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Abstract The metastable olivine wedge (MOW) within subducted slabs has long been hypothesized to
host deep‐focus earthquakes (>300 km). Its presence would also rule out hydrous slabs being subducted
into the mantle transition zone. However, the existence and dimensions of MOW remain debatable. Here,
we apply inter‐source interferometry, which converts deep earthquakes into virtual seismometers, to
detect the seismic signature of MOW without influence from shallow heterogeneities. With data from the
Hi‐net, we confirm the existence of MOW beneath the Japan Sea and constrain its geometry to be ~30 km
thick at 410‐km depth and gradually thinning to a depth of 580 km at least. Our result supports
transformational faulting of metastable olivine as the initiation mechanism of deep earthquakes, although
large events (M7.0+) probably rupture beyond the wedge. Furthermore, the slab core must be dehydrated
at shallower depth and only transports negligible amount of water into the transition zone.

Plain Language Summary Most earthquakes occur within the top tens of kilometers of the
Earth, but some can be more than 300 km deep. These deep earthquakes are puzzling, because they are
not supposed to happen given the high pressure and temperature there. Scientists hypothesize that they
might be caused by sudden phase changes of the mineral olivine, which should have broken down at the
depth but survived metastably by hiding in the cold core of subducted plates. However, detecting the
“surviving” metastable olivine has been difficult because of its small size and remoteness. Here we apply a
novel method that can turn some deep earthquakes into virtual sensors closer to our target. Seismic
waveforms recorded by these virtual sensors not only provide clear evidence for the metastable olivine
but also constrain it dimension much better than before: a wedge 30 km thick at 410‐km depth and
extending down to 580‐km depth at least. This finding supports the phase change hypothesis for deep
earthquakes and also means that the slab core must be extremely dry, because even a small amount of water
can break the “surviving” olivine mineral.

1. Introduction

Global earthquakes mostly occur in the crust but can extent to ~700‐km depth within subducting plates.
Crustal earthquakes are thought to be driven by the brittle frictional failure (Scholz, 1998), while the nature
of deep‐focus earthquakes (depth >300 km) has been posed to geophysicists as a long‐standing puzzle (Brace
& Kohlstedt, 1980). Several mechanisms have been proposed for deep earthquakes, including the
dehydration embrittlement (Meade & Jeanloz, 1991), thermal shear instability (Kanamori et al., 1998;
Ogawa, 1987) and transformational faulting (Green & Burnley, 1989). Among them, transformational
faulting, which triggers the slip instability through a sudden phase change frommetastable olivine to spinel,
can naturally explain the depth dependent seismicity distribution that resurges in the transition zone with
an abruptly cessation below 660 km (Houston, 2015). Moreover, recent laboratory experiments have shown
fracture nucleation and later intense acoustic emissions associated with the olivine‐to‐spinel phase
transformation (Schubnel et al., 2013; Wang et al., 2017), thus making the transformational faulting
hypothesis more appealing.

For transformational faulting to happen, it is hypothesized that the low‐pressure polymorphs of olivine
inside cold slabs could metastably extend into the mantle transition zone (MTZ), forming a
tongue‐shaped “metastable olivine wedge” (MOW). Furthermore, the positively buoyant MOW, if present,
may slow down the subducting slab in the MTZ (Bina et al., 2001), or even resist the slab from penetrating
into the lower mantle (Tetzlaff & Schmeling, 2000). The dimension of MOW is generally thought to correlate
with the slab thermal parameter (Kirby et al., 1996), but the water content of subducted slab and the latent
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heat due to the phase changes also play crucial roles (Frane et al., 2013; Kubo et al., 1998; Mosenfelder et al.,
2001). Laboratory experiments demonstrated that incorporation of a small amount of H2O leads to a remark-
able boost in the olivine to ringwoodite transformation rate via hydrolytic weakening process (Frane et al.,
2013). The latent heat feedback together with an additional intracrystalline transformation mechanism sig-
nificantly reduces the maximum depth that MOW can reach as suggested from an updated thermo‐kinetic
model (Mosenfelder et al., 2001). Therefore, the existence and exact geometry of MOW would provide
essential constraints on the thermal‐petrological properties of subducting slabs.

However, seismic imaging of the low‐velocity MOW structure has been particularly challenging. For
instance, body wave travel time analysis ubiquitously suffers from the wavefront healing effect. A thermal
slab without MOW could satisfactorily predict high‐resolution seismic arrival times, but the inclusion of
MOWmerely offers a subtle improvement on the data fitting (Koper et al., 1998). It has also been illustrated
that the metastable olivine can be unveiled from waveform distortions of some seismic phases that travel
through it (Koper & Wiens, 2000; Vidale et al., 1991). Nonetheless, deterministically examining the
seismogram involves onerous effort because lithospheric heterogeneities contribute great complexities on
the seismogram and smear the illumination of deep slab. Given the difficulty in resolving MOW, its
thicknesses reported from preceding studies differ by more than a factor of 2 in Japan subduction zone
(Furumura et al., 2016; Iidaka & Suetsugu, 1992; Jiang & Zhao, 2011; Kawakatsu & Yoshioka, 2011)
(Table S1 in the supporting information), leaving the metastable persistence of olivine and its detail
geometry hitherto ambiguous.

2. Inter‐source Interferometry

To untangle the potentially subtle seismic signature of metastable olivine from complex shallow Earth het-
erogeneities, we apply inter‐source interferometry (Curtis et al., 2009; Tonegawa & Nishida, 2010) to deep
earthquake pairs in the Japan subduction zone (Figure 1a). For conventional inter‐receiver interferometry,
cross correlations of diffusive earthquake coda or ambient noise field reconstruct Green's functions between
receiver pairs (Campillo & Paul, 2003). Equivalently, due to reciprocity, by cross‐correlating coda waves
from an earthquake pair, the inter‐source interferometry synthesizes the transient strain triggered by pas-
sing seismic waves from one source to the other. This is as if we convert one of the deep earthquakes to a
virtual seismometer deployed below the complex shallow layers and record the other event. To avoid violat-
ing the impulsive‐source condition in reciprocity, we select five deep‐focus earthquakes of small magnitudes
(4.0 ≤ Mw ≤ 5.2) with simple source process (<10% non‐double‐couple component). Among them, three
earthquakes (S1, S2, and S3) are refined at ~360‐km depth whereas the other two (D1 and D2) are at depths
of ~580 km (Figures S1 and S2; see the supporting information for relocation details), corresponding to the
shallow and deep ends of hypothesized MOW, respectively. Although receivers in the inter‐source interfero-
metry should have a complete azimuthal coverage, the stationary phase approximation greatly loosens the
receiver geometry restriction (Snieder, 2004; see the supporting information for inter‐source interferometry).
For our targeted slab beneath the Japan Sea, Hi‐net stations situate around the stationary phase region of the
deep earthquake pairs (the region along the extension of earthquake pairs; Figure 1b), hereby providing an
ideal source‐receiver configuration to isolate the deep slab structures from other complexities.

