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Abstract The seismicity in the Korean Peninsula has increased since the 2011 Mw9.0 Tohoku-Oki
megathrust earthquake. Two strike-slip earthquakes with magnitudes of ML5.1 and 5.8 occurred in the
southeastern Korean Peninsula on 12 September 2016. The two events occurred within 48 min. The ML5.8
earthquake was the largest event in the Korean Peninsula since 1978 when national seismic monitoring
began. Both events produced strong high-frequency ground motions. More than 500 aftershocks with
local magnitudes greater than or equal to 1.5 followed the events for 2 months. An unreported subsurface
strike-slip fault with a dip of 65∘ to the east and a strike of N27∘E was responsible for the earthquakes.
The fault ruptured at depths of 11–16 km, resulting in a rupture plane of ∼26 km2. The aftershock
distribution displayed horizontal streaks at a depth of ∼14 km, which was consistent with the focal
mechanism solutions from long-period waveform inversion. The number of aftershocks decreased
exponentially with time. The two ML5.1 and 5.8 earthquakes produced regional Coulomb stress changes
of −4.9 to 2.5 bar. The spatial distribution of the aftershocks correlated with the Coulomb stress changes.
The peak dynamic stress induced by strong ground motions reached 14.2 bar. The groundwater levels
changed coseismically in some regions of decreased static stresses. The earthquakes on previously
unidentified faults raised attention for the potential seismic hazards by earthquakes with long
recurrence intervals.

1. Introduction

The influence of a megathrust earthquake on the long-term evolution of intraplate seismicity at regional
distances remains uncertain [e.g., Hong et al., 2015]. There are contradictory observations presenting both
seismicity increases and decreases in stress shadows [e.g., Jaumé and Sykes, 1996; Harris, 1998; Felzer and
Brodsky, 2005; Mallman and Parsons, 2008]. The Korean Peninsula is placed on a stable intraplate regime with
relatively low seismicity. However, the 2011 Mw9.0 Tohoku-Oki megathurst earthquake changed the seismicity
in the Korean Peninsula [Hong et al., 2015]. The megathrust earthquake coseismically displaced the Korean
Peninsula by 2 to 5 cm in the direction of the epicenter [Baek et al., 2012; Kim and Bae, 2012; Ha et al., 2014;
Hong et al., 2015; Houng et al., 2016]. Postseismic displacement has occurred in the Korean Peninsula for several
years since the megathrust earthquake [Baek et al., 2012; Zhou et al., 2012; D. Kim et al., 2016].

The megathrust earthquake produced strong ground motions [Hoshiba et al., 2011; Peng et al., 2012] and
dynamically triggered earthquakes around the peninsula for more than half a day [Houng et al., 2016]. The
coseismic and postseismic displacements caused temporal changes in the stress field and changed the earth-
quake occurrence rate as well as the frequency of large earthquakes [Hong et al., 2015; Houng et al., 2016].
Moderate-sized earthquakes have occurred frequently since the Tohoku-Oki earthquake. In particular, three
earthquakes with magnitudes greater than or equal to ML4.9 occurred in the Yellow Sea region between 2013
and 2014. In addition, unusual clustered earthquakes occurred at two regions in the Yellow Sea [Hong et al.,
2015; Houng et al., 2016].

Historically, there have been many large earthquakes in the Korean Peninsula [Lee and Yang, 2006; Seo et al.,
2010; Houng and Hong, 2013; Hong et al., 2016; Park and Hong, 2016]. There is growing concern that large
earthquakes will occur in the near future due to the influence of the 2011 Tohoku-Oki megathrust earthquake.
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Figure 1. (a) Tectonic setting around the Korean Peninsula. The epicenter and focal mechanism solution of the 2011 Mw9.0 Tohoku-Oki earthquake are marked.
(b) An enlarged map of the Korean Peninsula (rectangular region in the large map in Figure 1a) with presentation of major geological provinces. The epicenter
of ML5.8 (star) and stations (triangles) are marked. The major geological provinces are denoted: Gyeonggi massif (GM), Gyeongsang basin (GB), Okcheon belt
(OCB), Ongjin basin (OJB), Yeongnam massif (YM), and Yeonil basin (YIB). (c) Determination of the Gutenberg-Richter magnitude-frequency relationship for the
aftershocks. The minimum magnitude, Mmin, ensuring the earthquake catalog completeness, is 1.6. The b value is 1.04. (d) Temporal distribution of magnitudes
of aftershocks. (e) Temporal variation of aftershocks that follows Omori’s law with parameter p of 1.53 and parameter c of 8.60 h. The earthquake occurrence
rate curve (dashed line) for dynamically triggered earthquakes by the 2011 Mw9.0 megathrust earthquake is presented for comparison.

