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S U M M A R Y
We examine P-wave velocity structure at the base of the mantle beneath the western Pacific,
near the western edge of the Pacific Large-Low Shear Velocity Province (LLSVP), using
high-quality seismograms provided by a large-scale mobile broad-band seismic observation
in northeastern China (the NECESSArray project). Forward modelling using the reflectivity
method is conducted to explain the variation of P-wave traveltimes as a function of epicentral
distance near the core shadow zone. Additionally, PcP–P traveltimes are examined to enlarge
the survey area. As a result, a rapid variation of P-wave velocity is detected at the base of the
mantle. Regions of thin (20–50 km thick) and low velocity (−2 to −5 per cent) layers at the
base of the mantle are intersected by an 80-km-thick region with a high velocity (+2 per cent).
A slightly fast region exists at the northwest of the region with the thin low-velocity layer. These
layers are typically separated by several hundred kilometres and would be difficult to explain
by thermal effects alone. These observations suggest that very complicated thermochemical
reactions occur near the edge of the Pacific LLSVP.

Key words: Composition of the mantle; Body waves; Pacific Ocean.

1 I N T RO D U C T I O N

Lower mantle dynamics have been extensively examined using 3-D
S-wave velocity structures rather than P-wave velocity structures
(McNamara & Zhong 2005; Simmons et al. 2006; Steinberger &
Calderwood 2006; Yoshida 2008, 2012). This is partly because,
besides direct S-waves, other phases such as ScS and SKS, which
traverse the lower mantle, are widely observed and can therefore be
used for tomographic inversions to result in better global coverage.
S-waves are also used because the velocity decrease of S-waves in
hot subducted crusts in the lower mantle is theoretically expected
to be much larger than that of P-waves (Tsuchiya 2011) and there-
fore easier to detect. Based on 3-D S-wave velocity features, the
edge of the Large-Low Shear Velocity Provinces (LLSVPs) in the
lower mantle beneath Pacific and Africa is thought to be the possible
source locations of mantle plumes (Burke et al. 2008; Garnero &
McNamara 2008; Tan et al. 2011). However, both P- and S-wave
velocity structures are important to fully understand the thermo-
chemical dynamics of the mantle (Wysession et al. 1992; Montelli

et al. 2004; Boschi et al. 2007; Boschi et al. 2008; Steinberger &
Holme 2008).

The LLSVPs in the lower mantle beneath Pacific and Africa had
been identified even in the pioneering works of P-wave tomogra-
phy (Dziewonski 1984; Inoue et al. 1990). Recent P-wave global
tomographic results, especially focusing on the core–mantle bound-
ary (CMB), indicate that the magnitude of the velocity reductions
and pattern of these low velocity regions are not always similar,
probably owing to the differences of phases used and their quality
(Zhao 2004; Houser et al. 2008; Soldati et al. 2012; Young et al.
2013). Furthermore, the radial resolution at the base of the man-
tle remains poor. For instance, even in the recent global models,
an approximately 300-km-thick layer is assigned at the base of the
mantle.

Most recently, Frost & Rost (2014) revealed the northern and east-
ern edge of P-wave velocity structure around the Pacific LLSVP
by USArray. However, understanding of the detailed P-wave ve-
locity structure near the western edge of the Pacific LLSVP has
been still quite limited, where detailed S-wave velocity structures
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Vp at CMB beneath western Pacific 1053

Figure 1. Geographical distribution of seismic stations (triangles), epicen-
tres (stars), seismic rays and zero contours of P-wave velocity perturbations
beneath the western Pacific. Red and blue background colours are P-wave
velocity perturbations at the base of the mantle taken from the GAP-P4
model (Obayashi et al. 2013). White crosses with numbers indicate repre-
sentative regions. Blue, red and grey lines of seismic ray paths represent the
ray portion passing through the lowermost 100 km, 300 km of the mantle
and the above, respectively. The yellow, purple, light blue and green broken
lines and the thick black line represent the zero contours of P-wave veloc-
ity perturbations taken from the models of GAP-P4, bdb00 (Antolik et al.
2001), hwe97 (van der Hilst et al. 1997), kh00 (Karason & van der Hilst
2001) and pmean (Becker & Boschi 2002), respectively. The dark green
short broken line is the zero counter of S-wave velocity perturbation taken
from the model of S40RTS (Ritsema et al. 2011).

have been examined by many researchers (He et al. 2006; Takeuchi
et al. 2008; He & Wen 2009; Idehara et al. 2013). Owing to lim-
ited source–receiver combinations, previous studies focussed on
P-wave velocity structure at the base of the mantle in the middle of
the LLSVP beneath the western Pacific using PdP and PcP waves.
These studies used the Fiji earthquakes observed by Japanese dense
seismic networks and obtain no evidence for ultralow-velocity zones
(ULVZs; Shibutani et al. 1993; Yamada & Nakanishi 1996, 1998;
Kito & Kruger 2001; Kito et al. 2004). Thus additional observations
are required to extend the survey area. This study uses the NECES-
SArray (NorthEast China Extended SeiSmic Array), a large-scale
mobile broad-band seismic array comprising 120 stations in north-
eastern China, operating from 2009 to 2011. Such a large aperture
array covers a relatively long-distance range to give constraints on
radial velocity structure. P-waves near the core shadow zone and
PcP waves from southwestern Pacific earthquakes are observed by
NECESSArray, passing through the bottom of the mantle near the
western edge of the Pacific LLSVP. In this study, we examine P-wave
traveltimes near the core shadow zone, as well as PcP–P traveltimes,
to determine the P-wave velocity structure in the lowermost 100 km
or less of the mantle. This study reveals the presence of a distinct
lateral variation, whose implications will be discussed further.

