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Abstract

fault zones.

On April 16,2016, Kumamoto prefecture in Kyushu region, Japan, was devastated by a shallow M,,,7.3 earthquake.
The series of foreshocks started by M),,6.5 foreshock 28 h before the mainshock. They have originated in Hinagu fault
zone intersecting the mainshock Futagawa fault zone; hence, the tectonic background for this earthquake sequence
is rather complex. Here we infer centroid moment tensors (CMTs) for 11 events with M, between 4.8 and 6.5, using
strong motion records of the K-NET, KiK-net and F-net networks. We use upgraded Bayesian full-waveform inversion
code ISOLA-ObsPy, which takes into account uncertainty of the velocity model. Such an approach allows us to reliably
assess uncertainty of the CMT parameters including the centroid position. The solutions show significant systematic
spatial and temporal variations throughout the sequence. Foreshocks are right-lateral steeply dipping strike-slip
events connected to the NE-SW shear zone. Those located close to the intersection of the Hinagu and Futagawa fault
zones are dipping slightly to ESE, while those in the southern area are dipping to WNW. Contrarily, aftershocks are
mostly normal dip-slip events, being related to the N-S extensional tectonic regime. Most of the deviatoric moment
tensors contain only minor CLVD component, which can be attributed to the velocity model uncertainty. Neverthe-
less, two of the CMTs involve a significant CLVD component, which may reflect complex rupture process. Decomposi-
tion of those moment tensors into two pure shear moment tensors suggests combined right-lateral strike-slip and
normal dip-slip mechanisms, consistent with the tectonic settings of the intersection of the Hinagu and Futagawa

Keywords: Tectonics, Inverse theory, Waveform source inversion, Centroid moment tensors, Strong motion data,
2016 Kumamoto sequence, Foreshocks and aftershocks, Futagawa and Hinagu faults

Introduction

The 2016 Kumamoto earthquake sequence started on
April 14, 2016, with an Mj\;,6.5 shallow earthquake in
the central part of Kyushu, Japan (see Fig. 1). The seismic
activity continued by weaker events, including Mjy;,5.8
and Mjy,6.4 earthquakes 41 min and 2.6 h after the
first shock, respectively. The mainshock of the sequence
of Mj,7.3 occurred on April 16, 2016 (01:25 of Japan
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and indicate if changes were made.

Standard Time), 28 h after the first earthquake (the yel-
low circle in Fig. 1). The mainshock generated destructive
ground motions in the near-source region, causing severe
damage and casualties. The following aftershocks had
wide spatial distribution across the whole Kyushu with
the strongest event of Mjy;,5.9 that occurred 20 min after
the mainshock. Increased seismic activity in the area
was notable even 2 weeks after the first foreshock, and it
was daily reported by the Japan Meteorological Agency
(JMA). In the 2016 Kumamoto sequence, seven earth-
quakes reached or exceeded instrumental intensity 6— of
the JMA intensity scale which consists of degrees 0, 1, 2,
3,4,5—,5+,6—,6+,7.
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Fig. 1 Spatial and temporal distribution of the Kumamoto earthquake sequence; top panel—map of earthquake's locations inferred by Kato et al.
(2016) for period April 14-May 13, 2016. The size of circles is proportional to the JMA magnitude of the events. Earthquakes with M ;,, magnitude
higher than or equal to 5 are distinguish by color: foreshocks (red), mainshock (yellow) and aftershocks (blue); bottom panel—temporal evolution
of the earthquakes from the map in top panel is showing period from April 14-April 17,2016, when all events with M;,;, magnitude higher than or

This earthquake sequence occurred along the Futa-
gawa—Hinagu fault system, which is one of the major
active fault zones in Kyushu. This shear zone is consid-
ered to be western extension of the Median Tectonic
Line (MTL), the largest tectonic line in southwestern
Japan (e.g., Okada 1980; Kamata and Kodama 1994).
The MTL is an active right-lateral strike-slip fault which
originates at Honshu Island and transects whole Shikoku

Island. Extension of the MTL transects Kyushu at NE—
SW direction, with evidence of right-lateral strike-slip
and extensional movements (Kamata and Kodama 1994).
An area in the central part of Kyushu, located north of
the shear zone, is called the Beppu—Shimabara graben.
It is characterized by many normal faults formed in the
N-S extensional stress regime. According to Kamata and
Kodama (1999), this extension can be related to the effect
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of the Ryukyu Trench and convergence of the Philippine
Sea slab, where it possibly induces seafloor spreading at
the Okinawa Trough. The tectonic stress in Kyushu has
large spatial heterogeneities (Matsumoto et al. 2015). At
Kumamoto area, the minimum principal stress o5 (exten-
sion) is in the N-S direction, and the maximum principal
stress ¢, has similar size as o, (Matsumoto et al. 2015);
therefore, strike-slip and also normal faults are expected
under such stress regime.

The mainshock created more than 30-km-long sys-
tem of co-seismic surface ruptures along the Futagawa—
Hinagu fault system (e.g., Kumahara et al. 2016; Toda
et al. 2016; Shirahama et al. 2016) terminating in the Aso
volcano caldera (e.g., Lin et al. 2016). The surface co-
seismic ruptures were dominated by right-lateral strike-
slips with a secondary normal faulting component. The
normal faulting was dominant especially in the northeast
part of the rupture zone (e.g., Toda et al. 2016). Finite
source models for the mainshock were inverted from
strong motion records (e.g., Asano and Iwata 2016; Kubo
et al. 2016; Hao et al. 2017; Kobayashi et al. 2017; Yoshida
etal. 2017). The inferred models suggest that the M;y;,7.3
event started near the intersection of the Futagawa and
Hinagu faults by right-lateral strike-slip movement; then,
the rupture propagated to the NE along the Futagawa
fault as strike-slip with a normal faulting component.
Finite source models and also static slip models from
geodetic data (Himematsu and Furuya 2016; Fukahata
and Hashimoto 2016) are consistent with field measure-
ments of co-seismic surface ruptures. The source models
introduce two or three segments of the mainshock rup-
ture, but their physical relation to the foreshock ruptures
remains unclear because of the complex tectonic settings
of the intersection of the Futagawa and Hinagu faults.