We first validate the inter‐source interferometry method for two synthetic scenarios with and withoutMOW.
The velocity and density profiles of slab and MOW are constructed based on a thermal model tuned for the
Japan subduction zone (see the supporting information for modeling details). Small‐scale heterogeneities
are implemented at shallow depths to produce realistic coda waves (Figure 1b; Furumura & Kennett,
2005). Given the velocity and density profiles, we simulated the elastic wavefield with a GPU‐based 2‐D finite
difference code in Cartesian coordinates, which is eighth order in space and second order in time (Li et al.,
2014). With a minimum shear velocity of 2.8 km/s, a grid spacing of 75 m, and time step of 0.001 s, our com-
puted synthetic waveforms are accurate up to 6 Hz with sampling of at least six grids per wavelength. Here,
we simplified the problem into a 2‐D slab geometry since we mainly focus on the updip direction. Moreover,
2‐D and 3‐D numerical simulations of the high‐frequency trapping/guiding waves have been shown no sig-
nificant differences (Kennett & Furumura, 2008; Takemura et al., 2015). After computing synthetic seismo-
grams on the surface from deep earthquakes D1 and S1, we filter and cut the vertical‐component coda waves
from 5 to 45 s after the Pwave first arrivals for interferometry. The 40‐s‐long window is further cut into 10‐s‐
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long overlapping segments offset by 2 s. The cross correlations of all the segments are then normalized by the
maximum and averaged to account for the coda energy decay with time. For the D1‐S1 earthquake pair in
both scenarios, the 0.2‐2 Hz cross‐correlation record section presents coherent waveforms with constant
arrival time across the profile of Hi‐net (Figure S3). This indicates that our simulated coda wavefields are
diffuse due to shallow heterogeneities and the inter‐source Green's function could be extracted by coda
interferometry at a single station (Snieder, 2004). To enhance the coherent signal, we stack the cross
correlations over all the stations. In both scenarios with and without MOW, the resulting interferometric
waveforms match the directly simulated P wave strain seismograms from source D1 to virtual receiver S1
and, meanwhile, capture the polarity flip (Figure S3b vs. Figure S3c) caused by the reverberation of P
wave within the MOW (Figure S4). For the case with MOW, although the P refraction wave arrives earlier
than the reverberation, its energy is too weak to be captured (Figure S4f). Since absolute arrival times
have strong trade‐offs with earthquake locations, herein, we focus solely on interpreting the
waveform shape.

Figure 1. Map view of our targeted area and depth profile of Japan subduction zone. (a). Map of this study area. Black dashed lines are the slab depth
contours from Slab2.0model (Hayes et al., 2018). Orange triangles are Hi‐net stations (Okada et al., 2004) used in our interferometry. The purple andmagenta beach
balls are from National Research Institute for Earth Science and Disaster Resilience (NIED) and represent the earthquake depths of ~580 km (D1 and D2) and
~360 km (S1, S2, and S3), respectively. (b). P wave velocity profile derived from thermal modeling along AA′. The black solid line and black dashed line
represent the geometry of subducting Pacific slab and hypothesized MOW, respectively. Above 200‐km depth, small‐scale heterogeneities are included. D1/D2 and
S1/S2/S3 correspond to the deep (~580 km) and shallow (~360 km) end of the MOW, respectively.
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3. Results

Having shown the feasibility to retrieve the P wave strain Green's functions between two deep earthquakes,
we apply the inter‐source interferometry method to real data on the Hi‐net stations (Figure 1). As an exam-
ple, the cross‐correlation record section for the D1‐S1 earthquake pair at 0.2–2 Hz exhibits coherent signals
arriving at a constant time in a wide azimuth range (Figure 2a), implying a diffuse coda wavefield. After
stacking all the individual cross correlations, the resulting waveform presents a negative trough preceding
a positive peak, similar to that of aforementioned synthetic case with a MOW (Figure 2c). Furthermore,
the interferometric results of other earthquake pairs are in good agreement with that of D1‐S1 pair
(Figure S5), favoring a MOW structure instead of a simple slab model without MOW (Figures S6a and
S6b). Note that there are some waveform differences among our observed waveforms (e.g., weakening of
positive phase after the negative phase: D1‐S2 vs. D2‐S2). In fact, those differences can be explained by
the location difference between D1 and D2, which will be shown later. Beside the MOW cause, we also
scrutinize other alternatives that could result in the negative pulse, such as opposite focal mechanisms
and a low‐velocity hydrous oceanic crust on top of the slab. First motion analysis shows that the Hi‐net
stations used for interferometry share same P wave polarities for all the selected deep earthquakes
(Figures 2b and S7), so radiation patterns alone cannot explain the negative polarities of the correlations.
An 8‐km‐thick oceanic crust with a velocity reduction of 8% extending to 660 km fails to reproduce our
observations as well (Figures 2c and S8). With these alternative possibilities ruled out, we suggest the
existence of metastable olivine beneath the Japan Sea as the preferred interpretation.

To better quantify the MOW dimension and depth extent, which are both important for understanding deep
earthquake physics and slab hydrous state, we need to appeal to higher frequency interferometric wave-
forms. For example, we show that the 0.2‐2 Hz cross‐correlation waveforms are insensitive to the location
of S1/S2/S3 relative to the MOW (Figure S9), which in turn provide little information on the thickness of
MOW at the shallow end. On the other hand, at 0.2–5 Hz, synthetic strains are significantly distorted across
a short distance range (Figure S9). The rapid high‐frequency waveform variations are due to the receiver
locations with respect to the Pmultiples (Figures S4e, S4f, and S9d–S9f). Hence, with well‐constrained rela-
tive locations among the virtual sensors S1, S2, and S3, we can use higher frequency (up to 5 Hz) waveform
details at different locations to determine the geometry of metastable olivine. Indeed, for synthetic tests with
a set of earthquake pairs, the inter‐source interferometry is shown to be capable of extracting 5‐Hz transient
strains and capturing the waveform variations at different virtual sensors (Figure S10). Furthermore, 15°
variation in focal mechanisms (Kubo et al., 2002) barely changes the stacked strain waveform shapes in
our synthetic tests (Figure S10d).

