
 
 

1 
 

 
[Journal of Geophysical Research Solid Earth] 

Supporting Information for 

[Unusual strong ground motion across Japan from the 680 km deep 30 May 2015 
Ogasawara Islands earthquake] 

[Takashi Furumura1 and Brian LN Kennett2] 

[1 Earthquake Research Institute, The University of Tokyo, Japan, 2 Research School of Earth Sciences, Australian 
National University, Canberra Australian Capital Territory, Australia] 

  

Contents of this file  
 

Text S1 to S5 
Figures S1 to S9 
 

Additional Supporting Information   
 

Captions for Movies S1 to S6 
 

S.1 Three-component record sections and observations of the low-frequency S wave  
There are considerable differences between the character of the record sections for the very 
deep 2015 Ogasawara Islands earthquake for the three components of motion along the 
northern profile a-a' (Figure S1a), and the western profile b-b' (Figure S1b). 

    For the northern profile (Figure S1a) all components display stronger high-frequency 
energy after the S arrival for epicentral distances less than 1000 km. The low-frequency 
(f=0.125-0.25 Hz) S-wave arrivals at larger epicentral distance are pronounced on the R-
component and more muted on the Z -components. The low-frequency S wave on the T 
component have slightly higher-frequency signals (f=0.3-0.5 Hz).  The amplitudes of these 
low-frequency S waves at larger distances are comparable to the strength of the high-
frequency slab-guided waves. The low-frequency S wave are followed by much longer-period 
(T > 10 s) S-PL wavetrains lasting more than a minute on the R and Z components, 

    A similar situation is seen on the southwestern stations (Figure S1b) with low-
frequency S waves and following long-period S-PL waves on the R- and Z-component traces at 
the largest distances, which are not seen at all on the T-component.  

    Since the long-period waves occur dominantly on the R component, with a limited 
presence on the Z component and no corresponding feature on the T traces, we have SV 
waves propagating that can couple into P waves in the crust if their apparent velocity is 
suitable (see Section S.4).  The long-period S-PL waves arise from the interference of crustal P 
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wave multiples (SsPmp) and upcoming SV waves to the crust, which is why they travel at 
crustal P-wave velocities (around 6.5 km/s). 
 

Figure S1. Three-component record section of radial (R), vertical (Z), and transverse (T) ground 
velocity for the 2015 Ogasawara Islands earthquake for northern profile (a) a-a’ from the 
Ogasawara Islands to Hokkaido and southwestern profile (b) b-b' across central Japan to 
southwestern Japan. All sections are presented with a reduction velocity of 6.5 km/s. Note that 
the amplitudes of the Z and T component traces are multiplied by 2 for clarity.    

 

S.2 Low-frequency S wave pulse from the aftershock of the 2015 Ogasawara Islands 
earthquake  

The low-frequency S-wave pulse doublet observed in the mainshock of the 2015 Ogasawara 
Islands earthquake is considered to be generated as a result of complicated source rupture 
processes across the fault plane for the large (Mw 7.9) earthquake, whereas no such S-wave 
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pulse doublets appear in the record section for the largest nearby aftershock of 2 June 2015 
(Mb=4.9; h=680 km; Figure S2). 
 

 
Figure S2. Record sections for radial component ground velocity from F-net broadband 
stations for the aftershock of the 2015 Ogasawara Islands earthquake (2 June, 2015; Mb=4.9) 
along the profiles (a-a’) from Ogasawara Islands to Hokkaido, (b-b’) from central Japan to 
southwestern Japan.  The theoretical travel times for P and S waves are indicated. 
 
The record section of radial (R) component ground velocity for the aftershock in Figure S2 
shows similar behaviour to the mainshock (Figure 4) with a dominance of low-frequency S 
wave pulse and following high-frequency slab-guided wave, but the low-frequency S wave 
shows simple, single pulse following the theoretical travel time curve. 
   Compared with the mainshock record section (Figure 4) the long-period (T=10-20 s) S-PL 
wave following S wave is not present because the smaller earthquake source (Mb=4.9) does 
not radiate large-amplitude long-period signals (Figure S2). 
 
S.3 Influence of focal mechanism for generating large SsPmp and S-PL wave in regional 
distances 
 
In section 3.1 of the main paper we examined the generation of the SsPmp and S-PL wave in 
the crustal waveguide as a result of near-critical incidence of the upcoming S wave to the crust 
from deep sources based on a 2-D FDM simulation using an artificial torque source with 
isotropic radiation of S-wave for all directions.  
   Here we examine the generation of the SsPmp and S-PL waves from more realistic double-
couple sources, where the radiation pattern of the S-wave is expected to offer additional effect 
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for the generation. Figure S3a shows the record section of the R-component of ground 
velocity and snapshots of seismic wave propagation from the double-couple point source 
with dip=0 deg., and Figure S3b for dip=45 deg. Both sources are placed at a depth of 680 
km. The results show that significant radiation of the S wave from the first source (dip=0 deg.; 
Figure S3a) towards the surface develops large SsPmp and S-PL waves over a broad range 
distances (D=500-1500 km). However, the second source (Dip=45 deg.; Figure S3a) generates 
these phases over a narrower zone and at shorter distances (D=500 -1000 km).  
 