This study focuses on the point source models of the
significant foreshocks and aftershocks of the Kuma-
moto sequence. The centroid moment tensors (CMTs)
for these events were inferred routinely by JMA and by
National Research Institute for Earth Science and Disas-
ter Resilience (NIED). However, these solutions are not
supplemented by their uncertainty, which is required
when trying to draw conclusions on the physical rela-
tions of ruptures in such case of complex tectonic set-
tings. Here we infer CMTs of the significant foreshocks
and aftershocks and their uncertainty by our novel full-
waveform inversion from strong motion data. The results
are then interpreted in a seismotectonic framework.

Methods

Problem formulation

In the low-frequency point source approximation, the
source is described by the centroid moment tensor
(CMT, Aki and Richards 2002, pp. 49-52). The CMT
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consists of ten parameters: six moment tensor elements
Mpg, location § and time 7. The centroid denotes to tem-
poral and spatial center of the moment tensor density.
Ground displacement u,, at position x and time ¢ gener-
ated by CMT with the source time function Q(¢) is given
for the nth component by

Uun(X, ) = Mpq(§)2(t — 7) * Hypq (X, §, 1), (1)

where star denotes convolution and H,  is the spatial
derivative of Green’s function (GF) representing response
of the medium to a unite force. Eistein summation con-
vention applies.

Kikuchi and Kanamori (1991) proposed to represent
the moment tensor My, (MT), for a given centroid posi-
tion and time, by a linear combination of six elementary
MTs defined therein. Then, discretized Eq. (1) can be
expressed for a given source space—time position i and a
given function () in a matrix form (Tarantola 2005, pp.
62-68),

d; = Gim;, (2)

where d; is a vector of synthetic seismograms and m; is
a vector of six coefficients of the elementary MTs. G; is
a matrix of six columns composed of elementary seis-
mograms, representing ground displacements caused
by elementary MTs placed at position i. The problem is
then linear for a given source space—time position (six
elementary MT coefficients), whereas it is nonlinear for
the other four parameters (location § and time 7).

Bayesian inference of CMT

We apply modification of the Bayesian full-waveform
CMT inversion, ISOLA-ObsPy (Vackar et al. 2017), which
allows for reliable assessment of the solution uncertainty.
In this method, a regular grid of four nonlinear CMT
model parameters (location & and time 7) is considered.
We assume one-column data vector d;, characterized by
Gaussian data errors with covariance matrix Cp, (will be
discussed in the next section). At a given space—time grid
point i, assuming no prior information (i.e., infinite stand-
ard deviation) on the model parameters m;, the posterior
probability density function (posterior PDF) for the MT is
six-dimensional Gaussian function,

1 1 _
PDF;(m;) = Eexp(_i(dobs — Gimy)TCp (dobs — Gimi))~

3)

Parameter ¢ is a constant normalizing the total ten-

dimensional PDF to unity. Note that the term including

prior information on the model parameters (Tarantola

2005, eq. 1.104) is not present in Eq. (3) as it is equal to 1.

After simple algebra, Eq. (3) can be equivalently written
as
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PDF;(m;)
= %exp <_;(mi — 7)) CM T (m; — i) — ;Ci); @)
with
Li = (dobs — Girny) ' Cp (dobs — Giriny), (5)
fit; = (GiTC];lGi)_l (67Cp'daps ), and ©6)
cM = (GiTCBIGi)_l. %)

In Eq. (6), m; corresponds to the least squares solution
of the six model parameters with misfit £; from Eq. (5)
(Tarantola 2005, eq. 3.40). The associated uncertainties
(of the least squares solution ;) are described by the
posterior model covariance matrix é?’[ given in Eq. (7)
(Tarantola 2005, Eq. 3.41).

The role of the data covariance matrix Cp, in the inver-
sion is apparent in definition of the misfit function. In
MT inversion without considering Cp,, the misfit function
is difference (residuals) between the recorded data d
and synthetics d,. If the covariance matrix Cy, is used, the
misfit function is given by so-called standardized residu-
als (Dettmer et al. 2014), i.e., waveforms multiplied by the
triangular matrix W from the Cholesky decomposition of
Cp

Cp' =wWiw. ®)

The variance reduction, a parameter evaluating solu-
tion fit to measured data in the grid point i, is then given
by

VR; = <1 AY Tdobs - W Tdi”z
; _
” W Tdobsnz

) -100%.  (9)

The normalizing constant ¢ from Eq. (3) can be
obtained by integration over all the ten CMT parameters.
In our case, we integrate over the space—time grid points
(Vackar et al. 2017),

1= Z dV; / PDF;(m;)dm;

1 / ~ 1
= Z Z (27‘[)6 det Cz«w exp (—zﬁl‘) dV; (10)
= Zﬂl’,

where the term dV; is the product of grid steps of all the
four nonlinear model parameters (i.e., the space and time
discretization steps). The value g, is an integral of PDF; at
the given space—time grid point. It depends on the most
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likely solution misfit £; and the determinant of the poste-
rior covariance matrix of model parameters éﬁw, in par-
ticular space—time grid point. It thus carries information
about the quality of the least squares solution in particu-
lar grid point.

Vackadr et al. (2017) propose to inspect posterior PDF of
any CMT parameters by generating set of random pos-
sible solutions from the total ten-dimensional posterior
PDEFE. This can be achieved by drawing a; random sam-
ples at each space—time grid point from the multivariate
normal distribution specified by #2; and éfw From such
ensemble, it is then possible to statistically assess uncer-
tainty of any CMT parameter, including those that are
not directly inverted for, but can be derived from the MT
components (e.g., strike angle, dip angle, rake angle and
DC component percentage).

