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Abstract—The earthquakes in the western East Sea (Sea of
Japan) mostly occur in the continental margin off the east coast of
the Korean Peninsula. The seismic hazard potentials in and around
the western Ease Sea are studied based on analyses of tectonic
structures, seismicity features, earthquake source properties, Cou-
lomb stress changes, and strong ground motions. The earthquake
source mechanisms suggest that paleo-rifting structures in the
western East Sea were activated by the current stress field. A low
stress cumulation rate results in the occurrence of earthquakes with
long recurrence intervals. The background seismicity suggests that
earthquakes with magnitudes M,, 5.0, 6.0, and 7.0 may occur
within every ~ 44, ~ 336, and ~ 2550 years at 95 % confidence
level. The spatial distribution of earthquakes changes with time.
Most earthquakes are clustered within ~ 60 km from the coast.
The seismicity analysis indicates an apparent increase of moderate-
size (M,, 3-5) earthquakes since the 2011 M,, 9.0 Tohoku-Oki
megathrust earthquake. Static stress changes by moderate-size
inland earthquakes induce offshore events. The seismicity and
Coulomb stress changes suggest high seismic potentials around the
western margin of the Ulleung basin. Earthquakes with magnitudes
M,, 6.0-7.0 in the western East Sea may produce peak ground
accelerations of 0.2 g within the distance of ~ 40-80 km, which
includes the coastal regions.

Keywords: Seismic hazard potentials, East Sea, Sea of Japan,
strong motion, continental margin, seismicity.

1. Introduction

The 11 March 2011 M,, 9.0 Tohoku-Oki earth-
quake occurred in the area ~ 1200 km away from
the Korean Peninsula. The megathrust earthquake
produced  distance-dependent  coseismic  and
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postseismic displacements, causing medium weak-
ening and stress perturbation in the crust around the
Korean Peninsula (Hong et al. 2017a). The seismic
velocities in the crust of the Korean Peninsula
decreased by ~ 3% instantly after the megathrust
earthquake, recovering gradually with time (Hong
et al. 2017a). The transitional medium-property and
stress-field changes cause seismicity change in the
region. The occurrence rate of M5-level earthquakes
increased by 4.7 times since the megathrust earth-
quake (Hong et al. 2018). Recent moderate-size
earthquakes including the 12 September 2016 M,,5.4
(M 5.8) Gyeongju earthquake and 15 November
2017 M,,5.5 (M 5.4) Pohang earthquake produced
high seismic damages around the epicentral area
(Hong et al. 2017b, 2018). The recent seismicity
raised public concerns on seismic hazard potentials
around the peninsula.

The East Sea (Sea of Japan) is placed between the
Korean Peninsula and Japanese islands (Fig. 1). The
East Sea and Korean Peninsula compose the eastern
margin of the Eurasian plate that experienced com-
plex tectonic history including continental collision
and rifting (Fitches et al. 1991; Yin and Nie 1993;
Chough et al. 2000; Kim et al. 2003). The seismicity
around the continental margin in the western East Sea
is naturally adjacent to the east coast of the Korean
Peninsula (Fig. 2). The paleo-rifting structures in the
continental margin are major earthquake-spawning
sources.

The orientation of the primary compressional
stress field changes laterally in the East Sea (Choi
etal. 2012; Lee etal. 2017). The paleo-rifting
structure responds to the current ambient stress field,
producing earthquakes (Choi et al. 2012; Hong and
Choi 2012; Hong et al. 2015). Strike-slip earthquakes
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Figure 1
a Seismicity in 1978-2018 in the East Sea (Sea of Japan) and b major earthquakes and geological structures around the western East Sea.
Major faults around the western East Sea are indicated (Kim et al. 2011; Yoon et al. 2014). Earthquakes mainly occur in inland regions and
offshore regions near the coasts

occur along with reverse-faulting events. The source
mechanisms of earthquakes are mixed. The interac-
tion and induction of earthquakes between different
fault types is poorly understood in the East Sea. The
maximum magnitude and earthquake interaction may
be associated with the ambient stress field.