 
Figure S3. Same as Figure 6, but from a FDM simulation using double-couple point sources 
with dip angle of (a) Dip=0 deg. and (b) 45 deg. and source depth of h=680 km. The distance 
range where large SsPmp and S-PL phases are developed depends on the strength of 
incoming S-wave to the crust and is affected by the radiation pattern of the deep source.  
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S.4  Shear-coupled PL in the slowness domain 
    The S-PL phase occurs when an S wave impinges on the base of the continental crust with 
slowness comparable to the P-wave speed in the crust, such that it can couple to crustal P 
wave.  The SV-to-P converted (SsPmp) waves generated undergo multiple reflections within 
the crust, hitting the Moho beyond the critical angle and can propagate substantial distances 
from their point of generation to arrive just behind the main S wave pulse.  There is significant 
move-out of the different multiples with different slowness and so only longer-periods P and S 
waves interfere constructively.  
   This can be seen in the transmission response for an incident S wave through the top 100 
km of the ak135 model to the free surface as a function of slowness shown in Figure S4.  Once 
the slowness is larger than that associated with upper mantle P velocities (about 8 km/s), an 
extended train of P multiples is superimposed on the S multiples which is visible for smaller 
slownesses.  P precursors also occur from SV-to-P conversions at the Moho and the mid-crustal 
discontinuity, and are visible across a broad range of slownesses.  Coupling into P is most 
effective for slownesses closer to the lower slowness bound.  
   The interference of the P multiples in the crust produces a long-period pulse (PL) with P 
wave character and an elliptical particle motion. It is usually clearest on the R direction from 
the source (as in Figure S4). 
 

 
Figure S4. Variation of S transmission response for vertical (Z) motion (left) and radial (R) 
motion (right) components, as a function of slowness, through the top 100 km of the ak135 
model (with earth flattening). 
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S.5 3-D propagation from deep events inside and outside the main Pacific slab 
    In Figure S5 we display a map of the area used for the 3-D calculations of the seismic 
wavefield with the locations of the three events employed; (a) the 680 km deep event on 30 
May 2015, (b) the 480 km deep event on 30 November 2010, and (c) a 680 km deep source 
moved to the west to lie inside the main subducting Pacific slab. 
    

 
 
Figure S5. Map of 3-D calculation domain with locations of the three sources used for Figures 
S6-S8. 
 
For each of the events we show the same set of snapshots of the 3-D wavefield at 68 s, 147 s, 
258 s, and 330 s after event initiation. To allow direct comparisons we repeat in Figure S6 the 
snapshots for the 680 km deep Ogasawara Islands event shown in Figure 8b. The P wave 
contributions are shown in red, and S waves in green.   
    In Figure S6 the passage of the S-PL waves across the Japanese Islands can clearly be 
discerned in the snapshots at 258 s and 330 s for the 680 km deep event outside the main slab. 
However, for the events that lie within the slab (Figures S8 and S9) the wavefield is 
dominated by the slab-guided S waves. This effect is more clearly demonstrated in Figure S9 
where the source radiates S waves into the slab very efficiently. Also, we can find in the 2-D 
cross sections a larger band of S-wave energy guided in the slab (Figures 9 and 10). 
   Note that in the 330 s snapshots in Figures S6-S9 there are some minor wide-angle 
reflections from the right side of the domain that are not entirely suppressed by the absorbing 
boundary condition of the FDM simulation.  
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Figure S6.  Snapshots of the 3-D wavefield for simulation of the 30 May 2015 Ogasawara 
Islands event at 680 km depth outside the subducting Pacific slab. The 2-D cross-section of the 
wavefield along A-A’ is presented in Figure 9a. See also Movie S3. 
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Figure S7.  Snapshots of the 3-D wavefield for simulation of the 11 November 2010 
Ogasawara Islands event at 460 km depth inside the subducting Pacific slab. The 2-D cross-
section of the wavefield along A-A’ is presented in Figure 9b. See also Movie S4. 
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Figure S8.  Snapshots of the 3-D wavefield for simulation of a 680 km deep event moved to 
the west to lie inside the subducting slab. The 2-D cross-section of the wavefield along A-A’ is 
presented in Figure 10a. 



 
 

10 
 

 
Figure S9.  Snapshots of the 3-D wavefield for simulation of a 680 km deep event moved to 
the west to lie inside the subducting slab and rotated the strike of the fault for 45 deg. The 2-D 
cross-section of the wavefield along A-A’ is presented in Figure 10b. 
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Movie S1. Movie of seismic propagation derived from a 2-D FDM simulation using the ak135 
standard earth model and an isotropic S wave source at depth of 680 km. The P component of 
the wavefield is shown in red and the S component in green. See also Figure 6a for record 
section and snapshots.  

Movie S2. Same as Movie S1 but for a source at depth 460 km. See also Figure 6b. 

Movie S3. Movie of 3-D seismic wave propagation for the deep-focus Ogasawara Islands 
earthquake of 15 May 2015 (h=680 km) derived by the 3-D FDM simulation. The P component 
of the wavefield is shown in red and the S component in green. See also Figures 8 and 9a.  

Movie S4. Movie S3 but for of the 11 November 2010 Ogasawara Islands event at 460 km 
depth inside the subducting Pacific slab. See also Figures 9b.   

Movie S5. Movie of seismic propagation obtained from the 3-D FDM simulation displaying 
along the 2-D  cross section A-A’ (see Figure 8a) for a source at depth 680 km. See also Figure 
9a. 

Movie S6. Same as Movie S5 but for of the 11 November 2010 Ogasawara Islands event at 
460 km depth inside the subducting Pacific slab. See also Figure 9b. 
 


