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AbStrAct

Slab melting in young and hot subduction zones has been studied using geochemical observations and thermal modelling, 
but there are few data from seismic studies to confirm slab melting. Also the detailed geometry in the deep part of the melting 
slab is often ambiguous in that the intraslab earthquakes within the Wadati-Benioff zone are only limited to shallower depths. 
To improve our understanding of both the seismic features and geometry found in a young and hot subducted slab, I analyzed 
anomalous moonquake-like seismograms that were generated by an intermediate-depth earthquake recorded in central Japan. 
For this study, possible reflected (or scattered) sources were examined using detailed analyses of particle motions and a grid 
search for travel-time differences between the direct and later P-waves. The results show that using strong seismic scattering, 
slab melting is likely occurring in the deeper, flexing part of the subducted Philippine Sea plate. Because the subducted Philip-
pine Sea plate in central Japan is young and therefore hot, partial melting might have taken place to produce abundant melting 
spots in the subducted slab. Melting spots, identified as “bright spots,” could efficiently reflect or scatter seismic energy and 
generate many later phases with large amplitudes.
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 1. IntroductIon

Slab melting can take place when the subducted plate 
is young and warm (Defant and Drummond 1990). A well-
studied example is the subduction zone where the Philip-
pine Sea plate is being subducted beneath southwestern Ja-
pan (Morris 1995; Peacock and Wang 1999). Geochemical 
analyses of volcanic lava show that the erupted magmas, 
termed “adakites,” result from the melting of the young 
and warm Philippine Sea plate (Morris 1995). Also, the ab-
sence of intraslab earthquakes at depths greater than 70 km 
in southwestern Japan might be a consequence of aseismic 
ductile behavior at higher temperatures. These interpreta-
tions have been supported by integration of thermal model-
ing of subducting plates with analyses of mineral stabilities 
(Peacock and Wang 1999). 

However, there is still no direct seismic evidence to 
show the physical behavior of partial melting in a subducted 
slab despite results from geochemical analyses and thermal 

modelling (Defant and Drummond 1990; Morris 1995; Pea-
cock and Wang 1999). The absence of seismic evidence for 
slab melting is likely primarily attributed to the difficulty 
of detecting the melting of the subducting slab and lack of 
deep intraslab earthquakes. In general, seismic signatures of 
both the Wadati-Benioff zone and seismic velocity anom-
alies are two of the most important pieces of evidence to 
identify a subducted slab. For a melting slab, however, ge-
ometry of the subducted slab at depths greater than 70 km 
is difficult to know with certainty due to the absence of the 
Wadati-Benioff zone signature. Missed identification of the 
intermediate-depth intraslab earthquakes might also cause a 
serious problem because of a lack of seismic ray-paths to im-
age the subducted slab by using either seismic tomography 
or other reflected and converted waves at the slab bound-
ary. Furthermore, slab melting likely makes the signature 
of the velocity anomaly for the subducted plate ambiguous 
because the high velocity anomaly reflecting the relatively 
cold subducted slab will be obscured by partial melting. As 
a result, the seismic evidence for slab melting is difficult to 
obtain without also detecting deeper earthquakes.
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Two active subduction systems in central Japan pro-
vide an ideal opportunity to examine the possible geom-
etry and melting features of the subducted slab (Seno et 
al. 1996; Noguchi 2002). The Pacific plate subducts west-
ward beneath both the Okhotsk plate and the Philippine Sea 
plate along the Japan and Izu-Bonin trenches, respectively  
(Fig. 1). The geometry of the subducted Pacific plate can be 
unambiguously imaged from a plenty of earthquakes along 
the Wadati-Benioff zone (Noguchi 2002; Matsubara et al. 
2008). The depths of the subducted Pacific plate increase 
westward, ranging from 80 to 300 km beneath central Japan. 
Conversely, the Philippine Sea plate subducts beneath the 
Okhotsk plate and the Eurasian plate along the Sagami and 
Suruga troughs, respectively. The geometry of the subduct-
ed Philippine Sea plate is not so clear because parts of the 
Wadati-Benioff zone signatures are missing (Ishida 1992; 
Obara 2002). Only some shallower earthquakes at depths 
from 20 to 90 km indicate the wavy configuration of the sub-
ducted Philippine Sea plate beneath central Japan (Noguchi 
2002). Although no intermediate-depth earthquakes along 
the subduction of the Philippine Sea plate in central Japan 
have occurred, seismic waves from the deeper earthquakes 
associated with the subducted Pacific plate can be used to 

better understand the physical behavior of slab melting. In 
that study, detailed analyses of an anomalous moonquake-
like seismogram (Lin et al. 2003) showed that the presence 
of abundant scattering sources in the upper mantle likely re-
sult from slab melting in the subducted Philippine Sea plate 
beneath central Japan.