The ML5.8 earthquake on 12 September 2016, the largest event since 1978, occurred in the southeastern
Korean Peninsula. The event provides a unique opportunity to examine the properties of moderate earth-
quakes in the region and investigate the influence of the megathrust earthquake on regional intraplate
faulting.

2. Event and Data

Two moderate-sized earthquakes with local magnitudes of ML5.1 and 5.8 occurred within an interval of 48 min
on 12 September 2016. The events occurred around the Yangsan fault zone in the southeastern Korean
Peninsula that had been seismically inactive (Figure 1). The two events occurred in nearby locations. The
hypocentral interevent distance is 0.90 km. The M5.8 earthquake is the largest event in the Korean Peninsula
since 1978 when national seismic monitoring began. This event produced strong coseismic ground shaking,
which was felt at distances of more than 300 km (Figure 2).

The two events and their aftershocks were well recorded in 160 seismic stations over the Korean Peninsula
(Figure 1). The peak ground accelerations reached 4.4 m/s2 in the E-W component, 4.2 m/s2 in the N-S
component, and 2.3 m/s2 in vertical component at station USN at an epicentral distance of 8.2 km. Local
site effects amplify the ground motions (Figure 2a). Ground motions at an epicentral distance of 8.2 km
(station USN) are stronger than those at an epicentral distance of 5.8 km (station MKL). The spectra of dis-
placement waveforms at three local stations (MKL, USN, and HDB) display characteristic high-frequency
energy (Figure 2b). The responsible fault rupture was not found on the surface. We collect the information on
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Figure 2. (a) Spatial distribution of instrumental seismic intensities in MMI scale. The peak EW directional ground
accelerations are presented in contours. The peak instrumental seismic intensity is MMI 8. (b) Vertical displacement
spectra at stations MKL, USN, and HDB. The epicentral distances are noted. (c) Estimation of frequency-dependent
decay rate of displacement spectra in a frequency range of 1–15 Hz, presenting 𝜔−1.22(±0.02) , where 𝜔 is the frequency.
A theoretical displacement spectra with the corner frequency of 0.39 Hz for an arbitrary seismic moment is presented
for comparison (blue solid line). Strong high-frequency energy is observed.

groundwater levels from 210 national groundwater monitoring stations that are installed at depths of ∼70 m
beneath the surface. The sampling rate of groundwater level is one sample for every hour.

We analyze 128 earthquakes with magnitudes of ML1.95–5.80 from 12 September 2016 to 2 October 2016.
The largest aftershock, with a magnitude of ML4.5, occurred 7 days after the main shock. The number of after-
shocks with magnitudes greater than 1.5 is 521 as of 17 November 2016. The magnitudes and numbers of
aftershocks generally decreased with time (Figure 1). The focal depths range between 11 and 16 km. Most
events are distributed at depths between 13 and 15 km (see supporting information).

3. Methods and Process

We perform a long-period waveform inversion [Dreger and Helmberger, 1990; Hong et al., 2015] based on a
global-averaged one-dimensional (1-D) velocity model [Kennett et al., 1995] to determine the focal mechanism
solutions of the earthquakes. We determine a set of hypocentral parameters generating the best fit synthetic
waveforms [Saikia, 1994]. The focal mechanism solutions of the ML5.1 and ML5.8 earthquakes and several
moderate-size aftershocks are determined based on three to five seismic records with epicentral distances of
105.4 km to 354.5 km (Figure 3). The frequency band is 0.05 to 0.12 Hz, which is slightly adjusted depending
on the waveforms (see supporting information).