2 DATA

NECESSArray is a passive broad-band seismic experiment, ex-
tending approximately 1200 km from east to west and 600 km from
north to south with the average spacing of approximately 80 km
(Fig. 1), which is an international collaboration between China,
United States and Japan. The primary objectives of the experiment
are to investigate the feature and fate of the subducted Pacific slab
(Obayashi et al. 2011; Takeuchi et al. 2014; Tang et al. 2014) and
determine the structure of the Northeastern China craton (Tao et al.
2014; Ranasinghe et al. 2015). Additionally, this array is a power-
ful tool for studying deep Earth structures. This study utilizes the

Table 1. Event list.

Event Date Time (UTC) Lat. (◦) Long. (◦) Depth (km) mb Remarks

1 20091010 19:41:24.27 −15.660 −173.063 13.0 5.6 S R
2 20091025 07:53:52.15 −23.091 −179.205 417.9 5.6 S R
3 20091102 10:47:13.24 −24.121 −175.173 9.0 6.1 S R
4 20091109 10:44:55.11 −17.239 178.331 595.0 6.5 S R
5 20091112 02:13:37.58 −20.979 −178.662 570.6 5.2 S R
6 20091122 07:48:20.61 −17.794 −178.425 522.6 5.7 S R
7 20091122 22:47:27.48 −31.569 179.467 435.7 5.7 S R T
8 20091124 12:47:15.66 −20.708 −174.035 18.0 6.4 S R
9 20091128 09:21:17.98 −29.216 −177.018 28.0 5.8 S R

10 20100207 22:28:20.66 −23.319 −179.877 544.0 5.6 S R
11 20100304 14:02:27.55 −13.571 167.227 176.0 6.5 PcP
12 20100410 16:54:24.25 −20.114 −176.223 273.2 5.5 S R
13 20100213 02:34:28.86 −21.902 −174.767 11.0 6.0 S R
14 20100217 19:38:06.35 −29.756 −177.836 45.0 5.8 S R
15 20100219 11:13:19.81 −21.840 −175.115 10.0 5.4 S R
16 20100222 07:00:51.32 −23.626 −176.036 15.0 5.5 S R
17 20100903 16:35:47.77 −43.522 171.830 12.0 6.4 T
18 20110221 23:51:42.35 −43.583 172.680 5.9 6.1 T
19 20110418 13:03:02.73 −34.336 179.874 86.0 6.2 S R T

Note: Data is taken from the Earthquake Data Report provided by U.S.G.S.
S, events used for the derivation of station corrections; R, events for the analysis of a local reference
velocity profile in the lower mantle; T, events used for analysis of the velocity structure at the base
of the mantle and PcP, events used for PcP–P traveltime analysis.
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1054 S. Tanaka et al.

vertical components of high-quality broad-band seismograms of 19
earthquakes that occurred in Vanuatu, Tonga, Fiji, South Fiji and
New Zealand (Table 1).

The geographical distribution of hypocentres, stations and seis-
mic rays are plotted in Fig. 1. The P-wave velocity perturbations
at the base of the mantle using the GAP-P4 model (Obayashi et al.
2013) are presented for reference. As the location of the P-wave edge
of the LLSVP varies from model to model, the zero contours around
the concerned region are retrieved from several representative mod-
els (van der Hilst et al. 1997; Antolik et al. 2001; Karason & van
der Hilst 2001; Becker & Boschi 2002). The ray portions that pass
through the lowermost 100 km of the mantle are represented by blue
lines, which perpendicularly intersect the zero contours of P-wave
velocity perturbations at the base of the mantle. The approximate

midpoints of P-waves are located within the inside margin of the
LLSVP, and the reflection points of PcP waves from the Vanuatu
event are near the zero contours. In the later sections, the survey
area is split into five regions for convenience; numbers are plotted
in the centre of each region in Fig. 1. Region 1 is covered by the ray
paths from the Tonga-Fiji events where we infer a local reference
velocity structure in the lowermost 600 km of the mantle except
for the D′′ region. Regions 2, 3 and 4 are covered by the ray paths
from the South Fiji and New Zealand events where we examine the
velocity structure at the base of the mantle. Region 5 is covered by
the ray paths from the Vanuatu event where we examine the velocity
structure at the base of the mantle using PcP–P traveltimes.