The earthquakes around the continental margin
may affect the coastal regions where key infrastruc-
tures are placed. It is crucial to assess the seismic
hazard potentials. We collect all available seismicity
records since early 1900. We, finally, determine the
maximum magnitude of earthquakes, potential
earthquake locations, and expected strong ground
motions by large earthquakes. We investigate the
properties of earthquakes, and infer the potential
locations of large earthquakes. We determine the
possible magnitudes of strong motions by potential
earthquakes.

2. Data and Geology

A continental rifting in Oligocene to mid-Mio-
cene separated the Japanese islands from the Korean
Peninsula, opening the East Sea (Otofuji et al. 1985;
Jolivet et al. 1994). Three deep-sea basins (Japan,
Yamato, and Ulleung basins) underlain by oceanic
crust were formed during the paleo-rifting (Hirata
et al. 1992; Kim et al. 1998) (Fig. 1). Also, the paleo-
rifting developed normal-faulting structures around
the margins of basins. The continental shelf between
the Ulleung basin and Korean Peninsula displays a
transitional structure between continental and oceanic
crusts. The crustal thicknesses in the East Sea are
8.5-14 km (Hirata et al. 1992; Kim et al. 1998).

The seismic properties illuminate the paleo-rifting
region. Crust-guided shear waves (Lg) are blocked in
the East Sea. The Lg waves are strong in the Korean
Peninsula where continental crusts are present (Hong
2010; Furumura et al. 2014; Hong et al. 2016a). The
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Figure 2
a Instrumental seismicity before 1978, b seismicity with focal depths since 1996, and ¢ seismicity on the mantle-lid P-wave (Pn) velocities
(Hong and Kang 2009). Some moderate-size earthquakes before 1978 are found inside the Ulleung basin where the seismicity after 1978 is
rarely observed. The offshore events are clustered on high Pn velocity regions that are adjacent to the coast

mantle-lid P velocities around the western East Sea
vary highly between 7.65 and 8.25 km/s (Hong and
Kang 2009). High mantle-lid P velocity anomalies
are present along the continental shelf between the
southeast coast of the peninsula and the western
margin of the Ulleung basin (Fig. 2c). The seismic
velocity anomalies may be associated with upper-
mantle upwelling during continental rifting and/or
lower-crustal magma underplating during uplift pro-
cess prior to continental breakup (White and
McKenzie 1989; Esedo et al. 2012).

The East Sea is under compressional stress field
induced by the plate convergence in the regions off
the eastern and southern Japanese islands. The pri-
mary compression stress field is oriented ENE-WSW
in the western East Sea and NW-NE in the eastern
East Sea (Lee et al. 2017). The stress field produces
spatially heterogeneous earthquake properties. The

paleo-rifting structures respond to the current ambient
stress field, producing thrust earthquakes.

The Ulleung basin is placed near the east coast of
the Korean Peninsula. The paleo-rifting structures are
major sources of seismic events in the western East
Sea. Reverse faulting and strike-slip faulting earth-
quakes occur in the western East Sea. The seismicity
is low in the northwestern East Sea. Most earthquakes
occur in the continental shelf off the southeast coast
of the Korean Peninsula. This study focuses on the
earthquakes around the continental shelf.

National seismic monitoring of South Korea
began in 1978. We collect the source information for
earthquakes in the continental margin around the east
coast of the Korean Peninsula from Korea Meteoro-
logical Administration (KMA), Korea Institute of
Geoscience and Mineral Resources (KIGAM) and
Japan Meteorological Agency (JMA). The total
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number of collected earthquakes is 1,121,018
(Fig. 1). The hypocenters of earthquakes in the
western East Sea are refined using seismic waveform
data for stations deployed by KMA and KIGAM. The
focal mechanism solutions of recent earthquakes are
determined based on regional seismic records.

The instrumental seismicity before 1978 is col-
lected from earlier studies (Jun and Jeon 2001, 2010)
(Fig. 2a). The early instrumental earthquake catalogs
may be incomplete. We additionally collect historical
earthquake records (Lee and Yang 2006; Houng and
Hong 2013; Park and Hong 2016). The historical
earthquake records also suffer from catalog incom-
pleteness (Houng and Hong 2013). The focal
mechanism solutions of early events were collected
from previous studies (Choi et al. 2012; Hong and
Choi 2012; Hong et al. 2015; Houng et al. 2016;
Hong et al. 2018).