Accounting for the uncertainty of the velocity structure
The reliability of the assessment of the solution uncer-
tainty by this Bayesian framework depends on the assess-
ment of the data and modeling errors. The data errors
(i.e., the instrumental and ambient noise) are typically
negligible when dealing with larger events, as in our pre-
sent application. We avoid using data with rare instru-
mental artifacts (e.g., Zahradnik and Plesinger 2010).
The solution uncertainty is then dominated by modeling
errors governed by the uncertainty of the GFs due to the
inaccuracy of the crustal model considered. We include
the modeling errors in covariance matrix Cp, following
approach by Hallo and Gallovi¢ (2016). They compose
Cp, from so-called stationarized approximate covariance
functions defined by

1
cov(p) = ?[r(fp) — Nar(@) xr(p)], (11)

where r(gp) is autocorrelation of the observed seismogram
as a function of time lag ¢, T is duration of the dominant
part of the signal, star is convolution and Ay (¢) is a tri-
angle function of unit area centered around zero with
duration 2L. Since Eq. (11) is stationary (i.e., depend-
ing only on time lag ¢), the respective covariance matrix
has Toeplitz structure (diagonal constant). Parameter L
generally depends on the source-receiver distance, fre-
quency range and considered uncertainty of the velocity
model. Hallo and Gallovi¢ (2016) tested the performance
of such covariance matrices by means of numerous MT
inversions with synthetic data generated in randomly
perturbed velocity models. The posterior model covari-
ance matrix from inversion using cov (Eq. (11)) was
therein shown to reliably reflect the simulated uncer-
tainty of the inferred MTs.

In the present multi-station and multi-component
inversion, data covariance matrix Cp, has block structure.
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The covariance matrices for the individual waveforms are
arranged along the diagonal, while off-diagonal blocks
(cross-covariances) are neglected and hence set to zeros.
A station-specific water level was added to the diago-
nal to preserve the covariance matrix invertible. As the
water level, we use 10% of the maximum variance from
all the three station components. The parameters L from
Eq. (11) were determined based on relation introduced
by Hallo and Gallovi¢ (2016) in a similar inversion setting

_ X Xepie|
~ 25[km/s]

where |x - xepic| denotes horizontal distance between the
station and epicenter in kilometers. Such an estimate is
found suitable for velocity model uncertainty of 10%. The
duration of the dominant part of the signal T was set to
15 s for all stations and events.

12)

Application to the 2016 Kumamoto sequence

We infer CMTs of 11 significant earthquakes with My,
magnitude in range of 4.8—6.5 (see Table 1 for list of the
events). The set consists of all foreshocks and aftershocks
with Mj,, magnitude higher than or equal to 5 (denoted
by red and blue circles in Fig. 1), and two aftershocks
with My, magnitude 4.9 and 4.8. The mainshock itself
was omitted from the analysis as it has rather complex
earthquake source rupture process that was studied in
detail in other studies (e.g., Asano and Iwata 2016; Kubo
et al. 2016; Kobayashi et al. 2017).

Data selection and processing

We use three-component waveforms recorded by
the K-NET, KiK-net and F-net networks, operated by
National Research Institute for Earth Science and Disas-
ter Resilience (NIED), in the distances of 10—60 km from
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the epicenter (depending on the particular event). The
stations are selected based on azimuthal coverage, dis-
tance and sufficient signal-to-noise ratio in the low-fre-
quency range. Stations located too close to the epicenter
are excluded to comply with the point source approxima-
tion, i.e., to avoid station distances for which GFs along
the fault differ significantly. Original acceleration data
(K-NET and KiK-net) and strong motion velocity data
corrected for the instrument response (F-net) are filtered
by a bandpass filter and integrated into displacements
(the K-NET and KiK-net accelerographs have flat trans-
fer function in our target frequency range). The filter cor-
ner frequencies are determined empirically by manual
inspection and processing of the waveforms (see Table 1).
In general, the high-pass filter corner frequency is as low
as possible in terms of signal-to-noise ratio. The low-pass
filter corner frequency is limited by corner frequency of
the particular earthquake. Waveform data are downsam-
pled after the filtration and integration to the sampling
frequency 0.6—1.3 Hz, based on the low-pass filter corner
frequency, in order to reduce computational demands.

Velocity model

GFs are computed by the discrete wavenumber method
(Bouchon 1981) in 1D velocity model consisting of
homogenous layers. The model is prepared from the 3D
Japan Integrated Velocity Structure Model (Koketsu et al.
2012) as a horizontal average over area of 40 x 40 km
around mainshock epicenter. The horizontal average is
calculated for a dense set of depths (smooth model in
Fig. 2a) and then divided into homogenous layers pre-
serving the vertical travel times within layers (layered
model in Fig. 2a). Figure 2b shows maximal deviation of
the 1D model from the original 3D model (maximal lat-
eral heterogeneities which are not included in the 1D

Table 1 List of processed earthquakes from the Kumamoto sequence

Event JMA hypocentre location Filter corner frequency Number of used
No. Myua Date Time (JST) Lat. Lon. Depth (km) High pass (Hz) Low pass (Hz) stations
1 6.5 2016/4/14 21:26:35 32.74 130.81 1 0.03 0.07 12

2 6.4 2016/4/15 00:03:47 3270 130.78 0.03 0.08 12

3 59 2016/4/16 01:46:56 32.86 130.90 1 0.04 0.07 11

4 58 2016/4/14 22:07:35 3277 130.85 0.08 0.14 12

5 54 2016/4/16 01:44:06 32.75 130.76 15 0.15 0.20 10

6 54 2016/4/16 09:48:32 32.85 130.84 16 0.08 0.15 13

7 54 2016/4/16 16:02:01 32.70 130.72 12 0.08 0.15 1

8 5.1 2016/4/14 23:43:41 3277 130.83 14 0.08 0.14 10

9 5.0 2016/4/14 22:3843 32.68 130.74 11 0.09 0.15 10

10 49 2016/4/16 02:04:11 3274 130.74 12 0.11 0.15 8

11 4.8 2016/4/16 07:23:55 3279 130.77 12 0.12 0.16 9
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Fig. 2 a 1D velocity model of the Kumamoto area determined from the 3D Japan Integrated Velocity Structure Model (Koketsu et al. 2012) and b
maximal horizontal deviation of the velocities of the determined 1D model from the original 3D model

model). These velocity variations are less than 10% for
depths larger than 1 km. The shallow layers show higher
lateral heterogeneities, but they do not significantly affect
the inversion using much longer wavelengths for sources
at depths of Kumamoto earthquakes.