To measure relative P-wave traveltimes, seismograms includ-
ing P-waves are converted to displacements (Fig. 2a) with sensor

Figure 2. Example of processed seismograms for event No. 7, aligned with arrival times of P-waves calculated with PREM.
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Vp at CMB beneath western Pacific 1055

response corrections (NECESSArray mainly uses STS-2, CMG-
3T and a few CMG-ESP). Seismograms are aligned on the arrival
times of P-waves predicted by PREM (Dziewonski & Anderson
1981). To examine as fine structure as possible, we look for an ob-
servable highest frequency range by applying various filters, such
as the WWSSN short-period filter (Fig. 2b), and bandpass filters
with several combinations of cut-off frequencies and pole numbers
(Figs 2c–f), and finally choose a zero-phase Butterworth filter with
cut-off frequencies of 1 and 5 Hz and pole of 2 (Fig. 2f). The result-
ing predominant frequency is approximately 0.5 Hz with sufficient
signal-to-noise ratio also for other events, which provides stable
measurement of relative traveltimes. By comparison, waveforms
with a predominant frequency of 1 Hz (Figs 2b and d) are charac-
terized by coda waves at distances greater than approximately 94◦.
The amplitude of coda waves is compatible with that of the first
arrivals and disturbs the traveltime measurement using waveform
similarity. Waveforms with a predominant frequency of 0.5 Hz but
with a narrow frequency band (Figs 2c and e) show a low signal-
to-noise ratio at larger distances, and the resultant noise and signal
are monochromatic. This makes it difficult to distinguish the signal
and noise. However, a weak and relatively wide-range filter results
in signal pulses comprising more multiple-frequency components
than noises and is therefore suitable for waveform analysis (Fig. 2f).

For the measurement of PcP–P differential traveltimes, we em-
ploy displacement seismograms for which the filter with cut-off
frequencies of 0.003 and 5 Hz is used. This filter is not described
above because we did not find good PcP phases in short-period
seismograms.

3 S TAT I O N C O R R E C T I O N S A N D
R E F E R E N C E V E L O C I T Y S T RU C T U R E
I N T H E L OW E R M A N T L E A B OV E T H E
D ′′ R E G I O N

Relative traveltimes with respect to those predicted by PREM are
measured from short period seismograms from 16 earthquakes oc-
curring in Tonga, Fiji and South Fiji island regions (Table 1), using
the adaptive stacking method (Rawlinson & Kennett 2004). The
residuals are defined as fluctuations with respect to the median of
the whole array for each event. The representative station anomaly is
defined as the median value of the residuals at each station (Fig. 3a),
the geographical distribution is shown in Fig. 3b. After subtrac-
tion of the station anomalies, ellipticity corrections (Kennett &
Gudmundsson 1996) and distance corrections for the surface focus,
we synthesize all the residuals to obtain a characteristic residual
variation as a function of epicentral distance from 80◦ to 95◦. Us-
ing the least squares method, traveltime residuals for the ith event
and jth station, dTij, are fitted to two linear functions with different
slopes, ak,

dTi j = ak� + bi (k = 1, 2; i = 1 . . . 16), (1)

where a1 and a2 are the traveltime slopes for epicentral distances
� less and greater than 87◦, respectively, and the offset adjust-
ment, bi, for the ith event. Traveltime residuals, dTij, after the offset
adjustment show an inverted V-pattern with a maximum delay of
approximately 0.3 s at 87◦ compared from a reference level at 80◦

and 95◦ (Fig. 4a). As shown in Fig. 4(b), the variation of the trav-
eltime residuals depends on the deepest points of the seismic rays
rather than their lateral location. Thus we interpret the residuals as a
function of epicentral distance using the Herglotz–Wiechert inver-
sion (Aki & Richards 2002), where the velocity structure >600 km

Figure 3. (a) Relative residuals of P-wave traveltimes to determine station
corrections. Black circles are the residuals of P-wave traveltimes with respect
to the median of the whole array for each event. Red circles are the median
of the residuals at each station. (b) Geographical distribution of average
P-wave residuals at each station.

above the CMB is assumed to be identical to PREM. This new ve-
locity profile indicates that the difference of P-wave velocities from
those of PREM gradually increase with depth and reach a maximum
velocity reduction of 0.15 per cent at approximately 300 km above
the CMB, and P-wave velocity gradually increases and approaches
the PREM value (Fig. 4d). The thickness of a small velocity gradi-
ent layer at the base of the mantle is reduced to 130 km instead of
the PREM value of 150 km.

For comparison, the radial P-wave velocity profiles of GAP-P4
(Obayashi et al. 2013) are plotted with the global average and at
the following points (Fig. 1): No. 1 (12◦N, 157◦E), No. 2 (8◦N,
153◦E), No. 3 (2◦N, 151◦E), No. 4(0◦, 147◦E) and No. 5 (17◦N,
149◦E). Because the global average velocity profile of GAP-P4 is
slightly slower than that of PREM, all the velocity profiles in the
five regions are slower than that derived above. However, the dif-
ferences among the five velocity profiles from GAP-P4 are less
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1056 S. Tanaka et al.