We refine the hypocentral parameters of the events using a velocity-searching hypocentral inversion method
(VELHYPO) that is particularly effective for hypocentral-parameter inversion for earthquakes in heteroge-
neous media, such as fault zones [Kim et al., 2014; W. Kim et al., 2016]). The hypocentral-parameter inversion
method is based on P and S arrival times that were manually picked from three-component waveforms.
We analyze 11 to 25 three-component waveforms for each event to determine the hypocentral parameters
(Figure 1). We estimated the P arrival times from 2691 three-component waveforms and the S arrivals from
473 three-component waveforms.

The dense azimuthal coverage of stations and effective hypocentral-parameter inversion method allow us to
determine the hypocentral parameters with high accuracy Kim et al., 2014; W. Kim et al., 2016]. The P travel-
time residuals range between −0.198 and 0.135 s. The average is 7.47×10−7 s, and the standard deviation is
0.032 s. The S traveltime residuals range between−0.300 and 0.402 s. The average is−0.051 s, and the standard
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Figure 3. (a) Map view of epicenters of the main shock and aftershocks. Focal mechanism solutions from long-period
waveform inversion are presented. Vertical event distribution along cross sections (b) AA′ and (c) BB′. The vertical event
distribution along BB′ illuminates the fault dip angle of 65∘ –70∘. (d) A schematic model of the responsible fault and
relationship to Yangsan fault. An ENE-WSW directional compressional stress field marked with arrows is applied in
the region.

deviation is 0.084 s. The horizontal and vertical location errors in 95% confidence level were less than 27 m and
50 m, respectively. The traveltime and location errors are small enough to certify the accuracy of the inversion.

VELHYPO yields a velocity model for every hypocentral-parameter inversion (Figure 3). The inverted velocity
models are consistent with each other, supporting a stable inversion (see supporting information). In addition,
the average velocity model agrees with regional studies [e.g., Chang and Baag, 2006]. We calculate the station
correction terms from the traveltime residuals. The station correction terms present characteristic regional
variations that increase with epicentral distance (see supporting information). The observation suggests a
lateral perturbation of crustal structure in the region.

The frequency contents of radiated energy are examined by comparing between the observed and theoretical
displacement waveform spectra [Brune, 1970]. The corner frequency of displacement spectrum is determined
from an empirical relationship between the seismic moment and corner frequency [Xie, 2002; Hong, 2010]
(see supporting information for the details). We examine the high-frequency decay rate of displacement spectra
in a frequency range of 1–15 Hz.

The aftershock occurrence rates decay following a modified Omori’s law [Utsu and Ogata, 1995]:

r(t) = K
(t + c)p

, (1)

where r(t) is the number of aftershocks per unit time, and t is the lapsed time in hours after the main shock.
We determine a set of unknowns K , c, and p that maximizes a log likelihood function. We estimate the seismic
intensity in the modified Mercalli intensity (MMI) scale from seismic waveforms [Park and Hong, 2014]

I = 3.11 log S̄ + 10.61, (2)

where S̄ is the log-averaged horizontal acceleration spectral amplitude with units of m/s in the frequency
band of 4 − 10 Hz.

We calculate the Coulomb stress change, ΔCFS that is induced by the earthquakes [e.g., Harris, 1998]:

ΔCFS = Δ𝜏 − 𝜇(Δ𝜎n−Δp), (3)
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where Δ𝜏 is the shear stress change, 𝜇 is the frictional coefficient, Δ𝜎n is the normal stress changes (positive
for increased compression), and Δp is the pore fluid pressure change. We simplify the expression to be [King
et al., 1994; Toda et al., 2005]

ΔCFS = Δ𝜏 − 𝜇′ Δ𝜎n, (4)

where 𝜇′ is the effective frictional coefficient. The effective frictional coefficient 𝜇′ is set at 0.4 [Nalbant et al.,
1998; Ma et al., 2005; Toda et al., 2005; Freed et al., 2007; Catalli and Chan, 2012; Hong et al., 2015]. We assume
the fault dimension using an empirical relationship based on the seismic moment [Wells and Coppersmith,
1994]. The Coulomb stress change is calculated for optimally oriented strike-slip faults. The ambient regional
stress field is assumed to be N75∘E directional compression with a strength of 65 bars [Junn et al., 2002; Choi
et al., 2012; Hong et al., 2015]. We set the lithospheric Young’s modulus to be 80 GPa, and the Poisson’s ratio to
be 0.25 [King et al., 1994; Toda et al., 2005; Hong et al., 2015].