Application details
The CMT inversion strategy consists of the following
processing steps:

1. Inference of full CMT, including isotropic compo-
nent, is performed by inversion from extended set
of stations without considering any model or data
uncertainty. At this stage, we consider a rough grid of
space—time grid points in the search of the nonlinear
parameters, with regular grid steps of 1.4 km in all
three coordinate directions within 16 km around the
hypocenter reported by JMA. Time grid covers 0—4 s
after the hypocenter time with regular time grid
steps of about 0.3-0.1 s (depending on the particular
event).

2. We manually inspect the best fit of the synthetic and
measured waveforms to reveal stations with unusable
signal. The proposed Bayesian inference is intended

to deal with unknown velocity model perturbations
which are close to the 1D velocity model, but it can-
not correct for missing velocity structures or other
systematical errors in the waveform data. Hence, sta-
tions with very poor fit are excluded from the next
step of the processing. Mostly, it is the case of very
distant stations or receivers located in the coastal
area of the Ariake Sea. The final number of used sta-
tions is shown in Table 1.

. We perform the Bayesian inference of CMT tak-

ing into account velocity model uncertainty of 10%.
Here we consider a denser grid in the search of the
nonlinear parameters with regular grid steps about
0.2-0.5 km in all three coordinate directions within
3-5 km around the CMT location inverted in the
first step. Time grid covers 0—4 s after the hypocenter
time with regular time grid steps of about 0.1 s. Since
isotropic component of MT was negligible in all
cases, we conserve it at 0%.

As the ensemble of acceptable solutions, we gener-
ate 1000 random possible solutions drawn from the
ten-dimensional posterior PDFE. The resulting MTs are
decomposed into combination of double-couple (DC)
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and compensated linear vector dipole (CLVD) sources.
Marginal PDFs of selected CMT parameters (marginal
histograms) are fitted with Gaussian function defined by
its mean and standard deviation 0. We consider 20 as the
estimate of the uncertainty covering half-width of a 95%
confidence interval of the normal distribution.

As examples of the application, we depict three selected
CMT inversions in Figs. 3, 4 and 5. Figure 3 shows the
CMT inversion of the strongest M;,,6.5 foreshock
(event No. 1) in terms of the network settings, the best
fit of the standardized waveforms at all stations and the
best beach-ball solution with uncertainty (see the figure
caption). Figure 4 shows the same, but for the M;y;,5.8
foreshock (event No. 4), which is performed from the
same set of stations as for the previous event. The solu-
tion has a high variance reduction and high DC content.
The example in Fig. 5 corresponds to the Mj;,5.4 after-
shock (event No. 7), which is characterized by high vari-
ance reduction and high (significant) CLVD content.

Solutions of the CMT inversion

Parameters of the inferred CMT solutions from the
Kumamoto sequence together with their uncertainty are
compiled in Table 2. The beach-ball representations of
these CMTs are shown in Fig. 6 together with compari-
son from the JMA and NIED solutions (the comparison
is discussed later). Additionally, the inferred most likely
solutions are listed in Appendix 1 in terms of the MT
components.

The variance reduction defined by Eq. (9) is high for
most events; nevertheless, solutions for two events (Nos.
1 and 5) have it below 50%. In the case of event No. 5,
the raw waveforms seem corrupted at very low frequen-
cies; hence, slightly higher frequency band was used (see
Table 1), which most likely causes the fit deterioration.
The event No. 1 is the strongest foreshock which was
shown to consist of two spatially separated asperities by
Asano and Iwata (2016). Our inferred CMT solution is
located between the asperities; nevertheless, the lower
variance reduction is likely related to the fact that the
distance of the nearest station is at the margin of appli-
cability of the point source approximation (20 km CMT-
to-site distance vs. 12 km length of the fault).

The uncertainties of the CMT locations are up to
1.5 km in both horizontal and vertical directions for
all events. Moreover, events with high variance reduc-
tion have CMT location uncertainty as small as 0.6 km.
Table 2 documents that the percentage of the DC source
content has spans from 64 to 98%. In most cases, it is
characterized by large uncertainty including also possi-
bility of pure shear (DC 100%), and hence, the presence of
CLVD component cannot be proved (but also disproved)
for most of the inferred CMT solutions. The exceptions
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are events No. 1, 3 and 7 whose admissible DC values do
not exceed 90% even taking the uncertainty into account
(64 + 24, 67 4+ 16 and 75 + 8%, respectively; see Table 2).
Hence, we consider these events as having a significant
CLVD component. Moreover, event No. 7 has the highest
variance reduction in all the events, and hence, we con-
sider its CLVD component particularly well constrained.

CMTs with significant CLVD component

The inferred CMT solutions of the Kumamoto earth-
quakes were decomposed into combination of DC and
CLVD sources. While the DC component has direct
physical interpretation in terms of shear faulting, the
CLVD component points to possible complexity of the
faulting (e.g., Frohlich 1994). Indeed, the non-DC MT
can be decomposed into a combination of two or more
DC sources. Unfortunately, such decomposition is math-
ematically non-unique, which brings difficulties to inter-
pretation, and requires some physical constraint.

