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Summary

Due to complex three-dimensional (3D) heterogeneous structures, conventional one-
dimensional (1D) analysis techniques using onshore seismograms can yield incorrect
estimation of earthquake source parameters, especially dip angles and centroid depths of
offshore earthquakes. Combining long-term onshore seismic observations and numerical
simulations of seismic wave propagation in a 3D model, we conducted centroid moment
tensor (CMT) inversions of earthquakes along the Nankai Trough between April 2004 and
August 2019 to evaluate decade-scale seismicity. Green’s functions for CMT inversions of
earthquakes with moment magnitudes of 4.3—6.5 were evaluated using finite-difference
method simulations of seismic wave propagation in the regional 3D velocity structure model.
Our CMT solutions were generally better than those in the catalogue based on regional 1D
analysis, especially for offshore earthquakes. By introducing the 3D structures of the low-
velocity accretionary prism and the Philippine Sea Plate, dip angles and centroid depths for
offshore earthquakes were well-constrained. Our 3D CMT catalogue and published slow
earthquake catalogues depicted spatial distributions of slip behaviours on the plate boundary
along the Nankai Trough. The regular and slow interplate earthquakes were separately
distributed, with these distributions reflecting the heterogeneous distribution of effective
strengths along the Nankai Trough plate boundary. By comparing the spatial distribution of
seismic slip on the plate boundary with the slip-deficit rate distribution, regions with strong

coupling were clearly identified.

Keywords:
Nankai Trough, seismicity, centroid moment tensor inversion, heterogeneous structure, finite-

difference method



53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85

This is an as-yet, not peer reviewed preprint that has been submitted to Geophys. J. Int.

1. Introduction

The earthquake focal mechanism is one of the most important parameters characterising
earthquake faulting. Focal mechanisms and their spatial distributions are important for
evaluating tectonic/local stress and strain fields (e.g. Townend & Zoback 2006, Terakawa &
Matsu’ura 2010, Saito ef al. 2018). To determine focal mechanisms, first-P or S polarisation
inversion (e.g. Hardebeck & Shearer 2002, Thurber ef al. 2006, Shelly et al. 2016) and
waveform-based centroid moment tensor (CMT) inversion (e.g. Dziewonski ef al. 1981,
Kanamori & Rivera 2008, Vallée et al. 2011, Ekstrom ef al. 2012) techniques have been
widely used in the world. One-dimensional (1D) Earth models are assumed in typical focal
mechanism determination methods. In regions with complex three-dimensional (3D)
heterogeneous structures, first-motion solutions using the 1D Earth model systematically
show mis estimations (e.g. Takemura et al. 2016). Although CMT methods based on long-
period (> 10 s) waveforms can be applicable only for moderate-to-large earthquakes due to
signal-to-noise problems for long-period components, their evaluations of source parameters
are generally robust against structural heterogeneities in comparison to first-motion solutions.

Along the Nankai Trough, megathrust earthquakes have repeatedly occurred at intervals of
100-150 years (e.g. Ando 1975). Evaluating seismicity around this region is important for
contributing to the understanding of megathrust earthquakes, such as evaluating stress
accumulation/release processes on plate boundaries. In Japan, regular and slow earthquakes
have been systematically monitored by the seismic networks of the Monitoring of Waves on
Land and Seafloor (MOWLAS; https://doi.org/10.17598/NIED.0009) operated by the
National Research Institute for Earth Science and Disaster Resilience (NIED; Okada et al.

2004). According to the combined earthquake catalogues of the International Seismological
Centre-Global Earthquake Model (ISC-GEM; Storchak ef al. 2013), the Japan Meteorological
Agency (JMA), and the NIED F-net (Fukuyama ef al. 1998, Kubo ef al. 2002), the seismicity
of regular earthquakes along the Nankai Trough, especially interplate earthquakes, is quite
low. Figure 1 shows the spatial distribution of regular earthquakes with moment magnitudes
(Mw) of 4.3—6.5 that occurred from April 2004 to August 2019, as listed in the F-net moment
tensor (F-net MT) catalogue. A few shallow offshore earthquakes occurred in the Tonankai
and Nankai regions and their focal mechanisms in the F-net catalogue were not characterised
by low-angle thrust faulting. In other words, no earthquakes suggesting faulting on the plate
boundary around the Tonankai and Nankai regions are listed in the F-net MT catalogue.

