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Two-layered structure in the lowermost mantle
beneath the southwestern Pacific

Akira Yamada

Department of Geophysics, Kyoto University, Kyoto, Japan

Abstract. The heterogeneities in the D” layer beneath the southwestern Pacific are investigated by using the
combination of earthquakes around the Fiji Islands and receivers in the Japanese Islands. The data of short-
period P wave are processed by the double-array stacking, a method to stack simultaneously the records from
different events. The estimated depth of the D” reflector varies from 270 km to 170 km in the southwestern
Pacific. The numerical experiments using various P-velocity models are performed and the rapid velocity
increase well explains the waveform of PdP. This increase may be at the top surface of the high-velocity layer
(or high-velocity lamella).

The data of broad-band transverse component are also examined. The D" reflection (SdS) is clearly seen
in some traces. The polarities of SdS are almost the same as those of the direct S waves, which supports the
D" reflector with the rapid S-wave velocity increase with depth, as well as for P wave. While the residuals of
differential travel time of ScS-S show fairly large variations, they show systematic large delays of ScS travel
times. These delays may be caused by the existence of an S-wave low velocity layer right above the CMB.

A probable cause of both P- and S-waves high-velocity anomaly is considered to be subducted slab material.
The low S-velocity layer underlying the high-velocity anomaly might form a shape like a dome, which could be

a seed of mantle plume.
Introduction

The lowermost mantle, the D™ layer, is one of the most curious region in the earth, becanse ol its strong
heterogeneities, its nature as a thermal boundary layer between the liquid iron-alloved core and the solid silicate
mantle and its important role on the earth’s dynamics [e.g., review by Loper and Lay. 1995]. Several hypotheses
are proposed on the origin of the D™ layer: the graveyard of the subducted slab material [e.g.. Hofmann and

White, I!IS‘JJ_ the accumulation of the products caused by the chemical reaction between the lowermost mant le



and outer core [Jeanloz, 1990] and recently, the accumulation of the extraction by the crystallization of the
inner core [Ito et al., 1995]. The correlation between the seismological heterogeneity in the deep mantle and
the past subduction zones is discussed by Richards and Engebretson [1992]. The heterogeneities in D" by the
chemical reaction could be related with the temperature variation in D”.

The variations in the wavelength of the heterogeneities have a range from a few thousands kilometers, inferred
from the global tomographic technique [e.g., Sengupta and Tokséz, 1976: Inoue et al., 1990; Su et al., 1994], to
a few hundreds kilometers [Haddon and Cleary, 1974; Weber and Davis, 1990; Vidale and Benz, 1993; Kriiger
et al., 1995; Tono and Yomogida, 1996]. The great size of “avalanches” (subducted slab material) [e.g., Tackley
et al., 1993] and the rather small size of “inclusions™ by the chemical reaction could be associated with the scale
variations of the heterogeneous structure in D".

The aims of this study are to investigate the short-scale D" heterogeneities and to infer the physical and
chemical images of the D" layer. We present the results of both data analysis and numerical experiment. We
analyse the travel times and the waveforms of direct P and S waves, D" reflections (PdP and SdS) and CMB
reflections (PcP and ScS). Figure 1 shows the raypaths of these waves. Throughout this study, the differential
travel times between each reflection (PdP, SdS, PcP and ScS) and the direct wave (P and S) are used to
compensate the anomalies caused by the heterogeneities beneath the receivers and the epicenters, because
the raypaths used here are almost identical to each other in the upper mantle and the crust, where lateral
heterogeneities may be strong. The anomalies in the differential travel times will be assumed to be caused by
the heterogeneities in the lowermost mantle or departures from reference earth model.

The region sampled in this study is located beneath the southwestern Pacific (Figure 2). The global studies
regard the D" layer beneath this region as a “slow™ region of the seismic velocities. However, the varions
velocity models for this region are proposed [Kendall and Shearver, 1995; Weber and Kéenig, 1992; Shibutani et
al., 1993 and Yamada and Nakanishi, 1996a and bl. The low velocity layer with the thickness of 10 km [Mori

and Helmberger, 1995] and up to 40 kin [Garnero and Helmberger, 1996] is also suggested in this region.
Data Analysis

Data



The observational records used in this study are grouped into the following three types. (1) short-period
vertical-component records from three arrays with diameter sizes of a few hundred kilometers, (2) short-period
vertical-component records from an array with of ten kilometers and (3) broad-band horizontal-componeut
records by STSI seismometers. The station locations are indicated in Figure 3.

Three large arrays in Figure 3 are to observe the micro earthquakes under the national project of earthquake
prediction, which are operated by Kyoto University (Disaster Prevention Research Institute), the University of
Tokyo (Earthquake Research Institute) and Hokkaido University, respectively (hereafter LAL, LA2 and LA3).
The small array located in central Japan is operated by the Japan Meteorological Agency (Matsushiro Seismic
Array System, MSAS hereafter). The data analysis by using LAL, 2 and 3 1s recently presented in Yamada and
Nakanishi [1996a and b] and by using MSAS in Yamada et al. [1996]. The results of these data analyses are
used in this paper to obtain clearer image of the D" layer. In addition to the above four arrays for the P-wave
analyses, the broad-band records (BB in Figure 3) are analysed to study S-wave structure of the D" layer.

We use earthquakes with deep focus (> 300 km) and large magnitude (my > 5.5) which occurred around the
Fiji Islands. The details about the event selection are found in Yamada and Nakanishi [1996a and b]. The event
parameters used in this study are summarized in Table 1. Table 2 shows the range of the epicentral distance
and the number of records used in this study.

Figure 4 shows the close-up of the bounce region (beneath southwestern Pacific). We project the distribution
of these bounce points and the Fresnel ellipses on the earth’s surface, The length scale at the depth of the CMB

is about half compared with that on the earth’s surface.