3. Methods

We refine the hypocentral parameters of earth-
quakes using a joint inversion method, VELHYPO
(Kim et al. 2014, 2016). We jointly determine the
hypocentral parameters and velocity structures. We
decluster the earthquake catalog to remove the
aftershocks (Marsan and Lengliné 2008). We deter-
mine the Gutenberg-Richter frequency-magnitude
relationship for the declustered catalog (Rydelek and
Sacks 1989)

logN =a — bM, (1)

where a and b are constants, M is the magnitude, and
N is the annual number of events with magnitudes
greater than or equal to M. We determine the constant
a and b using the maximum likelihood method (Aki
1965; Bender 1983; Wiemer and Wyss 2000). We
additionally use a least-squares method for the
determination of the Gutenberg—Richter frequency-
magnitude relationship (Guttorp 1987).

We determine the focal mechanism solutions of
earthquakes using a long-period waveform inversion
(Dreger and Helmberger 1990; Hong et al. 2015). A
global-averaged one-dimensional (1-D) velocity
model is applied for the inversion (Kennett et al.
1995). We apply P-polarity analyses to determine the
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focal mechanism solutions of small-size earthquakes
(Snoke 2002).

We calculate the Coulomb stress change, ACFS,
induced by an earthquake (Toda et al. 2005)

ACFS = At — i Aay, (2)

where A7 is the shear stress change, i’ is the effective
frictional coefficient, and Ao, is the normal stress
changes (positive for increased compression). The
effective frictional coefficient ¢’ is set at 0.4 (Hong
et al. 2015, 2017b; Nalbant et al. 1998). The ambient
compressional stress field is oriented in N77°E, and
the strength is 6.5 MPa (Hong et al. 2015, 2017b).
The lithospheric Young’s modulus is set 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 seismicity density is assessed by smoothing
the spatial densities of earthquakes (Houng and Hong
2013)

N,

2\1 XN P
“Seoli) Slewls)
(3)

where x; is the discrete location ith cell, N, is the
number of cells discretizing the medium, #;
G=1,2,---
Jjth cell, I;; is the epicentral distance between the ith
cell and the jth cell, and o, is a smoothing coefficient
rate that control the width of the Gaussian function.
We set g, to be 30 km. The seismicity density is
normalized for time and area.

We determine the maximum magnitude of earth-
quakes, M.y, using the Tate-Pisarenko method based
on the instrumental seismicity catalog (Piarenko et al.
1996; Kijko and Singh 2011)

Mmax Mobs + (1) . 1— eXP[—ﬂ( max Mmin)] ’
e n ﬂ exp [—ﬁ(Mﬁﬁfx - Mmin)]

(4)

where M2% is the observed largest earthquake mag-
nitude, My, is the minimum magnitude that ensures
the completeness of earthquake catalog, and n is the
number of earthquakes with magnitudes M > M.
Also, f=0In(10), and b is a constant of the
Gutenberg—Richter magnitude-frequency relation-

ship. We determine the maximum magnitude using

,N.) is the number of earthquakes in the
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an iteration scheme (Kijko and Singh 2011; Hong
et al. 2016b).

The peak ground acceleration (PGA) attenuates
with distance. The PGA satisfies a relationship
(Atkinson and Boore 1995; Marin et al. 2004; Hong
et al. 2016a)

logPGA; = A; + Bj log r + Cjr, (5)

where PGA; (j = h,v) is the horizontal or vertical
PGA at the hypocentral distance of r, A; is a constant
calibrated for event size, B; is a constant for geo-
metrical spreading, and C; is a constant for anelastic
absorption. The PGA is in m/s2, and the distance r is
in km.

The theoretical curve was developed based on the
PGAs produced by the earthquakes in the Korean
Peninsula (Hong et al. 2016a). Constant A; is pro-
portional to the body-wave magnitude my (Hong
et al. 2016a):

Ay =—-0.318 +0.394 my,,

_ (6)
A, = —0.273 + 0.372my,.