On 1 April 2016, the Mw 5.8 earthquake, called “2016 southeast off the Kii Peninsula
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earthquake”, occurred in the Tonankai region (marked A in Figure 1). The F-net MT solution
of this earthquake was characterised by high-angle (38°) reverse faulting below the upper
surface of the Philippine Sea Plate, indicating it was an intraslab earthquake. However, a
detailed analysis of this earthquake revealed that it could be modelled by a low-angle thrust
faulting at a depth of approximately 10 km, suggesting seismic slip along the plate boundary
(e.g. Wallace et al. 2016, Nakano, Hyodo, et al. 2018, Takemura, Kimura, ef al. 2018).
Source models suggested in these studies were also consistent with a model based on
observed tsunami data (Kubota et al. 2018). In regions with a thick accretionary prism,
characteristics of surface wave propagation are significantly affected by a low-velocity
accretionary prism (e.g. Shapiro et al. 1998, Furumura ef al. 2008, Nakamura et al. 2015,
Volk et al. 2017, Gomberg 2018, Kaneko ef al. 2019). Thus, the focal mechanisms of other
offshore earthquakes along the Nankai Trough could be incorrectly estimated using
conventional 1D regional MT inversion, even for long-period displacements. Indeed, shallow
very low frequency earthquakes along the Nankai Trough have been interpreted as low-angle
thrust faulting on the plate boundary by using offshore seismic observations (e.g. Sugioka et
al. 2012, Nakano, Hori, et al. 2018), but their focal mechanisms based on 1D analysis of
onshore observations were high-angle reverse faulting mechanisms within the accretionary
prism (Ito & Obara 2006). To evaluate seismic activity along the Nankai Trough more
precisely, offshore earthquakes listed in the previous 1D catalogues require re-analysis.

Parallel simulation codes of seismic wave propagation (e.g. Gokhberg & Fichtner 2016,
Maeda et al. 2017) and 3D seismic velocity structure models (e.g. Nishida ez al. 2008,
Eberhart-Phillips ef al. 2010, Koketsu et al. 2012) enable the simulation of Green’s functions
propagating through realistic 3D Earth models (hereafter called ‘3D Green’s functions’),
which have been used to develop CMT inversions (e.g. Ramos-Martinez & McMechan 2001,
Lee et al. 2013, Hejrani et al. 2017, Okamoto et al. 2018, Takemura, Kimura, ef al. 2018,
Takemura, Matsuzawa, et al. 2018, 2019, Wang & Zhan 2019). Although the resolution of
detailed source characteristics for offshore earthquakes deriving using the 3D CMT method
and onshore seismograms are limited compared to those using offshore observations, these
methods provide similar focal mechanisms and centroid locations. Thus, offshore seismic
activity, including earthquakes before offshore seismic observations, can be effectively
evaluated.

To investigate the decade-scale seismicity of offshore earthquakes along the Nankai

Trough, we re-evaluated focal mechanisms based on CMT inversion using 3D Green’s
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function datasets, which were evaluated by numerical simulations of seismic wave
propagation in a regional 3D velocity structure model. Then, to investigate spatial variation in
slip behaviours on the plate boundary along the Nankai Trough, we compared the spatial
distribution of focal mechanisms based on the 3D CMT technique with the spatial
distribution of slip-deficit rates (Noda et al. 2018), slow slip events (SSEs; Miyazaki et al.
2006, Nishimura et al. 2013, Kobayashi 2014, Takagi et al. 2016, 2019, Yokota & Ishikawa
2019), shallow low-frequency tremors (LFTs; Yamashita ef al. 2015), shallow very low-
frequency earthquakes (VLFEs; Takemura, Noda, ef al. 2019), and the 1968 Hyuga-nada
earthquake (Yagi et al. 1998).

2. Data and Methods

We used three-component velocity seismograms of F-net (National Research Institute for
Earth Science and Disaster Resilience 2019), the sensors of which have been systematically
monitored (Kimura ef al. 2015). To conduct CMT inversion of the target earthquakes, we
applied a band-pass filter with passed periods of 25—100 s to velocity seismograms. We
selected a 25—-100 s period band because ground motions for periods of 8-20 s are
significantly affected by internal structures of the accretionary prism along the Nankai
Trough (e.g. Nakamura et al. 2015, Guo et al. 2016, Takemura, Kimura, et al. 2018,
Takemura, Kubo, ef al. 2019). We obtained displacement waveforms by calculating time
integration of each filtered velocity record. The target earthquakes occurred within the region
of assumed source grids (grey crosses in Figure 2) between April 2004 and August 2019, and
values of Mw in the F-net catalogue ranging from 4.3 to 6.5. According to the signal-to-noise
ratios for the target period band, the magnitude range of the analysed earthquake was
determined by trial and error. Source grids were uniformly distributed at horizontal intervals
of 0.1°. Depths of source grids ranged from 6 to 50 km at an interval of 2 km. The total
number of source grids was 61,433.

Green’s functions were evaluated by solving equations of motion in the 3D viscoelastic
medium model based on the finite-difference method (FDM) simulations. The 3D simulation
model covered an area of 900 x 1,000 x 100 km?, which was discretised by grid intervals of
0.5 km in the horizontal direction and 0.2 km in the vertical direction. We used a parallel
simulation code of OpenSWPC (Maeda et al. 2017), which includes the reciprocal calculation
mode for effectively evaluating Green’s functions. The reciprocal calculation has proved very

useful in the case that the number of seismic source grids is significantly larger than the
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number of seismic stations (e.g. Eisner & Clayton 2001, Petukhin ef al. 2016, Hejrani et al.
2017, Okamoto et al. 2018). We obtained a total of approximately 35,000,000 Green’s
function SAC files from 61,433 source grids to 32 F-net stations (black and blue filled
triangles in Figure 2) via 96 reciprocal FDM calculations. The source time function of each
Green’s function was the Kiipper wavelet with a duration of 1 s.