Analyses

Short-period P wave. The necessity of using the stacking technigue for the analyses of the short-period P
wave comes from the following reason. The impedance contrast at the D reflector must be small, which is
inferred from the fact that no or few observations of the short-period I reflections [rom the heterogeneous D7
has been done in a single record. To stack records from different events we use a double-array stacking method
[Yamada and Nakanishi. 1996a and b] instead of conventional stacking methods by using the slowness as the

unknown parameter,



We stack traces by
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where 1 indicates the travel time, d the distance of the reflector from the CMB, ¢ index number for the event-
receiver pairs (i = 1, N, the number of N for each region is listed in Table 2), i =1 the pivot pair, w; amplitude
normalization factor, x;(t) the observed seismogram, 77 onset time of P wave of the i-th pair, and §7(d)
theoretical differential travel time between P and PdP of the i-th pair for the reflector at d km from the CMB.
In this study, the range of the d-value for the detection of the D" reflection is from 0 km to 400 km with an
increment of 10 km. The amplitudes of all traces are normalized by the maximum peak-to-peak amplitude.
TF is read from the original seismogram. The correction for the polarity reversal due to source mechanism is
included in w;. More details about the procedure and the accuracy estimation of this method should be referred
to Yamada and Nakanishi [1996a and b].
Broad-band S wave. 'T'wo horizontal components of broad-band data are rotated to the radial and the
transverse components. We find that the signal-to-noise ratios of the radial components are low in the data
used here. Moreover radial-polarized SKS is expected to arrive in the time window between the direct S wave
and the CMB reflection (ScS) and may contaminate the D™ reflection. Therefore we analyse only transverse
components in this study.

The one of the aims of this study is the investigation of the short-wavelength (a few hundred kilometers)
heterogeneities in D”. To stack records from wide region may average the strongly heterogeneous D™ and may
possibly show 'ghost’ images. The array analysis (stacking procedure) is not appropriate for the data from
broad-band seismographs used lere because of the wide distribution of stations (Figure 3) and bounce points
(Figure 4).

[n contrast to the short-period P owave, the D™ reflection and refraction of the S wave are observed in the
single trace from the long-period data [e.g., Gaherty and Lay, 1992 and Kendall and Shearer, 1995]. We examine
the low-pass filtered traces with a cut-off frequency of 0.1 Hz, because the inerease of the cut-off frequency from

this value decreases the :-'-i:.',ll:ll-lu—lu':ist' ratios of the data used o this stndy.
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Results

Short-period P wave. The detailed explanations for the results are described in our recent papers [Yamada
and Nakamshi, 1996a and b for three large arrays (LAL, 2 and 3) and Yamada et al., 1996 for a small array
(MSASL, 2 and 3)]. Here we present an outline of these results.

The stacked traces obtained from the above equation are converted to the envelopes by using the Hilbert
transform. Figure 5 shows the 2-D images of the envelopes for the regions LA1, 2 and 3. The envelope amplitudes
are plotted as a function of the differential travel time with respect to the direct P wave and the distance of the
D" reflector from the CMB. It is found that the estimated depths of the D reflectors vary from 270 km (LA1)
to 170 kmi (LA3). The rather small amplitude of the D" reflection from LAZ can be interpreted as the region
LA2 is located in the transition from LAI to LA3.

The small extent of the MSAS array (Figure 3) leads to that the change of the d-value in the above equation
from 0 km to 400 km does not make significant changes in waveforms of 41 stacked traces for MSASIL, 2 and
3. Therefore we cannot determine the reflector depth from the 2-D map as is done for LAL, 2 and 3. However
several features can be find as follows.

Figure 6 shows the stacked traces for MSASL. The D" reflection preceding to PcP can be found in the filtered
traces with pass-bands of 0-0.5 Hz and 0.3-0.8 Hz. It is worthy to note that the polarity of this PdP is reversed
to that of PcP, which is found by taking the correlation coefficient between PdP and PcP. This indicate that
the D" reflector beneath MSASI has a negative impedance contrast. The diminishing of PdP with the increase
of frequency may be indicative of the finite thickness of the D reflector that causes this anomalous PdP. The
depth of the reflector is estimated to be at 50-100 ki above the CMB. inferred from the differential travel time
of PdP-P.

The signals of PAP are clear in the stacked traces from MSAS2 (not presented here). The region NMSAS?
overlaps with the region LAL (Figure 1), where the D™ reflector at 270 km above the CMB is estimated. The
travel tines of PAP from the region MSAS2 are consistent with the DT structure at 270 ki above the CMB.

No elear signal can be found in the stacked traces for the region MSASS.

Broad-band S wave. We can lind 438 signals of SeS and 25 of SdS for following travel timne analyses amoung 80



traces analysed here. Figure T shows the examples of the S reflection from the D7 rellector (SAS) and SeS. Also
shown in Figure 7 are the synthetics calculated by the reflectivity method and by the IASP91 model [Kennett,
1991]. We find clear SdS with large amplitudes, which is not seen in synthetics. Also found are significant time
delays of ScS.

The differential travel times of SdS and ScS with respect to the direct S wave are measured by using the
cross-correlation. The polarities of SAS show almost the same as that of S| which indicate the positive impedance
contrast at the D" reflector. The residuals of ScS-S, (Ts.5 — Ts)ops. = (Ts05 — Ts)ear , are plotted in Figure Sa.
The theoretical travel times of SeS and S are calculated by using the IASPOL. The residuals show the positive
values in the range of 0.05-7.52 sec, which are explained by the S-velocity reduction of a few percents (0-2% or
more) in D”. The D" thickness is estimated from the differential travel times of SdS-S (Figure 8b), assuming
that the S-velocity structure is the same as that of IASP91 in the depth range from the earth’s surface to the D”
reflector. The estimated depths of the D" reflector range from T0 km to 400 km above the CMB. The estimation
of depths of the D" reflectors depends on the S-velocity model. If we increase (decrease) the S velocity by 3%
with respect to IASPO1 in the lowermost mantle, the estimated depth of the D" reflector deepens (shallows)
by about 50 km. We are confronted with the same problem of model dependence when translating the positive
S¢S-S residuals into the values of the S-velocity reduction in the lowermost mantle. Therefore the quantitative
estimations may involve a great uncertainty and we discuss in later section the qualitative features of D”; the

positive contrast at the reflector and the S-velocity reduction.
Numerical experiments