Figure 4. (a) A composite of traveltime residuals as a function of epicentral distance. The different coloured closed circles represent traveltime residuals from
different events. The offsets are adjusted. Open circles represent the best-fitting traveltime residual using two linear lines. (b) The traveltime residuals with the
offset adjustment projected at the deepest points of the seismic rays on the cross-section between A and A’ presented in (c). The grey lines are seismic rays.
(d) The thick black, red and green lines are the P-wave velocity structures obtained in this study as a local reference, those of PREM and those of the global
average of the GAP-P4 model (Obayashi et al. 2013), respectively. Thin and broken lines are P-wave velocity profiles at points 1–5 shown in Fig. 1.

than approximately 0.4 per cent except for that in the lowermost
300 km of the mantle. Furthermore, those at the points of Nos. 1–4
almost coincide with each other within approximately 0.2 per cent
in the concerned depth range. These results suggest that the ve-
locity structures in the mantle greater than approximately 100 km
above the CMB by the ray paths from New Zealand and Vanuatu
to NECESSArray (the Regions 3, 4 and 5), which are not inferred
in this study, are not so much different from that inferred from
the Fiji events (covering Regions 1 and 2). Thus, it is assumed
that the P-wave velocity structures in the lower mantle, except for
the lowermost approximately 100 km of the mantle beneath the
entire study area, are represented by the local reference profile
obtained above.

4 V E L O C I T Y S T RU C T U R E AT T H E B A S E
O F T H E M A N T L E F RO M R E L AT I V E
T R AV E LT I M E S O F P - WAV E S

In this section, we examine the P-wave velocity structure in the
lowermost ∼100 km of the mantle using the traveltime data from
the South Fiji events (Nos. 7 and 19). Also, the traveltime residuals
from the New Zealand events (Nos. 17 and 18) are examined and
measured by the adaptive stacking method, and station and ellipticity
corrections are applied. Fig. 5 shows the geographical distribution
of the P-wave traveltime residuals at the deepest points. As noted in
the previous section, we do not have sufficient data to examine the
velocity structure in the lowermost 100 km of the mantle beneath
Region 1. Instead we focus on Regions 2, 3 and 4, where many
ray paths pass through the lowermost mantle. The residuals in the
middle area marked as Region 2, which comprise the composite

Figure 5. Geographical distribution of the traveltime residuals represented
by white triangles (positive) and black inverse triangles (negative). Seismic
rays paths passing through the lowermost 300 km of the mantle are displayed,
which are calculated with PREM. Red, blue, light blue, green and yellow
lines represent seismic rays passing through the lowermost 300, 100, 60, 40
and 20 km of the mantle, respectively.
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Vp at CMB beneath western Pacific 1057

residuals from events 7 and 19, vary from positive in the southeast
to negative in the northwest. The residuals in Regions 3 and 4,
which comprise the composite residuals from events 17 and 18, are
dominated by negative and positive residuals, respectively.

Regarding the events that are examined here, Fig. 5 shows ray
portions calculated for PREM, within the lowermost 300 km of the
mantle. They indicate that only a few seismic ray paths pass through
in the lowermost 20 km of the mantle in Region 2. However, if the
velocity gradient in the lowermost mantle is 1.5 × 10−3 s−1 instead
of the flat velocity gradient in PREM, which is a plausible value to be
discussed later, P-wave seismic rays from an earthquake with a focal
depth of 500 km graze the CMB at a distance of approximately 90◦.
In Fig. 4a, the residuals from events 7 and 19 are represented by red
and black circles, of which slope as a function of epicentral distance
is steeper than the obtained linear function at distances greater than
87◦. Taking a closer look, we plot the traveltime residuals with
epicentral distances up to 96◦ for event 7 and up to 98◦ for event
19 in Figs 6(a) and (b), respectively. Here, the relative traveltime
residuals are applied for ellipticity and station corrections, but not
distance correction due to focal depths. The residuals gradually
reduce with increasing distance up to approximately 92◦–93◦ and
become almost flat at larger distances. Next, the relative traveltimes
obtained from the two New Zealand events are plotted (Nos. 17
and 18) in Figs 6c and d. The residuals in Regions 3 and 4 roughly
indicate the patterns of uniform decrease and uniform increase,
respectively.

To explain these observations, forward modelling with the reflec-
tivity method (Kennett 1988) is conducted because the traveltime

analysis with the ray theory is invalid in the concerned distance
range. A starting P-wave velocity model is constructed with a stack
of layers with a typical thickness of 1 km, interpolated from the lo-
cal reference velocity model obtained in the previous section. The
Earth-flattening approximation (Müller 1985) is then applied to the
model. S-wave velocity, density and Q structures are taken from
PREM. First, we modify the P-wave velocity gradient in the lower-
most 130 km of the mantle to account for the steep negative slope
of the traveltime residuals in the shorter distance range, especially
for events 7 and 19 (Figs 6a and b). For this, we vary the velocity
increase from 0.10 to 0.50 km s−1 with increments of 0.02 km s−1 at
the bottom of the mantle. To further explain the observed residuals,
we introduce a basal layer whose thickness is 10, 20, 30, 40, 50, 60,
80, 100 and 120 km and whose velocity change varies from −1.5
to 0.9 km s−1 with an interval of 0.1 km s−1 rather than introducing
velocity gradients for simplicity. All considered velocity structures
are plotted with blue lines in Fig. 7. So far, we have tested the 3024,
3024, 3570 and 3570 models shown in Figs 7(a)–(d), respectively.