The 3D velocity model of Koketsu et al. (2012) was used, as it has been widely applied in
studies of seismic ground motions across Japan (e.g. Iwaki et al., 2018; Miyazawa, 2019;
Park & Ishii, 2018; Takemura et al., 2017). The topography model in our simulations was the
ETOPO1 model (Amante & Eakins 2009). The P- and S-wave velocities and density (Vp, Vs
and p) in the seawater layer were 1.5 km/s, 0.0 km/s and 1.04 g/cm?, respectively. The air
column was modelled as a vacuum with Vp of 0.0 km/s, Vs of 0.0 km/s and p of 0.001 g/cm?.
The minimum Vs in the solid column of 1.5 km/s was assumed. Simulations were conducted
using the computer system of the Earthquake and Volcano Information Center at the
Earthquake Research Institute, the University of Tokyo. Each simulation required 385
GBytes of computer memory and a wall-clock time of 2.5 hours and was performed using
parallel computing with 432 cores to evaluate seismic wave propagation of 200 s with 20,000
time-step calculations. According to our grid and model settings, our FDM simulation can
precisely evaluate long-period (> 10 s) seismic wave propagation.

Examples of Green’s functions are illustrated in the right panels of Figure 2. The source
(red star) was located at a depth of 10 km, near the plate boundary. We employed the
Cartesian coordinate system of Aki & Richards (2002), where x, y, and z are taken as north,
east, and down, respectively. Due to the low-velocity accretionary prism and seawater,
durations of surface waves were amplified and elongated. In particular, where My, = 1.0 (i.e. a
pure strike-slip with strike angle of 0°, dip angle of 90°, and rake angle of 0°), Love waves in
horizontal components were strong and long. We assumed six-element moment tensors for
the CMT inversions, which includes five double couple and an isotropic moment tensors (e.g.
Kikuchi & Kanamori 1991).

In the CMT inversions, we basically used Green’s functions at F-net stations within
epicentral distances of 100400 km from the initial epicentre. The initial epicentre was
obtained from the F-net MT catalogue. In cases where earthquake Mw < 4.5, we selected a
distance range of 100-350 km due to the signal-to-noise ratio of the observed waveforms for
the analysed period. We visually checked the filtered displacement waveforms and discarded

noisy ones. Centroid location and time of the analysed earthquake were determined using grid
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search inversion (e.g. Lee et al., 2014; Takemura, Matsuzawa, et al., 2019; Tsuruoka et al.,
2009). Because the analysis period range was longer than the source durations of target
earthquakes with Mw = 4.3-6.5, we did not estimate source durations of these events. A set of
Green’s functions at the source grids, which were located in a + 0.4° region from the initial
epicentre and were distributed at depths of 650 km, was selected for the grid search
inversion.

The CMT inversions were conducted for each selected source grid every 1 s from three
minutes before the origin minute as recorded in the F-net catalogue. We used a 200-s time
window for each CMT inversion. After CMT inversion at all of the selected source grids, to
identify the optimal solution, we evaluated variance reductions (VRs) between the observed
and synthetic displacement seismograms for periods of 25—100 s. The VR could then be
evaluated using the following equation:

50 [ (ufrs () — u™ (@) dt
VR =|1- x 100 [%] (1)

515, S (uf> ) de

. . Syn. . .
where Ny is the number of stations and u??S and u; Y™ are the time-series of observed and

synthetic displacements, respectively. If observed and synthetic seismograms are perfectly
matched, VR is 100 %. The solution with the maximum VR was considered the optimal
solution, providing the optimal centroid location, depth, time, focal mechanism, and seismic
moment of each earthquake. In the case that the optimal solution was located at the edges of
the initial assumed grid set, we performed the CMT inversion again using Green’s functions
for a broader source grid dataset. Our grid search CMT inversion required approximately 15—

20 minutes using a typical, single-core desktop machine.

3. Results

We obtained a total of 215 CMT solutions for moderate earthquakes that occurred between
April 2004 and August 2019. We discarded the solutions with a maximum VR of less than
20%. Our 3D CMT catalogue was described in Global CMT (GCMT) format and listed in the
Supplementary data (Table S1). The size distribution and magnitude-time diagram of our 3D
CMT catalogue are shown in Figures S1 and S2. We note that the optimal solutions at the
edges of assumed all source grids may include some shifts outside the edges of the assumed
source grids (Figure 2). These earthquakes (at grid edges) were concentrated around southern
Kyushu and eastern edge of 1zu.