The difference in the waveform of the D7 reflection, caused by the dillerence of the structure in D7, is
examined by using the synthetic seismograms caleulated by the reflectivity method. The syuthetics for this test
are caleulated for the event-receiver geomeltrics of the array LA3. The convolution of the instrumental response
of the seismographs of this array (short-period vertical component, free-period of 1.0 sec and damping factor
of 0.7) is applied to the synthetics. The dominant frequencies of the synthetics range from 0.1 Hz to 1.0 Hz.
The double-array stacking is used in the data processing of the synthetics in the same manner as is used o the

observed data,



Models of velocity change

The P-velocity madels to calenlate the synthetics are grouped into five types. They are (1) a lamella with
high P velocity. (2) a lamella with low P velocity, (3) a transitional increase in P velocity, (4) a transitional
decrease in P velocity and (5) a stack of lamellae. Weber [1994] presents the results of a preliminary analysis of
travel time and slowness for the models of high- and low-velocity lamella. For the cases of (1)-(4), three values
of 10, 30 and 50 km for the thickness of the lamella or the transition zone are tested. For the stack of lamellae,
we use three values of 10, 30 and 50 km as the intervals that separate each lamella of 30 ki thick with high P
velocity. In all the models the contrast of the P velocity is set to be 3% and the depth of the top surface of the
velocity change is located at 2605 km. We have already estimated the impedance contrast and the depth of the
reflector in our recent paper [Yamada and Nakanishi, 1996b]. However, the change of either contrast or depth
affects the amplitude or the travel time of PdP, respectively, and does not alter the waveform itself. The values
of 3% and 2605 km are taken from PWDK model in Weber and Davis [1990] as an example. The P-velocity
model of PWDK itself is also used as an example for the D" structure with a discontinuous (abrupt) increase in
the P velocity. The IASP91 includes several discontinuities, Moho, upper mantle discontinuities at the depths
of 210, 410 and 660 km and has the change in the velocity gradient in the lowermost mantle (2740 km depth).
The secondary waves caused by the reflection and the conversion at these discontinuities may contaminate the
time window followed by the direct P wave, where PdP is expected to arrive. The synthetic calculation and
data analysis by using IASP91 model are made to examine this possibility.

In all the models, the values of both density and quality factor are taken from PREM [Dziewonski and
Anderson, 1981]. The S-velocity and density profiles in the lowermost mantle are perturbed in the same manner

as the P velocity.
Results of numerical experiments

The results are shown in Figures Ya-i. The chacacteristics of the D7 reflections for the various models are in
the following.

PWDK model. PdP signal is well reproduced in third panel of Freire Ya with almost the same wavelorm



(polarity) as the direct P wave (top). We find that an area circled by the highest contour line for PAP extends
in the vertical (depth) range of about 80 km. We also find the deviation of the estimated value of 270 km
(indicated by a broken line in second panel) from the exact one of 284 km (2605 km depth from the earth’s
surface). The flatness of the high PdP energy and the deviation from the correct depth of the D7 reflector
suggest that the resolution of the determination of the D" reflector depth is a few tens kilometers,

Lamella with high velocity. Among three results from three high-velocity lamella models whose differences
are in the thickness of the lamella, Figure 9b shows the result from the lamella with the thickness of 30 km.

The waveform of PAP (third) is distorted with respect to that of the direct P wave (top), due to the interference

of reflections from the top surface (normal polarity) and the bottom surface (reversed polarity) of the lamella.
The second upward swing in PdP waveform corresponds to bottom-side reflection, which is not seen in PdP
from the PWDK model (Figure 9a). Comparing three results obtained from three thicknesses of the lamella, it
is found that the increase of the thickness increases the amplitude of PdP. This is because a long wavelength
wave is not sensitive to thin lamella. The amplitude of PdP for the 30 km-thick model is comparable to that
for the PWDK model. The thickness of 30 km is an approximate wavelength of 2 sec P wave in the lowermost
mantle.
Lamella with low velocity. The interference of two reflections from both surfaces of lamella is also found
for this model. Figure 9¢ shows the result for the low-velocity lamella with the thickness of 30 km. In contrast
with the previous high-velocity lamella, the wavetrain of PdP consists of the first-arrival reversed reflection (top
surface) and secondary-arrival normal reflection (bottom surface). The separation between two reflections is
obvious for the lamella with thickness greater than 10 km. Two peaks of PdP are seen in the contour map of
Figure Ye.

The reflection from the top surlace may be qualitatively small, sinee the seismic energy that arrives at the
boundary with negative P-velocity contrast transmits downward more strongly than that at the houndary with
positive P-velocity contrast. Morcover the ineident angle of the wave at the bottom surface of the lamella is
rather steep in low-velocity lamelliand this also leads to the smaller reflection coeflicient at the bottom surface.

Therelore the amplitudes of these two reflections are smaller than that for high-velocity Tamella

o



Transitional increase in P velocity. Figure Od shows the resalt for the model eharacterized by a rransitional
increase in P ovelocity with the thickness of 30 k. In this case, the amplitude and the waveforn of PAP are
almost identical to that for the PAVDK model. The comparison of three results by changing the thickness from
10 km to 50 km shows that the amplitude of PdP decrease with the increase of the transition zone thickness.
The amplitude decreases to a half with the increase of the thickness from 10 km to 50 km. This is because the
high-frequency content of the incident wave becomes insensitive to the transition zone as it becomes wide. We
also find a continuons trend of delay of the travel time of PdP, correlating with the increase of the thickness.
However the time delay of PdP accompanied with the change of the thickness from 10 km to 50 km is small,
about 1 sec.
Transitional decrease in P velocity. The result for the model of the transitional decrease in P velocity, with
the thickness of 10 km, is shown in Figure 9e. The signal of PdP is characterized by (1) rather small amplitude
due to the small reflection coefficient, (2) reversed polarity with respect to that of the direct P wave and (3)
rapid diminishing of amplitude with the increase of the thickness of the transition zone. The energy of PdP is
bevond the level of a cut-off for plotting the contour map for the model with the thickness greater than 30 km.
Stack of lamellae. The model of the stack of lamellae has a shape like "teeth’. The contour maps for these
show complicated distribution of PdP energy. The reflections at both surfaces of each high-velocity lamella and
reverberations inside each lamella and between lamellae form continuous arrivals of seismic energy (PdP-coda).
The differences in the waveform of PdP wavetrain, caused by the change of intervals from 10 km to 50 km,
are as follows. (1) 10 km interval (Figure 9f). The first arrival is isolated and its shape is almost the same
as that for the PWDK model. The PdP-coda is not long in time and not large in amplitude. The thin intervals
of 10 km may be ignored by the low-frequency waves, Therefore the thin gap of 10 km is not regarded as a
perturbation and the response of this structure to the imeident wave is close to the PAWDK model. The value
of 10 km corresponds to a wavelength of 1.3 Hz. (2) 30 km interval (Figure 9g). The wavetrain has a long
tail and the first arvival has a large amplitude compared with that of the previous one. In the contour map
several peaks follow the fiest arrival, The complicated system of reflections of this structure makes us difficult

to identify origins of these peaks. However the ridge (energy of PdP-coda) extends to the deep region witl the



increase of time. (3) 50 km interval (Figure 9h). The model consists of four “teeth” of the high-velocity
lamella. Since the intervals are sufficiently wide, signals from each “tooth” can be separately seen in second and
third panels. While the waveform from each ‘tooth’ is almost identical to that obtained from the model of one
high-velocity lamella in Figure 9b, the amplitude is reduced in order of the depth where each lamella is located.
The energy from the deepest "tooth’ cannot be found and may be mixed with that of PcP.