The peak dynamic stress, 𝜎d , induced by a ground motion is given by

𝜎d = 𝛾s

u̇d

vs
, (5)

where 𝛾s is the shear modulus, u̇d is the peak ground velocity (PGV), and vs is the shear wave velocity. We set
the shear wave velocity (vs) to be 3.58 km/s and the shear modulus (𝛾s) to be 34.95 GPa, considering the seismic
properties at a depth of 10 km in the crust of the Korean Peninsula [Houng et al., 2016]. The peak dynamic
stress changes are calculated based on the seismic waveforms from the seismic stations that were deployed
uniformly in the Korean Peninsula.

4. Results

The instrumental seismic intensity at the epicenter is MMI 8. The peak instrumental seismic intensity reached
MMI 7 in the northwestern Gyeongsang basin, which is located several tens of kilometers away from the
epicenter (Figure 2a). The region of peak seismic intensity coincides with the region of crustal seismic ampli-
fication [Hong and Lee, 2012; Jo and Hong, 2013]. The region of MMI 6 expands up to a distance of more than
100 km from the epicenter. The seismic intensity decays slowly with distance in the Precambrian massif blocks.

The seismic waveforms of the main shock are rich with high-frequency energy (Figure 2b). The displacement
spectra display an apparent decay rate of𝜔−1.2(±0.02) in a frequency band of 1–15 Hz where𝜔 is the frequency.
The apparent decay rate is much smaller than the expected decay rate of 𝜔−2 (Figure 2c; see supporting
information) [Brune, 1970]. The high-frequency signals may indicate energy radiation from small-scale hetero-
geneities, which suggests a rupture on a fresh and rough fault plane. The high-frequency energy decays fast
with distance (Figure 2b).

The minimum magnitude of the aftershock catalog is ML1.6 (Figure 1c). The b value of the Gutenberg-Richter
magnitude-frequency relationship for aftershocks is 1.04. Parameter p in equation (1) is determined to be 1.53,
and parameter c is given by 8.60 h (Figure 1e). It is noteworthy that the parameters p and c for dynamically
triggered earthquakes in the Korean Peninsula by the 2011 Mw9.0 Tohoku-Oki megathrust earthquake were
determined by 1.15 and 1.36 h, respectively [Houng et al., 2016]. The aftershock occurrence rate decays more
slowly than the dynamically triggered earthquake occurrence rate (Figure 1e). The observation suggests that
the static-stress change may be more effective for earthquake triggering in a stable intraplate region than the
dynamic stress change.

The focal mechanism solution of the ML5.8 event from a long-period waveform inversion suggests a N27∘E
directional fault. The dip is 65∘. The moment magnitude is Mw5.4. The focal mechanism solution of ML5.1 event
suggests a strike of N32∘E and a dip of 70∘. The moment magnitude is Mw5.0. The distribution of aftershocks
agrees with the fault geometry. The focal mechanism solutions of moderate-size aftershocks present a similar
fault geometry.

The focal depths of earthquakes range between 11 and 16 km (Figure 3). The focal depth distribution of after-
shock displays an eastward dipping, which agrees with the fault dipping geometry of the ML5.8 and ML5.1
events. The clustered events suggests the dimension of the fault plane to be ∼26 km2. The earthquakes are
concentrated laterally at a depth of 14 km. The spatial distribution of aftershocks is consistent with the fault
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Figure 4. (a) Spatial distribution of aftershocks over the Coulomb stress changes induced by the ML5.1 and 5.8
earthquakes. The aftershocks occurred in the regions of increased Coulomb stress changes. (b) Spatial distribution
of groundwater level changes for 3 days after the main shock. The groundwater levels are rarely correlated with
the Coulomb stress changes. (c) Peak dynamic stress induced by seismic waves from the ML5.8 earthquake. The
seismic stations are marked with triangles. Groundwater level changes are reasonably correlated with the dynamic
stress changes.

geometry inferred from the focal mechanism solutions. The focal mechanism solutions and the spatial dis-
tribution of events suggest that the events occurred on a fault oriented at a small angle with respect to the
Yangsan fault (Figure 3).