Figures 3 and 4 show examples of CMT solutions for southeast off the Kii Peninsula
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earthquake (1 April 2016) and the Hyuga-nada earthquake (10 May 2019), respectively. In
our previous study (Takemura, Kimura, ef al. 2018), the 2016 southeast off the Kii Peninsula
earthquake was also analysed. The epicentre location and origin time were fixed in the
previous study. We re-analysed this earthquake via full 3D CMT inversion, which estimates
centroid location, depth, time, and moment tensor. The F-net MT solution of this earthquake
was a high-angle (38°) reverse faulting mechanism (grey focal sphere in Figure 3). Its
optimal solution is a Mw 5.9 low-angle (10.1°) thrust faulting at a depth of 10 km (Figure 3),
where the plate boundary closely exists (e.g. Kamei et al., 2012; Park et al., 2010). The
synthetic seismograms of the optimal solution corresponded well with the observations. The
depth variation of VRs illustrated a clear peak around the optimal depth. The centroid depth
of this earthquake was well constrained by our CMT inversion. Takemura, Kimura, et al.
(2018) numerically demonstrated that the low-velocity accretionary prism just above the
seismic source—which controls long-period surface wave propagation—provides a better
constraint on the centroid depth. According to the estimated focal mechanism and centroid
depth, this earthquake was considered as the faulting on the plate boundary. Furthermore, the
CMT result was consistent with models estimated by offshore observations (Wallace ef al.
2016, Kubota ef al. 2018, Nakano, Hyodo, et al. 2018).

Figure 4 shows the results of the CMT inversion and waveform fitting for the off the
Hyuga-nada earthquake on 10 May 2019. The F-net MT solution was also a high-angle (33°)
reverse faulting. The optimal CMT solution indicated a Mw 6.2 low-angle (15.6°) thrust
faulting. The dip angle agreed well with that of the Philippine Sea Plate around this
earthquake (e.g. Nakajima & Hasegawa 2007, Koketsu ef al. 2012). The synthetic waveforms
also corresponded well to observed ones. Although the optimal depth (26 km) was
determined to be close to the upper surface of the Philippine Sea Plate (approximately 27
km), a high VR (> 80%) area was found within a wider depth range (16—32 km). Because the
depth of this earthquake was deeper than the 2016 southeast off the Kii Peninsula earthquake,
the effects of the low-velocity accretionary prism might not have been so strong. Thus, the
depth resolution of the CMT solutions might not be good when compared to the case of the
2016 southeast off the Kii Peninsula earthquake. To constrain the hypocentre depth more
sharply, additional data, such as shorter-period (~ 4 s) first-arrival P-wave waveforms, would
need to be considered (e.g. Okamoto et al. 2018, Takemura, Kimura, ef al. 2018, Wang &
Zhan 2019).

Figure 5 shows a comparison of the estimated focal mechanisms for the F-net and our 3D
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CMT catalogues. Our CMT solutions of earthquakes in onshore regions were not
significantly different from the F-net ones. However, our CMT solutions differed to those
based on 1D analysis. In particular, dip angles and centroid depths of offshore earthquakes—
which are important for distinguishing interplate and intraslab earthquakes—were different.
This was clearly illustrated in detailed comparisons of seismicity southeast off the Kii
Peninsula and off the Hyuga-nada (Figures 6, 7, S3, and S4). The dip angles of offshore
earthquakes that occurred outside of onshore seismic arrays were poorly estimated by the
conventional 1D CMT inversion due to the lack of the subducting oceanic plate and the
accretionary prism (e.g. Takemura, Kimura, et al. 2018, Takemura, Matsuzawa, et al. 2018).

We focused our attention on seismicity southeast off the Kii Peninsula and the Hyuga-nada
(local names are illustrated in Figure 1), where seismic activities are relatively high in the
Nankai subduction zone. Figure 6 shows spatial distributions of the CMT solutions southeast
off the Kii Peninsula. We also plotted shallow VLFEs in the catalogue of Takemura,
Matsuzawa, et al. (2019) as grey focal spheres. Shallow VLFEs, which were characterised by
low-angle thrust faulting, were concentrated near the trench. In the region with shallow
VLFE active, no CMT solution suggesting slip on the plate boundary was estimated. On the
down-dip side of the shallow VLFE region, a low-angle thrust faulting mechanism was
estimated at a depth near the plate boundary (along profile A in Figure 6). This earthquake is
the 2016 southeast off the Kii Peninsula earthquake (Figure 3). Almost all of the other
earthquakes plotted in Figure 6 are aftershocks of the 2004 Mw 7.5 intraslab earthquake that
occurred on 5 September 2004 southeast off the Kii Peninsula. Our CMT solutions of these
aftershocks were separately distributed at depths within the oceanic crust and mantle (10—15
and 20-30 km depths). This separation corresponded well to the hypocentre depth
distributions of the aftershocks of the Mw 7.5 earthquake as determined using temporal
ocean-bottom seismometers (e.g. Sakai et al., 2005). On the other hand, almost all the
centroid depths of the F-net solutions were concentrated within the crust and oceanic crust
(515 km depths; Figure S3).

Figure 7 shows the spatial distribution of the CMT solutions around the Hyuga-nada
region. Our CMT solutions characterised by low-angle thrust faulting mechanisms were
distributed across the region with average slip rates of approximately 20—40 mm/yr as
inferred from small repeating earthquakes (Igarashi 2010, Yamashita et al. 2012). The
optimal centroid depths of such thrust solutions were concentrated around the plate boundary

(profiles B and C in Figure 7). The dip angles of the F-net MT solutions at depths around the
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282  plate boundary were slightly higher than those of the plate boundary, as shown in Figure S4.
283  This also might have been due to a lack of 3D geometry of the subducting oceanic plate in the
284 1D analysis.

