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Seismotectonics of the 2018 northern Osaka 
M6.1 earthquake and its aftershocks: joint 
movements on strike‑slip and reverse faults 
in inland Japan
Miroslav Hallo1*  , Ivo Opršal2, Kimiyuki Asano3 and František Gallovič1

Abstract 

On June 18, 2018, an MJMA6.1 inland crustal earthquake occurred on the northeast edge of the Osaka basin, Japan. 
This event impacted the region by the maximum PGA larger than 0.9 g, and it was followed by a series of weaker 
aftershocks. The earthquakes were located near the Arima-Takatsuki Tectonic Line (ENE–WSW dextral strike-slip faults) 
and the Uemachi fault system (N–S reverse faults), hence the seismotectonic interpretations we assumed to be rather 
complex. Here we propose a seismotectonic model of this sequence based on seismological data and stress field con-
siderations. In particular, we infer to a centroid moment tensor for the mainshock using Bayesian full-waveform inver-
sion from strong motion records. The solution of Mw5.6 involved a significant CLVD component, which we interpreted 
as being due to rupture process on a complex fault geometry. Decomposition of the non-DC moment tensor into 
major and minor pure-shear moment tensors suggests a combination of strike-slip and reverse faulting mechanisms. 
We also analyzed the 108 strongest aftershocks with MJMA between 2.0 and 4.1 using records from broadband and 
short-period stations. Aftershocks’ moment tensors inverted from P-wave amplitudes exhibit mainly strike-slip and 
reverse faulting mechanisms, having significant spatial variations. The local stress field inverted from these mecha-
nisms had a dominant maximum (compressional) principal stress σ1 in ESE–WNW direction, while σ2 ≅ σ3. Both ENE–
WSW dextral strike-slip and N–S reverse faults can be active in such stress field as observed in the mainshock (without 
any need for stress spatial inhomogeneity). To conclude, the activated strike-slip fault is parallel to the Arima-Takatsuki 
Tectonic Line. The activated N–S reverse fault is dipping to east by 50° similarly as the Uemachi fault system. Joint 
shear movements on both of these faults contributed significantly to the total seismic moment of the mainshock.
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Introduction
The 2018 northern Osaka earthquake mainshock–after-
shocks sequence was started on June 18, 2018 (07:58 of 
Japan Standard Time), by an MJMA6.1 mainshock. The 
hypocenter was located by the Japan Meteorological 
Agency (JMA) at a depth of 13 km under Takatsuki city 
(34.844°N, 135.622°E) in the Osaka metropolitan area, 

Kansai, Japan (see Fig.  1). This event generated strong 
ground motions in the near-source region, causing 
damage on a local scale and four casualties. The earth-
quake damage and response are briefly summarized in 
Hirata and Kimura (2018). The maximum measured 
peak ground acceleration (PGA) exceeded 0.9 g, and the 
instrumental intensity in the epicentral area reached a 
degree 6-lower of the 7-degree JMA scale. There is no 
observed surface rupture, and no significant surface 
deformation was reported by InSAR analysis. The source 
mechanism of this earthquake has been routinely inves-
tigated by JMA, National Research Institute for Earth 
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Science and Disaster Resilience (NIED) and other agen-
cies (see Table  1). The centroid moment tensor (CMT) 
has compressional P-axis along the ESE–WNW direc-
tion, and it contains large non-shear components. The 
mainshock was followed by a sequence of weaker after-
shocks not exceeding MJMA4.1. In total, JMA unified 
hypocenter catalog for Japan comprises 2140 local events 
of MJMA ≥ 0.5 in the period June 18–July 19, 2018 (see 
bottom panel in Fig. 1).

The Osaka metropolitan area consists of a population 
exceeding eight million and is the economical center of 
western Japan. It is the heart of the Osaka–Kobe–Kyoto 
urban area (i.e., the second-most populated region in 
Japan), and it has a remarkable role in the global econ-
omy. There are several active faults within the region 
(Fig.  1, Nakata and Imaizumi 2002; Research Group for 
Active Faults of Japan 1991), including E–W to NE–
SW trending dextral strike-slip faults and N–S trending 
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Fig. 1  2018 northern Osaka earthquake sequence and the regional tectonics; Top panel: map of the major fault systems (Nakata and Imaizumi 
2002) and MJMA ≥ 0.5 earthquake locations between June 18 and July 19, 2018 (from JMA unified hypocenter catalog). The green triangle depicts 
the Kinki Triangle (Huzita 1962); bottom panel: temporal evolution of the local seismicity for period June 16 to July 19, 2018. The green line denotes 
the normalized cumulative number of local earthquakes of MJMA ≥ 0.5
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reverse faults. The importance of these faults was high-
lighted by the disastrous 1995 Mw6.9 (MJMA7.2) Hyogo-
ken-Nanbu (Kobe) earthquake resulting from dextral 
strike-slip movements on NE–SW trending Rokko-Awaji 
Shima Fault Zone (e.g., Kanamori 1995; Katao et  al. 
1997). The Osaka metropolitan area is bounded on the 
north by the Arima-Takatsuki Tectonic Line (ATTL), 
which is the ENE–WSW dextral strike-slip fault system. 
N–S trending Uemachi fault zone is an east-dipping 
reverse active fault system with surface traces across 
the center of Osaka (see Fig. 1). According to the Head-
quarters for Earthquake Research Promotion (HERP) 
(2004), the Uemachi fault has an average vertical slip rate 
of 0.4  mm/year, having potential to generate an earth-
quake of magnitude 7.5 with the recurrence interval of 
8000 years. HERP (2004) estimated this recurrence inter-
val, based on the average vertical slip rate and an empiri-
cally estimated vertical displacement per one event. 
Because it is difficult to conduct paleoseismological sur-
veys in urbanized area, the latest event and actual recur-
rence interval are still unresolved. Sugiyama et al. (2003) 
reported that the most recent event occurred between 
about 9.5 ka and 25 ka based on a joint survey by high-
resolution S-wave reflection profiling and continuous 
coring across the fault in Central Osaka. Recently, Sugito 
and Kondo (2015) reported that the latest event occurred 
roughly 2400 years BP based on newly conducted paleo-
seismological surveys and geomorphic changes around 
the fault system. There are no known events for the 
Uemachi fault system in historical period, and it might 
cause a large-scale disaster in the worst-case scenarios. 
The 2018 northern Osaka earthquake sequence occurred 
near the junction of eastern part of the ATTL and the 
deeper part of the Uemachi east-dipping fault (see Fig. 1); 
hence, the relationship between the activated structure 
and nearby faults should be investigated in detail.

In this study, we infer and analyze source mechanism 
of the MJMA6.1 mainshock. The CMT solution is inferred 
to using recently developed Bayesian approach consider-
ing uncertainties of Greens’ functions (GFs) originating 
from the imperfect knowledge of the Earth’s crust (Hallo 
and Gallovič 2016; Hallo et al. 2017). The solution is com-
plemented by reliable estimates of its uncertainty, which 
permits the subsequent interpretation of its inferred 

relatively large non-shear component. In order to sup-
port and complete the interpretation, we analyzed the 
108 strongest aftershocks with MJMA between 2.0 and 
4.1. The hypocenters of these events were located using 
manually picked arrival times of direct P- and S-waves 
and supplemented by location uncertainties. Then, we 
inferred to aftershocks’ deviatoric moment tensors (MTs) 
from P-wave amplitudes considering also their uncer-
tainties. The pure-shear components of the inferred MTs 
are used for inversion of the local stress field. Finally, our 
results were used to propose a seismotectonic model.