IASPO91. The result for IASP91 is shown in Figure 9i. The large amplitude of assembly of the direct P wave
is shown on the left in contour map. Since the double-array stacking is to enhance the signal from the reflector
with common depth, the direct P wave, whose turning depths are different each other, cannot make the peak
in the contour map. The right-side energy corresponds to PcP. There is no signal in the time window between
P and PcP. This shows that any signals, for example, the reflection and conversion from the upper mantle
discontinuities, cannot be enhanced by this method. Therefore we can regard the signals between P and PcP

in the observed traces as the reflections from the D7 reflectors.

Discussion

Figure 10 shows three pairs of the direct P and PdP waveforms observed from three regions LAlL, 2 and 3,
where the PdP traces are the same as in Figure 5. The waveforms of PdP are clear for LA1 and 3 but not for the
LA2. These waveforms are compared with the synthetics obtained in the above section. The significant feature
of the observed PAP waveforms is the upward swing of the second peak, which is seen in synthetics for the
high-velocity lamella (Figure 9b), but not for the simple discontinuous model (PWDK, Figure 9a). However,
the estimation of the thickness of lamella by using the amplitude of PdAP is not determined uniquely, because
the amplitude depends on both the thickness of lamella and contrast of P’ velocity. While the stack of lamellae
with intervals larger than 30 km produces the same second swing, the large and long tail of PP coda, apparent
in the synthetic, are not seen in the observations: their wavelets are rather isolated. The models with negative
contrast at the reflector, including transitional decrease, cannot explain the PAP waveform.

This waveform with the second swing is the consequence of the intecference of the normal and reversed
polarized wavelets that correspond to the top- and bottom-surface rellections of the lamella. However, Brithl e

al. [!!l!!li] suguests the possibility that the one-sided discontinnity like PWDK also produces such an interference

10



if the reflector has a finite size in horizontal direction. They show in their experiments that the reflection wavelet
with reversed polarity appears following the normal polarized reflection due to the existence of the “edge” of
finite-size reflector.

The time lag between these two reflections and the shape of the combined waveforins depend on the size of
the reflector and on the frequency contents of the incident wave. The time lag of T/2 (T the period of incident
wave) may lead to the large amplitude of the combined reflections for the finite-size reflector, and this time lag
is the definition of the first Fresnel zone. As shown in Figure 4, the major axes of regions LAl and LA3 have
the sizes almost comparable with the size of the Fresnel ellipse for P wave. If there are two reflectors beneath
the regions LA1 and LA3 with different depths (270 km and 170 km), the waveforms of the observed PdP can
be also explained as the effect of the finite-size reflector, without the lamella structure.

The increase of the seismic velocity at the discontinuity is also suggested by the normal polarities of the SdS
waveforms. The second swing, which is an evidence for the lamella but against the one-sided discontinuity
(e.g., PWDK-like model), is found in several traces, e.g., the observations on the left side in Figure 7. We have
confirmed by using the S synthetics (not presented here) that the lamella produces the second swing for long-
period S wave, but that the amplitude of second swing is rather weak. Therefore the fact of small amplitude of
the SdS second swing in Figure 7 cannot preclude the lamella structure for S wave.

Either the high-velocity lamella or the discontinuity with finite-size is possible and the combination of the
two is also acceptable for both P and S wave. While we cannot resolve this non-uniquness, the positive contrast
at the top of the reflector may be inferred from the data analysed here.

One possibility of the high-velocity structure’s true character might be the subducted oceanic crust, which
is proposed by Weber [1994]. 1t is not clear whether the subducted slab arrives at the lowermost mantle and
whether the shape of it is maintained through the penetration process or it stagnants ab 660 ko discontinuity
and falls into the lowermost mantle as “avalanches™ [Lay, 1990 and Loper and Lay, 1995]. [t conld be a plansible
interpretation that the subdueted slab material extends horizontally with the convective motion in the lower
mantle and forms the high-velocity Tamella.

The large residuals of SeS-S (Fignee 8a) indicate the low velocity for § wave in the lowerniost mantle beneath



the regions LAL and LA2 (no S-wave data is available beneath the region LAS in this study ). Also beneath 1l
region MSASL, the existence of low veloeity layer is suggested from the P wave in Figure 6, There are evidences
for the existence of the low velocity layer in the lowermost mantle beneath the southwestern Pacific [Mori and
Helmberger, 1995 and Garnero and Helmberger, 1996]. They also suggest that it might be not a global but a
regional feature. The inclusions into the lowermost mantle by the chemical reaction may be of great contents of
iron compared with that of mantle [Jeanloz, 1990 and Ito et al., 1995]. The great change of the geotherm at the
CMB may lead to the existence of thermal boundary layer with a finite thickness [Loper, 1991 and Gaherty and
lay, 1992]. It could be possible that the accumulation of the products by the chemical reaction, whose seismic
velocity may be lower than that of ambient mantle due to the iron-rich products, acts a role as the thermal
boundary layer and can be seismologically found as a low velocity layer.

The two-layered structure inferred from the above description is schematically illustrated in Figure 11. We
indicate in this sketch the values of the P-velocity increase within the high-velocity layer (or lamella), which are
inferred from the preliminary estimates of the impedance contrast obtained in Yamada and Nakanishi [1996b].
We assume when inferring the P-velocity increase that both the density and the P velocity increase at the same
rate. The stack of the low and the high velocity structure, postulated here, changes its total thickness from 270
km (LA1) to 170 km (LA3). Assuming that the thickness of the high velocity layer is unchanged throughout
the region sampled here, the low velocity layer thickens in the region LAL. It is one plausible, not sufficiently
confident, speculation that this thickened low velocity layer in LA is the plume head, which is now processing
the upward motion as a “mantle plume” [Mori and Helmberger, 1995]. Unfortunately we can only search one
direction among the region surrounding LA at present. The further examination of D" structure in the region
neighbored on LAL will provide us with the more clear evidences of this dome and with its horizoutal size.