285

286 4. Discussion

287  4.1. Slip behaviours on the plate boundary along the Nankai Trough

288 In order to discuss slip behaviours on the plate boundary, we selected low-angle thrust
289  faulting solutions at depths around the plate boundary from our 3D CMT catalogue. These
290  selected events could be interpreted as seismic slips on the plate boundary. Figure 8 shows
291  the spatial distribution of earthquakes with low-angle (< 25°) thrust faulting solutions at

292  depths around the plate boundary along the Nankai Trough.

293 In Figure 8, we also plotted related seismic activity. The large coseismic slip area of the
294 1968 Mw 7.5 earthquake (Yagi et al. 1998) is indicated by the blue area in Figure 8. The

295  cumulative deep SSE slips in each grid were determined by summing slips of each SSE in
296  each catalogue (Nishimura et al. 2013, Takagi ef al. 2016, 2019). We then evaluated the SSE
297  slip rates by dividing the cumulative SSE slip at each grid by the analysis period of each
298  catalogue. The SSE slip rate indicates the activity of deep, slow earthquakes (e.g. Ito ef al.
299 2007, Obara & Kato 2016). We did not calculate SSE slip rates forof shallow SSEs reported
300 by Yokota & Ishikawa (2019) because the number of detected events was still few at each
301  region. For similar reasons, the long-term SSEs off the Kii Channel (Kobayashi 2014) and
302  Tokai (Miyazaki et al. 2006) regions were also excluded from the SSE slip rate calculation.
303  Thus, we plotted the fault configurations or large slip areas of long-term SSEs and shallow
304  SSEs. We also plotted shallow LFTs (Yamashita ef al. 2015) and shallow VLFEs (Takemura,
305 Noda, et al. 2019) as indicators of shallow, slow earthquake activity. The spatial distribution
306  of slip-deficit rates from GNSS and GNSS-A observations by Noda et al. (2018), is plotted
307  using blue contour lines in Figure 8.

308 At deeper depths (30—40 km), deep slow earthquakes were active, especially in areas with
309  high SSE slip rates, but no interplate regular earthquakes were found. Although SSEs were
310 not removed in the slip-deficit rate estimation of Noda et al. (2018)—except for long-term
311  SSEs at the Bungo Channel—the regions with deep SSEs were characterised by low (2040
312  mm/y) slip-deficit rates. At shallower depths (< 30 km) in the offshore region, regular

313  earthquakes, slow earthquakes, and high (> 60 mm/y) slip-deficit zones were separately

314  distributed. Similar separation of the repeating earthquakes, slow earthquakes, and large
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coseismic slip areas of megathrust earthquakes at shallower depths were observed in the
regions of Tohoku (e.g. Matsuzawa et al. 2015, Nishikawa et al. 2019, Tanaka et al. 2019),
Central Ecuador (e.g. Rolandone ef al. 2018, Vaca et al. 2018) and Costa Rica (e.g. Dixon et
al. 2014). In particular, Nishikawa et al. (2019) pointed out that slow earthquakes were
complementarily distributed in the regions surrounding the large coseismic slip area of the
2011 Mw 9.0 Tohoku earthquake. Takemura, Noda, et al. (2019) pointed out that shallow,
slow earthquakes cluster or migrate due to the existence of pore fluid in the transitional
regions between high-strength and low-strength zones of the plate boundary. According to
these previous studies and our observations, we suggest that the observed separation between
slip behaviours on the plate boundary along the Nankai Trough are related to the
heterogeneous distribution of effective strengths on the plate boundary, which is controlled by

the frictional coefficient, pore fluid pressure, and normal stress.

4.2. Regional 3D CMT inversions for the Mw 7.2 and 7.5 earthquakes southeast off the

Kii Peninsula

We conducted 3D CMT inversions of offshore earthquakes with Mw of 4.3—6.5. During
the analysis period (April 2004 to August 2019), Mw 7.2 and 7.5 intraslab earthquakes occurred
southeast off the Kii Peninsula on 5 September 2004. Because typical Mw 7 class earthquakes
have rupture durations of 3050 s and fault areas of 1000-5000 km? (e.g. Kanamori & Brodsky
2004, Vallée & Douet 2016), precise source parameter estimation for such earthquakes is
difficult based on our assumptions of the CMT inversion. We, therefore, tested the CMT
inversion of the Mw 7.2 and 7.5 southeast off the Kii Peninsula earthquakes. Because amplitude
saturation of F-net broadband seismometers occurs for regional large earthquakes, we used F-
net strong motion seismometers, which have a large clip level and a similar frequency response
to STS-2 seismometers. We selected F-net stations with distances of 200-500 km from the
initial epicentre, which were slightly far from the original CMT settings (100—400 km).