Constants By, B,, C,, and C, are given by
—1.44,—1.54,—0.00211, and —0.00164 (Hong et al.
2016a). Using the relationships among body-wave
magnitude (m;), moment magnitude (M,,) and seis-
mic moment (M,) (Kanamori 1977, Hanks and
Kanamori 1979; Patton and Walter 1993), we express
the PGA attenuation equation as a function of
moment magnitude:

log PGA;, = —0.476 + 0.528 M,, — 1.44 log (r) — 0.00211 r,
log PGA, = —0.422 + 0.498 M,, — 1.54 log (r) — 0.00164 r,

(7)

where r is the hypocentral distance in km.
The seismic intensity attenuation equation for the
Korean Peninsula is given by (Park and Hong 2017)

I(My,r) = —0.998(0.222) + 1.72(+0.04)My
— 0.644(%0.027) In(r)
— 0.00608(=£0.00049) r,

(8)

where [ is the seismic intensity in the modified
Mercalli intensity (MMI) scale, My is the local
magnitude, and r is the hypocentral distance in km.
Using the relationships among local magnitudes (M)
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and moment magnitude (M,,) (Sheen et al. 2018), the
intensity attenuation equation can be written to be

I(M,,,r) = —2.49 + 2.02M,, — 0.644 In(r) — 0.00608 r.

©)

4. Seismicity Features

The western East Sea is a major seismic zone
around the Korean Peninsula. Most offshore seis-
micity since 1978 is observed near the eastern coast
of the peninsula. The offshore seismicity is low in the
northwestern East Sea. The spatial distribution of
seismicity illuminates the margins of offshore basins
that are associated with paleo-rifting structures. The
seismicity is low inside the offshore basins. Most
seismicity is clustered in the continental shelf region
between the southeast coast of the peninsula and the
western margin of the Ulleung basin where high
mantle-lid P-wave velocities are observed (Fig. 2c).

The paleo-rifting structure is a major source to
spawn offshore earthquakes. Some regions such as
Ulsan offshore region display abrupt seismicity
increase since the 2011 M,,9.0 Tohoku-Oki megath-
rust earthquake (Figs. 2b, 3c). Recent seismic activity
suggests dominant release of cumulated stress.
Notable offshore events include the 15 April 1981
M,5.2 (M;4.8) Pohang offshore earthquake, the 29
May 2004 M,,5.0 (M5.2) Uljin offshore earthquake,
and the 5 July 2016 M,,4.9 (M;5.0) Ulsan offshore
earthquake (Fig. 1b).

The source mechanisms of the earthquakes are
mixed with strike slip and reverse faulting (Fig. 3).
Strike-slip events occur dominantly in the continental
shelf area of the southeastern peninsula. Reverse-
faulting earthquakes striking in NS occur along the
western margins of the Ulleung basin. These strike-
slip and reverse faulting earthquakes are clustered
around the Ulleung and Hupo faults (Fig. 3b). The
reverse-faulting earthquakes mainly occur around the
Ulleung fault, which suggests reverse activation of
the paleo-rifting structure in the current compres-
sional stress field (Choi et al. 2012).

We also find strike-slip events around the paleo-
rifting structures where reverse activation occurs.
This observation suggests neotectonic evolution for
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Figure 3

Focal mechanism solutions of earthquakes a in the western East Sea, b continental shelf area in the vicinity of the midwestern Ulleung basin,
and ¢ continental shelf area to the southwest of the Ulleung basin. Regions Z1 and Z2 in a are enlarged in b and c¢. Major fault systems
including the Hupo fault (HP), Ulleung fault (UF) and Dolgorae thrust belt (DTB) are indicated. The orientation of the compressional stress
field is resented with dotted lines in a. Seismicity in the mid-western East Sea is clustered around the Hupo and Ulleung faults. A series of
strike-slip faults striking in NNE or NE develop in the southwestern margin of the Ulleung basin (region A). Strike-slip faults striking in ENE
develop in the DTB region (region B). Paleo-tectonic structures respond to the current ambient stress field, representing neotectonic motions

the current ambient stress field. The discriminative
coseismic and postseismic displacements induced by
the megathrust earthquake lowered the yield strength
of the medium, which may develop new fault planes
or activate paleo-tectonic structures (Choi et al. 2012;
Hong et al. 2015). Only the faults optimally-oriented
for the current ambient stress field may respond to the
stress field.

The neotectonic activity is also found around the
southwestern margin of the Ulleung basin (Fig. 3c).