Tectonic setting
The 2018 northern Osaka earthquakes occurred in the 
upper crust near the northeast edge of the Osaka basin in 
the southwestern corner of the Kinki Triangle (see Fig. 1). 
The Kinki Triangle is a triangular-shaped area in central 
Kansai (Kinki), surrounded by the Bays of Osaka (south-
west), Wakasa (north) and Ise (southeast). It is charac-
terized by several ellipsoidal basins bounded by narrow 
mountain ranges accompanied by many faults (Huzita 
1962).

The geotectonic development of the Kinki Triangle is 
well documented by sedimentation of the Setouti Series 
in depression zones since the opening of the Japan Sea 
in Miocene (Huzita 1962, 1969). The depressions zones 
(i.e., synclines) filled with mid-Miocene sediments were 
formed in the stress field with N–S trending maximum 
(compressional) principal stress. The latter structures 
filled by Pleistocene sediments are almost perpendicu-
lar to them; thus, the principal stress directions were 
rotated horizontally by almost 90 degrees. It indicates 
that E–W trending reverse faults occurred in the Kinki 
Triangle earlier than the reverse faults of the N–S trend. 
Some of the older E–W reverse faults have then switched 
to strike-slip regime, by later recently still active move-
ments (Huzita 1969). Indeed, the recent crustal regional 
maximum principal stress trends in E–W direction 
as indicated by CMTs (Terakawa and Matsuura 2010) 
and in  situ stress measurements (Tanaka 1985). Mat-
sushita and Imanishi (2015) show that the stress field 
in the Osaka area has significant spatial variations with 
maximum principal stress σ1 trending sub-horizontally 
from ESE–WNW to ENE–WSW. The σ1 is there clearly 

Table 1  Source mechanism for the MJMA6.1 northern Osaka mainshock by other agencies

Agency Technique Mechanism Depth (km) Strike/dip/rake DC Mw

JMA 1st motion polarity Reverse 13 356°/38°/60° – –

NIED MT Strike-slip 11 49°/73°/153° 26% 5.5

USGS CMT Strike-slip 11 54°/61°/164° 26% 5.55

Global CMT CMT Strike-slip 17 50°/54°/157° 21% 5.6
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differentiated from intermediate and minimum princi-
pal stresses (σ1 ≫ σ2 > σ3). The σ2 and σ3 principal stresses 
rotate in the region around the σ1 direction, which results 
in the spatial variations in stress field. Such spatially 
dependent stress regime allows for occurrence of active 
strike-slip faults close to reverse faults. Nevertheless, the 
stress field for this particular area of the 2018 northern 
Osaka earthquakes has not been described in detail yet.

Borders of the southwest Kinki Triangle are formed by 
major active strike-slip fault zones. The southern bor-
der (beyond the border of the detailed map in Fig. 1) is 
formed by the Median Tectonic Line, the largest tectonic 
line in southwestern Japan (e.g., Okada 1980). Next, the 
Rokko-Awaji Shima Fault Zone (Rokko faults on Honshu 
Island) and the ATTL separate the basin regions (within 
the Kinki Triangle) from the mountain ranges on north-
west (see Fig. 1). The Rokko fault system consists of sev-
eral parallel active strike-slip faults trending in NE–SW. 
According to Maruyama and Lin (2000), these faults 
have dextral slip rates of 1.0–1.3 mm/year with a minor 
vertical component of 0.3–0.4  mm/year. The ATTL is 
an ENE–WSW trending dextral strike-slip fault system 
situated between the Rokko faults and southwest Kyoto 
(Fig. 1). Maruyama and Lin (2002) deduce that the ATTL 
has been active since mid-Miocene to recent, and the 
pre-Neogene basement rocks have been displaced along 
it dextrally by 16–18 km. The recent predominant strike-
slip movements with horizontal slip rates of 1–3  mm/
year are accompanied by minor vertical component 
(~ 0.3 mm/year).

The tectonics inside the Kinki Triangle is character-
ized by the N–S trending active reverse faults (Research 
Group for Active Faults of Japan 1991). These faults are 
mostly east-dipping in the Osaka basin and west-dipping 
in the Ise basin. The predominant E–W contraction in 
the upper crust forms the uplifted mountains between 
Osaka and Ise basins as a pop-up structure (e.g., Sato 
et  al. 2009). There are two major east-dipping reverse 
active fault systems in the Osaka basin (e.g., Nakata and 
Imaizumi 2002; Sato et  al. 2009): (1) The N–S trending 
Uemachi fault zone crosses the center of Osaka city (see 
Fig. 1). It is a 42-km-long zone of reverse faults dipping 
40°–60° to the east, though the deeper segments have 
smaller (thrust-like) dip angle. (2) The Ikoma fault zone 
runs approximately 12  km eastwards to the Uemachi 
fault zone, forming the eastern boundary of the Osaka 
basin (see Figs.  1, 2). The recent vertical slip rates of 
both of these fault zones are estimated as > 0.4 mm/year 
(Nakata and Imaizumi 2002).

The 2018 northern Osaka MJMA6.1 mainshock does not 
overlap spatially with any particular significant earth-
quake since the beginning of instrumental earthquake 
monitoring in Japan, which started 1873. Nevertheless, 

the Kinki region has been affected by two disastrous 
crustal inland earthquakes in the historical age. The 
earlier 1596 Keichou-Fushimi earthquake (M > 7.5) was 
probably caused by linked movements on both ATTL 
and Rokko-Awaji Shima fault zone (e.g., Ishibashi 2004, 
Kamai and Sangawa 2011). The later disastrous Mw6.9 
(MJMA7.2) Hyogoken-Nanbu, Kobe, earthquake (January 
17, 1995) resulted from dextral strike-slip movements 
on several parallel faults of the Rokko-Awaji Shima fault 
zone (e.g., Kanamori 1995). This event was followed by 
an aftershock sequence distributed predominantly along 
the mainshock rupture zone. According to Katao et  al. 
(1997), the aftershocks had mainly strike-slip or reverse 
mechanisms with a nodal plane parallel to a known active 
fault. The azimuths of P-axes trended sub-horizontally 
from E–W to ESE–WNW. The exception was the larg-
est MJMA5.4 aftershock (07:38 of Japan Standard Time, 
January 17, 1995) located near Itami city, east from the 
mainshock rupture zone. This event had a strike-slip 
mechanism with P-axis in NW–SE direction and one 
nodal plane being in agreement with the Itami fault strike 
(see Fig. 1).

To complete, the regional background (micro-)seismic-
ity within the Osaka basin is quite low. It is distributed 
mainly in the Jurassic Tamba accretionary complex (e.g., 
Wakita 2013), and it is sharply bounded by the ATTL to 
the south (e.g., Katao et al. 1997; Matsushita and Imani-
shi 2015), see Fig. 1. The hypocenters are located in the 
seismogenic upper crust at depths shallower than 16 km. 
Sato et al. (2009) assign the cutoff depth of crustal seis-
micity to mid-crustal detachment connected to the local 
thermal regime.