Figures 9 and 10 show the results of CMT inversions for the Mw 7.2 and 7.5 earthquakes
southeast off the Kii Peninsula, respectively. Detailed estimated parameters are also listed in
Table S2. Signal-to-noise ratios were enough high compared to smaller (Mw < 4.5)
earthquakes in this study but the VRs were low compared to those of moderate earthquakes.
The synthetic waveforms roughly corresponded to the observed ones (Figures 9b and 10b).
Due to the assumptions of a point source and simple-source time function, detailed
characteristics of the observed waveforms were not successfully reproduced. Furthermore,

the high (> 66%) VR areas were wider than the CMT results for moderate earthquakes within

the same region (Figure 3). This suggests the likely complexity of the rupture processes and
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the source extents for the Mw 7.2 and 7.5 earthquakes. Estimated moment magnitudes were
slightly smaller than those of the GCMT catalogue as a result of analysed period and the
deeper centroid depths.

We also compared our CMT result for the Mw 7.2 earthquake with the finite-fault model
(Okuwaki & Yagi 2018) conducted using teleseismic records based on Yagi & Fukahata
(2011). Our horizontal centroid location was very close to an area with a large (> 3 m)
coseismic slip (Figure 11). The depths of such large coseismic slips in the finite fault model
ranged from 9 to 18 km but the optimal centroid depth of the 3D CMT inversion was 26 km.
The finite fault model of Okuwaki & Yagi (2018) was conducted using teleseismic records
and the 1D Earth model. Although this approach provides robust solutions in earthquake
faulting models, depth resolutions are generally limited compared to regional analysis (e.g.
see Figure 4 in Koketsu et al. 2011). According to the hypocentre determinations derived
using ocean-bottom seismometers (Sakai et al. 2005, Nakano et al. 2015), the hypocentres of
aftershocks due to the Mw 7.5 earthquake were distributed at depths of approximately 10-30
km. Based on this and the fault dimensions of the Mw 7.2 earthquake, we considered that the

extension of seismic slips at depths of approximately 26 km might be possible.

5. Conclusion

We conducted 3D CMT inversions of moderate earthquakes along the Nankai Trough
using the regional 3D Green’s function dataset. By introducing 3D heterogeneities, our CMT
method based on onshore seismograms provided better constrained focal mechanisms and
centroid depths compared to regional 1D analysis of the F-net MT catalogue. Although no
suggestive interplate earthquakes are listed in the 1D catalogue, some low-angle thrust
faulting solutions at depths around the plate boundary were confirmed by our 3D CMT
catalogue. By using our 3D CMT catalogue and previously published slow earthquake
models, we illustrated the spatial distribution of slip behaviours on the plate boundary along
the Nankai Trough. Regular interplate earthquakes and slow earthquakes were separately
distributed on the plate boundary. These separated distributions might reflect the
heterogeneous distribution of effective strength on the plate boundary. The gap zones of both
regular interplate and slow earthquakes were found in the Nankai, Tonankai, and Tokai
regions. These were the regions with large (> 60 mm/y) slip-deficit rates, where the plate
boundary can be strongly coupled.

The regional CMT inversion of earthquakes with Mw > 7 was generally difficult due to
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their fault size and the amplitude saturation of the broadband sensors. CMT inversions for the
2004 Mw 7.2 and 7.5 intraslab earthquakes southeast of the Kii Peninsula were performed
using the regional broadband strong motion sensors of F-net. Although signal-to-noise ratios
of the observed displacements were enough good, the waveform fittings of the Mw 7.2 and
7.5 intraslab earthquakes were not good compared to those of typical moderate earthquakes
due to fault sizes and the rupture complexity. However, the estimated focal mechanisms were
very similar to those in the GCMT catalogue. Our grid search CMT inversion required
approximately 15-20 minutes to run using a single-core desktop computer. This offers
potential advantages for CMT-based tsunami warning systems (e.g. Reymond et al. 2012,
Miyoshi ef al. 2015, Inazu et al. 2016).

The detailed rupture processes of the Mw 7.2 and 7.5 earthquakes remain unclear. The
regional seismic data and 3D Green’s functions may provide additional constraints for large
offshore earthquakes. The finite fault modelling based on the 3D Green’s functions is an

important but challenging issue that requires particular attention in future studies.
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Figure 1. Map of the study region. The black contour lines are the iso-depth contour lines of
the upper surface of the Philippine Sea Plate of Koketsu ef al. (2012). Focal mechanisms
are the moment tensor (MT) solutions of regular earthquakes with Mw of 4.3—6.5 in the
F-net catalogue (Fukuyama et al. 1998, Kubo et al. 2002) that occurred in the area with
latitudes less than 34.8°N, longitudes greater than 130.5°E, and at depths of less than 50
km. The periods of plotted MT solutions range from April 2004 to August 2019. The blue
hatched areas represent the expected source region of the Nankai and Tonankai
earthquakes (Earthquake Research Committee, 2001, available at:

http://www.jishin.go.jp/main/chousa/01sep_nankai/index.htm). The earthquake marked A

is the Mw 5.8 southeast off Kii Peninsula earthquake that occurred on 1 April 2016.
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Figure 2. Calculation settings used in the study were the blue dashed line represents the
horizontal coverage of the simulation model region. The triangles and crosses in the map
denote the locations of the F-net stations and the assumed source grids, respectively.
Green’s functions from the source grids to the black-fill and blue-fill triangles were
evaluated via reciprocal calculations using OpenSWPC code (Maeda ef al. 2017). The
right-hand panels show examples of filtered displacements of Green’s functions from a
certain hypocentre (red star) to the N.UMIJF station (blue triangle). The filter passed band
ranged from 25 to 100 s.
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Figure 3. CMT results for the southeast off Kii Peninsula earthquake that occurred on 1 April

2016. (a) Locations of the optimal solutions, used stations, and depth variations of

optimal solutions at each source grid. Colours of the focal mechanisms reflect values of

variance reduction between observed and synthetic displacements for 25—100 s periods.