We observe strike-slip faults striking in NE in the
southwestern margin of the Ulleung basin (region A).
The spatial distribution of seismicity in the region
suggests a series of subparallel faults develop in the
margin of the southwestern Ulleung basin. On the
other hand, we observe strike-slip faults striking in
ENE in the Dolgorae thrust belt (DTB) region (region
B). The strikes of the faults are subparallel with the
trend of DTB, suggesting reactivation of thrust belt in
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a Gutenberg—Richter frequency-magnitude relationships for seismicity before and after the 2011 M,,9.0 Tohoku-Oki megathrust earthquake,

and b the distribution of focal depths of offshore events. Apparent increase in moderate-size earthquakes is observed in the seismicity after the

megathrust earthquake. The data points are fitted by a maximum likelihood estimation (MLE) and least-squares estimation (LSE). Using the

MLE method, the coefficients of the Gutenberg—Richter frequency—magnitude relationship are determined to be comparable for periods before

and after the megathrust earthquake. The Gutenberg—Richter frequency—magnitude relationships are determined different for periods before

and after the megathrust earthquake using the LSE method. Focal depths are generally distributed between 2 and 30 km, clustering mostly in
12-20 km

strike-slip motion. The paleo-tectonic structures
respond to the current ambient stress field.

The focal depths are generally distributed
between 2 and 30 km, mostly 12-20 km
(Figs. 2b, 4b). The focal depths in the western East
Sea are generally deeper than those in the inland
regions. The earthquakes in the peninsula have focal
depths of 4-20 km, mostly around ~ 5 km (Hong
et al. 2016b). However, the 12 September 2016 M,,
5.4 (M, 5.8) Gyeongju earthquake sequence occurred
at depths of 11-16 km (Hong et al. 2017b). The deep
focus earthquakes in the western East Sea are unusual
considering the crustal thickness. The deep focal
depths may be associated with neotectonic activity in
the lower crust.

5. Spatiotemporal Seismicity Change

We analyze the seismicity changes based on a
declustered catalog with the cutoff magnitude of M,,
3.0. We determine the Gutenberg—Richter magni-
tude—frequency relationships before and after the
2011 M,, 9.0 Tohoku-Oki megathrust earthquake.
The b value of the earthquakes before the megathrust

earthquake is 0.88 (% 0.08), and that of the earth-
quake after the megathrust earthquake is 0.85 (&
0.13) (Fig. 4). The a values are 3.23 (£ 0.24) and
3.26 (£ 0.40), suggesting that the yearly occurrence
rates of earthquakes with M,, >0 are 1700 and 1820
per year.

The a and b values were comparable before and
after the megathrust earthquake (Fig. 4). It is note-
worthy that the fitting of Gutenberg—Richter
frequency—magnitude relationship is poor at large
earthquakes for the seismicity after the megathrust
earthquake. The Gutenberg—Richter magnitude—fre-
quency relationship for the seismicity before the
megathrust earthquake suggests that earthquakes with
magnitudes M,, 5.0, 6.0, and 7.0 may occur within
every ~ 44, ~ 336, and ~ 2550 years at 95%
confidence level.

We additionally determine the Gutenberg—Richter
magnitude—frequency relationship using a least-
squares method. The b value for the seismicity before
the megathrust earthquake is determined consistent.
On the other hand, the b value after the megathrust
earthquake is lowered. This feature may be because
moderate-size earthquake with magnitudes greater
than M, 4.5 the megathrust

increased after
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Figure 5
Temporal variation of seismicity densities in the western East Sea:
periods of a April 1988 to November 1995, b December 1995 to
July 2003, ¢ August 2003 to March 2011, and d March 2011 to
October 2018. The duration of each time period is ~ 7.6 years.
The spatial distribution of seismicity changes with time

earthquake. The observation is consistent with that in
the Korean Peninsula (Hong et al. 2018).

We assess the seismicity density for a time period
of 7.6 years before and after the 2011 megathrust
earthquake (Fig. 5). We observe apparent difference
in seismicity distribution before and after the 2011
Tohoku-Oki megathrust earthquake. The seismicity
before and after the 2011 Tohoku-Oki megathrust

Spatiotemporal Seismicity Evolution and Seismic Hazard Potentials... 3769

earthquake was spatially separated in most regions.
The spatial distribution of seismicity changes with
time. The seismicity after the megathrust earthquake
increased in regions of low seismicity. The observa-
tion suggests that the earthquakes occurred in regions
of long-term stress cumulation, lowering the stress
level in the medium.