At the end of this section, we should have a statement about the variations in SeS-S residuals and the depths
of the D S reflector, shown in Figure 8. ‘These large variations are anomalous when taking the extent of
the Fresnel ellipse (Figure 1) into acconnt and might be interpreted as the existence of more short-wavelength
(perhaps, less than one hundred kilometers) heterogeneities. The SdS amplitude (Figure T) is also anomalous

large, interpretation of which might be attributed to whethier the great impedance contrast of several tens



percents at the reflector or the locnsing effect by heterogenvitios with wavelength shorter than the extent of the
Fresnel ellipse. Such an anomalous structure cannot be extracted [rom the P-wave results presented above. The
impedance contrast of P wave at the reflector beneath LAL, 2 and 3 may be up to ten percents, il we assume
horizontal reflector. The detection of the clear PdP signals (except for LA2) indicates that the wavelength
of heterogeneities may be a few hundred kilometers. This differences of scale length of heterogeneities or the
impedance contrast between P and S waves might snggest the anomalous D" layer, where the response to the

incidence is different between P and S waves.
Conclusion

The analyses of travel time and waveform are applied to the data of both short-period P wave and long-period
S wave. We can suggest the following image for the D" layer beneath the southwestern Pacific sampled here.
Comparing the observations with the numerical experiments, the high-velocity lamella is the preferred model
rather than the first-order discontinuity to explain the waveform of PdP. However the discontinuity model could
still be a possible candidate if we take the finite size of the D" reflector into account. The low-velocity layer,
coated with this high-velocity layer, is inferred from the large delay of travel times of ScS. The total thickness
of these two layers changes from 270 km to 170 km. This heterogeneous structure might be interpreted as the

low-velocity dome (a seed of mantle plume) underlying the high-velocity subducted material.
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Figure captions

Figure 1. Ravpaths of waves nsed here. A square shows the hypocenter at the depth of 500 km and the
receiver is indicated by a circle; the epicentral distance is 70° in this example.

Figure 2. The geographical distribution of events (circles) and receivers (squares) utilized here. Also shown
are great circle paths connecting event to receiver. The sampling region is beneath the southwestern Pacific
(rectangular region). The close-up of this region can be found in Figure 4.

Figure 3. Receiver distribution in Japan. Large arrays with its extents of several hundred kilometers are
indicated by blue symbols; Kyoto University (LAIL, ecircles), the University of Tokyo (LA2, triangles) and
Hokkaido University (LA3, squares). A green circle shows the location of a small array operated by Japan
Meteorological Agency (Matsushiro Seismic Array System, MSAS). The panel on top lelt shows the close-up of
the MSAS. Red circles indicate the distribution of the receivers of the broad-band seismographs (BB).

Figure 4. The bounce point region sampled here (rectangular region in Figure 2). Colored ellipses show the
distribution of PcP bounce points, corresponding to arrays in Figure 3. They are LA1 (green), LA2 (blue), LA3
(gray), MSASI (vellow), MSAS2 (orange) and MSAS3 (purple), respectively. Solid circles indicate SeS bounce
points from broad-band records (BB). Two open ellipses on the bottom left show the first Fresnel ellipses for P
wave (0.5 Hz) and S wave (0.1 Hz) at the CMB. Here we plot a half size of the first Fresnel Zone according to
Weber and Davis [1990].

Figure 5. The 2-D colored presentation of results by the double-array stacking (the same figure as Figure 3 in
Yamada and Nakanishi [1996b]). a) result for region LAL, b) LA2 and ¢) LA3. In each panel, a signal, that is
interpreted as a candidate of PdP. is indicated by an arrow. A trace on each map shows a stacked trace, whose
envelope is a cross-section of each map at the depth of the maximum amplitude of PAP. PdP is indicated by a
dot in each trace.

Figure 6. The stacked traces from region MSASIL, with the application of several band-pass filters (pass-band
is indicated on top right in each trace). Solid cireles show the anomalous M1’ whose polarities are opposite Lo
those of Pel.

Figure 7. An example of traces of transverse component from the hroad-hand seismographs. All traces are



low-pass filtered with the cut-off frequency of 0.1 Hz. The contintous line is the observation and the hroken
line the synthetics caleulated by using IASPY1. The epicentral distance is shown in bottom left in each trace.
Figure 8. a) Variation in the residuals of S¢S-5. The size of circle is proportional to the amount of the residual.
Colored ellipses show the bounce regions of P waves as the same in Figure 4. b) Variation in the thickness
of D7, that is obtained from the differential travel time of SdS-S. Here we assume that the depth of the D"
reflector is the depth of the top surface of the D™ layer. The size of circle is proportional to the thickness of the
D” layer. P-wave bounce points are also shown.

Figure 9. In all figures from a) to 1), (top panel) the stacked synthetic trace of the direct P wave, (second)
2-D contour map with the contour intervals of 1 dB and a signal of PdP is indicated, (third) the stacked trace
of PdP, whose envelope is the cross-section at the depth indicated by broken line in second panel and (bottom)
the P-velocity structure used to the calculation of the synthetics,

a) result of PWDK, b) high-velocity lamella with the thickness of 30 km, ¢) low-velocity lamella with the
thickness of 30 km, d) transition with increase in P velocity by 30 km, e) transition with decrease in P velocity
by 10 km, ) stack of lamellae with intervals, that separate each lamella, of 10 km, g) stack of lamellae with
intervals of 30 km and h) stack of lamellae with intervals of 50 km. i) result for IASP91. Because of the lack of
any signal between P and PcP, no stacked trace (corresponding to the third panel in figures a-h) is presented.
Figure 10. Comparison of the waveforms between the direct P wave and PdP. a) stacked traces of both waves
from region LA1, b) LA2 and ¢) LA3. The signals of PdP are indicated by horizontal continuous bars, except
for LA2 (broken bar), which shows low signal-to-noise ratio compared to PdPs for LAl and LA3.