The numbers above the optimal solutions in (a) are the optimal centroid depths. The grey

focal mechanism in (a) is the F-net MT solution of this earthquake. (b) Comparisons of

observed and synthetic displacements for 25—-100 s periods. Grey solid and blue dotted

lines are the observed and synthetic seismograms, respectively. Synthetic seismograms

were evaluated by assuming the optimal solution. Amplitudes of both observed and

synthetic seismograms at each station were normalised by the maximum amplitude of the

observed and synthetic filtered displacements. Detailed source parameters are listed in

Table S1.
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Figure 4. CMT results for the Hyuga-nada earthquake that occurred on 10 May 2019. (a)

Locations of the optimal solutions, used stations, and depth variations of optimal

solutions at each source grid. Colours of the focal mechanisms reflect values of variance

reduction between observed and synthetic displacements for 25—100 s periods. The

numbers above the optimal solutions in (a) are the optimal centroid depths. The grey

focal mechanism in (a) is the F-net MT solution of this earthquake. (b) Comparisons of

observed and synthetic displacements for 25—-100 s periods. Grey solid and blue dotted

lines are the observed and synthetic seismograms, respectively. Synthetic seismograms

were evaluated by assuming the optimal solution. Amplitudes of both observed and

synthetic seismograms at each station were normalised by the maximum amplitude of the

observed and synthetic filtered displacements. Detailed source parameters are listed in

Table S1.
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Figure 6. Spatial distribution of the CMT solutions southeast of the Kii Peninsula. Coloured
focal mechanisms are our CMT solutions. Grey focal mechanisms are the CMT solutions
of shallow VLFEs (Takemura, Matsuzawa, et al. 2019). The right-hand panels show
cross-sections along profiles A-A’, B-B’ and C-C’. The bathymetry of ETOPO1 (Amante
& Eakins 2009), the upper surface, and oceanic Moho of the Philippine Sea Plate
(Koketsu et al. 2012) along each profile are plotted in the right-hand panels.
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The bathymetry of ETOPO1 (Amante & Eakins 2009), the upper surface, and oceanic
Moho of the Philippine Sea Plate (Koketsu et al. 2012) along each profile are plotted in
the right-hand panels.
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Figure 8. Spatial distribution of slip behaviours on the plate boundary along the Nankai
Trough. Plotted focal mechanisms are low-angle thrust faulting solutions at depths
around the plate boundary. The coseismic slip area of the 1968 Mw 7.5 Hyuga-nada
earthquake (Yagi et al. 1998) is shaded in dark blue. SSE slip rates were evaluated from
the combined SSE catalogues (Nishimura et al. 2013, Takagi ef al. 2016, 2019). The pink
circles indicate the epicentres of the shallow LFTs of the Hyuga-nada and the shallow
VLFEs in the Tonankai region referred from Yamashita et al. (2015) and Takemura,
Noda, et al. (2019). The pink shaded and enclosed areas indicate the large slip areas of
long-term SSEs (Miyazaki et al. 2006, Kobayashi 2014) and shallow SSEs (Yokota &
Ishikawa 2019), respectively. The blue contour lines indicate the slip-deficit rates

[mm/yr] on the plate boundary by Noda et al. (2018)
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Figure 9. CMT results for the Mw 7.2 southeast off the Kii Peninsula earthquake that

occurred on 5 September 2004. Grey focal mechanisms are the solutions of the F-net MT

and GCMT catalogues. (a) Locations of the optimal solutions, used stations, and depth

variations of optimal solutions at each source grid. Colours of the focal mechanisms

reflect values of variance reduction between observed and synthetic displacements for

25-100 s periods. The numbers above the optimal solutions in (a) are the optimal

centroid depths. The grey focal mechanism in (a) is the F-net MT solution of this

earthquake; (b) Comparisons of observed and synthetic displacements for 25-100 s

periods. Grey solid and blue dotted lines are the observed and synthetic seismograms,

respectively. Synthetic seismograms were evaluated by assuming the optimal solution.

Amplitudes of both observed and synthetic seismograms at each station were normalised

by the maximum amplitude of the observed and synthetic filtered displacements.