Subsequently with the real data from Hi‐net, we retrieve the 0.2‐5 Hz strain responses for all six earthquake
pairs from D1/D2 to S1/S2/S3 following the same interferometry procedures (Figure S11). Taking D1 as an
example, virtual sensor S1 records a simple trace with negative polarity, but the other two (S2 and S3)
present splitting waveforms that consist of two phases (Figure 3c). To evaluate the robustness of observed
waveform complexity, we estimated their noise level by computing the 95% confidence intervals for stacked
cross correlations using a bootstrapping technique (Figure S12). All the coherent signals among D1‐S1/S2/S3
evidently stand above the noise level; thus, the traces characterized by splitting phases are unlikely caused by
noise (Figure S12). Also, S1 and S3 have similar beachballs but present apparent waveform variations, ruling
out the focal mechanism cause. Instead, the distinct interferometric waveforms appear to correlate with the
spatial distribution of virtual sensors: S2 and S3 with splitting phases are close to the slab upper interface,
whereas S1 with a single phase sits near the slab core (Figure 3a). In addition, similar interferometric results
from the other deep earthquake D2, though with higher noise levels (Figure 3c).

To account for these high‐frequency waveform variations, we grid‐searched a variety of MOW geometries
through physics‐based modeling. Assuming that temperature is the first‐order control on the olivine phase
transformation, the MOW would thus be defined as the region colder than a kinetic cutoff temperature
(Tmow) in our initial thermal slab. In searching for the optimal MOW geometry to fit our interferometric
observations, we directly computed the synthetic waveforms at virtual seismometer S1/S2/S3 from deep
earthquake D1/D2. When comparing the synthetics with observations, we tested different kinetic kick‐off
temperatures as well as the deep earthquake locations relative to MOW allowing a maximum arrival time
difference of 1.5 s. We found that both 0.2‐2 and 0.2‐5 Hz interferometric waveforms can be adequately
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fitted when Tmow is defined as 664 °C with D1 and D2 situating close to, but at different distances from, the
lower boundary of metastable olivine (Figure 3). The resolved P wave velocity within MOW is 4–5% lower
than the surrounding slab velocity (2–3% lower than that of ambient mantle; Figure S13), which is
consistent with previous studies (Furumura et al., 2016; Jiang & Zhao, 2011). Furthermore, our MOW

Figure 2. Inte‐rsource interferometry results at 0.2–2 Hz suggest the existence of metastable olivine beneath the Japan Sea. (a). The record section of coda wave
cross correlations as a function of azimuth for the D1‐S1 earthquake pair. The azimuth (120.7°) of AA′ profile in Figure 1 is shown as A′ with a black arrow.
Blue and red color correspond to the negative and positive phases, respectively. Coherent signals with negative polarities arrive at a constant time across Hi‐net
stations. (b). First motion analysis for deep earthquakes D1 and S1. At Hi‐net stations (red dots), both events share the same P wave polarities. (c). Waveform
comparison of observations and synthetics. The top black trace is the stacked cross‐correlation waveform from all the traces shown in (a) for D1‐S1 deep earthquake
pair. The gray dashed lines denote the noise level. The red and dark green lines are the synthetic strain waveforms for cases of a thermal slab with MOW
(MOW), a thermal slab with hydrous oceanic crust (Crust), and a thermal slab only (No MOW), respectively. All the traces are aligned by their peak phases.
Only the MOW model predicts the waveform shape observed in D1‐S1 pair.

Figure 3. Proposed MOW dimension can reproduce our inter‐source interferometry observations. (a). Slab profile with deep earthquakes D1/D2 and three
virtual receivers (S1–S3). The gray and cyan region denote the slab and our proposed MOW, respectively. The P wave velocity within MOW decreases 5%. Both
D1 and D2 need to be within MOW to explain the interferometric waveforms. (b). The 0.2‐2 Hz waveform comparison of inter‐source interferometric
observations (black lines) and synthetics (red lines) for all deep earthquake pairs. The gray dashed lines denote the noise level. (c) Similar to (b) but for higher
frequency up to ~5 Hz. All six waveforms are well fitted by our suggested MOW model.
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model also provides a good fit to interferometric observations at the three virtual receivers from the other
deep earthquake D2 (Figure 3). For instance, as discussed earlier, the observed D2‐S2/S3 2‐Hz waveform
presents a much weaker positive phase after the negative one than that of D1‐S2/S3 (Figure 3b). These wave-
form differences are well captured by our MOW model, while a simple slab model cannot produce such
waveform variations (Figures S6a–S6c). Despite that the 2‐Hz and 5‐Hz interferometric waveform details
are not fully explained due to lateral variations in slab structures, the observed waveform features (polarities,
single, or splitting phases) are generally retained in synthetic seismograms. Given the same thermal model,
neither a thinner MOW (Tmow = 620 °C) and a thicker MOW (Tmow = 720°C) can reproduce most of the
5‐Hz observations (Figures S6d–S6i). Moreover, we computed the waveform similarity among observations
and synthetics for a variety of Tmow models. The allowedMOW dimension is quantified to a narrow range of
Tmow (Figure S14), corresponding to 28–30 km thick at 410 km and gradually thinning to a depth of
600–620 km. Here, we emphasize that our new interferometry observations constrain the MOW geometry
and velocity reduction, instead of the cutoff temperature (Tmow) or the thermal model. For scenarios with
different combinations of slab parameters (e.g., subduction rate and age), Tmow that fits the data best can
vary by tens of degrees (Figure S15). Nonetheless, the MOW structures consistently resemble a thickness
of ~30 km across the slab at 410 km and gradually diminish to a depth of ~610 km at least. We also test a
few different MOW models by varying its thicknesses at ~610 km (Figure S16a) to reduce the thermal
constrain to some extent. MOWs thicker than ~20 km at bottom cannot reproduce our observed waveforms
(Figures S16b–S16d), suggesting that the thinning of MOW is required. Still, it is possible that MOW can
extend to greater depth (Figure 4), since our inter‐source interferometry method cannot resolve even deeper
slab structure due to our current deep earthquake geometry (Figure S16b).