It is intriguing to note that the spatial distribution
of seismicity in April 1988 to November 1995 is
generally similar to that in March 2011 to October
2018 (Fig. 5). The observation suggests that the
seismicity repeats after stress cumulation for a time
lapse. The moderate-size earthquake increase after
the megathrust earthquake may be associated with the
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Figure 6
Induced Coulomb stress change by 14 earthquakes with magnitudges M > 4.0 since 2000 for a optimally-oriented strike-slip faults and
b optimally-oriented reverse faults at a depth of 15 km. The inland events produced positive Coulomb stress changes for optimally-oriented
strike-slip faults over a southeastern offshore region where recent seismicity is high. The influence of inland events is relatively limited for
optimally-oriented reverse faults
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Comparison of observed peak ground accelerations (PGAs) with a theoretical curve in horizontal (upper figures) and vertical components
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yield strength decrease in the medium. Faults may
respond to the differential stress change, producing
new fault planes. The characteristic spatiotemporal
seismicity changes suggest potential locations of
earthquakes that may include regions around the
northwestern and northern margins of the Ulleung
basin.

6. Induced Coulomb Stress Changes

We stack the Coulomb stress changes that were
induced by 14 earthquakes with magnitudes greater
than or equal to M, 4.0 since 2000. The cumulative
Coulomb stress changes are calculated for optimally-
oriented strike-slip and reverse faults at a depth of 15
km (Fig. 6). The cumulative Coulomb stress changes
are effective only for local regions. The cumulative
Coulomb stress change for the optimally-oriented
strike-slip faults reaches the peak positive value of 93
kPa at the region of 35.50° N and 130.00° E. Also,

the peak cumulative Coulomb stress change of 107
kPa is observed for the optimally-oriented reverse
faults at the region of 35.80° N and 129.20° E.

Recent M5-level events in 2016 and 2017 affect
the southeastern region off Pohang (Fig. 1b). The
induced stress from the 2016 M,5.4 (M;5.8)
Gyeongju earthquakes and the 2017 M,,5.5 (M;5.4)
Pohang earthquake may be effective to trigger strike-
slip events in the region off the southeastern penin-
sula, while less to excite thrust events (Fig. 6). The
feature agrees with apparent increase in strike-slip
events in the southeastern region off Pohang. The 10
February 2019 M,, 3.7 (M. 4.1) Pohang offshore
earthquake occurred in the stress-induced region
(Figs. 1b, 6).

The spatiotemporal distribution of seismicity
density and Coulomb stress changes suggests poten-
tial locations of future earthquakes. Recent seismicity
is concentrated in the offshore region in latitudes of
34.7° N-35.7° N, ~36.6° N, and ~37.7° N. The
longitudes are 129.4° E-130.5° E. The potential
locations are naturally close to the coast. The
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Seismicity distribution of magnitudes M,, > 3.0 since 1978 and iso-

distance lines in the western East Sea. The iso-distance lines

presents the distance from the coast. Most seismicity is placed in
distances less than 60 km from the coast

earthquakes in latitudes lower than 36° N may be
strike-slip events. Both strike-slip and thrust events
can occur in latitudes of >36 ° N considering the
focal mechanism solutions of precedent events and
induced Coulomb stress changes.

7. Strong Ground Motions

The instrumental and historical seismicity sug-
gests possible occurrence of large earthquakes (Jun
and Jeon 2001; Lee and Yang 2006; Jun and Jeon
2010; Houng and Hong 2013; Park and Hong 2016).
The maximum magnitude for earthquakes based on
the instrumental seismicity since 1978 is 6.02 from
the Tate—Pisarenko method (Piarenko et al. 1996;
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Kijko and Singh 2011; Hong et al. 2016b), which
agrees with the instrumental seismicity before 1978.
Further, the instrumental seismicity in regions adja-
cent to the western East Sea that include the southern
Japanese islands presents earthquakes with magni-
tudes ranging up to 7.0. Strong ground motions by
large earthquakes in the western East Sea may pro-
duce high damages on coastal regions.