2. SEISMIc dAtA

The seismic data used in this study are anomalous seis-
mograms (Lin et al. 2003) generated by an intermediate-
depth earthquake and recorded by the National Research In-
stitute for Earth Science and Disaster Prevention’s (NIED) 
high-sensitivity seismograph network (Hi-net) in central Ja-
pan (Obara 2002; Okada et al. 2004; Obara et al. 2005). The 
earthquake (M = 4.6) was located by the Hi-net at longitude 
137.4679°E and latitude 36.0456°N with a focal depth of 
264 km. An anomalous moonquake-like seismogram re-
corded at the KGN station (137.9719°E, 35.7518°N), one 
of the Hi-net stations near the epicenter, shows many later 
phases continuously arrive after the first arrival. The ampli-
tudes of those later phases do not significantly decay with 
time (Fig. 2) and appear more like seismograms recorded 
on the moon where abundant cracks in the upper crust act 
as strongly scattering sources (Nakamura et al. 1982), rather 
than those generated by ordinary mantle earthquakes, which 
often produce unambiguous P-waves without a lot of strong 
later phases due to high homogeneous characteristics in the 
mantle. Careful comparisons of the anomalous seismograms 
from this event with other deep earthquakes have shown that 
the scattering sources were located neither at the upper crust 
nor near the hypocenter (Lin et al. 2003). 

3. dAtA AnAlySES

To constrain possible scattering sources for those later 
phases in the anomalous moonquake-like seismogram, par-
ticle motions of P-wave arrivals in the first 5 seconds are ex-
amined (Figs. 3 and 4). As expected, the particle motion of 
the first arrivals (30.5 - 31.1 sec) (Fig. 4) on the horizontal 
plane is roughly shown along the azimuth direction (NW-
SE), which is consistent with the source direction (Fig. 1). 
However, it is surprising to see that particle motions for 
most other later phases with larger amplitudes did not occur 
along NW-SE, but along NE-SW (Fig. 4). This indicates 
that the later phases might not originate directly from the 
hypocenter, but are reflected or scattered from some other 
sources southwest of the station (KGN) (Fig. 1). 

In addition to particle motion, potential scattering 
sources are further constrained from travel-time delays be-
tween the direct and some later phases. To estimate possible 
scattering sources for 11 later phases shown in Fig. 4, a grid 
search with 1 km spacing was carried out in the upper man-
tle at depths between 0 and 300 km beneath southwest of the 

Fig. 1. General tectonics and locations of the Hi-net seismic stations 
(squares) and an intermediate-depth earthquake (star) in central Ja-
pan. The edge and iso-depth contours of the subducted Philippine Sea 
plate depicted by the Wadati-Benioff zone are shown by thick and thin 
dashed lines, respectively. Locations of active volcanoes are marked 
by triangles. The inset map at the left upper corner marks the location 
of the study area (box) in and around Japan.
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station (KGN). The result shows that travel-time delays for 
those later phases can be explained by seismic energy scat-
tered from some particular points on a nearly vertical plane 
with the strike of E15°S dipping to the NE (Fig. 5). For in-
stance, the first of the later phases with travel time delays 
between 0.45 and 0.70 seconds (Fig. 4) are most likely re-
flected through scattering points along ellipses on the nearly 
vertical plane at depths between 70 and 160 km. The later 
phases which follow appear to be more likely reflected from 
either a single scattering point at deeper ellipse arcs or at 
multiple scattering points in the upper mantle. 