Methods
Here we describe main methods used to analyze the 
mainshock and aftershock seismological data.

Bayesian inference of CMT
In the low frequency point source approximation, the 
earthquake source model can be described by the cen-
troid moment tensor (CMT, e.g., Aki and Richards 2002, 
pp. 49–52). The CMT is inferred from observed wave-
forms by inverse modeling, which is subject to uncer-
tainty (e.g., Zahradník and Custódio 2012). In the case 
of large earthquakes, the major source of uncertainty is 
related to the modeling uncertainty due to the imprecise 
knowledge of the velocity model considered (e.g., Dupu-
tel et al. 2012). The uncertainty of an inferred CMT solu-
tion is thus governed by imprecise modeling of the GFs 
representing response of Earth’s crust to an impulse stim-
ulus (e.g., Yagi and Fukahata 2011). The imprecise GFs is 
the major source of uncertainties, but seismic noise can 
also play an important role. However, this is mostly the 
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case of weaker events with lower signal-to-noise ratio 
(e.g., Vackář et al. 2017).

For the CMT inversion, we fit displacement waveforms 
using a modified version of the Bayesian full-waveform 
CMT inversion code ISOLA-ObsPy (Vackář et al. 2017). 
The code uses a hybrid combination of determining the 
full moment tensor by linear least-squares approach and 
centroid location and time by grid search (e.g., Zahradník 
and Sokos 2018). The full-wavefield GFs are computed 
by the discrete wavenumber method (Bouchon 1981) in 
1D velocity model consisting of homogenous layers. The 
modeled wavefield includes body waves, surface waves 
as well as the near-field terms. The modeling uncer-
tainty (i.e., inaccuracy of GFs) is included following the 
approach by Hallo and Gallovič (2016).

The inverse problem is solved in the Bayesian frame-
work (Tarantola 2005), which leads to the maximum 
likelihood solution estimate supplemented by the pos-
terior probability density (PDF) on model parameters. 

This posterior PDF can be used to generate ensemble of 
random possible solutions drawn from the multivariate 
normal distribution. Such ensemble allows us to inspect 
marginal PDFs (marginal histograms) of any parameter of 
the CMT solution, including non-linearly related param-
eters. These marginal PDFs are fitted with Gaussian func-
tions defined by means and standard deviations σ. The 
reliable estimate of the uncertainty of CMT parameters 
proved to be beneficial in terms of interpretation of the 
results (e.g., Hallo et  al. 2017; Liu et  al. 2018; Ma et  al. 
2018; Mustać et al. 2018).

Major and minor moment tensor decomposition
The seismic moment tensor (MT) may contain non-shear 
force equivalents (e.g., Frohlich 1994). The most widely 
used decomposition of non-shear MTs into ISO, DC 
and CLVD components proved to be useful for physical 
interpretation of earthquake sources in general. Never-
theless, Jost and Herrmann (1989) pointed out that other 
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Fig. 2  Map of the local strong motion stations that recorded the 2018 northern Osaka MJMA6.1 earthquake (red beach-ball). The triangles show 
position of stations of the K-NET, KiK-net and F-net networks that were used (black) or excluded (gray) from the analysis. Two blue and one magenta 
triangles show position of stations operated by the DPRI and JMA Earthquake and Tsunami Observation Network, also considered in the inversion. 
The red lines are surface traces of faults (Nakata and Imaizumi 2002)
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decompositions are mathematically possible and may be 
suitable in some specific cases. Following Kanamori and 
Given (1981), a deviatoric MT (i.e., MT with subtracted 
ISO component) can be decomposed into major and 
minor DC MTs. The major DC MT is the best approxi-
mation of a non-shear (non-DC) MT by a shear (DC) 
source. By analogy to Wallace (1985), assuming absolute 
values of deviatoric MT eigenvalues |�1| ≥ |�2| ≥ |�3| 
with respective eigenvectors v1 , v2 , and v3 , the major and 
minor DC MTs with preserved dominant axis can be 
expressed as follows:

The deviatoric condition �1 + �2 + �3 = 0 applies. The 
dominant eigenvector v1 refers to direction of either P- 
or T-axis, based on the sign of dominant eigenvalue �1 
(Hallo et  al. 2017). The dominant axis direction is then 
preserved for both the major and minor DC MTs. Hallo 
et al. (2017) utilized the mathematical formulation of the 
major and minor DC MT decomposition with preserved 
T-axis for the case of complex earthquakes (2016 Kum-
amoto sequence, Japan) in the tectonic stress field with 
dominant minimal principal stress σ3 (σ1 ≅ σ2 > σ3). Then, 
both of the decomposed MTs may be physically inter-
preted by the complex geometry of the rupture. Never-
theless, it is necessary to emphasize that the physical 
interpretation of the major and minor DC MTs has to be 
supported by other evidences stemming from, e.g., local 
tectonic settings, source mechanisms of other events, or 
slip inversion on a segmented fault, such as done in the 
present study.

MT inversion from P‑wave amplitudes
MT for weaker events (e.g., aftershocks) can be inverted 
from amplitudes of direct P-waves. Let us assume a direct 
body wave spreading from a point source (MT at source 
position ξ ) in a layered medium. The observed P-wave 
far-field displacement at receiver position x has pulse-like 
shape with a dominant frequency f0 . The displacement 
amplitude depends on the P-wave radiation pattern, geo-
metrical spreading and intrinsic attenuation. The ampli-
tude of nth component of the P-wave displacement uPn 
can be expressed, in the ray approximation, as (utilizing 
Aki and Richards 2002, Eq. 4.29)

where r is the ray path length, vector γ consists of direc-
tional cosines of outgoing rays and Einstein summation 

(1)Mmajor = �2

(

−v
T
1 v1 + v

T
2 v2

)

(2)Mminor = �3

(

−v
T
1 v1 + v

T
3 v3

)

.

(3)uPn(x) =
1

2π f0

γnγiγjMij

4πρv3P

1

r
exp

(

−π t∗f0
)

,

convention (indexes i and j) applies. Mij is a component 
of the moment tensor, and vP and ρ are P-wave velocity 
and density at the source zone, respectively. The intrinsic 
attenuation is managed by t∗ factor, which is inverse of 
quality factor multiplied by P-wave slowness integrated 
along the ray path, i.e., t∗ = ∫ 1

QPvP
ds . The frequency of 

the P-wave f0 plays a role in the attenuation part of the 
equation, and hence, it influences the scalar seismic 
moment M0 estimation. However, the aim is to interpret 
mainly DC mechanisms. In our particular application, 
the directional cosines of outgoing rays are determined 
by ray tracing method in 1D velocity model from Table 2.

For the purpose of inversion, Kikuchi and Kanamori 
(1991) proposed to represent the deviatoric moment ten-
sor Mij by a linear combination of five elementary MTs 
defined therein. The P-wave amplitudes on all stations 
are pre-computed for these elementary MTs, and then, 
the five respective linear coefficients (model parameters) 
can be determined by least-squares approach (in anal-
ogy to Zahradník and Sokos 2018). The linear inverse 
problem for deviatoric MT is solved in the Bayesian 
probabilistic framework (Tarantola 2005, Eq.  1.100). 
The assumed diagonal data covariance matrix has sta-
tion-constant variance of 25% of maximum P-wave 
amplitude squared over the all 3 components, i.e., 
σ 2
station = 0.25 ·max

(

u2E ,u
2
N ,u

2
Z

)

 . Such estimates of 
amplitude uncertainty are rather conservative, lead-
ing thus to conservative estimates of the MT solution 
uncertainty.