Figure 11. Schematic sketch of the D layer which is obtained in this study. The total thickness of D"
varies from 270 km (LA1) to 170 km (LA3). At the top of D", the rapid increase of P and S velocities is
inferred. The contrasts of the P velocity across these rellector are also indicated, which arve inlerred from
the preliminary estimations in Yamada and Nakanishi [1996b]. Inferred from the comparison of observed and
synthetic seismograms, the high-velocity lmnella could be one interpretation for this high-velocity layer. Beneatl
this layer, there may be a low S-velocity layer, while this is indicated beneath LAL and LAZ and is unknown

beneath LA3.



Table captions

Table 1. Event parameters used in this study, The notations of the column “Data Set” are the same as in
Figure 3. Note that MSAS is divided into three regions (MSASI, 2 and 3) according to the locations of bounee
points.

Table 2. The range of epicentral distance and the number of traces for each data set used here. The notations

of data set are the same as in Figure 3 and Table 1.



Table 1.

Origin time(GMT) Lat. Lon. Depth S
Y S T G () () (k:nJ e Data. et
1084 Mar. 14 11 36 309 20085 T118.01W 570 57  LASMSAS2
1984 Jul. 03 13 42 0083 177355 178.847W 536 5.7 MSASI
1984 Aug. 26 5 00 456 23.595 179.07E 560 5.9 LA3
1984 Sep. 28 3 3 468 2151S I1TTTOW 364 58  LA3MSASY
1985 Mar. 15 00 16 02.75 20.6825 178.218W 545 5.7 MSAS2
1985 Aug. 28 20 50 483 21.01S 178.98W 625 6.1  LA3MSAS2
1986 Apr. 01 10 13 40.74 18.037S 178.53TW 540 5.8 MSASI
1987 Feb. 10 00 59 2857 19.480S 177.456W 395 6.2 MSAS2
1987 Feb. 14 13 38 2277 17.926S 178.632W 566 5.7 MSASI
1987 Apr. 29 14 27 357 19.01S 177.73W 38 5.0 LA3
1987 Aug. 26 6 56 462 20.74S 178.46W 569 5.7 LA3
1088 Jan. 24 16 00 04.55 17.763S 178.737TW 566 5.7 MSASI
1988 Nov. 16 05 53 2020 21.7685 179.426W 582 5.8 MSAS2
1989 Apr. 18 12 33 52.16 23.834S 179.94dE 524 5.8 MSAS3
1989 May 21 21 56 48.63 17.952S 178.593W 584 5.7 MSASI
1980 Nov. 29 05 48 59.84 25.374S 179.629E 487 5.7 MSAS3
1990 May 17 15 59 56.53 25.398S 178.101E 614 5.8 MSAS3
1990 May 28 11 28 47.69 20.874S 177.98TW 486 5.9 MSAS2
1990 Jun. 26 12 08 29.39 220155 179.473W 587 6.0 MSAS?2
1990 Jun. 29 03 53 28.76 215525 179.332W 616 5.7 MSAS2
1990 Aug. 10 17 47 36.78 19.805S 177.385W 373 6.0 MSAS2
1990 Oct. 10 05 54 5354 23.497S 179.029E 549 6.0 MSAS3
1991 Apr. 18 9 41 201 22928 179.34W 471 5.7 LA2
1991 Aug. 28 21 32 354 22235 179.6dE 599 5.5 LAl
1991 Sep. 30 0 21 464 20.8785 178.59W 566 6.3 BB
1992 Jan. 13 9 37 437 20935 17872W 575 5.7 LAl
1992 Apr. 4 1| 11 123 17958 17831W 574 56 LAl
1992 Aug. 30 20 9 58 17928 178.71W 565 538 LA1,2.BB
1992 Nov. 12 22 28 57.5 224015 178.10W 360 5.9 BB
1993 Mar. 21 5 4 592 18.04S 178.53W 580 6.1 LAI,MSASI BB
1993 Apr. 16 14 8 389 17.7785 178.86W 565 6.0 BB
1993 Apr. 20 16 26 195 20.88S 178.70W 592 5.6 LAL2
1993 Jul, 9 15 37 537 19785 I77.40W 398 6.0 LAl
1993 Aug. 7 1T 53 242 23.866S 179.85E 523 6.0 BB
1993 Oct. 11 13 7 296 17.855 178.73W 555 5.8 LA2,MSAS1.BB
1994 Mar. 9 23 28 6.7 180305 17841W 563 6.6 BB
1991 Mar. 31 22 40 52.15 22.057S 179.533W 580 6.1  MSAS2.BB
19094 Oct. 27 22 20 285 257188 IT9.34E 519 59 BB
1995 Jan. 17 16 54 120 208708 179.24W 637 6. BB

Table 2.

: A No. of
Data Se
MRS L&) trices
LAl GT.8-T1.6 a7

LA2 66.0-70.1 A1
LAS T0.6-T1A 37
MSASI G768 AR
MSAS2  60.6-TO.8 7l
MSASS  71.0-T29 27
1313 ARA-TLY i)




Surface

Solid Mantle
receiver hypocenter

CMB

Liquid Core



120° 140° 160’ 180°

40°

20°

-20°

120°



: % e LAl
B

fJ v m.A3
4 7

| " e MSAS
/]
\ /. e BB
120 130 140 1 El')O




155° 160° 165°
15°
MSASI1
10° MSAS2 10°
@® MSAS3
® BB
5 s ‘ 5
/ o L W * & o
:'\\ ( o\ - .
5 wave (0.5 Hz\)\ \-\\ .‘
\ e /,J "'Il @
- Ly et ] 2 i

150° 155 160" 165



400

300

200

100

400

300

200

100

(km)

no
o
o

D” Reflector

small == Amplitude == large

0 10 20
Differential Travel Time(sec)




TMSASI 1 BN - ' original |
wk/\/j]%"wwmwww\w%ﬂmmrw«ﬂwM~

~0.0-0.5HZ

I
&®

@
: A&W —05-10H7 |
“ —0:3-15H7]

s WNV\WVWWM\M it

P T 1.0-2.0Hz |

O el s o J n J\ J -M ﬂm M f\“&f\“ﬂ/\ﬂw’ww\’wﬁﬂlﬂ A | MAr st

_ N |

- 1I 0 | (5 : 1 ‘0 . 2TO ' 310 | 410
Differential Travel Time (sec)