4. Discussion and Conclusions

Compared to previously proposed MOW geometries in nearby regions, our MOW at 410‐km depth is similar
to that imaged by the receiver function (Kawakatsu & Yoshioka, 2011) but considerably thinner than that
derived from travel time‐based studies (Table S1). With our resolved MOW dimension, the delay of olivine
phase transformation is estimated to increase the slab buoyancy by 1% below 410 km, which is comparable
to the thermal slab buoyancy force (2–3%; Cammarano et al., 2003). Such extra buoyancy force generated by
the metastable olivine could in turn reduce the slab subduction rate (Tetzlaff & Schmeling, 2000). Given the
age of Japan trench (Sdrolias & Müller, 2006), the associated metastable olivine for a 130‐Ma oceanic litho-
sphere is estimated to slow down the subduction rate by up to ~12% (Bina et al., 2001). For colder slabs, such
as Tonga, the effect might be even stronger, due to the presumably larger MOW. In our preferred scenario
(Figure 4), deep earthquakes D1 and D2 occur within MOW, supporting transformational faulting as the
cause of deep earthquakes. Assuming a circular crack and a constant strain drop (Vallée, 2013), the meta-
stable olivine thickness at 600‐km depth is equivalent to the dimension of a moderate‐magnitude earthquake
(Mw7) that ruptures across the slab. To host larger deep earthquakes (e.g., Mw7+) with larger rupture
dimensions, which did occur beneath the Japan Sea and in other warmer subduction zones with potentially
thinner MOWs, the slip instability probably nucleates within MOW by transformational faulting and later
propagate outside driven by other mechanisms (e.g., the thermal shear instability). The switch of mechanism
around M6–7 would break the self‐similarity of deep earthquake sizes and cause a change in the
Gutenberg‐Richter distributions (i.e., b values), which is recently observed (Zhan, 2017). Furthermore,
models of great deep earthquakes, such as the 1994 Mw8.2 Bolivia earthquake and the 2018 Mw8.0
Fiji‐Tonga doublet, also imply two‐stage rupture processes and exemplify local slab temperature as the
critical factor for deep earthquakes (Jia et al., 2020; Zhan et al., 2014).

The depth extent of our proposed MOW indicates an extremely dry Pacific slab core (<75 wt ppm) in the
MTZ beneath the Japan Sea (Figure 4; Kawakatsu & Yoshioka, 2011; Frane et al., 2013). However, the arc
volcanism, intermediate‐depth earthquakes, and high‐resolution tomography models all point to substan-
tially hydrated slab above 200‐km depth (Cai et al., 2018; Hasegawa & Nakajima, 2017), potentially through
outer‐rise plate‐bending faults that cut deep into the incoming plate as pathways for water (Ranero et al.,
2003). Therefore, the water associated with these faults must be expelled almost completely into the mantle
at intermediate depths (Kawakatsu & Watada, 2007), carrying negligible amount of water into the MTZ
(Green et al., 2010). Conversely, garnering evidences from ultradeep diamond inclusions (Pearson et al.,
2014), mineral experiments (Kohlstedt et al., 1996) and electromagnetic induction data (Kelbert et al.,
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2009) have demonstrated that the MTZ can, at least locally, harbor substantial amount of water (up to ~2.5
wt%). Given the distance between our MOW and plate interface (~24 km) and the hydrogen diffusion coeffi-
cients of olivine and its polymorphs (Hae et al., 2006), it is still possible that a thin layer near the subducting
plate provide potential pathways for transporting water into MTZ, such as a narrow serpentinite channel on
top of the slab (Kawakatsu & Watada, 2007). Or instead of linking the water reservoir in MTZ to current
subduction, the wet MTZ might be possibly associated with other tectonic processes (Green et al., 2010;
Hirschmann, 2006).
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S1. Inter-source interferometry theory 22 

Given two sources that located at x1 and x2 being surrounded by a boundary S of receivers 23 

x′ , Curtis et al. (2009) derived the theory of inter-source interferometry based on the 24 

representation theorem and source-receiver reciprocity. For actual earthquake recordings 25 

in elastic media, the inter-source interferometric response between x1  and x2  in the 26 

frequency domain can be approximated as (Eq. 16 in Curtis et al. (2009) Supplementary 27 

Material): 28 

𝑀𝑖𝑝
2 𝑀𝑚𝑞

1 𝜕𝑝𝜕𝑞𝐺𝑖𝑚
ℎ (x2|x1) = 𝑖𝐾𝜔∮ 𝑢𝑛(x

′|x2)𝑢𝑛
∗ (x′|x1)𝑆

dx′      (1) 29 

Where 𝑀𝑚𝑞
1  represents the moment tensor component of source x1 with a pair of opposite 30 

force couples acting in mth direction and separated in qth direction. 𝑀2 corresponds to 31 

the moment tensor of source x2. 𝜕𝑞 and 𝜕𝑝 are the partial derivatives with respect to the 32 

qth and pth direction at location x1  and x2  respectively. 𝐺𝑖𝑚
ℎ (x2|x1)  is defined as 33 

𝐺𝑖𝑚
ℎ (x2|x1) = 𝐺𝑖𝑚(x2|x1) − G𝑖𝑚

∗ (x2|x1) , where 𝐺𝑖𝑚(x2|x1)  represents the causal Green’s 34 

function from x1 to x2 and G𝑖𝑚
∗ (x2|x1) represents the acausal Green’s function due to the 35 

wavefield propagating from receivers on S to x2 before refocusing at x1. Subscripts 𝑖 and 36 

𝑚 are the ith component of the displacement at x2 and mth direction for a point source 37 

at x1 respectively. K is a constant and 𝜔 is the frequency. 𝑢𝑛(x
′|x2) is the displacement 38 

recorded at location x′ from source x2 and 𝑢𝑛
∗ (x′|x1) is the conjugate form of 𝑢𝑛(x

′|x1). 39 

Essentially, the integral at the right side of eq. 1 is the summation of cross-correlations of 40 

displacements recorded at receiver x′ from earthquake x1 and x2. To better understand 41 

the quantity that is estimated by the cross correlations, we rewrite the left side of eq. 1 as 42 