Non-DC MT decomposition into two DC MTs

Jost and Herrmann (1989) decompose a MT with CLVD
component into so-called major and minor DC sources
preserving directions of the three principal stress axes (P-,
T- and N-axis). Note that despite the fact that the prin-
cipal stress axes directions are preserved, the axes types
may generally interchange. Let us assume absolute values
of non-DC MT eigenvalues | 11| > [A2] > |A3| with respec-
tive eigenvectors v;, v, and v; (1 x 3 row vectors). We use
definition of the major and minor DC moment tensors as

MTmajor =2 (—Virvl + Vgl/z), and (13)

MT minor = 43 (_Vier + V;,FVS) (14)

In such formulation, the major MT is the best DC
approximation of a shear seismic source, under addi-
tional assumption of preserved main principal stress axis
(axis with 41) of the major and minor MTs.

The decomposition in Egs. (13) and (14) has one unique
solution, but the assumption of fixed directions of the
principal stress axes for the subsources is physically too
restrictive. Therefore, we propose to weaken this assump-
tion by systematic search among subsources with slightly
deviated directions of the principal stress axes. To this,
we apply a grid search for strike, dip and rake angles of
the two DC sources with prescribed main axis difference
being less than 20°. The optimal scalar seismic moments
of each of the two tested DC sources k and / are obtained
by linear inversion

b = (BBu)  (Bm), (s)
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Fig.3 CMT inversion for the M ;6.5 foreshock from 2016/4/14 21:26:35 JST (event No. 1). The figures are produced by modified program ISOLA-
ObsPy of Vackdr et al. 2017; a the map of strong motion stations (red triangles) used for the CMT inference; b marginal PDF of the CMT location
in a horizontal slice indicated by the size of the beach-balls; the beach-balls depict inferred MTs at the individual spatial points. The beach-ball
highlighted by red circle is the solution with the highest variance reduction (the best fitting solution); € the comparison between measured and
synthetic standardized waveforms for the best fitting solution; d the beach-ball representation of the best fitting CMT; e the uncertainty of the
mechanism depicted by 1000 random possible solutions drawn from the ten-dimensional posterior PDF; f histogram of the DC component

where # is vectorized non-DC MT (9 x 1 column vec-
tor), By; is 9 x 2 matrix composed of two tested vector-
ized DC MTs with unit scalar seismic moments and I;kl
is vector of the optimal scalar seismic moments. The fit
of the summed DC MTs with the target non-DC MT n is

measured by misfit (normalized variance)

_ llm — Bybyl?

L = - 100%.
llm]

(16)

Note that the scalar seismic moments obtained by
Eq. (15) may also have negative values; such solutions are
considered unphysical and are thus excluded. Then, we
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Fig. 4 Same as Fig. 3, but for the M,,5.8 foreshock from 2016/4/14 22:07:35 JST (event No. 4); a the map of strong motion stations (red triangles)
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fitting solution); € the comparison between measured and synthetic standardized waveforms for the best fitting solution; d the beach-ball repre-
sentation of the best fitting CMT; e the uncertainty of the mechanism depicted by 1000 random possible solutions drawn from the ten-dimensional
posterior PDF; f histogram of the DC component

accept solutions with misfit (Eq. (16)) lower than 1%. The
result of this approach is a set of possible decompositions
of non-DC MT into two DC MTs with prescribed main
axis difference being less than 20°.

Application of the non-DC MT decomposition
The decomposition methodologies (Eqs. 13-16) are
based on preserving main principal stress axis with the

largest absolute eigenvalue |11 ; it may be either P-axis or
T-axis of MTs. In the Kumamoto area, the stress field has
05 as the main principal stress in the NN'W-SSE direc-
tion, while o, and o, in WSW-ENE and vertical direc-
tions, respectively, have similar size (Matsumoto et al.
2015, Fig. 7e). Hence, the decomposition of the selected
non-DC MTs was performed to preserve T-axis (related
to the stable o, direction).
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Three of the inferred MTs of the Kumamoto earth-
quakes (events No. 1, 3 and 7) have significant CLVD
component. Two of them (events No. 1 and 7) have
T-axis as the main principal stress axis; hence, we ana-
lyzed those two in detail. The first analyzed earthquake
is the strongest Mj,,6.5 strike-slip foreshock, and the
second event is Mjy;,5.4 normal faulting aftershock.

The decomposition of these non-DC MTs into major
and minor DC sources is depicted in Fig. 7a, b. The
summed MTs in Fig. 7 are in perfect agreement with
our original non-DC MTs in Fig. 6. In the decompo-
sition with preserved T-axis (Fig. 7a, b, and Appen-
dix 2), the major MT is the best DC approximation of
the shear seismic source, while minor MT represents
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Table 2 Parameters of the inferred CMT solutions together with their uncertainty in terms of double standard deviation
of Gaussian function (20) fitted to the respective marginal PDF

No. CMT location DC component DC component
uncertainty
Lat. Lon. Depth (km) M, VR (%) S/DIR (°) DC (%) S/DIR (°) DC (%)

1 32.780 130.809 8.1 6.1 44 33/82/—155 64 3/7/9 +24
2 32.696 130.768 38 6.0 58 212/77/178 87 2/9/12 + 20
3 32.862 130.856 84 57 59 294/37/—48 67 6/4/8 +16
4 32.780 130.823 83 54 73 29/69/—149 94 2/3/4 +10
5 32.765 130.760 13.0 5.0 45 6/72/—142 79 5/7/10 + 14
6 32.860 130.835 10.0 5.2 60 83/62/—71 89 3/2/3 +10
7 32692 130.716 7.8 52 74 68/63/—95 75 3/2/3 +8
8 32.765 130.803 9.9 49 54 16/76/—163 92 2/4/4 +14
9 32679 130.735 8.1 49 71 211/66/175 90 2/3/3 +38
10 32.745 130.752 5.7 4.7 53 215/81/—165 83 2/7/8 +22
11 32.800 130.788 5.7 4.6 61 79/29/—104 98 8/2/8 +12

VR variance reduction, M,, moment magnitude, S/D/R strike/dip/rake

complexity of the faulting (secondary faulting mecha-
nism). It has to be emphasized that the major and
minor DC sources cannot be understood as two asperi-
ties of an activated fault system; the decomposition is
merely mathematical description of a complex earth-
quake source.

