nine events recorded by J-array since
April 1991, only six were also recorded by the Califor-
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nia array. Two of the six events exhibit clear SggoP
on the stacked traces of both the J-array and the Cal-
ifornia array data; a direct comparison is possible for
these two events. Stacked traces with SggoP slowness
are plotted in Fig. 4a for both Japan and California.
The arrival time of the SegoP phase is indicated by a
vertical line. To confirm the identification of SggoP,
the stacked traces are compared with synthetic seismo-
grams stacked in the same manner as the observed data
(Fig. 4b). We calculate reflectivity synthetic seismo-
grams [Kennett, 1988] using known focal mechanisms
of the deep events [Dziewonski et al., 1981] and the
iasp91 model. The synthetic amplitude and polarity of
SeeoP in the synthetic stacks are in good agreement
with the stacks of the observed data, supporting our
identification of SggoP. In the data (Fig. 4a), a delay
of 1.0 to 3.0 sec between Japan and California arrivals
is apparent. There are two more events for which we
can observe a similar relative delay of SgepP arrival in
the J-array data. However, the source mechanisms of
these two events are too complicated to give a convinc-
ing identification of Sggo P.

In order to conclude that the conversion points of the
Japan-directed rays lie deeper than those of California-
directed rays, the possibility that the apparent SgeoP
phase delay of J-array data is a consequence of the high
seismic velocity slab must be eliminated. As shown in
Fig. 2, the Japan-directed P-waves travel a consider-
able distance within the high velocity slab, which may
result in a greater travel-time difference. To estimate
the influence of the high-velocity slab on the travel-time
difference between SggoP and P arrivals observed at
Japanese and Californian stations, we performed a 2-D
ray tracing. We use a model] with a straight slab having
100 km horizontal width and 60° dip. The seismic ve-
locities within the slab are assumed to exceed those of
the surrounding iasp9! mantle by 5%. We consider two
cases for the depth of slab penetration: (1) slab pene-
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Fig. 4 a) Examples of two events that exhibit a clear

Segeo P arrival (T1) on both J-Array and the California ar-
ray stacked traces. For each event, stacked traces at the
slowness of Se¢eo P are shown. The arrival time of the Sego P
phase is indicated by a vertical line. b) Synthetic stacked
traces obtained through the same procedure as for the data.
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tration terminating at a depth of 660 km; and (2) a slab
penetrating to a depth of 850 km [Fischer et al., 1991].
We find that the greatest discrepancy is no more than
0.4s, which occurs when the source is located on the
lower border of the slab. For a 20 kilometer horizontal
shift of the source within the slab core, the difference is
at most 0.2s.

Since neither the ray paths directed to Japan nor
those to California are in the downdip direction of the
slab, we correct for the effect of the 3-D ray path in the
following manner. Qur first approximation is to assume
that the ray path stays in the great circle plane which
contains both the source and receiver. We further as-
sume that the 2-D ray path is a projection of the 3-D ray
path onto a plane perpendicular to the slab strike. Al-
though neither of these approximations is justifiable in a
strict sense, they may give a reasonable estimate of the
3-D effect when the departure from the 2-D situation is
not so severe (i.e., Japan directed rays). Although the
3-D effect could be severe for the California directed
rays, since ray paths to the California depart the slab
soon (Fig. 2), they are less affected by the slab than
those to Japan. We therefore think such 2D ray trac-
ing can give a reasonable estimation of the travel-time
anomaly introduced by the high velocity slab.

We assume that velocities of both P-wave (a) and
S-wave () in the slab are 5% higher than those of the
surrounding mantle; since § < «, S-waves will have a
larger travel-time anomaly than P-waves if they travel
the same distance in the slab. On the other hand, as
shown in Fig. 2, the direct P-wave travels almost par-
allel to the dip of the slab, while SgeoP has a much
steeper take-off angle; the direct P-wave therefore trav-
els a longer distance within the high-velocity slab than
SeeoP. The net effect is that the travel-time anomalies
of both Sggo P and the direct P-wave are not much dif-
ferent. As aresult, the high-velocity slab does not influ-
ence the travel-time difference 6ts.,p_p significantly,
although it does introduce as much as 1 sec travel-time
anomaly to each of the P and the SggoP waves [Fis-
cher et al. 1991]. We therefore conclude that most of
the 1.0 to 3.0 sec delay observed for SggoP by J-array
stations can be directly attributed to the differences in
the depths of the conversion points.

Pairs of SgepP conversion points estimated for each
event are connected by broken lines in Fig. 3b. The
fact that these pairs of points lie locally just beneath
the corresponding earthquakes is direct evidence that
the 660km discontinuity deepens as the conversion point
nears the slab.

Accumulating this type of data, which can be ob-
tained by combining data from seismic networks in dif-
ferent regions of the world, can help to “map” locally
the depth variations of seismic discontinuities in the
mantle. This in turn may be used to estimate to the
temperature variations in the mantle. We are currently
trying to compile a Japanese data set for the period
before the operation of the J-array project (i.e., before
1990), so that the direct comparison of Japanese and
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Californian data can be made for a large number of
events.
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