Detailed source parameters are listed in Table S2.
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Figure 10. CMT results for the Mw 7.5 southeast off the Kii Peninsula earthquake that
occurred on 5 September 2004. (a) Locations of the optimal solutions, used stations, and
depth variations of optimal solutions at each source grid. Colours of the focal
mechanisms reflect values of variance reduction between observed and synthetic
displacements for 25—100 s periods. The numbers above the optimal solutions in (a) are
the optimal centroid depths. The grey focal mechanism in (a) is the F-net MT solution of
this earthquake; (b) Comparisons of observed and synthetic displacements for 25-100 s
periods. Grey solid and blue dotted lines are the observed and synthetic seismograms,
respectively. Synthetic seismograms were evaluated by assuming the optimal solution.
Amplitudes of both observed and synthetic seismograms at each station were normalised
by the maximum amplitude of the observed and synthetic filtered displacements.

Detailed source parameters are listed in Table S2.
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Table S1. CMT solutions for all analysed moderate earthquakes.

Depth VR
Centroid time (JST) Lon. Lat. My Moo My M;o My Moy Exp. Mw
[km] [%]
2004-04-20T22:26:31 1323 335 38 -1.357 -1.6975 3.0545 -2.4812 -1.2316 1.3686 22 4.34 67.5
2004-04-21T12:10:42 131.8 31.6 20 0.6864 -0.0375 -0.6489 0.5203 0.6678 -0.2541 23 4.63 68.2
2004-04-21T12:20:53 131.8 31.5 24 1.4508 0.101 -1.5519 0.7083 1.1275 -0.88 23 4.83 78.5
2004-09-06T05:31:03 136.8 334 12 0.1901 -1.3058 1.1157 0.5788 0.5214 2.1794 24 5.55 82.9
2004-09-06T07:48:43 137.1 33.1 20 8.4568 -8.4845 0.0277 -0.1917 -2.1778 -2.2808 22 4.57 359
2004-09-06T08:59:38 136.9 335 14 0.0678 -0.5335 0.4657 0.0528 0.2794 0.9021 23 4.62 72
2004-09-06T11:06:49 137.1 33.6 8 0.3185 1.9433 -2.2618 2.1684 1.7754 -0.2504 22 43 65.6
2004-09-06T11:45:40 137.2 33 10 0.2274 -1.8402 1.6128 -1.0266 -0.1838 1.0249 22 4.17 34.7
2004-09-06T13:49:06 136.8 334 14 -0.1743 -0.7335 0.9078 -0.4744 0.9627 0.8908 22 4.07 46.5
2004-09-06T13:59:29 136.8 335 12 0.0023 -3.4627 3.4604 -0.5306 1.2586 3.9296 22 4.42 77.3
2004-09-06T14:28:53 136.8 335 14 0.3208 -2.9967 2.6759 -1.0328 1.7334 2.6699 22 4.36 61.5
2004-09-06T15:35:46 137 33.1 8 0.4137 -2.4345 2.0208 -0.3197 3.3327 3.4922 22 4.42 66
2004-09-06T15:46:49 136.8 335 14 0.2543 -4.7452 4.4909 -1.6442 3.1665 4.4559 22 4.51 74.4
2004-09-06T15:54:36 136.7 335 16 0.0747 -7.0077 6.933 -1.2333 2.2972 6.3312 22 4.59 80.5
2004-09-06T16:10:06 136.8 334 14 0.0901 -3.5793 3.4892 -2.0548 3.9333 3.2224 22 4.48 77.4
2004-09-06T17:20:33 137.3 332 24 5.9227 -6.1459 0.2233 -1.5096 0.6317 -1.4292 22 4.47 76.1
2004-09-06T18:11:58 136.9 33 16 0.8177 -1.054 0.2362 -0.7249 -0.0274 0.754 23 4.7 78.6
2004-09-06T19:29:19 137.1 332 24 6.406 -8.5764 2.1704 1.9059 -0.0017 -0.7362 22 4.53 68.2
2004-09-06T19:39:48 137.2 33.1 12 1.8829 -5.3833 3.5004 -0.1144 3.0965 0.3394 22 4.44 81.5
2004-09-06T19:59:33 136.6 329 8 0.4562 -1.5261 1.07 1.2246 -0.9694 2.5349 22 4.28 59.1
2004-09-07T01:45:30 136.7 335 14 -0.0595 -0.7935 0.8531 -0.1833 0.3445 0.6876 23 4.64 78.2
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2019-06-19T11:35:45 131.2 31 32 2.5038 -1.4996 -1.0042 1.1971 2.9308 -0.7981 22 4.33 58.6
2019-07-27T02:11:47 131.8 31.6 24 1.7323 -1.5534 -0.1789 1.4295 2.5845 -1.4655 22 4.31 80
2004-04-20T22:26:31 1323 335 38 -1.357 -1.6975 3.0545 -2.4812 -1.2316 1.3686 22 4.34 67.5
Table S2. CMT solutions for the Mw 7.2 and 7.5 earthquakes.
Depth VR
Centroid time (JST) Lon. Lat. M,y Moo My Mo My Moy Exp. Mw
(km] [%]
2004-09-05T19:07:13 136.7 33 26 3.4335 -4.5007 1.0672 -0.1465 0.4235 0.4357 26 7.01 70.9
2004-09-05T23:57:42 137 332 20 0.8675 -1.1077 0.2402 -0.3706 0.1465 0.1220 27 7.29 71.8