Analysis of the M6.1 mainshock
Here we analyze the source mechanism of the MJMA6.1 
mainshock as the most significant earthquake in the 
sequence.

Data
We use strong motion recordings from epicentral dis-
tances of 5 to 40 km for the source analysis. Specifically, 

Table 2  1D crustal velocity model determined from the 3D 
Japan Integrated Velocity Structure Model (Koketsu et  al. 
2012) considered for calculation of Green’s functions

Top depth 
of layers 
(km)

vP (km/s) vS (km/s) Density (g/cm3) QP Qs

0.00 4.833 2.697 2.562 632 372

1.75 5.858 3.438 2.710 680 400

3.50 6.300 3.733 2.784 680 400

5.50 6.400 3.800 2.800 680 400

10.85 6.759 4.028 2.935 737 434

15.90 7.492 4.495 3.197 849 499
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we use three-component waveforms recorded at 22 sta-
tions of the K-NET, KiK-net and F-net strong motion 
networks (see Fig.  2, Okada et  al. 2004), operated by 
National Research Institute for Earth Science and Dis-
aster Resilience (NIED). A few regional stations were 
excluded from the selection, as their waveforms exhibit 
a complex wavefield due to unaccounted crustal model 
complexity. Nevertheless, these stations are located 
on the edge of the area of interest (see gray triangles in 
Fig. 2). We also use strong motion velocity data (sensor 
type VSE-355G3) from two stations UJT and KGM oper-
ated by the Disaster Prevention Research Institute of 
Kyoto University (DPRI), and CDD station of the JMA 
Earthquake and Tsunami Observation Network at Nara-
Heguri (see Fig. 2).

Original accelerometric data (K-NET, KiK-net, and 
JMA) and strong motion velocity data corrected for the 
instrument response (F-net, and DPRI) are filtered by a 
bandpass filter and integrated into displacements. The 
used bandpass filter 0.08–0.15 Hz is determined empiri-
cally by manual inspection and processing of the wave-
forms. 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 earthquake, i.e., the validity condition of the point 
source approximation in time. The waveform data from 
all 25 stations are downsampled after the filtration and 
integration to the sampling frequency of 1.25 Hz.

Velocity model
For the wavefield modeling purpose, we use a 1D crustal 
velocity model consisting of homogenous layers that is 
suitable for the discrete wavenumber modeling method. 
The velocity model is prepared from the 3D Japan Inte-
grated Velocity Structure Model (Koketsu et al. 2012) as 
a horizontal average over area of 40 × 40 km around the 
mainshock epicenter (Table  2). The horizontal average 
is firstly calculated for a densely sampled set of depths. 
Densities and quality factors (QP and QS) of homogene-
ous layers of our final sparser velocity model are then 
determined as average values; the wave velocity averages 
are computed to preserve vertical travel times from the 
dense 1D model. The maximal velocity deviation of the 
1D model from the original 3D model is less than 10% for 
depths larger than 1 km (see Additional file 1: Appendix 
I). The shallow layers show higher lateral heterogeneities, 
but they do not significantly affect the inversion using 
much longer wavelengths for earthquake source at the 
depth of the 2018 northern Osaka mainshock.

CMT solution
We perform Bayesian inference of full CMT (includ-
ing ISO component) for the MJMA6.1 northern Osaka 

mainshock, taking into account crustal velocity model 
uncertainty of 10%. The nonlinear centroid parameters 
are sought in a regular space–time grid of points with 
regular grid steps of 1.4 km in 3D within 12 km around 
the hypocenter reported by the JMA. As an ensemble of 
acceptable solutions, we generate 10,000 random possi-
ble solutions drawn from the posterior PDF (including 
both uncertainty of the centroid position, time and MT 
components).

The CMT solution with the best variance reduction 
in standardized waveforms of 63% (see waveforms fit 
in Additional file  1: Appendix II) is located at latitude 
34.844°N, longitude 135.622°E and at depth of 10  km 
(red beach-ball in Fig. 2). The centroid location overlaps 
horizontally with the hypocenter location by JMA, yet 
it is located 3 km shallower (it may be influenced by the 
used velocity model). The centroid time is 07:58:36 of 
Japan Standard Time, and the solution has a scalar seis-
mic moment of 2.78× 1017 Nm (Mw5.6). The CMT solu-
tion has the P-axis trending horizontally with azimuth in 
ESE–WNW direction. All CMT parameters are detailed 
in Table  3. The MT solution involves significant (nega-
tive) CLVD component of − 73% and 0% of ISO com-
ponent (Fig.  3). The assessment of solution uncertainty 
supports the presence of significant CLVD component in 
the source model for the mainshock. The inferred solu-
tion with its uncertainty is very stable and well resolved 
due to the high-quality waveform records on many local 
stations. Hence, these described features of the main-
shock source model can be assumed as reliable.

Major and minor DC sources
While the DC component of the MT has direct physi-
cal interpretation in terms of shear faulting, the signifi-
cant CLVD component supplemented with negligible 
ISO points rather to the complexity of the faulting (e.g., 
Frohlich 1994). The complex faulting may be obvious for 

Table 3  Parameters of  the  inferred CMT solution 
for the Mw5.6 (MJMA6.1) northern Osaka mainshock

Centroid lat/lon/depth 34.844°N/135.622°E/10 km

M0 2.78 ×10
17 Nm

1st Strike/dip/rake 52°/77°/164°

2nd Strike/dip/rake 146°/74°/14°

DC/CLVD/ISO 26%/-73%/0%

M [Mrr, Mtt, Mpp, Mrt, Mrp, Mtp] [1.10 1.53 − 2.65 0.26 0.08 
− 0.72] × 1e17

Uncertainty (2σ): Horiz./vert. location < 1.4 km/< 1.4 km

Uncertainty (2σ): M0 0.7 ×10
17 Nm

Uncertainty (2σ): Strike/Dip/Rake 2.0°/5.0°/5.6°

Uncertainty (2σ): DC/CLVD/ISO 6%/6%/8%
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large-size earthquakes like the Mw7.8 Kaikoura earth-
quake (e.g., Ulrich et al. 2019) as it is supported by field 
observations (e.g., co-seismic surface ruptures). Never-
theless, it is much harder to reveal for midsize sources on 
buried faults like in our case. Hence, we take advantage 
of the knowledge of the full MT and decompose it into 
major and minor DC MTs assuming preserved P-axis 
(analogy to Wallace 1985; Hallo et al. 2017). Such decom-
position is suitable for the northern Osaka area as there 
is dominant maximal principal tectonic stress σ1 (Matsu-
shita and Imanishi 2015) with its direction tilted from the 
P-axis only by roughly 15°.