𝑀𝑖𝑝
2 𝑀𝑚𝑞

1 𝜕𝑝𝜕𝑞𝐺𝑖𝑚
ℎ (x2|x1) = 𝑀𝑖𝑝

2 𝜕𝑝[𝑀𝑚𝑞
1 𝜕𝑞𝐺𝑖𝑚

ℎ (x2|x1)]        (2) 43 

In the frequency domain, the term 𝑀𝑚𝑞
1 𝜕𝑞𝐺𝑖𝑚

ℎ (x2|x1) is, by definition, the ith component 44 

displacement 𝑢𝑖 from source x1 to ‘virtual receiver’ x2: 45 

𝑢𝑖(x2|x1) = 𝑀𝑚𝑞
1 𝜕𝑞𝐺𝑖𝑚

ℎ (x2|x1)           (3) 46 

Thus, eq. 1 can be written as:  47 

𝑀𝑖𝑝
2 𝜕𝑝𝑢𝑖(x2|x1) = 𝑖𝐾𝜔∮ 𝑢𝑛(x

′|x2)𝑢𝑛
∗ (x′|x1)𝑆

dx′      (4) 48 
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For the left side, 𝜕𝑝𝑢𝑖(x2|x1) is the dynamic strain at ‘virtual receiver’ x2  triggered by 49 

passing waves from earthquake x1. The moment tensor 𝑀𝑖𝑝
2  of the earthquake occurred at 50 

x2  determines the combination of dynamic strains measured in the inter-source 51 

interferometry. Although x′  should have a complete azimuthal coverage along S, the 52 

stationary phase approximation theory has shown that the integral on the right side of eq. 53 

(4) is mainly contributed from x′ near the region along the extension between earthquake 54 

x1 and x2 (Snieder, 2004). Thus, when applying the inter-source interferometry to real data, 55 

the stationary phase approximation greatly loosens the receiver geometry restriction.   56 

This theory has been successfully applied to surface waves (Curtis et al., 2009), but in 57 

general, the above conclusion also works for other types of seismic wave, such as the body 58 

wave. Here we consider the compressional P wave displacement u𝑖
𝑷(x2|x1), substituting 59 

into eq. 4: 60 

𝑀𝑖𝑝
2 𝜕𝑝u𝑖

𝑷(x2|x1) = 𝑖𝐾𝜔∮ 𝑢𝑛
𝑷(x′|x2)𝑢𝑛

𝑷∗(x′|x1)𝑆
dx′     (5) 61 

For a vertical strike slip earthquake, the moment tensor is given by Mxy = Myx = 1 with 62 

other components being 0. Therefore, the left-hand side of Eq. 5 becomes: 63 

𝜕𝑦ux
𝑷(x2|x1) + 𝜕xu𝑦

𝑷(x2|x1) = exy
𝑷 (x2|x1) + eyx

𝑷 (x2|x1)   (6) 64 

Where exy
𝑷  and e𝑦𝑥

𝑷  are the horizontal transient strains at virtual receiver x2 . The strain 65 

combination for other types of earthquake mechanisms is summarized in Table S2. 66 

S2. Earthquake relocation and uncertainty estimation 67 

We refined the centroid depth of D1 and S1 using ScS and sScS waveforms. Since the ScS 68 

and sScS phase propagate near-vertically through the earth interior at short distances, 69 

time differences between ScS and sScS are sensitive to the earthquake focal depth. We 70 

downloaded three component seismograms of regional stations (0-30 degrees) from F-71 

net (Okada et al., 2004) and GSN (station MDJ), removed the instrumental response, 72 

rotated into tangential components, and filtered with a two-pole Butterworth band-pass 73 

filter of 0.02-0.05 Hz. We used a frequency-wavenumber method to synthesize ScS and 74 

sScS waveforms. In the calculation, the velocity model was constructed by combining the 75 
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Crust1.0 (Laske et al., 2013) and IASP91 (Kennett & Engdahl, 1991). We cross-correlated 76 

the observed tangential seismograms with synthetic waveforms computed for different 77 

focal depths in a time window from 50 s before to 350 s after the predicted ScS (Figure 78 

S1). The highest correlation coefficient case corresponds to the optimal focal depth at each 79 

station. We then averaged values over all the stations to estimate the centroid depths of 80 

S1 and D1 to be 359±6.1 km and 580±7.8 km at 95% confidence level, respectively. For 81 

the horizontal locations of D1 and S1, we adopted the results from ISC-EHB catalog based 82 

on which the Slab2.0 model was constructed (Hayes et al., 2018).  83 

Given S1 as a reference earthquake, we relatively relocated the other two events S2 and 84 

S3 using the traveltime data documented by Japan Meteorological Agency (JMA). Only P 85 

wave arrival times labelled as high-precision onset picks were used for the traveltime data. 86 

We performed a grid-search method to invert for the longitude, latitude and depth that 87 

minimizes the L2-norm misfit between predicted and reported traveltime differences. The 88 

horizontal locations and depths of all earthquakes are listed in Table S3, and the arrival 89 

time difference comparison between observed and predicted is shown in Figure S2a. With 90 

a Gaussian assumption, we calculated the earthquake location probability density function 91 

(PDF), which is proportional to exp⁡{−
1

2
(𝑔(𝒎) − 𝒅)𝑇𝐶𝐷

−1(𝑔(𝒎) − 𝒅)}, where g(m) and 92 

d are the estimated and observed arrival times respectively. 𝐶𝐷 is the covariance matrix 93 

representing the measurement and model uncertainty. Here, we assigned a 0.2 s arrival 94 

time uncertainty to the covariance matrix, and the resulting PDFs for D2 and D3 are shown 95 

in Figure S2b and S2c respectively. The maximum likelihood point is taken as our best 96 

location and the 95% probability contour represents our relative location error (Figure S2).  97 

In fact, we found that the our relocated S2 and S3 locations are consistent with ISC-EHB 98 

results.  So, for deep earthquakes D1 and D2, we directly adopted their horizontal locations 99 

from ISC-EHB catalog and systematically shifted them at depth to anchor D1 at 580 km 100 

that given by ScS-sScS waveform fitting. 101 

It has been shown that the EHB catalog globally provides 25 km accuracy at the 90% 102 

confidence level by relocating the ground true events (GT5) using the EHB procedures 103 

(Bondar et al., 2004). Similarly, to calculate the ISC-EHB location uncertainties near Japan, 104 



 

 

5 

 

we selected 139 ISC-EHB reported earthquakes that occurred within the Japanese network 105 

after 2004. Assuming these event locations reported by JMA are “ground truth” within an 106 

uncertainty of 5 km (GT5), the estimated horizontal and vertical location errors of ISC-EHB 107 

are 9.55 km and 9.62 km at 95% confidence level respectively (Table S3), which are more 108 

accurate than the global value due to denser teleseismic networks in the past decade. 109 

S3. Thermal modeling for the Japan slab 110 

For modeling the two-dimensional slab thermal profile, we used a finite element code 111 