Obs. A
Syll. “(;;“6"21-4-26-— R 1“ o1 IS

—_—

----------------------------------------------------

66.642°

______________________________

66.246°

. m 5.8

19920830

d=565km 58.6199 " |

19930321
m, 6.1

------------------------------------------

d=589km 58.825°

19930416
me el s e
d=565km 58.420°

19931011
m, 5.8 _
d=555km 58.552°

-
...........
--------------

19940309
6o, P
d=563km 58.898°

- = -
________________________




o S

ScS-S Residual (sec)
- =l

150 155 160

' MSAS1
® MSAS?2
@® MISAS3

oQ



) 2 :
. ] =il
= M __
(]
= 8 _ 2
1= h_ & o '8 R o] | ‘8

_ E El |

/ il LS =il 8

_. o 8~ <] | [&

) m 3 o 3| |

\ e P o i

| o= = gefl N s

___ e Zamu — o~

\ .m | @ ......Am __

. S Eh ol | Ig
— @ N @ &
—_— rom b o = |

& 8 o R
m o~ / o
..... 8 g

™~

(0as/wi)dA

o~

(oas/w)dA

8 8
A ﬁl_m M — ]
R o1 _ M 8 o &
E E
= 8 P 8
.ﬂ‘.um B ...lom
q°F| Y |8E o Rall 8
—_— n...ma — o
R g |
el | 1§ Sl e | I8
[} | & = 1} B
L o = = o ¥E |
= 5 o] _ E
LI Dl 8 R T m TT T T m

o~

a00
300 4
200 4
100

o wowonom 2 b SRR 2 g g © mewowor ¥ o
(o@s/wx)dA W% R RS (oas/wy)dA

Figure

(km)

Depth

Depth(km)



e) )

direct P | ;, ] direct P |
10 20 i
400 - 400
-==grar )
300 ‘;IP 300
200 200
100 100 -
¢] T 0
10
15 o : 15
] o
REE ; bdr , ‘ 8 . :
0 10 20 o 10 20
= Differential Travel Time > _Differential Travel Time
% 14 8 14
— —
D e ) SN )
0'13_ T T Y\ T 0_13. T T T T T i
= 2300 2400 2500 2600 2700 2800 2900  — 2300 2400 2500 2600 2700 2800 2900
Depth(km) Depth(km)

g) h)

ﬁ: - f‘] : l:iirel:t IT:
200 P Y .. i .I‘.. .‘. L
200

direct P F

e, e e |

8 8 8 s
I

""" j;i,: ~Z70%m |
F*"’ L
e
=3 187
5 2 >
(¢] 10 20
5 i ' ‘
§ ‘g:——J\/'\n/\-—J\M\/\J\N,_
127 pdp 30 Pdr
15 15 -+ - -
0 10 20 0 10 20
= Differential Travel Time < Differential Travel Time
14 - . . 14 : :
@ ®
w et w
~ { 1 —_—
ot LR L ALY I [ 13 A T R
2" : . ; 1 o . , ; .
> 2300 2400 2500 2600 2700 2800 2900 > 2300 2400 2500 2600 2700 2800 2900
Depth(km) Depth(km)

Figure 7 (Continued)



; A diri:ct P
: TRy | - TN Sl M -
AN :. |
‘ 0 10 20
400 L
m ;
m -
100
0 . .
10 20
S Differential Travel Time
S s . -
£
5 /
Q- 13 1 T T T T T I
> 2300 2400 2500 2600 2700 2800 2900
Depth(km)

Figure 7 (Continued)



B{aLAl [ Direct P |
E SRR }I N R S — )’ﬁ“\—-—_‘\..-"—‘h--_—f—‘x,/_""——-——"‘-é:

-28 : \} \ / v 3
:‘ég , l , _
: | — PdP 270km |

0 ="y ‘\/\//\/\/\/.\/“/\/-\“f\‘
-10 = T | 4 I I

0 10 20

1

g B) LAZJ : | | Direct P g
-10 5

o I T e U O R,
RS P S PdP 280 km |
BN FPUROOE sl
-10 - T T T T _“
0 10 20
ki c) LA3 | Direct P |
0 W i
ki — PdP 170 km |
0.5 4 E1
00 1Ay / v“/\/\wf\/\/\/ /\\/\ <t
0.5 d
1.0 - | :
O 10 20

F‘,{;.‘\r{' II(:



LA1 LA2 LA3
High Vp (1.4%) f o |
High Vp(2.4%)
High Vs(?) 2
T TR TP PRI ITY wnsnen,,  High Vs(?) i i
. High Vp(2.9%)
- Vs(?)
270 km L TSR I i
| 170 km
Low Vs Low Vs Vs ?
CMB
southwest 500 km northeast



(e.g., the Indian Ocean), but is constant beneath mid ocean
ridge (e.g., the Mid Atlantic Ridge).
Introduction

The mid ocean ridges (spreading regions) have been considered
to play a passive role in the force balance of plate tectonics® and
only shallow structure has been studied in detail®. Seismic tomogra-
phy using surface waves™® has a limited resolution in both horizon-
tal and vertical direction, especially poor resolution in the depths
and contrasts of the upper mantle discontinuities.

We examine the results of previous studies'™* by analysing the
data from recent large deep earthquakes in Fiji and Bolivia, whose
bounce points of P'P’ are located near the Mid Atlantic Ridge and
far from the Mid Indian Ocean Ridge, respectively. We show the
regional difference of the underside reflections of P’P’ from the 420-
and the 660-km discontinuities (referred to as P'420P’ and P’ggP’
here after) and attempt to interpret the differences in terms of
chemical composition with an assumption of pyrolite mantle.
Data

The Fiji earthquake of March 9, 1994 (m;= 6.6) and the Boli-
vian earthquake of June 9, 1994 (m,= 7.0) provide us with a rare
chance for the analysis of P'450P’ and P’gsoP’. We analyse the data
of short-period vertical-component seismograms from the Fiji and