Result of the major and minor DC MT decomposi-
tion of the best CMT solution for the northern Osaka 
mainshock is shown in Fig.  4 and Table 4. The non-DC 
MT is decomposed into a combination of strike-slip 
and reverse pure-shear faulting sources with scalar seis-
mic moment ratios 63% and 37%, respectively. Both of 
these DC mechanisms have horizontally trending P-axis 
with ESE–WNW azimuth, which is in accordance with 
regional stress field (e.g., Matsushita and Imanishi 2015). 
We would like to point out that the minor DC MT is 
engaged in a relatively large portion of the scalar seismic 

moment of the whole non-DC MT. Hence, both of these 
two decomposed DC MTs contributed significantly 
to the non-DC source model of the Mw5.6 (MJMA6.1) 
mainshock.

To assess uncertainties of mechanisms and moment 
ratios of the major and minor DC MTs, we perform 
repetitive decomposition with preserved P-axis of all 
non-DC MTs from the ensemble of solutions. The results 
shown in Fig. 5 then represent statistics from the 10,000 
decomposed major and minor DC MTs. The orientation 
uncertainties (2σ) of strike/dip/rake angles are 2°/5°/5° 
and 6°/3°/9° for the major and minor DC fault planes, 
respectively. Note that these uncertainties result exclu-
sively from the assumed inaccuracy of the velocity model.

Analysis of the M ≥ 2.0 aftershocks
Here we analyzed the 108 strongest northern Osaka 
sequence aftershocks with MJMA ≥ 2.0 between June 18 
and July 19, 2018, when more than 75% occurred within 
14  days after the Mw5.6 (MJMA6.1) mainshock (see bot-
tom panel in Fig. 1). The timing and magnitudes of these 
events were taken from the JMA unified hypocenter 
catalog. As these aftershocks are distinctly weaker than 
the mainshock (MJMA ≤ 4.1), we used broadband and 
short-period stations and deployed different processing 
techniques. To improve the mainshock–aftershock con-
sistency, we relocated the hypocenters of these events 

Fig. 3  Inferred CMT solution for the Mw5.6 (MJMA6.1) northern Osaka mainshock. The beach-ball plot (top-left panel) corresponding to the 
best-fitting (maximum likelihood) solution estimate is supplemented by uncertainty estimate as captured by the whole posterior ensemble 
displayed in terms of nodal planes of all the solutions (the spherical plot in bottom-left panel) and marginal PDFs for DC, CLVD and ISO components 
(histograms in mid-right)

Fig. 4  Major and minor DC MT (black) decomposition of the best 
non-DC MT solution (red) for the Mw5.6 (MJMA6.1) northern Osaka 
mainshock shown by trinity of beach-balls. The size of the beach-balls 
is proportional to their respective scalar seismic moment

Table 4  Decomposed major and minor DC MTs of the CMT 
solution for  the  Mw5.6 (MJMA6.1) northern Osaka 
mainshock (preserving P-axis)

Mechanism 1st Strike/dip/
rake

2nd Strike/dip/
rake

M0 (%)

Mmajor Strike-slip 52°/77°/164° 146°/74°/14° 63

Mminor Reverse 351°/50°/63° 210°/47°/119° 37
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in the layered velocity model from Table 2 (also used for 
the mainshock’s CMT inference). Then, we determined 
the aftershocks’ MTs from P-wave amplitudes and then 
inverted the local stress field.

Data
For the analysis of aftershocks, we used three-component 
waveforms recorded at 14 stations situated within 30 km 
from the mainshock epicenter. We used short-period 
stations (natural frequency 1  Hz) from Hi-net network, 
broadband stations from F-net network (both operated 
by NIED, Okada et  al. 2004, Obara et  al. 2005), broad-
band stations operated by DPRI of Kyoto University and 
downhole short-period stations (natural frequency 1 or 
2 Hz) operated by Geological Survey of Japan, AIST (see 
Fig. 6). All of the waveform data are available through the 
NIED (Hi-net) data portal. Note that these stations were 
not used in the mainshock analysis as the records were 
saturated.

Special attention had to be paid to the processing 
of recordings from the downhole receivers GS.TKZ, 
GS.TNN, GS.ING. They were transformed to ENZ sys-
tem from local XYZ systems of each of the stations 
assuming azimuth determined from a known posi-
tion of 10 located MJMA > 3.0 events as follows. We pre-
sume that the P-wave arrival back-azimuth at a certain 
receiver is identical to the receiver–source azimuth. For 

the back-azimuth determination, the waveforms were 
bandpass filtered between 0.5  Hz and 15  Hz. Resulting 
azimuthal rotations and standard deviations determined 
from the 10 events as listed in Table  5. As to the qual-
ity, the GS.TNN sensor exhibits much noisier data with 
unclear or inconsistent P-wave onsets and very long, dis-
turbed wave trains when compared to those at GS.TKZ 
and GS.ING sensors. This is reflected also by the larger 
standard error of the GS.TNN azimuth (see Table 5).

All waveform data in digital format (bit counts) were 
converted to real units (m/s) using instrument con-
stants, filtered by a bandpass filter and integrated into 
displacements. The used causal (one-way) bandpass fil-
ter between 2 and 15  Hz was determined empirically 
by manual inspection of waveforms and P-wave arrival 
shapes. The causality of the filter is advantageous for 
reconditioning of the direct wave arrivals (no signal prior 
the P-wave arrival). The filter corner frequencies were 
determined in order to include dominant frequency of 
direct P-wave arrivals while surpassing the background 
noise.

Hypocenter determination
We manually pick arrival times of direct P- and S-waves 
on all stations (the earliest peak value). Then, hypocent-
ers of analyzed events are located in 1D layered veloc-
ity model (Table  2) by our code utilizing probabilistic 
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Fig. 5  Assessment of the uncertainty of the major and minor DC MTs decomposed from the whole posterior ensemble of 10,000 solutions (see 
text). a Perturbed nodal planes of the DC beach-ball in lower hemisphere projection. b Histogram of their mutual scalar seismic moment ratio. The 
triangle diagram (Frohlich 1992) with perturbed solutions in (c) indicates the uncertainty of the faulting type
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approach of Tarantola (2005, pp. 253–256). The uncer-
tainties of arrival times are assumed to be Gaussian, orig-
inating from random perturbations of the velocity model 
with relative standard deviation of 10%. A grid search 
over the area results in a 3D probability density function 
of the hypocenter location (see Additional file 1: Appen-
dix III). The maximum likelihood model sample is used 
as the hypocenter location.

Locations of the 108 analyzed aftershocks are shown 
in Fig.  7 by colored circles. They are distributed in a 
cluster of irregular shape at a predominant depth of 
between 8 and 12 km. Our hypocenter locations are very 
similar to those of the JMA unified hypocenter catalog. 

Nevertheless, our locations have a minor relative sys-
tematical shift of 200–400  m toward east and approxi-
mately 2 km toward shallower depths. The uncertainties 
of hypocenter locations are estimated from the posterior 
PDFs as large as 500 m and 1.2 km (2σ), in horizontal and 
vertical directions, respectively.

The cluster of hypocenters spreads mostly to the south 
from the ATTL which is steeply dipping northwards 
(HERP 2001). It spreads up to 3 km farther to the south 
from the surface traces of ATTL (see Fig.  7). Then, the 
irregular shape of the hypocenter cluster implies a com-
plex geometry of the activated fault structure.