Better understanding can be gained from the examples
of possible decomposition provided by the grid search
approach (Fig. 7c, d), documenting the non-uniqueness
of the decomposition. Nevertheless, all the selected
examples are, generally, a combination of a strike-slip and
a normal dip-slip mechanism (as shown in Fig. 7), which
is consistent with the tectonic settings of the intersection
of the Hinagu and Futagawa fault zones.

Geometry of the activated ruptures
The inferred CMTs of the analyzed events exhibit signifi-
cant systematic spatial variations throughout the source
region (Fig. 8). Analyzed CMTs of foreshocks are strike-
slip events located near the surface traces of the Hinagu
and Futagawa faults (red DC beach-balls in Fig. 8). Con-
trarily, aftershocks have various mechanisms with major-
ity of normal dip-slips (blue DC beach-balls in Fig. 8).
We estimate that more than 99% of the total scalar seis-
mic moment of the Kumamoto sequence in studied area
was released by the analyzed events together with the
Mjy,7.3 mainshock. Hence, we aim to construct the net-
work of major faults and ruptures, which were activated
within the analyzed sequence, from the CMT solutions.
Firstly, we determine the preferred fault planes out of
the two MT nodal planes based on the (a) orientation of
surface traces of the faults; (b) geometry of clusters of the
relocated hypocenters; and (c) by the mutual co-location

of the hypocenter and centroid (so-called H-C method,
Zahradnik et al. 2008). In the latter method, the fault
plane is identified as that one from two nodal planes of
CMT that encompasses the hypocenter location in 3D.
The assumption is that ruptures propagate from the
hypocenter along a fault plane described by the CMT
solution. Major surface traces of the Hinagu and Futa-
gawa faults are oriented in the NE-SW direction, which
is indicative for the strike-slip fault planes. The strike-slip
fault planes of Hinagu fault zone are noticeable also in
the vertical cross sections in Fig. 9 showing hypocenters
of the Kumamoto earthquakes as inferred by Kato et al.
(2016). The H-C method is useful, especially for the nor-
mal dip-slip aftershocks with unclear evidence of surface
traces of faults; moreover, it supports also assumed ori-
entation of strike-slip fault planes. Hence, the strike-slip
fault planes are identified with higher certainty than the
dip-slip fault planes. Determined preferable nodal planes
of the sources are listed in Table 2 by means of their
strike, dip and rake angles.

Secondly, we estimate the rupture area of the analyzed
earthquakes from their scalar seismic moments. The
adopted empirical relationship from Somerville et al.
(1999) is based on the self-similar scaling of the large
to midsize crustal earthquakes. The rupture area A in
square kilometers is given by

A=223-10"15. M}, (17)
where the scalar seismic moment M, is in dyne-cm. The
estimated rupture areas supplemented by rupture lengths
L, assuming square geometry of the fault planes, are
listed in Table 3. The rupture area and geometry of the
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Fig. 6 Beach-ball representation of the best fitting MTs for all the inferred events. Our MT solutions are supplemented by uncertainty of the mecha-
nism depicted by 1000 random possible solutions drawn from the ten-dimensional posterior PDF. JMA and NIED solutions are adopted directly
from the routine MT catalogues of these agencies accessed through Web
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the regional stress field indicated by directions of 0,, 0, and 0;. Adopted from Matsumoto et al. (2015)

Mij127.3 mainshock are adopted from the slip inversion
by Asano and Iwata (2016), having area of 756 km?

We have centered the assumed rupture planes defined
by their spatial orientation (Table 2) and rupture size
(Table 3) in their respective CMT locations (Table 2)
and plotted them in 3D visualization program ParaView
(Fig. 10). As locations of the inferred CMTs and also
hypocenters are subjects of uncertainty (estimated to be
up to 1.5 km for CMTs), the assumed fault planes do not
necessarily cross perfectly the hypocenter. The minimum
distance of the hypocenters from the respective fault
planes is shown in Table 3 as parameter R. Foreshocks’
major ruptures (red squares in Fig. 10) continuously
cover the northernmost part of the Hinagu fault zone,
having length of approximately 20 km. They span from
the surface to the depth of approximately 14 km. The
aftershocks’ major ruptures (blue squares in Fig. 10)
spread NW along the adopted fault plane of the Mjy;,7.3
mainshock (yellow rectangles in Fig. 10). Moreover, three

of the inferred aftershock’s ruptures (events No. 3, 5 and
7) intersect the mainshock fault plane.

Discussion

Solutions in seismotectonic framework

The relationship between the earthquakes, active tecton-
ics and faults may play role in the local seismic hazard
assessment. The constructed network of activated rup-
tures (Fig. 10) represents such seismotectonic descrip-
tion of the intersection of the Hinagu and Futagawa fault
zones. Foreshocks (red beach-balls in Fig. 8) imply right-
lateral strike-slip movements in the NE-SW direction in
the Hinagu fault zone. Those ruptures located close to
the intersection of the Hinagu and Futagawa fault zones
are dipping slightly to ESE, while those in the southern
area are dipping to WNW. The activated ruptures span
from surface to depth of approximately 14 km. Contra-
rily, aftershocks are mostly normal dip-slip events (blue
beach-balls in Fig. 8) and spread NW along the assumed
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fault plane of the Mj,7.3 mainshock (see Fig. 10),
where the surface subsidence occurred as documented
by InSAR (Himematsu and Furuya 2016). Aftershock’s
ruptures are situated at depths greater than 5 km, close
to the assumed fault plane of the mainshock (adopted
from Asano and Iwata 2016), and three of them inter-
sect the mainshock fault plane. These findings imply
that foreshocks and partially also mainshock are driven
by stresses of the NE-SW shear zone (western exten-
sion of the MTL), while aftershocks are mostly related
to the N-S extensional stress regime of Beppu—Shima-
bara graben (Kamata and Kodama 1994), being triggered
by the mainshock. This is confirmed by principal stress
axes analysis performed by code of Vavrycuk (2014), see
Fig. 11, showing that the N-S extensional stress o; is sta-
ble (blue dots in Fig. 11a, b), while main principal stress
o, is oriented NE-SW and vertically for foreshocks and
aftershocks, respectively (red dots in Fig. 11a, b).
Co-activation of the right-lateral strike-slips with
normal faulting ruptures through the sequence was
introduced also by static slip model from geodetic data