We present the peak ground accelerations (PGAs)
of three earthquakes with magnitudes of M,, 3.7, 4.9
and 5.0 at stations in the Korean Peninsula (Fig. 7).
The observed PGAs match well with the theoretical
PGA attenuation curves at local and near-regional
distances. The fitness verifies the PGA attenuation
curve for offshore events in the distance less than 250
km. However, we find deviations at distances greater
than ~ 300 km. The theoretical curve overestimates
the PGA levels at large distances. The poor fitness at
large distances may be partly due to the presence of
laterally heterogeneous crustal structures in the East
Sea that induce increasing seismic attenuation with
distance.

The instrumental seismicity presents that most
earthquakes occur in distances less than ~ 60 km
from the east coast of the peninsula (Fig. 8). We
assess possible levels of strong ground motions for
major earthquakes with magnitudes of M, 6.0, 6.5,
and 7.0 and three representative focal depths of 5, 10,
and 15 km. The earthquakes with focal depth of 5 km
may produce a horizontal PGA of 0.2 g (1.96 m/s?) at
distances of 39, 57, and 81 km (Fig. 9). The vertical
PGA reaches 0.2 g at distances of 26, 38, and 54 km.
When the earthquakes occur at a focal depth of 15
km, we observe the horizontal PGA of 0.2 g at dis-
tances of 38, 56, and 80 km. The vertical PGA of 0.2
g appears at distances of 24, 37, and 53 km. These
earthquakes produce the seismic intensities of MMI
6-7, 7-8, and 8-9 at a distance of 60 km (Fig. 10).

8. Discussion and Conclusions

The East Sea is a unique place with paleo-rifting
structures that respond seismically to the current
ambient stress field. The paleo-rifting structures are
suited near the east coast of the Korean Peninsula.
Strike-slip and thrust earthquakes are dominant in the
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Figure 10
Seismic intensity attenuation curves for three magnitudes (M,,6.0,
6.5, 7.0) and three focal depths (h = 5, 10, 15 km). The seismic
intensity is presented in MMI scale. The seismic intensity for
events with M,,6.0, 6.5, and 7.0 may reach MMI 6-7, 7-8, and 8-9
at an epicentral distance of 60 km

continental shelf off the east coast of the peninsula.
The thrust events suggest that the paleo-rifting
structures are reversely activated by the current
ambient stress field. On the other hand, the strike-slip
events occur in faults that developed by the current
stress field.

The low stress cumulation rate causes apparent
spatiotemporal migration of seismicity. Large earth-
quakes may occur with long recurrence intervals. The
background seismicity suggests that earthquakes with
magnitudes M,, 5.0, 6.0, and 7.0 may occur within

every ~ 44, ~ 336, and ~ 2550 years at 95 %
confidence level according to the Gutenberg—Richter
frequency—-magnitude relationship.

The distance-dependent coseismic and postseis-
displacements by the 2011 Tohoku-Oki
megathrust earthquake perturbed the crustal media in
local and regional distances. Local moderate-size
earthquakes additionally disturbed the local stress
fields. The subsequent perturbation in media and
stress field caused a temporal burst of major earth-
quakes in the western East Sea. Moderate-size
earthquakes increased after the megathrust earth-
quake. Offshore events such as the 10 February 2019
M,, 3.7 (M 4.1) Pohang offshore earthquake occur-
red in a region where the stress was transferred from
the inland moderate-size events including the 12
September 2016 M,,5.4 (M, 5.8) Gyeongju earth-
quake and 15 November 2017 M,5.5 (Mp 5.4)
Pohang earthquake. The transferred stress and med-
ium perturbations may incur other moderate-size or
large earthquakes (Hong et al. 2018).

The focal depths of the earthquakes in the western
East Sea are distributed between 2 and 30 km, mostly
12-20 km. These focal depths are generally larger
than those of inland events in the Korean Peninsula.
The offshore events naturally occur close to the east
coast of the peninsula. Large offshore earthquakes
may produce strong ground motions around the coast.

mic
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The horizontal PGAs are expected to be larger than
vertical PGAs. The horizontal PGA of 0.2 g may
occur at distances of ~ 40-80 km for earthquakes
with magnitudes of M,, 6.0-7.0 and focal depths of
5-15 km. The observation suggests that a large off-
shore earthquake may produce strong ground motions
and damage around the coastal regions.
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