Focal mechanisms
In this study, we invert for deviatoric MTs of aftershocks 
using P-wave amplitudes. Synthetic P-wave amplitudes 
are evaluated using the layered velocity model (in Table 2) 
and our relocated hypocenters. The overdetermined 
inverse problem is then solved in Bayesian probabilistic 
framework assuming station-constant uncertainties of 
the P-wave amplitudes.

We first infer to deviatoric MTs of all the aftershocks 
without any station corrections. These preliminary solu-
tions provide a reasonable fit of observations and synthet-
ics, despite that the short-period signal is very sensitive 
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Fig. 6  Map of the local stations belonging to the Hi-net and F-net networks (black), DPRI (blue) and Geological Survey of Japan, AIST (magenta) 
used for the analysis of the 108 strongest aftershocks (blue circles with magnitude-dependent size). Red lines are surface traces of faults (Nakata 
and Imaizumi 2002). Green rectangle denotes the span of map in Figs. 7 and 14

Table 5  Rotations and  standard deviations of  downhole 
receivers

The list of the events used for the azimuth determination (MMDDHHMM): 
06180842, 06181236, 06190031, 06190453, 06190650, 06190752, 06191415, 
06200347, 06232308, 07011242. These MJMA > 3.0 events have clear P-wave 
arrival back-azimuths

Receiver West-azimuth STD error

GS.TKZ 23.6° 5.9°

GS.TNN 61.3° 10.5°

GS.ING 157.6° 5.1°



Page 11 of 21Hallo et al. Earth, Planets and Space           (2019) 71:34 

to the heterogeneous crustal structure. This inaccuracy is 
only partially compensated by the assumed uncertainties 
of P-wave amplitudes. Therefore, in the next step we take 
into account amplitude station corrections defined as the 
logarithmic average of the ratios between the theoretical 
and observed P-wave amplitudes at each station (Imani-
shi et al. 2011). We recalculate deviatoric MTs of all the 
aftershocks assuming the amplitude station corrections 
determined from the preliminary solutions.

As we use the Bayesian technique, solutions are supple-
mented by their uncertainties in the form of an ensemble 

of 10,000 random samples drawn from posterior PDF. 
The solution stability and data fit were manually checked 
on all events and stations. Figure 8 shows an example of 
inferred focal mechanism for MJMA3.9 aftershock that 
occurred on June 19, 2018. Despite the fact the nodal 
planes are reasonably well constrained (Fig. 8b), the DC 
component content is not, which is a general feature of 
the P-wave amplitude inversion method (see histogram 
in Fig. 8c). Hence, in the following, we interpret only the 
pure-shear components of the inverted aftershock MT 
solutions (DC to non-DC ratios are listed in Additional 
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file  1: Appendix IV). Finally, notice the good fit of the 
observed and synthetic amplitudes in Fig. 8d which has 
been improved by considering the amplitude station 
corrections.

We inspect and sort all aftershocks to three qual-
ity classes based on the MT solution stability, scatter of 
data misfit over stations (i.e., standard deviation of loga-
rithms of ratios between the theoretical and observed 
amplitudes after applying the amplitude corrections) 
and DC component content of the maximum likelihood 
solution. The “A-class” aftershocks (31 in total) have sta-
ble MT solution with the most likely DC content larger 
than 70%. These events have the least scatter of data mis-
fits from all processed events. The “B-class” aftershocks 
(57 in total) have stable solution with the most likely DC 
content larger than 50%. Finally, “C-class” events (20 in 
total) have the most likely DC content lower than 50% 
and/or they have scatter of data misfit exceeding 90% 
of all processed events. We consider “C-class” events to 
have poorly determined MTs; therefore, these events are 
excluded from the subsequent analysis.

Figure 9 shows maximum likelihood DC focal mecha-
nisms of the A- and B-class aftershocks (88 in total). 
The solutions are color-coded according to their faulting 
type following the definition of Frohlich (1992) based on 
PNT-axes plunge angles (see legend in Fig. 9). The num-
ber of categorized strike-slip, reverse, normal and “odd” 
(i.e., other) events was 17, 41, 0 and 30, respectively. 

There are no normal faulting events among the analyzed 
aftershocks. The strike-slip aftershocks (red beach-balls 
in Fig. 9) spread in a SW direction from the mainshock 
epicenter, while the reverse faulting events (blue beach-
balls in Fig. 9) are located mainly to the north and around 
the mainshock epicenter. Aftershocks of the “odd” fault-
ing type (gray beach-balls in Fig. 9) are oblique faulting 
events combining strike-slip and reverse mechanism 
(see the triangle diagram in Fig. 9). The latter events are 
located mostly in the vicinity of strike-slip events. For 
better understanding of the spatial zonation of after-
shocks’ faulting type, see Fig. 10 with four vertical cross 
sections. Note especially cross sections AA’ and DD’ 
dominated by strike-slip (to oblique) and reverse faulting 
aftershocks, respectively. In summary, these results sug-
gest that the source area is characterized by strike-slip to 
reverse faulting earthquakes (consistent with Matsushita 
and Imanishi 2015). The spatial zonation of aftershocks’ 
faulting type may be related to a complex geometry of 
the activated structure located near ENE–WSW trending 
strike-slip and N–S trending reverse faults.

In Fig.  11, we display the temporal evolution of the 
sequence. The figure shows the same set of the A- and 
B-class DC aftershock focal mechanisms as shown in 
Fig.  9 using different, time-dependent, color scale. The 
spatial–temporal distribution implies that almost the 
whole fault structure became active since the beginning 
of the sequence, and there is no significant migration 
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Fig. 8  Example of the focal mechanism solution for an aftershock (MJMA3.9) that occurred at 7:52 Japan Standard Time on June 19, 2018. a, b 
Inferred DC beach-ball and uncertainty of its nodal planes in lower hemisphere projection, respectively. c Shows histogram of the DC component 
content as captured by the ensemble of solutions. The map in (d) reveals fit of the observed (colored circles) and synthetic (colored pentagons) 
amplitudes on stations (black points) for the best source model (black beach-ball). The size of each colored symbol is proportional to the amplitude, 
while color has meaning of its sign (see legend)
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of activity within the main focal zone (red and orange 
beach-balls in Fig. 11). The latest events located outside 
the main focal zone (green beach-balls in Fig. 11) may be 
regarded as spreading of the seismicity into surroundings 
of the primarily activated structure. Based on the after-
shock locations, the primarily activated structure covers 
an area of approximately 5 × 4 km. Let us also point out 
that the triangle diagram in Fig. 11 implies that there was 
no significant temporal development of the faulting type 
during the 2018 northern Osaka sequence. This way, the 

strike-slip, reverse and oblique faulting type aftershocks 
occurred within the whole earthquake sequence.