UNDERWORLD2 (Moresi et al., 2007) to solve the convection-diffusion equation. 112 

𝜕𝑇

𝜕𝑡
= ∇ ∙ (𝜅∇𝑇) − ∇ ∙ (𝑣𝑇)    (7) 113 

where T, t, 𝜅 and v are the temperature, time, thermal diffusivity and mantle flow velocity. 114 

The thermal diffusivity is set to be 10−6𝑚2 𝑠⁄ . The initial thermal structure of subducting 115 

slab is constructed from a plate cooling model of a 95 km thick lithosphere with the age 116 

(~130 Ma) of Pacific plate at the trench position (Sdrolias & Müller, 2006). The mantle flow 117 

velocity field is given by the analytical solution for a corner flow model (Turcotte & 118 

Schubert, 2014), assuming a convergence velocity of 8 cm/yr (Sdrolias & Müller, 2006) and 119 

a 30° dip slab that is close to the slab surface delineated in Slab2.0 model (Hayes et al., 120 

2018). In the corner flow model, the viscous mantle is divided by the descending slab into 121 

two parts: the arc corner above the slab and the oceanic corner below the slab. Given the 122 

velocity (𝑈) and dipping angle (𝜃) of subducting slab, the velocity in arc corner, oceanic 123 

corner and subducting slab can be calculated as: 124 

{
𝑣𝑥 =

3𝜋

𝜋2−9
−

18−3√3𝜋

𝜋2−9
𝑎𝑟𝑐𝑡𝑎𝑛

𝑦

𝑥
+ (

3𝜋

𝜋2−9
𝑥 +

18−3√3𝜋

𝜋2−9
𝑦) (

−𝑥

𝑥2+𝑦2
)

𝑣𝑦 =
3𝜋

𝜋2−9
𝑎𝑟𝑐𝑡𝑎𝑛

𝑦

𝑥
+ (

3𝜋

𝜋2−9
𝑥 +

18−3√3𝜋

𝜋2−9
𝑦) (

−𝑦

𝑥2+𝑦2
)

     for arc corner (8) 125 
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𝑎𝑟𝑐𝑡𝑎𝑛

𝑦

𝑥
+ (

−3

5𝜋+3
𝑥 +

3√3−6

5𝜋+3
𝑦) (

−𝑥

𝑥2+𝑦2
)

    for oceanic corner (9) 126 

&⁡ {
𝑣𝑥 = 𝑈 ∗ 𝑠𝑖𝑛𝜃
𝑣𝑦 = 𝑈 ∗ 𝑐𝑜𝑠𝜃  for subducting slab (10) 127 
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where 𝑣𝑥  and 𝑣𝑦  are the horizontal and vertical components of the mantle flow 128 

respectively.  129 

The simulated box dimension is 800 km × 2400 km with a discretized element spacing of 130 

1 km. In the simulation, we placed the Dirichlet boundary condition on the surface and 131 

Neumann boundary conditions at the other three sides for the temperature field. In the 132 

meantime, the velocity field is kept invariant. For solving the governing equation, variables 133 

in eq. 7 are non-dimensionalized with the following characteristic values:   134 

𝑥𝑖 = 𝑑𝑥𝑖
′; ⁡𝜅 = 𝜅0𝜅

′; ⁡𝑣𝑖 =
𝜅0

𝑑
𝑑𝑣𝑖

′; ⁡𝑡 =
𝑑2

𝜅0
𝑡′; ⁡𝑇 = 𝑇𝑚 ∙ 𝑇′     (11) 135 

where symbols with primes are dimensionless. 𝜅0 is the reference thermal diffusivity with 136 

a value of 10−6𝑚2 𝑠⁄ . 𝑑 and 𝑇𝑚 denote the mantle thickness and mantle temperature 137 

which are 800 km and 1450 ℃ for our case. The slab is diffused and advected over a 138 

duration of 30 Ma which is long enough for surface material descending to the depth 139 

with assumed convergence rate. 140 

S4. Slab velocity profile setup 141 

Assuming an olivine-rich pyrolite assemblage, we mapped the thermal anomalies in the 142 

depth range of 200~800 km into velocity and density perturbations using a scaling from 143 

Cammarano et al., (2003). This scaling relation accounts for both anharmonic and anelastic 144 

effects with depth. For shallow velocity profile, we extended the seismic velocity and 145 

density perturbations inside slab at 200 km upward to the surface. The maximum P and S 146 

wave velocity perturbations within the slab are 4.5% and 6% respectively, which agree well 147 

with the inferred velocity anomalies from seismic waveform studies (Zhan et al., 2014a). 148 

Our seismic velocity and density reference model is the IASP91 model (Kennett & Engdahl, 149 

1991). 150 

To simulate realistic coda waves, we added small scale heterogeneities in the lithosphere 151 

(above 200 km) described by a Von Kármán type autocorrelation function (Sato et al., 2012) 152 

given as:  153 

P(𝑘𝑥, 𝑘𝑧) =
4𝜋𝜅𝜀2𝑎𝑥𝑎𝑧

(1+𝑎𝑥
2𝑘𝑥

2+𝑎𝑧
2𝑘𝑧

2)
𝜅+1    (12) 154 
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where P is the power spectral density function (PSDF), 𝜅 is the Hurst exponent which is 155 

assigned as 0.5 in our model. 𝑘𝑖  is the wavenumber in ith direction. 𝑎𝑥  and 𝑎𝑧  are the 156 

correlation distances in the x and z components respectively and 𝜀 is the mean square 157 

fractional fluctuation. For the velocity and density structures above 200 km, we imposed 158 

isotropic scatters outside the slab with 𝑎𝑥 = 𝑎𝑧 = 5⁡𝑘𝑚  and 𝜀 = 2% , and elongated 159 

scatters within the slab with 𝑎𝑥 = 0.5⁡𝑘𝑚, 𝑎𝑧 = 10⁡𝑘𝑚 and 𝜀 = 2.5%, which is suggested by 160 

long duration coda wave observation in Japan (Furumura & Kennett, 2005). 161 

  162 
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 191 

Figure S1. Focal depth determination of events S1 and D1 using ScS and sScS. (a). Map 192 

view of deep earthquakes D1 and S1 and broadband stations used for determining the 193 

focal depth. (b). left panel shows the ScS and sScS tangential waveform comparison 194 

between observations (black) and synthetics (red) for earthquake S1. Right panel indicates 195 

the optimal focal depth of individual station by searching for the highest cross-correlation 196 

coefficient. The averaged optimal focal depth is 359 km for S1. (c). similar to (b) but for 197 

earthquake D1, the averaged focal depth is 580 km.    198 
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  199 