(Himematsu and Furuya 2016; Kobayashi 2017). Field
investigation by Toda et al. (2016) shows that surface
displacements along the previously mapped active fault
traces of the Hinagu—Futagawa fault zone are dominated
by right-lateral strike-slip surface displacement up to
2 m. A normal surface rupture zone of about 10 km in
length dipping to northwest, which is parallel to the Futa-
gawa fault outside the Aso caldera, was also reported by
Toda et al. (2016), and its maximum co-seismic displace-
ment is also up to 2 m. The normal dip-slip aftershocks
that occurred along the NW edge of the mainshock rup-
ture had no clear relationship with co-seismic surface
ruptures; however, minor surface ruptures in downtown
of Kumamoto City have been mapped by InSAR (Hime-
matsu and Furuya 2016) and field survey (Goto et al
2017). The field investigations imply the complex surface
phenomena and tectonic settings in this region. Fur-
ther surveys on imaging causative source faults beneath
the surface are necessary to investigate the relationship
between the surface ruptures and the geometry of earth-
quake source faults.
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Finally, here we summarize the temporal seismotec-
tonic evolution of the Kumamoto sequence:

+ Activity started on April 14th by the M;y,6.5 fore-
shock close to the intersection of the Hinagu and
Futagawa fault zones as right-lateral strike-slip shear
movement in the NE-SW direction on fault plane(s)
dipping slightly to the ESE (events No. 1 and 4).

+Right-lateral strike-slip shear movements continued
by simultaneous activity in the northern (dipping to
the ESE) and southern (dipping to the WNW) seg-
ments of the Hinagu fault zone (events No. 8 and 9).

+ On April 15th, activity migrated to the southern (dip-
ping to the WNW) segment of the Hinagu fault zone.
The activity comprised the second largest foreshock
M;p464 (event No. 2).

« This was followed by the mainshock on April 16th
as right-lateral shear slips complemented by normal
dip-slip in the Futagawa fault segment in the later
phase of the rupture propagation.

+ Aftershocks in the area of interest were mostly nor-
mal dip-slip events, spreading along the NW edge of
the mainshock rupture (events No. 3, 6, 7 and 11).

Complexity of activated ruptures

The local stress field conditions (e.g., Matsumoto et al.
2015) and seismotectonic settings of the intersection of
the Hinagu and Futagawa fault zones imply combination
of a strike-slip and a normal dip-slip shearing mecha-
nism. Indeed, the source models for the mainshock (e.g.,
Asano and Iwata 2016; Kubo et al. 2016) suggest simul-
taneous right-lateral strike-slip shear movement comple-
mented by normal dip-slip movement of the Futagawa
fault segment. The rupture of the mainshock then has to
be complex and segmented to two or more fault planes
(as suggested by the mainshock source models).

The analyzed foreshocks and aftershocks are mostly
right-lateral strike-slip and a normal dip-slip shearing
event with insignificant CLVD component and hence
may be assumed as single fault plane ruptures. The
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Table 3 Rupture area of the analyzed Kumamoto earth-
quakes estimated from empirical relation by Somerville
etal.(1999) in Eq. (17)

Event A (km?) L (km) R (km)
No. Mypa

1 6.5 1554 12.5 13
2 64 110.3 10.5 1.1
3 59 62.5 79 0.2
4 58 288 54 1.6
5 54 103 32 0.0
6 54 16.1 40 1.7
7 54 16.2 40 16
8 5.1 9.8 3.1 1.7
9 50 82 29 0.3
10 49 53 23 39
11 48 49 2.2 26

A'is total rupture area and L is rupture length assuming square geometry of the
fault plane. Parameter R is the minimum distance in 3D between the hypocenter
and the respective fault plane

exceptions are the Mj,(,6.5 foreshock (event No. 1) and
the My 554 aftershock (event No. 7) with significant
CLVD component and T-axis as the main principal stress
axis. These two events can be interpreted as a result of
complex ruptures composed of right-lateral strike-slip
and a normal dip-slip fault plane with preserved T-axis
(Fig. 7). The assumption of preserved T-axis is in accord
the inferred principal stress in Fig. 11, where o5 is stable
in N-S direction. Such interpretation of non-DC compo-
nent is supported by the static slip model for the M;y;,6.5
foreshock inferred from InSAR data (Kobayashi 2017),
being composed of right-lateral strike-slip displacement
on the Hinagu fault segment and normal dip-slip dis-
placement on the Futagawa fault segment.

Comparison with routine MT catalogues

The MTs for most of the processed events were also
inferred routinely by JMA and NIED institutions. Our
and JMA approaches infer CMTs by searching the cen-
troid location in both horizontal and vertical directions.
Contrarily, NIED fixes the horizontal centroid location at
the (revised) JMA epicenter and searches for the centroid
depth only.

Our MTs are compared with solutions from JMA and
NIED catalogues in Fig. 6. Our solutions generally agree
with both agency MTs in terms of nodal planes angles,
while non-DC components agree better with JMA (e.g.,
see the DC component percentage for the Mjy,6.4 fore-
shock, No. 2 in Fig. 6). This can be related to the use of
higher number of records from shorter epicenter dis-
tances and searching CMT in both horizontal and ver-
tical directions in our and JMA approaches. Moreover,
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Fig. 10 Visualization of the assumed activated fault planes in

top and south-side view; red squares = foreshocks' ruptures; blue
squares = aftershocks' ruptures; yellow rectangles = mainshock’s
rupture adopted from Asano and Iwata (2016); green dots = relative
locations of earthquakes inferred by Kato et al. (2016) for period April
14-May 13, 2016. The scale in figure is only orientative, because of
used perspective projection

uncertainty estimate by our approach allows the assess-
ment of reliability of the inferred non-DC component.
For example, in cases of events No. 2 and 11 (Fig. 6),
the JMA and our solutions exhibit opposite signs of the
CLVD component, but this difference is within the esti-
mated uncertainty.