The variation in strike, dip and rake angles for the 
investigated set of aftershocks is shown in Fig.  12. 
Nevertheless, the mechanisms of aftershocks depend 
on the present stress field after the mainshock occur-
rence and on the direction of pre-fractured faults; 
hence, these directions may vary. The strike-slips 
(right panels in Fig. 12) have the most frequent nodal 
plane azimuths at intervals 45–60° and 135–150°. The 
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same values are represented by the steeply dipping odd 
events (mid panels in Fig. 12). The reverse faults in the 
left panels of Fig. 12 have dips of both nodal planes at 
intervals of 45–60°. Although the aftershocks’ strike 

and dip angles vary, we may relate some directions 
with assumed mainshock’s fault planes from the major 
and minor DC MT decomposition (green lines in 
Fig. 12).
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Fig. 10  Vertical cross sections with the MJMA ≥ 2.0 aftershocks’ beach-balls (projection of the back half-sphere). For the events coloring and cross 
sections’ placement, see the legend and Fig. 9. Yellow star is the mainshock CMT location (depth 10 km). Light-pink and light-blue lines represent 
the schematic mainshock model coherent with its major and minor DC MT decomposition (see Fig. 14)
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Stress field in the northern Osaka
The PT-axes of the determined DC focal mechanisms of 
A- and B-class aftershocks are shown in Fig.  13a–d by 
polar plots. The reverse faulting events have P-axis azi-
muths trending sub-horizontally from E–W to SE–NW 
(Fig.  13a), and their T-axes are sub-vertical. The strike-
slip aftershocks have both P- and T-axes, trending sub-
horizontally (Fig.  13c), where azimuths of P-axes are in 
the same range as for the reverse faulting events. The 
P-axes of the “odd” faulting events remain mainly sub-
horizontal having azimuths consistent with both the 

reverse and strike-slip events (see Fig. 13b). Finally, PT-
axes of all the determined focal mechanisms are shown in 
Fig. 13d. The stability of the P-axes of all the aftershocks 
validates the plausibility of the non-DC Mw5.6 (MJMA6.1) 
mainshock decomposition into the major and minor 
DC MTs preserving the P-axis direction. The PT-axes of 
these two decomposed DC MTs are shown in Fig. 13a–d 
by green signs (see legend). These mainshocks’ “major” 
and “minor” PT-axes are in accord with the aftershocks 
PT-axes, and hence, there is no clear evidence of a change 
of the stress regime during this earthquake sequence.
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The DC focal mechanisms of aftershocks (not the 
mainshock) are used to determine the local stress field 
by applying the inversion method by Michael (1984). 
It provides directions of maximum, intermediate and 
minimum principal stress axes (σ1, σ2 and σ3, respec-
tively) and a shape ratio defined by Gephart and For-
syth (1984) as R = (σ2 − σ1)/(σ3 − σ1) . The method by 
Michael (1984) requires one to choose the actual fault 
plane from the two MT nodal planes; hence, we select 
the preferable nodal planes based on the local tec-
tonic settings. Specifically, we select the east-dipping 
nodal planes of reverse mechanisms and the ENE–
WSW trending nodal planes of strike-slip and oblique 
mechanisms. The uncertainty of the stress field origi-
nating from uncertain focal mechanisms is illustrated 
by the Monte Carlo method, where the inversion is 
solved repeatedly over 10,000 realizations of random 
perturbations of strike and dip drawn from zero-mean 
Gaussian distribution with standard deviation of 20° 
(Vavryčuk 2014).

The results of the stress field inversion for the north-
ern Osaka area are shown in Fig.  13e (principal stress 
directions), Fig. 13f (the shape ratio) and Fig. 13g (the 
misfit angle). The inverted stress field parameters 
without any data perturbation (black–white markers 
in Fig.  13e) are described in Table  6. The maximum 
principal stress σ1 is trending sub-horizontally in the 
ESE–WNW direction. The trend of σ1 is stable, and 
it is clearly distinguished from the intermediate and 
the minimum principal stresses (σ1 ≫  σ2,3). The shape 
ratio of 0.9 implies that the latter two principal stresses 
have almost the same size (σ1 ≫ σ2 ≅ σ3), which is also 
illustrated by the instability of σ2,3 axes in the uncer-
tainty analysis expressed by means of the random per-
turbations of the strike and dip angles. Our result is 
in accordance with that of Matsushita and Imanishi 
(2015) who conclude that the stable σ1 axis is trending 
sub-horizontally and σ2,3 axes vary spatially in the Kinki 
area. Nevertheless, we interpret the local instability of 
the σ2,3 axes in the northern Osaka area by σ2 ≅ σ3. To 

a b c

d e f

Fig. 12  Occurrence frequencies of the azimuth (upper panels) and dip (bottom panels) angles of the aftershock focal mechanisms (for both nodal 
planes of each source) classified according to their faulting type (columns) following Frohlich (1992). Dips of the reverse faulting events (bottom left 
panel) are shown in projection to the vertical plane with azimuth WNW-ESE (N300°-N120°). Green lines show angles of the assumed mainshock’s 
fault planes from the major and minor DC MT decomposition (respective strike-slip or reverse fault planes)
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conclude, the determined stress field for the northern 
Osaka area permits the simultaneous activation of both 
strike-slip and reverse faults.

Discussion
The adopted methods and source parameter uncertain-
ties helped to distinguish which features of the inferred 
source parameters are reliable. For example, the pres-
ence of the strong CLVD component in the mainshock 
MT is statistically significant even considering imper-
fect knowledge of the Earth’s crust. This allows us to 
use such detailed analysis as the major and minor DC 
MTs decomposition. On the other hand, the large 
uncertainty of the DC component content of the after-
shocks prevents any physical interpretation. Finally, the 
uncertainty of the inverted stress field illustrates that 
the maximum principal stress σ1 is stable in the area.
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60 120 180
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Fig. 13  PT-axes of the aftershock focal mechanisms and the inverted stress field in the northern Osaka area. Polar plots in a–d show PT-axes of 
the aftershocks, and decomposed major and minor DC MTs of the mainshock (see bottom left legend and text). e Result of the local stress field 
inversion by Michael (1984)’s method with illustrated uncertainty (see bottom right legend and text). f Histogram of the shape ratio R =

σ2−σ1
σ3−σ1

 . g 
Histogram of misfit angles for the data with respect to the best stress field solution. The misfit angle is defined as an angle between the tangential 
traction predicted by the best stress field solution and the observed slip direction

Table 6  Inverted principal stress axis directions 
of  the  northern Osaka area from  the  aftershock 
mechanisms (method by Michael 1984)

R is the shape ratio of principal stress axes defined by Gephart and Forsyth 
(1984). As the error, we use 99% quantile of the angle between the inverted axis 
vector and all random realizations (inverse cosine of dot product)

R = 0.9 σ1 σ2 σ3

Azimuth 106° 215° 10°

Plunge 11° 59° 29°

Error 7° 66° 66°
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Model of the mainshock rupture
Here we propose a model of the mainshock rupture 
based on the decomposed major and minor DC mecha-
nisms (Fig. 4 and Table 4) and the spatial distribution of 
aftershocks (Figs. 9, 10, 11). The schematic model of the 
mainshock is shown in Fig.  14. The assumed southeast-
dipping dextral strike-slip sub-fault (major DC MT) is 
situated at depths 7–11  km (see light-pink rectangle in 
Fig. 14). The sub-horizontal dextral movement on such a 
fault is then consistent with the dextral strike-slip move-
ments on other nearby known faults. The east-dipping 
reverse sub-fault (minor DC MT) is situated at depths 

8-11  km and partially overlaps with the strike-slip fault 
(see light-blue rectangle in Fig. 14).