The ML5.1 and ML5.8 earthquakes lowered the Coulomb stress in the fault region and increased the Coulomb
stress in the regions off the fault along the directions of fault strike (NNE and SSW) and axis normal (WNW-ESE)
(Figure 4a). Also, the Coulomb stresses were lowered in the intervening regions. The Coulomb stress changes
range between −4.9 and 2.5 bar. The strong seismic waves induced the peak dynamic stress changes greater
than 10 bar around the epicenter (Figure 4c). Large peak dynamic stress changes were observed along the
direction of fault strike. The Coulomb stress changes at the locations of three local stations (USN, MKL, and
HDB) are 0.22, 0.15, and 0.05 bar. On the other hand, the peak dynamic stress changes at the same locations
are 14.2, 9.90, and 5.03 bar. The peak dynamic stress changes are 60 to 100 times larger than the Coulomb
stress changes.

Most aftershocks occurred around the fault where large dynamic stresses were induced. The remote post-
seismicity is scattered over the regions of elevated static stresses, displaying spatial correlation between the
Coulomb stress changes and postseismicity (Figure 4a; see also the supporting information). Some postseismic
events occurred around the paleo-rifting region in the East Sea where a weak static-stress increase was
observed [Choi et al., 2012; Hong and Choi, 2012].

The high postseismicity in the near field may be a consequence of medium response to large dynamic stress
changes [e.g., Kilb et al., 2000; Belardinelli et al., 2003]. The postseismicity in remote regions may be associated
with the elevated static stress by the main shock. The remotely triggered earthquakes occurred in regions
with Coulomb stress increases less than 0.01 bar [e.g., King et al., 1994; Toda et al., 2012; Convertito et al., 2016].

We also observed coseismic groundwater level changes in the south and west regions from the epicenter
where the Coulomb stress decreased (Figure 4b). The groundwater level changes appear to be hardly de-
pendent on the distance.

5. Discussion and Conclusions

We investigated the properties of the 12 September 2016 ML5.1 and 5.8 earthquakes and their aftershocks. The
events occurred in a buried strike-slip fault striking N27∘E at depths of 11–16 km. The dimension of fault plane
is ∼26 km2. The fault plane dips to the east with an angle of 65∘. The focal mechanism solutions of events are
consistent with the spatial distribution of the aftershocks. The responsible fault laid across the Yangsan fault.
High-frequency energy is rich in the seismic waveforms, suggesting a rupture of rough or fresh fault plane.
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The number of aftershocks decreased with time exponentially following the Omori law. The ML5.1 and 5.8
events increased the Coulomb stresses on the regions in the directions of the fault strike and axis normal.
The Coulomb stress decreased on the fault region. The peak dynamic stress changes were 60 to 100 times
larger than the Coulomb stress changes around the epicenter. Most near-field aftershocks occurred on the
fault region of large dynamic stress changes. On the other hand, the remotely induced aftershocks occurred
in the regions of elevated Coulomb stresses. The spatial distribution of postseismicity suggests that both the
dynamic and static-stress changes affect the postseismicity. Also, the medium properties and tectonic struc-
tures may play additional roles in inducing postseismicity.

Large groundwater level changes were observed in some regions of decreased Coulomb stresses. The com-
plex variation of groundwater level changes may be a result of spatial heterogeneity in poroelastic properties
and effectiveness of shallow-layer compaction that are dependent on the local geology, bedrock condition,
rock compression, aquifer composition, and stream discharge [e.g., Roeloffs, 1998; Manga et al., 2012; Shi et al.,
2014; Nespoli et al., 2016].

The absence of a surface rupture despite the moderate-sized earthquakes may suggest the possible presence
of hidden faults responsible for large historical earthquakes [Houng and Hong, 2013]. The ambient stress field
in the crust was changed by the 2011 Tohoku-Oki megathrust earthquake, causing an increase of the earth-
quake occurrence rate [Hong et al., 2015]. The seismicity increase and stress induction by the 2011 Tohoku-Oki
megathrust earthquake and the 12 September 2016 ML5.8 earthquake may increase the possibility of large
events in the near future [e.g., King et al., 1994; Felzer and Brodsky, 2005]. It may be desirable to investigate the
subsurface faults to mitigate the potential seismic hazards.
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