 200 

Figure S2. (a). P wave traveltime differences as a function of azimuth for different events. 201 

The circle and triangle symbols represent P wave traveltime differences of S3-S1 and S2-202 

S1 respectively. Observed and predicted P wave traveltime differences are indicated in blue 203 

and red respectively. (b). Relative relocation probability distribution for deep earthquake 204 

S2. The blue line denotes 95% probability contour. (c). Similar to (b). but for deep 205 

earthquake S3.  206 
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 207 

Figure S3. 0.2~2 Hz inter-source interferometry benchmark results. (a). P wave velocity 208 

perturbation profile derived from the thermal modeling (8 cm/yr, 30 Ma; Tmow=664°C). 209 

Heterogeneities are imposed above 200 km. The slab and MOW geometries are delineated 210 

by black solid line and black dashed line respectively. The MOW model is the same as that 211 

in Figure 3a with a thickness of 29 km at 410 km depth. A 5% velocity reduction is placed 212 

within MOW. Deep earthquakes D1 and S1 are used here. Waveforms of a linear array 213 

(blue inverted triangles) on the surface are calculated. (b). Inter-source interferometry 214 

benchmark result for a case of thermal slab without MOW (NO MOW case). The lower 215 

panel shows the cross-correlation record section of the linear array as a function of 216 

distance to D1. The upper panel is the waveform comparison between stacked (black) and 217 

predicted (red) strain response from D1 to S1. (c). similar to (b). but for the case of slab 218 

with MOW. Note that the waveform polarity flipped after introducing the MOW.  219 
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 220 

 221 

 222 

Figure S4. Snapshots of wavefield propagating from deep source D1 (purple star) to 223 

virtual receiver S1 (magenta triangle) for No MOW and MOW cases. The snapshots of No 224 

MOW case are shown for (a). 5.0 s, (b). 30.0 s and (c). 52.4 s after the origin time of D1. 225 

(d)~(f). show the snapshots of MOW case at 5.0 s, 30.0 s and 54.8 s after the origin time of 226 

D1 respectively. The slab and MOW geometries are delineated by black solid line and black 227 

dashed line respectively. The MOW model (8 cm/yr, 30 Ma; Tmow=664°C) is the same as 228 

that in Figure 3a with a thickness of 29 km at 410 km depth. Both P and S wavefields are 229 

shown in the snapshots. Positive and negative wavefield are indicated in red and blue 230 

respectively.  231 
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  232 

Figure S5. Inter-source interferometry results of all the six earthquake pairs (a~f) at the 233 

frequency band of 0.2~2 Hz. In each subplot, the lower panel is the record section of cross-234 

correlations at individual Hi-net stations. The top panel represents the stacked cross-235 

correlation waveform from the individual waveforms shown in the lower panel. The 236 

azimuth (120.7°) of AA’ profile in Figure 1 is shown as A’ with a black arrow.  237 
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 238 

Figure S6. (a). A simple slab profile with deep earthquakes D1/D2 and three virtual 239 

receivers (S1-S3). (b). 0.2~2 Hz waveform comparison of inter-source 240 

interferometric observations (black lines) and synthetics from a simple thermal slab 241 

model as shown in (a) for all deep earthquake pairs. The gray dashed line denotes 242 

the noise level. (c). similar to (b) but for 0.2~5 Hz waveforms. (d). Slab profile with 243 

a thin MOW model (8 cm/yr, 30 Ma; Tmow=620°C). The MOW at 410 km is 22 km thick. 244 

(e). and (f). are the waveform comparison of observations and corresponding 245 

synthetics from thin MOW model at 0.2~2 Hz and 0.2~5 Hz respectively. (g). Slab 246 

profile with a thick MOW model (8 cm/yr, 30 Ma; Tmow=720°C). The thickness of MOW 247 

at 410 km is ~40 km. (h). and (j). are the waveform comparison of observations and 248 

corresponding synthetics from thick MOW model at 0.2~2 Hz and 0.2~5 Hz 249 

respectively.   250 
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 251 

Figure S7. First motion analysis for all deep earthquakes (a~e) used in this study. 252 

The fault planes are from National Research Institute for Earth Science and 253 

Disaster Resilience (NIED). Red dots represent Hi-net stations used in the inter-254 

source interferometry. Black crosses and circles indicate negative and positive 255 

polarities identified on F-net seismograms respectively.256 
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 257 

Figure S8. Oceanic crust fails to reproduce observed inter-source interferometry results. 258 

(a). Slab profile and source-receiver configuration. The grey and cyan area represent the 259 

slab and crust respectively. The crust is 8 km thick with 8% reduction in velocity and density. 260 

Synthetic waveforms at three virtual receivers (magenta triangles) are calculated for cases 261 

of deep earthquakes (purple stars) inside and outside the crust. (b). 0.2~2 Hz waveform 262 

comparison between observations (black) and synthetics (red). The red solid lines and red 263 

dashed lines indicate synthetics for cases of deep earthquake inside and outside the crust 264 

respectively.  265 
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 266 

Figure S9. Frequency dependence of the inter-source interferometry. (a). Slab profile and 267 

source-receiver configuration. The gray and cyan region represent the slab and MOW 268 

respectively. The MOW model (8 cm/yr, 30 Ma; Tmow=664°C) is the same as that in Figure 269 

3a with a thickness of 29 km at 410-km depth. The P-wave velocity within MOW decreases 270 

5%. A virtual linear array (magenta triangles) is placed from the slab upper interface toward 271 

the slab center at a depth of 359 km. Deep earthquake D1 (purple star) is within MOW 272 

with a depth of 580 km. (b). Record section of 0.2~2 Hz waveforms for the virtual array. (c). 273 

Similar to (b). but for 0.2~5 Hz waveforms. Note the rapid change of 0.2~5 Hz waveforms 274 

(shown in green) at the distance range of 50~70 km (from receiver A to D), while 0.2~2 Hz 275 

waveforms are kept the same. (d).~(e). are the snapshots of simulated wavefield from deep 276 

earthquake D1 to receiver A~D respectively. The spitting waveforms recorded at stations 277 

A and B are marked by arrows.  278 
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 279 

Figure S10. 0.2~5 Hz inter-source interferometry benchmark results for event pairs: (a). 280 