To identify the scattering sources from the melting slab, 
we examine particle motions of seismograms (Figs. 6 and 7) 
for the first few seconds recorded at another station, GER, 
which is located at the SSW to the epicentre (Fig. 1). The 
result shows that the particle motion of the first P-waves is 
along the NNE-SSW direction (Fig. 8), that is basically con-
sistent with the source direction. On the other hand, particle 
motions for many other later phases are along the NNW-
SSE direction. This indicates the seismic waves originated 
from the SSE direction, where the subducted Philippine Sea 

Fig. 2. Three-component seismograms recorded at Station KGN and 
generated by the intermediate-depth earthquake. 

Fig. 3. Three-component seismograms during the first 5 seconds at 
Station KGN.

Fig. 4. Seismograms along the vertical component during the first 5 
seconds (middle) at station KGN, and particle motion along the hori-
zontal plane for the direct and 11 later phases with larger amplitude 
(upper and lower boxes).

Fig. 5. Stereographic projection of potential scattering sources (small 
dots) and ray-paths of the direct and scattered waves from the hypo-
center (a star) to Station KGN and GER (squares) in central Japan. 
Those scattering sources recorded at Station KGN are basically located 
along some ellipses, whose sizes depend on the travel-time delay be-
tween the direct and scattered waves.
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plate is clearly identified from the Wadati-Benioff zone at 
shallow depths (0 - 70 km). Combining this finding with 
the previous one (Fig. 4), therefore, we might expect the 
reflected sources for seismograms recorded at both Stations 
KGN and GER consistently originate from the subducted 
slab of the Philippine Sea plate (Fig. 5).

4. dIScuSSIon

Several possible structures might be considered as 
potential candidates according to the regional tectonics in 
central Japan to explain anomalous seismograms with many 
strong scattering waves. First of all, the magma conduits or 
channels beneath the active volcanoes, such as Ontake vol-
cano (Fig. 1), would be considered probable sources for gen-
erating strong scattering waves. This possibility can be ruled 
out not only by previous research (Lin et al. 2003), but also 
the new evidence in the present study. Based on the findings 
of Lin et al. (2003), scattering sources originate from the 
upper mantle. Thus, it is unlikely that the magma conduits 
or channels in the upper mantle beneath central Japan are 
reflecting seismic energy. Some new observations show that 
the locations of possible scattering sources associated with 
magma conduits or channels were not consistent with ob-
servations of polarization direction. The magma conduits or 
channels beneath the volcanoes are located north of stations 
KGN and GER, but the scattering sources estimated from 
particle motion are located south of the stations. 

The second possibility accounting for the seismic scat-
tering is the deep structures associated with the previous 
collision zone beneath the Itoigawa-Shizuoka Tectonic Line 
between the Eurasian plate and Okhotsh plate (Seno et al. 
1996). However, it is difficult to sustain many open frac-
tures or cracks under high lithospheric pressure in the upper 
mantle (Lin et al. 2003). Another possibility might be the 
upwelling flow of aqueous fluids, as proposed by Nakajima 
and Hasegawa (2007), who demonstrated mantle upwelling 
beneath southwestern Japan from tomographic observations. 
However, there is no reliable evidence to conclusively show 
upwelling flow beneath the Chubu area (Japan) because the 
low velocity P-waves and high Vp/Vs ratios at the scattering 
zone are difficult to find (Matsubara et al. 2008). Although 
some high helium isotope ratios were detected in the Chubu 
area, this was limited within a small area around the Ontake 
volcano (Sano and Wakita 1985).

Based upon seismic analyses here and the regional 
tectonics, one of the more likely scattering sources able to 
produce the anomalous moonquake-like seismograms in 
central Japan can be accounted for by partial melting within 
the deep zone of the Philippine Sea plate where the subduct-
ed angle increases significantly below 70 km (Fig. 9). The 
leading edge of the subducted Philippine Sea plate, mapped 
from earthquake distribution (Noguchi 2002), is located just 
south of the epicenter and stations KGN and GER (Fig. 1). 

Fig. 6. Three-component seismograms recorded at Station GER and 
generated by the intermediate-depth earthquake.

Fig. 7. Three-component seismograms during the first 5 seconds at 
Station GER.