The respective rupture areas of these assumed strike-
slip and reverse sub-faults are proportional to the scalar 
seismic moments of the major and minor DC MTs (i.e., 
63% and 37%). The scalar seismic moment of the main-
shock can be used for estimation of the total rupture area 
using an empirical scaling relationship. Here we adopt 
the empirical relationship from Somerville et  al. (1999) 
that is based on the self-similar scaling of the large to 
midsize crustal earthquakes. The total rupture area of the 
mainshock is then estimated to be 44 km2 which is larger 
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related to the major and minor DC MTs, respectively. Each sub-fault’s size and location are coherent with relocated hypocenters of aftershocks of the 
respective faulting type. Yellow star is the mainshock CMT location
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than the total area of our schematic model (i.e., 32 km2). 
However, we would like to emphasize that it is only an 
estimate, and the true rupture size may be influenced by 
joint activation of both of these nearby faults.

Our model of the mainshock is based on rather low 
frequencies (below 0.15  Hz); hence, we cannot make 
conclusions about an exact timing of the two activated 
sub-faults which is below our resolution. Nevertheless, 
the focal mechanism of the mainshock as inverted from 
the P-waves first motion polarity by JMA (see Table 1) is 
a reverse faulting type similar to our minor DC MT (see 
Table 4). It suggests that the mainshock nucleated along 
the N-S trending reverse fault and then spread also along 
the dextral strike-slip fault. Our model of the mainshock 
is basically consistent with model by Kato and Ueda 
(2019) that was derived from spatiotemporal distribution 
of aftershocks relocated by double-difference method.

Sesmotectonic interpretation
Let us discuss relations of the activated faults in this 
sequence to the known local tectonic structures. The 
activated strike-slip fault has the strike angle trending 
similar to the eastern ATTL. However, the spatial distri-
bution of the aftershocks implies that it is located a few 
km southwards from this distinctive tectonic line, which 
is steeply dipping northward (HERP 2001). Such a fault 
has not been known so far; nevertheless, parallel fault-
ing is a common feature of this part of the Kinki triangle 
(e.g., Rokko faults). A known ENE-WSW trending strike-
slip fault sub-parallel to the ATTL is the Itami fault, 
though it is traced more than 10 km to the west from the 
activated structure. Kawasaki et al. (1994) and Toda et al. 
(1995) found a graben structure on the southern side of 
ATTL based on a P-wave reflection profiling along Yodo 
River, east of the epicentral region. They interpreted the 
buried fault on the southern side of the graben structure 
as a normal fault. Katao (1996) reported a linear distri-
bution of microearthquakes with strike-slip mechanism 
sub-parallel to ATTL, and this lineament includes the 
largest aftershock of the January 17, 1995, Kobe earth-
quake, occurring on the Itami fault. Thus, a sub-parallel 
buried fault might exist along the ATTL, and it is con-
nected with the Itami fault. A part of the 2018 northern 
Osaka earthquake could be thought to have occurred 
on a part of this buried fault. Our results suggest that 
motion on this buried fault is dominated by strike-slip 
mechanism in the seismognenic depth. Regarding the 
activated reverse fault at the depth of 8–11 km, its east-
dipping nodal plane may suggest a relationship with the 
Uemachi fault zone having surface traces approximately 
12 km to the west. The deeper segments of the Uemachi 
fault are expected to have a smaller (thrust-like) dip angle 
(e.g., Sato et  al. 2009), but the activated structure has a 

dip angle of 50°. Moreover, there is no evidence of an 
extensive seismic activity migration to the south along 
the Uemachi fault. So, the tectonic relationship between 
them remains unclear.

Let us discuss a possible relation of the 2018 north-
ern Osaka Mw5.6 (MJMA6.1) earthquake with the 1995 
Hyogoken-Nanbu (Kobe) Mw6.9 (MJMA7.2) earthquake. 
Following Toda et al. (1998), the Kobe earthquake influ-
enced significantly the stress of nearby faults. Particularly 
for the northern Osaka area, the Coulomb failure stress 
on optimally oriented strike-slip faults increased by up to 
3 bars (alike eastern ATTL). This means that the preex-
isting strike-slip faults might have been brought closer to 
failure by the Kobe earthquake. Contrarily, the Coulomb 
failure stress change from the Kobe earthquake on opti-
mally oriented thrust faults is almost zero in northern 
Osaka. The change is negative to the south and positive 
to the north from the 2018 earthquake epicenter. Regard-
ing the seismicity, the largest MJMA5.4 aftershock of the 
Kobe earthquake occurred east from the Rokko faults on 
the Itami fault (e.g., Katao et al. 1997). Hence, there was 
also evidence of an activity on a strike-slip fault sub-par-
allel to the ATTL.

Conclusion
In this study, we performed detailed analysis of the main-
shock–aftershocks 2018 northern Osaka earthquake 
sequence from seismological point of view. We use meth-
ods and approaches which take into account uncertain-
ties of measured data and/or imperfect knowledge of the 
Earth’s crust. The solutions are thus complemented by 
an estimate of uncertainties, which helps in interpreta-
tions by pointing out robust features of inverted source 
parameters. Although this work is mostly a case study, 
some of the methods are enhanced or tailor-made for the 
local settings (e.g., major and minor DC MT decompo-
sition). The source codes for some of the used methods 
are available on the author’s website (http://geo.mff.cuni.
cz/~hallo​/).

Results from the 2018 northern Osaka sequence analy-
sis imply that the Mw5.6 (MJMA6.1) mainshock is charac-
terized by a geometrically complex rupture process. The 
activated fault structure consists of at least two (major 
and minor) segments with diverse geometries and slip 
directions intersecting under Takatsuki city. The acti-
vated ENE-WSW trending strike-slip fault is parallel 
to the ATTL, while the N-S trending reverse fault has a 
dip of 50° to the east. Shear movements on both of these 
faults contribute significantly to the total seismic moment 
of the mainshock. Therefore, the mainshock rupture pro-
cess is the case of joint movements on the strike-slip and 
reverse faults.

http://geo.mff.cuni.cz/%7ehallo/
http://geo.mff.cuni.cz/%7ehallo/
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The series of weaker aftershocks occurred mainly 
within the primarily activated fault structure during the 
mainshock. The hypocenter cluster of aftershocks has an 
irregular shape, spreading mainly south from the ATTL. 
These aftershocks exhibit strike-slip to reverse faulting 
type consistently with the major and minor sub-sources 
decomposed from the mainshock. There is no signifi-
cant temporal evolution of the faulting type during the 
aftershocks’ sequence, which suggests that both faults 
were activated during the mainshock. These conclusions 
are supported by the inverted local stress field from the 
aftershock mechanisms, showing that the maximum 
principal stress is trending sub-horizontally in the ESE–
WNW direction. It is clearly distinct from the intermedi-
ate and minimum stresses, which have almost the same 
size. Such stress field allows for simultaneous activation 
of both strike-slip and reverse faults.

The lesson learned from the complex rupture process 
of the 2018 northern Osaka mainshock is that seismic 
hazard assessment and future urban planning should take 
into account such cases of complex faulting. Specifically, 
the seismic hazard in areas with one dominant stress axis 
(like σ1 ≫ σ2 ≅ σ3) should take into account possible joint 
movements on preexisting faults of diverse geometries 
(joint movements on strike-slip and reverse faults). Nev-
ertheless, we acknowledge that this task is challenging for 
buried or even unknown faults as in the present case.

Additional file

Additional file 1. Supplementary file containing appendices I–IV with 
additional figures, tables and methods.
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