Bolivian earthquakes recorded by the micro earthquake network



of Tohoku University and Southern California USGS-Caltech net-
work. We use the hypocenter parameters listed in monthly PDE
(Preliminary Determination of Epicenters) report to calculate the
travel times and bounce points of P'P’, P’430P” and P’ggoP’. Figure
1 shows that the bounce points for the Fiji earthquake are located
close to the Mid Atlantic Ridge and that those for the Bolivian
earthquake far from the Mid Indian Ocean Ridge. This difference
of the bounce point locations encourages us to study structural dif-
ference of mantle beneath the mid ocean ridge and normal ocean.
Strict inspection of all data by display of original traces and fil-
tered traces obtained from several pass bands leads to 20 traces for
the Fiji earthquake and 82 traces for the Bolivian earthquake. We
use the short-period vertical-component seismograms filtered with
a pass band of 0.2-0.5 Hz (Fig. 2). The epicentral distance ranges
from 67.1 ° to 70.2 ° for the Fiji earthquake and 64.4 ° to 70.5 ° for
the Bolivian earthquake.
Analysis

The slowness is one of important parameters to identify the un-
derside reflections of P'P’ from the upper mantle discontinuities.
The slant-stacking of the filtered seismograms in Fig. 2 is made
with a slowness interval of 0.1 sec/deg to measure the travel times
and slownesses of significant signals in the data. The comparison of

the calculated travel times and slownesses with those of clear peaks



in the contour maps indicates that P’ggoP’ from the Fiji earthquake
(Fig. 3a), and P’seoP’ and P’40P’ from the Bolivian earthquake
(Fig. 3b) can be identified without ambiguity. The fact that the
signals of P’ggoP’ and P’450P’ consist of three dominant peaks (Fig.
3b) is a strong evidence for the signals from the great Bolivian
earthquake, because the waveforms of P waves recorded by broad-
band instruments suggest that three dominant shocks occurred dur-
ing the rupture process of the earthquake. Another apparent signal
with slowness of -4.3 sec/deg (Fiji) and -4.3 sec/deg (Bolivia) is not
interpreted as P’;P’ (d < 420-km), but as SKKKP?.

Figure 4a and 4b show the result of the slant-stacking with a
slowness of -2.7 sec/deg for the Fiji and Bolivian earthquake, respec-
tively. The signals of P’geoP’ clearly show up for both earthquakes.
The amplitude of P’45oP’ is almost similar to that of P’ggoP’ for the
Bolivian earthquake, but is buried in ambient noises in the case of
the Fiji earthquake. These results in Figs. 3 and 4 are consistent
with the previous array studies'™*. This is the first clear evidence
for the regional variation of underside reflection of P’P’ from the
420-km discontinuity since the pioneering studies'®='? of precur-
sors to P'P’. The seismological discovery of the present study is
that there exists the difference of the reflectivity of the 420-km dis-

continuity between the area close (about 2 ° ) to the Mid Atlantic

Ridge and the area far away (about 20 °) from the Mid Indian



Ocean Ridge. The data sets analysed in the present study does not
show such a clear regional variation for the 660-km discontinuity.
However, one of the array studies of P';P"? suggests the possibility
of a weak reflectivity of the 660-km discontinuity beneath the Mid
Atlantic Ridge.
Implications on chemical composition

Advances in high-pressure experiments have reached a depth of
about 800 km in the Earth’s mantle'='®. It may be possible for us
to interpret the seismological results of the present study in terms
of mineralogical phase relation. We assume Mg;Si04-Fe;SiOy4 sys-
tem in the following discussion.
420-km discontinuity

1617 of olivine ( @ ) to modified

Recent high pressure experiments
spinel ( B ) transformation, which is considered to correspond to the
420-km discontinuity, suggest the transformation width of 11 to 19
km in temperature range of 1400 to 1750 C for the composition of
(MgosoFeo11)Si04'%, and the decrease of the width with tempera-
ture increase'®'®. Our observational result from the Fiji earthquake
is consistent with this experimental result. However, the clear re-
flection from the Bolivian earthquake seems inconsistent with the
width range. An easy way to overcome this inconsistency is to

change the Mg-Fe ratio from (MgosoFeo11)5104 beneath the dis-

continuity. They'® infer that Mg content is greater than 95% or



smaller than 80%. We can suggest that the increase of Fe content
to 17% beneath the discontinuity is plausible. The effect of H,O
on the transformation should be investigated with careful experi-
ment.

660-km discontinuity

Recent high pressure experiment'® shows that the transforma-
tion of spinel to perovskite + magnesiowistite take places at a
pressure of 23 GPa with a pressure interval less than 0.15 GPa at
a temperature of 1600 C. These pressure values are converted to a
depth of 653 km and a depth interval less than 5 km. These values
are consistent with the results of the present study for both the Fiji
and Bolivian earthquakes.

One of the recent array studies® suggests the possibility of the
reflectivity decrease with decreasing distance of the bounce points
to the Mid Atlantic Ridge. This might require a change of chemical
composition near the 660-km discontinuity across the Mid Atlantic
Ridge.

Conclusion

An unambiguous regional variation of the reflectivity of 420-km
discontinuity is observed between the bounce points close to the
Mid Atlantic Ridge and those far away from the Mid Indian Ocean

Ridge. The reflections from the 660-km discontinuity are clearly

observed from the both bounce points. Recent array study? by one



of the authors of the present study finds an evidence for the change
of reflectivity of the 660-km discontinuity beneath the Mid Atlantic
Ridge.

Interpretation of these results in terms of chemical composition
is not unique. However, the change of chemistry near the disconti-
nuities is a simple but most plausible interpretation. Interpretation
by temperature variation seems difficult. The focussing and defo-
cussing due to heterogeneities in the Earth cannot be ruled out.
We must point out that the bounce points for the Fiji earthquake
are close to a hot spot?® (Fig. 1(a)). There found no hot spot near

the bounce points for the Bolivian earthquake.
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Figure Captions
Figure 1. Surface bounce points (solid circle) of P'P’. The lo-
cations of hot spots®® (solid stars) are also shown. (a)Fiji-Japan.

(b)Bolivia-Southern Carifornia.

Figure 2. Short-period vertical-component seismograms filtered
with a pass band of 0.2-0.5Hz. (a)Fiji-Japan. (b)Bolivia-Southern

Carifornia.

Figure 3. Contour map showing the result of slant-stacking
of the filtered seismograms in Fig. 2. Also shown are the locations
of P’P’, P'420P’, P’esoP’, and SKKKP. (a)Fiji-Japan. (b)Bolivia-

Southern Carifornia.

Figure 4.  Cross-section of Fig. 3 for a constant slowness of

-2.7 sec/deg. Also shown are the locations of P'P’, P'420P’, P'ggoP’.

(a)Fiji-Japan. (b)Bolivia-Southern Carifornia.
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