Conclusions

We have presented application of the innovative Bayes-
ian full-waveform CMT inversion method, which takes
into account uncertainty of the velocity model. The
approach allows us to reliably assess the uncertainty of
the source parameters, which proved to be beneficial in
terms of interpretation of the results (statistical signifi-
cance of selected source parameters). Additionally, we
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a Foreshocks principal stress
axes analysis

b Aftershocks principal stress
axes analysis

0 0.2 0.4 0.6 0.8 1
Shape ratio

0 0.2 0.4 0.6 0.8 1
Shape ratio

Fig. 11 Principal stress axes analysis for foreshocks (left) and aftershocks (right) by method of Michael (1984) with uncertainty estimate coded
by Vavrycuk (2014); panels a, b show confidence limits of principal stress axes visualized by 500 randomly perturbed pure shear solutions by the
approach of Vavrycuk (2014) for foreshocks and aftershocks, respectively. In panels ¢, d are histograms of their respective shape ratios defined as

— 0102 . . . ~
=i Note that the relatively low shape ratios imply o ~ o7

have implemented decomposition of MT with significant
CLVD component into two shear MTs with preserved
T-axis as a physical constraint.

The methodology has been applied to significant earth-
quakes from the Kumamoto sequence of April 2016 with
My, magnitude in range of 4.8-6.5. The quality of the
inferred solutions is mostly high as we have used dense
network of local to regional receivers. The inferred CMT
solutions show systematic spatial and temporal varia-
tions. Hence, we have estimated geometry of the major
activated ruptures and interpreted them in the seis-
motectonic framework. Foreshocks imply right-lateral
NE-SW strike-slip movements in the Hinagu fault zone.
Aftershocks are mostly normal dip-slip events spread-
ing along the NW edge of the assumed mainshock fault
plane. Moreover, the inferred CMTs with significant
CLVD component may suggest a complex source pro-
cess. These events can be interpreted as a result of com-
plex ruptures composed of right-lateral strike-slip and a
normal dip-slip fault plane. Our model of major activated
ruptures inferred from seismic data is consistent with the
local tectonic settings, stress field conditions and geo-
detic data.
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Appendix 1: Inferred most likely MT solutions
for Kumamoto earthquakes
See Table 4.
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Table 4 MT elements of the inferred solutions for Kumamoto earthquakes in Harvard/USGS form

Event Harvard/USGS MT Mgy (Nm)

No. Mipa Date Time (JST) (Mer Myt Mop Mrt Mep Meg] (Nm)

1 6.5 2016/4/14 21:26:35 [—042 1.56 —1.14 —033 —0.53 0.73] * 1e+18 184%1e+18
2 64 2016/4/15 00:03:47 [—049 9.49 —9.00 —2.39 0.84 4.56] * le+17 110% Te+18
3 59 2016/4/16 01:46:56 [—3.263.52 026 —1.64 —2.17 —0.18] * Te+17 469* 1e+17
4 58 2016/4/14 22:07:35 [—0531.11 =058 0.11 —0.67 0.84] * Te+17 147 % 1e+417
5 54 2016/4/16 01:44:06 [—0.96 046 0.50 0.79 —1.67 2.21] * 1e+16 315%1e+16
6 54 2016/4/16 09:48:32 [—4.54 437018 —3.15042 2.33] * 1e+16 6.12% 1e+16
7 54 2016/4/16 16:02:01 [—4.26 455 —029 —3.16 —146 1.69] * 1e+16 622* 1e+16
8 5.1 2016/4/14 23:4341 [—048 149 —1.01 041 —0.84 2.36] * 1e+16 291 *1e+16
9 50 2016/4/14 22:38:43 [0.05 1.74 —1.79 —0.86 0.30 0.86] * Te+16 222%1e+16
10 49 2016/4/16 02:04:11 [—0.18 1.08 —0.90 0.03 0.29 0.40] * Te+16 116* Te+16
11 48 2016/4/16 07:23:55 [—8328.36 —0.04 559 —1.16 043] * 1e+15 102 1e+16

Appendix 2: Decomposition of non-DC MTs
preserving T-axis
See Tables 5 and 6.

Table 5 Decomposition of non-DC MT of the M,,,6.5 foreshock from 2016/4/14 21:26:35 JST (event No. 1) and the
decomposition by Egs. (13) and (14) preserving MT T-axis

Mechanism S/DIR (°) DC component (%) Mgy (Nm) Msum - 100% (%)
Original non-DC MT Strike-slip 33/82/—155 64 1.84* 1e+18 100
MT s jor Strike-slip 33/82/—155 100 1.51*1e+18 82
MT ninor Normal 93/60/—63 100 033*1e+18 18
MTsum Strike-slip 33/82/—155 64 1.84* 1e+18 100

The original non-DC solution is listed with decomposed DC major and minor MTs and their sum MTmajor + MTminor = MTsum; S/DIR strike/dip/rake

Table 6 Same as Table 5, but for the M,,,,5.4 aftershock from 2016/4/16 16:02:01 JST (event No. 7)

Mechanism S/DIR (°) DC component (%) Mgy (Nm) MAQI&)m - 100% (%)
0
Original non-DC MT Normal 68/63/—95 75 6.22* 1e+16 100
MT gjor Normal 68/63/—95 100 544*1e416 87
MT minor Strike-slip 297/81/16 100 0.79* Te+16 13
MTum Normal 68/63/—95 75 6.22* 1e+16 100
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