Fig. 8. Seismograms taken along the vertical component during the 
first 5 seconds (middle) at station GER and particle motion along the 
horizontal plane for the direct and 11 later phases with larger ampli-
tude (upper and lower boxes).
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Should the subduction angle of the Philippine Sea plate at 
depths below 70 km increase to an almost vertical direction, 
as suggested by tomographic images (Honda and Nakanishi 
2002; Nakamura et al. 2002), the geometry of the subducted 
slab could easily reflect seismic energy generated by the in-
termediate-depth earthquake to the nearby station (Fig. 5). 
Further, if partial melting took place within the subducted 
slab, abundant melting spots would become the seismically 
scattering bodies able to generate scattered reflections. The 
subducted slab may be then interpreted as solid eclogite with 
a patchy distribution of partially melted spots. Thus, melt-
ing spots in the subducted slab appear like “bright spots” 
during seismic exploration and would efficiently reflect (or 
scatter) most of the incident energy with large amplitudes 
(Stone 1977; Allen and Peddy 1993).

Although the geometry of the deep part of the subduct-

Fig. 9. Schematic plots for showing the ray-paths of both the direct 
wave from the hypocenter (star) to Station KGN (square) and the seis-
mic waves scattered from the melting spots (circles) in the subducted 
Philippine Sea plate along cross-section of 137.5°E. The inset map 
highlights a small part of the subducted slab with patches of partial 
melting spots and a ray-path reflected at a melting spot. The arrow 
indicates the movement of subducted Philippine Sea.

ed Philippine Sea plate is not yet fully understood due to the 
absence of the deeper intraslab earthquakes within the Wa-
dati-Benioff zone, the change of subduction angle to nearly 
vertical might be possible based on seismic tomography as 
well as seismicity. In addition to seismic tomographic im-
agery (Nakamura et al. 2002), seismicity at the leading edge 
of the Wadati-Benioff zone shows the subduction angle 
turning to almost vertical at depths below 50 km (Noguchi 
2002). Also, the missed identification of the deeper intraslab 
earthquakes might imply that the subducted slab has lost its 
strength due to higher temperatures and bending caused by 
negative buoyancy. 

From a tectonic point of view, partial melting of the 
subducted slab of the Philippine Sea plate is possible when 
examining central Japan because the Philippine Sea plate is 
young and therefore at high temperature before the subduc-
tion. The subsequent subduction process would significant-
ly increase the slab temperature when it reached the depth 
of the upper mantle depth. As a result, partial melting might 
occur more readily than in other old and cold subducted 
slabs such as the subduction in both the southwest and the 
northern Japan (Peacock and Wang 1999). Unlike strong 
evidence for slab melting obtained from geochemical anal-
yses of volcanic lava (Morris 1995) and thermal modelling 
(Peacock and Wang 1999) in southwest Japan, there were 
no geochemical observations to show slab melting in cen-
tral Japan. However, partial melting in central Japan is more 
likely than in southwest Japan because the age (0 - 2 Ma)  
of the subducted Philippine Sea plate in central Japan is sig-
nificantly younger than that (12 - 25 Ma) in southwest Ja-
pan (Taylor et al. 1991). Also, the subducted Philippine Sea 
plate in central Japan is hotter than that in southwest Japan. 
The subducted slab of the Philippine Sea plate in central 
Japan might be heated by the ascending magma associated 
with the subducted Pacific plate because the volcanic front 
of the subduction system of the Pacific plate lays across 
central Japan (Noguchi 2002). 

5. concluSIon

Although possible slab melting has been proposed in 
some young and hot subduction zones, there were no seis-
mological observations to support a plausible mechanism 
due to the absence of deeper earthquakes within the young 
subduction zones. Careful analyses of anomalous moon-
quake-like seismograms recorded at Hi-net stations and gen-
erated by an intermediate-depth earthquake in central Japan 
show that slab melting has taken place at the deeper bend-
ing part of the subducted Philippine Sea plate. A significant 
increase of subduction angle to nearly vertical below 70 km 
was revealed from detailed analyses of both particle mo-
tion and travel-time delays of strong later phases recorded at 
two seismic stations (KGN and GER) in central Japan. The 
new observations in this study are consistent with the pre-
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vious results investigating possible slab melting in central 
Japan (Lin et al. 2003). Because the subducted Philippine 
Sea plate is young and hot, slab melting has taken place and 
generated abundant melting points, like “bright spots,” in 
seismic exploration, to efficiently scatter (or reflect) seismic 
energy. 
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