Next, we synthesize vertical broad-band displacement seismo-
grams with a sampling interval of 0.05 s and frequency range of
0.05–5 Hz and apply the same band-pass filter, as in the observa-
tions. The stations numbers and focal depths depend on the events.
As the hypocentres of the two New Zealand events are very close to
each other, we adopt the hypocentre information of the larger earth-
quake (event 17 in Table 1). After aligning the synthetic waveforms
on the P-wave arrival times predicted by PREM, the residuals of the
relative traveltimes are measured by the adaptive stacking method,
as in the observed waveforms. Fig. 8 shows the comparison of the

Figure 6. Relative traveltime residuals as a function of epicentral distance for (a) event 7 sampling Region 2, (b) event 19 sampling Region 2, (c) events 17
and 18 sampling Region 4 and (d) events 17 and 18 sampling Region 3.
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1058 S. Tanaka et al.

Figure 7. P-wave velocity structures in the lowermost 600 km of the mantle examined by forward modelling for (a) event 7 sampling in Region 2, (b) event
19 sampling in Region 2, (c) events 17 and 18 sampling in Region 4 and (d) events 17 and 18 sampling in Region 3. Thin blue lines represent all the examined
structures; thick red lines are the best-fit ones. Thin green and black lines are the reference model and PREM, respectively, for comparison.

observed relative traveltime residuals with those obtained from the
synthetics. To compare the variation of the relative residuals as
a function of epicentral distance, we take bin-averages for a ±1◦

window with an increment of 0.5◦ and adjust the average of the
traveltime residuals from both the observation and synthetic wave-
forms and search for the best velocity model using the least squares.
To estimate the uncertainty of the parameters in the inferred P-
wave velocity structures, the Bootstrap method is adopted (Efron &
Tibshirani 1993). One hundred artificial data sets are produced by
uniform random sampling with the permission of duplication from
the original data.

In Fig. 7, the best P-wave velocity model for each artificial dataset
is highlighted by a red line. The distributions of the inferred parame-
ters are shown in Fig. 9. The data from event 7 (the South Fiji event),
that samples Region 2, is explained by a slow basal layer with a 3.6
± 1 per cent (13.23 ± 0.14 km s−1) slower P-wave velocity at the
CMB than PREM and an 18.6 ± 7.9 km thickness. The velocity gra-
dient above the basal low-velocity layer is (1.4 ± 0.2) × 10−3 s−1

(0.18 ± 0.03 km s−1/130 km; Fig. 9a). The data from event 19 (the
South Fiji Event), that also samples Region 2, is explained by a slow
basal layer with a 4.8 ± 3.1 per cent (13.04 ± 0.43 km s−1) slower P-
wave velocity at the CMB than PREM and a 22.6 ± 12.0 km thick-
ness. The velocity gradient above the basal low-velocity layer is
(1.7 ± 0.5) × 10−3 s−1 (0.22 ± 0.07 km s−1/130 km; Fig. 9b).
Although the uncertainties of the parameters obtained from event

19 are much larger than those obtained from event 7 because of
data scatter, we can conclude that Region 2 is characterized by a
P-wave velocity structure with a basal layer of thickness of ap-
proximately 20 km, velocity reduction of 3 –5 per cent and positive
velocity gradient above the basal low-velocity layer. In the case of
the New Zealand events, the traveltime variation in Region 4 can be
explained by a low-velocity layer at the base of the mantle, velocity
reduction of 2.2 ± 1.5 per cent (13.40 ± 0.2 km s−1) and thickness
of 54.6 ± 14.9 km (Fig. 9c). Region 3 can be explained by a struc-
ture with a basal layer with a velocity increase of 2.4 ± 1.9 per cent
(14.03 ± 0.26 km s−1) and 76 ± 25 km thickness (Fig. 9d).

In the waveforms synthesized with the typical best-fitting model
for event 7 (P-wave velocity at the CMB is 13.28 km s−1, the LVZ
thickness is 20 km, the velocity gradient above the LVZ is 1.5 ×
10−3 s−1; see Fig. 7a), later phases originated from the thin low
velocity layer can be identified in the short-period seismograms
at larger distances rather than broad-band records as shown in
Fig. 10(a). Looking at the observed short-period seismograms in
consideration of such later phases, we can find some corresponding
arrivals. However, these are incoherent and lasting a bit longer than
those in the synthetic, suggesting the existence of complexity at the
base of the mantle. On the other hand, in the observed P-waveforms
passing through Region 3, we did not identify any phases probably
originated from the assumed discontinuity because of a complicated
source time function and contamination of the depth phases. Since a
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Vp at CMB beneath western Pacific 1059

Figure 8. Relative traveltime residuals for (a) event 7 sampling in Region 2, (b) event 19 sampling in Region 2, (c) events 17 and 18 sampling in Region 4,
(d) events 17 and 18 sampling in Region 3. The small yellow and large black circles are the observed and bin-averaged residuals, respectively. The small light
blue and green circles are the theoretical residuals for various velocity gradients and additional basal layers, respectively. The large blue circles represent the
residuals from the best-fitting models.

simple positive velocity gradient was not enough to explain the trav-
eltime variation, and the largest velocity gradient considered here
resulted in strong waveform distortion, we introduced a discontinu-
ous high-velocity layer for Region 3. We find later phases owing to
multipathing in the shorter distances in the synthetic seismograms
for the best-fitting velocity model, which are not confirmed by the
observation.