D1-S1, (b). D1-S2 and (c). D1-S3. The lower panel shows the coda wave cross-correlation 281 

record section of a linear array on the surface (Figure S3a). The upper panel is the 282 

waveform comparison between stacked (black) and synthetic (red) strain response. (d). 283 

Focal mechanism sensitivity tests for event pairs D1-S1/S2/S3. The black and red 284 

waveforms are the stacked and synthetic strain waveforms for the NIED focal mechanism 285 

solutions of S1/S2/S3. The orange and green waveforms represent the stacked cross-286 

correlations for perturbing (±)15° in strike, dip and rake of NIED solutions respectively. 287 

Note that 15° variation in S1, S2 and S3 focal mechanisms barely changes the obtained 288 

strain waveform shapes   289 
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 290 

Figure S11. Inter-source interferometry results at 0.2~5 Hz. Similar to Figure S5 but for 291 

the frequency band of 0.2~5 Hz.  292 
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 293 

Figure S12. Bootstrapping tests of the 0.2~5 Hz inter-source interferometry results from 294 

all six deep earthquakes pairs (a~f). The red waveforms are the stacked cross-correlations 295 

and gray dashed lines indicate the noise level. The number of stacked cross-correlations 296 

are noted in the top right corner. Note that the splitting waveforms can not be alternatively 297 

interchanged with a single phase within two standard deviations.  298 
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 299 

 300 

Figure S13. 5 Hz waveform comparison of observations (black) and synthetics (red) with 301 

different P-wave velocity anomalies within MOW for (a). D1-S1 pair, (b). D1-S2 pair and (c). 302 

D1-S3 pair. The velocity perturbation is indicated in the left of each trace. Note that 303 

synthetics with a P-wave perturbation of -4%~-5% generally fit observations. 304 

305 
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 306 

Figure S14. 5Hz waveform correlation coefficients between observations and synthetics 307 

as a function of Tmow. Taking 5% reduction from our max correlation coefficient as the 308 

threshold (blue dashed line), the allowed Tmow ranges from 658°C to 668°C corresponding 309 

to a MOW thickness of 28~30 km at 410-km and gradually diminishes to a depth of 600 310 

~ 620 km.  311 
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 312 

Figure S15. Trade-off between thermal modeling parameterizations and cut-off 313 

temperature (Tmow). (a). Slab profile with different MOW geometries. The cyan region 314 

represents our proposed model (8 cm/yr, 30 Ma; Tmow=664°C) in Figure 3a. The red solid 315 

line and red dashed line indicate suggested MOW geometries for a slab with a subducting 316 

velocity of 8 cm/yr and thermal evolution time of 25 Ma, and a slab with a subducting 317 

velocity of 9 cm/yr and thermal evolution time of 30 Ma respectively. The slab subducting 318 

velocity, thermal evolution time and kinetic cut-off temperature (Tmow) for each scenario 319 

are shown in the upper left corner. Note that although Tmow differs tens of degrees, the 320 

overall dimensions are nearly invariant. (b). 0.2~5 Hz waveform comparison of 321 

observations (black) and synthetics (red) with different MOW models shown in (a).322 
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 323 

Figure S16. (a). Slab profile with different MOW geometries. The black dashed line 324 

denotes our thermal modeling based best fitting model (Tmow=664°C). The thickness of 325 

MOW gradually reduces to 10 km (green, Model 1), 20 km (orange, Model 2) and 30 km 326 

(brown, Model 3) at ~600 km from a thickness of 29 km at 410-km depth. (b). The 327 

waveform comparison of synthetics and observations for Model 1 at 0.2~2 Hz and 0.2~5 328 

Hz. (c). and (d). are similar to (b) but for Model 2 and Model 3 respectively. Thicker MOWs 329 

at 600 km (Model 2 and Model 3) fail to reproduce the 2Hz and 5Hz observations for event 330 

pairs D1/D2-S2/S3. 331 

  332 
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Method Study area 
Thickness at 

410-km [km] 

Depth 

extend [km] 
Reference 

Traveltime inversion SW. Japan N/A ~500† 
Iidaka & 

Suetsugu, 1992 

Traveltime inversion Japan Sea 50 560 Jiang et al., 2008 

Traveltime inversion Japan Sea 50 570 
Jiang & Zhao, 

2011 

Traveltime inversion N. Japan Sea N/A 580 Jiang et al., 2015 

Receiver function SW. Japan ~25† ~450† 
Kawakatsu & 

Yoshioka, 2011 

Coda wave duration N. Japan Sea 50 600 
Furumura et al., 

2016 

Deep double 

seismic zone 
SW. Japan 10~20† <500† 

Iidaka & 

Furukawa, 1994 

Deep double 

seismic zone 
Fiji-Tonga 20~40† 460† Wiens et al., 1993 

Teleseismic 

waveform 
Mariana N/A 630 

Kaneshima et al., 

2007 

†: values are not given in the literature, inferred from the figures or contexts. 333 

Table S1. Comparison of metastable olivine wedge geometry proposed from previous 334 

seismic studies. The light green rows are proposed MOW geometries at other subduction 335 

zones.   336 
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Source Mechanism Strain Components 

45 degree dip slip 𝑒𝑧𝑧 − 𝑒𝑦𝑦 

Vertical dip slip −𝑒𝑦𝑧 − 𝑒𝑧𝑦 

Vertical strike slip −𝑒𝑥𝑦 − 𝑒𝑦𝑥 

Isotropic explosion 𝑒𝑥𝑥 + 𝑒𝑦𝑦 + 𝑒𝑧𝑧 

 337 

Table S2. Combinations of strain components measured for difference source 338 

mechanisms. Here we take coordinates (x,y,z) at the source as (North, East, Down).  339 
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Event ID YYYY/MM/DD 
Magnitude 

[mb] 
Depth [km] Longitude Latitude 

D1 2009/08/10 4.8 580±7.8 130.58±0.09 43.52±0.09 

D2 2011/01/07 4.8 561±9.6 131.04±0.09 43.02±0.09 

S1 2010/02/05 5.0 359±6.1 135.78±0.09 40.64±0.09 

S2 2012/07/17 4.4 353±9.6 135.56±0.09 41.18±0.09 

S3 2017/11/25 N/A 380±9.6 135.28±0.09 41.70±0.09 

 340 

Table S3. Earthquake origin date, magnitude and relocation results for earthquakes used 341 

in our inter-source interferometry study. The earthquake date and magnitude information 342 

are from ISC-EHB catalog. 343 
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