5 V E L O C I T Y S T RU C T U R E AT T H E B A S E
O F T H E M A N T L E F RO M P c P – P
T R AV E LT I M E S

Phase weighted stacking (Schimmel & Paulssen 1997) is applied to
the waveform data from event 11 to search for additional phases re-
flected from discontinuities in the lowermost mantle beneath Region
5. However, we did not find any significant signals that suggest the
existence of discontinuities in the D′′ region. Furthermore, PcP–P
data has no depth resolution. Thus, we only consider the variations
of the velocity gradient in the lowermost 130 km of the mantle,
as shown in Fig. 11a. PcP–P traveltimes are measured using the
cross-correlation method on the observed seismogram, which are
then compared with those measured on seismograms synthesized
by the reflectivity method. The PcP–P residuals for the local ref-
erence model (the green line in Fig. 11a) are plotted on the map
(Fig. 11b) corresponding to Region 5 (Fig. 1), where the average of

the residuals is −0.4 s, suggesting the existence of a high-velocity
region at the base of the mantle. As a result of the forward mod-
elling, we find that the velocity structure with a velocity gradient
of 1.5 × 10−3 s−1 (0.20 km s−1/130 km) represented by the thick
red line in Fig. 11(a) is best among the considered models. The
average of the PcP–P residuals is 0.0 s with a standard deviation of
0.3 s (Fig. 11c).

Because Region 5 is in very close proximity to Region 2, the
observed PcP–P traveltimes can be compared with those measured
on the seismograms synthesized with the velocity structure with
a basal low-velocity layer. The PcP–P traveltimes are sensitive to
the low-velocity layer, where the residual is −0.64 s for a 20-km-
thick layer with a velocity reduction of 3 per cent and −0.80 s for a
10-km-thick layer with a velocity reduction of 6 per cent. This find-
ing suggests that the above two velocity structures are much slower
than a true one. Furthermore, such thin low-velocity layers can cre-
ate a larger PcP phase and a precursory signal to PcP, as observed
by Mori & Helmberger (1995), beneath the central Pacific (Figs 12c
and d). However, we do not find such a large PcP and a precursory
peak in the vespagram and the stacked trace from observed seis-
mograms (Fig. 12a) and in those from synthetic waveforms for the
best-fitting velocity structure (Fig. 11a) that does not have a thin
low-velocity layer (Fig. 12b). Thus, we can rule out the possibility
that a low-velocity layer with thickness greater than or equal to
10 km exists in Region 5.
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Figure 9. Histograms of inferred parameters, P-wave velocity at the CMB,
thickness of the basal layer and velocity increase in the lowermost 130 km
of the mantle for (a) Region 2 by event 7, (b) Region 2 by event 19,
(c) Region 4 and (d) Region 3. The red arrows show the uncertainties
(±1σ ) for the estimated parameters.

6 D I S C U S S I O N

At the base of the mantle, thin low-velocity zones (LVZs) are de-
tected in Regions 2 and 4 (Figs 1 and 5), where the P-wave velocities
are 2–5 per cent slower than that of PREM. The magnitudes of the
velocity reductions are smaller than those in the ULVZs, but larger
than those seen in a typical low-velocity region in global tomogra-
phies. The LVZs are located near the western P-waves edge of the
Pacific LLSVP (Fig. 1). These observational characteristics, espe-
cially the smaller velocity reduction, may be explained by a thermal
anomaly on the edge of a metastable superplume having a bulk
modulus 6 per cent higher and density 2 per cent higher than the
ambient mantle (Sun et al. 2007). However, the velocity reductions
in the LVZs in this study are consistent with those in a so-called
weak ULVZ (Hutko et al. 2009). Furthermore, if we could analyse
higher frequency contents than 0.5 Hz at which we analyse in this
study, thinner and larger velocity reductions might be detected as
per Xu & Koper (2009), who find that a 6 per cent P-wave veloc-
ity reduction observed at 2 Hz is only observed as only a 3 per cent

Figure 10. Record sections aligned in the order of distance. The lapse times
are adjusted for the P-wave arrivals. (a) Synthetic seismograms calculated
from the typical best-fitting model for event 7 (P-wave velocity at the CMB
is 13.28 km s−1, the thickness of the LVZ is 20 km, the velocity gradient
above the LVZ is 1.5 × 10−3 s−1, see Fig. 7a). The hatched area indicates
later phases from the thin low velocity layer. (b) Observed seismograms for
event 7. The hatched area corresponds to that shown in (a).

reduction at 1 Hz. Thus, in the following, we discuss the LVZs along
the similar lines of interpretation as the ULVZs.

Although the strict definition of lateral spatial extents in the ex-
amined region is problematic, through a visual inspection on Fig. 5
the extents of the LVZs in this study can be roughly estimated to be
several hundred kilometres at the CMB. This scale is comparable
with ULVZs beneath the Philippines (Idehara et al. 2007; Idehara
2011), larger than small ULVZs beneath the east of Australia (Rost
et al. 2010a), and smaller than Mega ULVZs beneath the southern
and central Pacific (Cottaar & Romanowicz 2012; Thorne et al.
2013). Therefore, regarding lateral extent, we can conclude that the
LVZs detected in this study are of medium size.

Some ULVZs that are thought to be originated from partial
melt (Williams & Garnero 1996) would be expected to be lo-
cated near the margin of the LLSVP (Garnero & McNamara 2008;
Hernlund & Jellinek 2010; McNamara et al. 2010), where the high-
est temperature anomaly is reproduced by numerical simulations for
thermochemical piles (Tan et al. 2011). Actually, numerous seismic
studies have supported the hypothesis through the observations of
PcP and ScP phases, by which the ULVZs with dlnVp/dlnVs =
1/3 and high density are detected near the margin of the LLSVP
(Rost et al. 2005, 2010a) and no ULVZ exists outside the LLSVP
(Vidale & Benz 1992; Castle & van der Hilst 2000; Persh et al.
2001; Rost et al. 2010b). Rost et al. (2005) considered that a spot-
like ULVZ observed beneath the east of Australia, with varying
thickness at the base of the mantle, is a possible sign of a mantle
plume source. Regarding the LVZs in this study, since the analysis of
shear wave velocity structure by using the NECESSArray data is not
completed, we tentatively compare our results with the shear wave
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Figure 11. (a) P-wave velocity structures in the lowermost 600 km of the
mantle examined by forward modelling. Thin blue lines represent all the
examined structures; thick red lines are the best-fit ones. The green line
is the local reference model for comparison. (b) Geographical distribution
of PcP–P traveltime residuals for the local reference model (green line in
Fig. 11a). The background colour shows the P-wave velocity perturbation
from the GAP-P4 model (Obayashi et al. 2013). (c) Same as (b) except for
the best-fitting model (thick red line in Fig. 11a).

velocity structure observed by He et al. (2006) and He & Wen (2009)
beneath near Region 2. They detected a shear wave ULVZ with a
thickness of 30–100 km and a reduction of 10–13 per cent at the base
of the mantle and dlnVp/dlnVs can be obtained to be approximately
1/3–1/2 as a very rough estimation. However, the thicknesses of our
LVZs and their ULVZ in the later work are completely different, the
detailed geographical comparison is incomplete, and the estimated
dlnVp/dlnVs has a large uncertainty. Therefore the existence of melt
inclusions in the LVZ is inconclusive.

Although the hypothesis of ULVZ caused by partial melt at
the edge of LLVZ is still valid, the number of studies detecting
ULVZs in exceptional regions (Mori & Helmberger 1995; Reve-
naugh & Meyer 1997; Havens & Revenaugh 2001; Idehara et al.
2007; Xu & Koper 2009; Idehara 2011) and/or with a properties of
dlnVp/dlnVs �= 1/3 (Hutko et al. 2009) have increased. Furthermore,
the many other origins of the ULVZ have been discussed, for exam-
ple iron-rich magnesium silicate (Fe, Mg)SiO3 (Mao et al. 2005)
and its melt (Nomura et al. 2011) and iron-rich oxide (Mg, Fe)O
(Wicks et al. 2010; Bower et al. 2011; Sun et al. 2013), which can
be come from the interaction at the CMB (Knittle & Jeanloz 1989)
or a remnant of a basal magma ocean in the early Earth (Labrosse
et al. 2007) or the segregation from a subducted slab (Dobson &
Brodholt 2005).

Some recent observations have detected ULVZs around a high-
velocity zone (HVZ) that can be interpreted to be a subducted slab
(Hutko et al. 2009; Yao & Wen 2014). Numerical simulations con-
firm that the distribution of dense ULVZs are affected by a mantle
downwelling pattern and predominantly located at the boundary of
a large-scale chemical reservoir, possibly corresponding to LLSVPs
(McNamara et al. 2010). This result suggests that a subducted slab
may shift areas of ULVZs. Furthermore, the volume of subducted
material during past 130 Ma is largest in Southeast Asia (Wen &
Anderson 1995). Interaction between the subducted slab and the
LLSVP in western Pacific would be more active than that in north-
ern and eastern Pacific where Frost & Rost (2014) examined the
boundary of the Pacific LLSVP for P-waves. Therefore, it is neces-
sary to consider not only LVZs but also to HVZs in Region 3 and a
positive velocity gradient without an LVZ in Region 5.

LVZs in Regions 2 and 4 are decoupled by an HVZ in Region
3 of the LLSVP (Fig. 13a). The thickness of the high-velocity
layer in Region 3 is approximately 80 km and velocity increase
is 2.4 per cent, consistent with typical values of P-wave velocity
discontinuities in the lowermost mantle; for example, a thickness
of 70–350 km and velocity increase of 0.5–3 per cent (Wysession
et al. 1998). However, Weber & Körnig (1992) analysed the bul-
letin of International Seismological Centre and could not detect any
significant arrivals due to P-wave velocity discontinuities in the low-
ermost mantle beneath the western Pacific. Although Yamada and
Nakanishi (1996, 1998) exceptionally reported a discontinuity lo-
cated in the middle of the no-detection region mapped by Weber &
Körnig (1992), many other studies have not supported the existence
of such an HVZ (Shibutani et al. 1993; Kito & Kruger 2001; Kito
et al. 2004). Thus, the HVZ in Region 3 could be an exceptional
structure of the LLSVP. Conversely, the LVZ of Region 2 is located
in southeast of the region with a positive velocity gradient in Re-
gion 5 where the approximate border of the LLSVP lies (Fig. 13b).
The feature along this cross-section is qualitatively similar to the
shear wave velocity structure obtained by He & Wen (2009), who
demonstrated the existence of HVZs located above the ULVZ and
in the northwest of the ULVZ, where the S-wave velocity gradient in
their HVZs is negative. This discrepancy of the velocity gradients
of P- and S-waves is similar to the observation in the northern edge
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Figure 12. Left-hand side: Vespagrams constructed by the phase-weighted stack with a power index of 2 for (a) the observed seismograms, (b) synthetic
seismograms with the best-fitting velocity models shown in Fig. 11a (positive velocity gradient), (c) those with the basal low-velocity layer with a 20 km
thickness and velocity reduction of 3 per cent and (d) those with the basal low-velocity layer with a 10 km thickness and velocity reduction of 6 per cent.
Amplitude colour scale is decibels (dB). Right-hand side: Stacked traces tuned on PcP phases.

of LLSVP (Russell et al. 2001). However, we should note that the
comparison here is tentative and further confirmation is required.

Interestingly, high- and low-velocity layers at the CMB in
Regions 2, 3, 4 and 5 alternatively appear with spatial distances
of several hundred kilometres. Such a rapid and small-scale lateral
variation of radial velocity structures can be detected since we de-
ploy a dense and large aperture seismic array. Differences between
P-wave velocities at the base of the mantle between Regions 2 and 3
and between Regions 4 and 3 are 4 –7 per cent. A difference between
Regions 5 and 2 is approximately 5 per cent. If we assume that ve-
locity variations originated only from temperature differences, and
using a derivative coefficient of the order of 10−5 K−1 (Oganov et al.
2001; Trampert et al. 2001; Stacey & Davis 2004), we calculate that
the temperature differences would reach several thousand degrees.
As this estimate of temperature difference is highly unlikely, some
other mechanism such as the existence of partial melts (Williams &
Garnero 1996), compositional differences (Mao et al. 2005; Wicks
et al. 2010) or some combination of the two (Nomura et al. 2011)
is probable. The feature that a small-scale HVZ intersects relatively
low velocity regions is similar to that discovered beneath the north-
west Pacific by Xu & Koper (2009), who used a small-aperture array
at Yellowknife, Canada to measure the slowness of Pdiff. However,

this rapid variation is observed near the boundary of the anomaly in
perovskite contents found by Trampert et al. (2004), not in the seis-
mic positive and negative velocity anomalies, whereas our sampling
region is located near the boundary of seismic velocity anomalies
and in the deep inside of the perovskite enriched region by Trampert
et al. (2004).

7 C O N C LU S I O N S

P-wave velocity variations at the base of the mantle are detected
beneath the western Pacific at the western edge of the LLSVP.
These observations are made through the analysis of relative P-
wave traveltime variations observed near the core shadow zone by
NECESSArray, as well as PcP–P traveltime residuals. Inside the
LLSVP margin, a high-velocity layer, approximately 80 km thick
and a 2 per cent velocity increase, interrupts basal low-velocity
layers with thickness of 20–50 km and velocity reductions of 2–
5 per cent. At the boundary of the LLSVP, a simple positive veloc-
ity gradient, without any basal layers at the base of the mantle, is
located to the northwest of the thin low-velocity layer. Differences
between the high and low velocities at the CMB are 4–7 per cent
with spatial distances of approximately several hundred kilometres.
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Figure 13. Schematic images for the inferred P-wave velocity structures
(a) along the edge of the LLSVP roughly from the southwest to northeast
and (b) on the cross-section subparallel to the ray paths from the South Fiji
and Vanuatu events (SE) to stations (NW) (Fig. 1). The LLSVP is inferred
from global tomography, whose height is approximately 300 km. The red
and blue boxes represent low- and high-velocity regions, respectively. The
boxes with white to blue gradation represent a positive velocity gradient.
The Region numbers correspond to those found in Figs 1 and 5.

Such rapid and large variations cannot be explained by the thermal
origin exclusively. These complicated structures suggest the occur-
rence of a wealth of thermochemical processes at the base of the
mantle near the edge of the Pacific LLSVP.
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