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ABSTRACT

The Korean Peninsula is located in a stable intraplate region with low-seismicity rates and
long recurrence intervals of major earthquakes. Recent moderate-size earthquakes dem-
onstrate possible occurrence of seismic damages in the Korean Peninsula. A probabilistic
seismic hazard analysis based on instrumental and historical seismicity is applied for the
Korean Peninsula. Three seismotectonic province models are used for area sources. Seven
ground-motion prediction equations calibrated for bedrock condition are considered. Fault
source models are not applied due to poor identification of active faults. A 500 yr long
historical record of earthquakes includes moderate and large earthquakes of long recur-
rence intervals. The influences of model parameters are reflected through a logic-tree
scheme. The process and results are verified by Monte Carlo ground-motion level simula-
tion and benchmark tests. Relatively high-seismic hazards are modeled in the
northwestern, south-central, and southeastern Korean Peninsula. The horizontal peak
ground accelerations reach ~0.06, 0.09, 0.13, 0.21, and 0.28g for periods of 25, 50, 100,
250, and 500 yr, respectively, with exceedance probability of 10%. Successive moder-
ate-size earthquakes since the 11 March 2011 Tohoku-Oki megathrust earthquake have
temporarily increased the seismic hazards in the southeastern peninsula.

Probabilistic seismic hazard analysis (PSHA) was intro-
duced to calculate the levels of ground motions for given time
periods in a probabilistic sense, considering the source and
medium effects (Cornell, 1968; Baker, 2008; Fujiwara et al.,
2009; Petersen et al., 2014). The PSHA considers the seismic
source activity as a random process in time and space, satisfy-
ing the observed earthquake occurrence statistics (Cornell,
1968; Fujiwara et al., 2009). The PSHA is adopted globally
and is periodically updated to reflect the latest observations
and seismic models (e.g., Fujiwara et al., 2009; Petersen et al.,
2014; Woessner et al., 2015).

There were studies on seismic hazard assessment for neigh-
boring regions that include Japan, China, Taiwan, and
northern Eurasia (Ulomov and the GSHAP Region 7
Working Group, 1999; Fujiwara et al., 2009; Miyazawa and
Mori, 2009; Liu et al., 2013; Wang et al, 2016; Rong et al.,
2020). In addition, there were efforts to perform a seismic haz-
ard analysis for the Korean Peninsula last decades (Ministry of
Construction and Transportation, 1997; National Emergency

KEY POINTS

® Probabilistic seismic hazard analysis results for the Korean
Peninsula are presented.

® The northwestern, south-central, and southeastern pen-
insula present relatively high-seismic hazard potentials.

® Recent moderate-size earthquakes increased the seismic
hazard potentials in the southeastern peninsula.

INTRODUCTION
The Korean Peninsula is located in the eastern Eurasian plate
that composes a stable intraplate environment with relatively
low seismicity (e.g., Hong et al, 2015). Historical earthquake
records demonstrate the potential for damaging earthquakes
to occur (e.g, Lee and Yang, 2006; Korea Meteorological
Administration, 2012; Houng and Hong, 2013; Hong, Park,
and Houng, 2016). Recent moderate-size earthquakes, including
the 12 September 2016 M 5.8 Gyeongju earthquake and the 15
November 2017 M; 5.4 Pohang earthquake, raised concerns on
seismic hazards in the peninsula (Hong et al., 2017, 2018).
Earthquake occurrence rates and ground motions are major
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factors that control the level of seismic hazards in a region. The
earthquake occurrence in a certain region is dependent on seis-

mic and geophysical environments, including medium proper-
ties, stress field, and fault structure, causing difficulty to apply the
deterministic approach for seismic hazard assessment.
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Management Agency, 2012, 2013; Kyung et al, 2016).
However, previous studies suffer from limited data and input
parameter accuracy. Input parameters and models could not be
fully verified for field observations. Recent advances in avail-
able data sets and seismic models may allow us to perform a
PSHA for the Korean Peninsula. The seismic hazard analysis
for the Korean Peninsula may complete the seismic hazard
assessment of eastern Asia.

In particular, there was a noticeable increase in seismicity,
including moderate-size earthquakes and earthquake tremors
in the Korean Peninsula since the 11 March 2011 M, 9.0
Tohoku-Oki megathrust earthquake (Hong et al, 2015,
2018; Hong, Park, et al., 2020). The recent seismicity properties
should be reflected properly.

We perform a PSHA for the Korean Peninsula with imple-
mentation of up-to-date observations, earthquake parameters,
and ground-motion models, presenting an updated seismic haz-
ard model. The area source models are constructed based on the
instrumental and historical earthquake records. Ground-motion
prediction equations (GMPEs) from recent studies are calibrated
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Figure 1. (a) Geological and tectonic settings around the Korean Peninsula.
Major geological provinces (solid lines) are presented: GB, Gyeongsang basin;
GM, Gyeonggi massif; B, Imjingang belt; NM, Nangrim massif; 0JB, Ongjin
basin; OB, Okcheon belt; PB, Pyeongnam basin; YB, Yeonil basin; YM,
Yeongnam massif. The orientation of the primary compressional field inferred
from focal mechanism solutions is indicated with bars (Lee et al., 2017). The
study area is marked in the inset. (b) Major surface faults and focal mechanism
solutions of earthquakes. The major surface faults (solid lines) and paleo-
tectonic structures (shaded) are denoted (Choi, Hong, et al.,, 2012; Hong and
Choi, 2012; National Emergency Management Agency, 2012). The color
version of this figure is available only in the electronic edition.

against the observed ground motions. We carry out the PSHA
for seismotectonic province models and ground-motion attenu-
ation equations in the logic-tree scheme. We assess the sensitivity
of each model with respect to the results.

GEOLOGY AND SEISMICITY
The Korean Peninsula is located in the eastern Eurasian plate,
~1400 km away from the plate boundaries off the eastern
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Japanese islands (Fig. 1). The peninsula experienced multiple tec-
tonic evolutions, including continental collisions and rifting that
constructed geological with  three
Precambrian massif blocks (Nangrim, Gyeonggi, and
Yeongnam), two intervening fold belts (Imjingang and
Okcheon), and sedimentary basins of the late Proterozoic to
Phanerozoic and Cretaceous periods (Pyeongnam and
Gyeongsang basins) (Chough et al., 2000) (Fig. 1). The East
Sea (Sea of Japan) was opened by continental rifting during
the Oligocene to mid-Miocene (Jolivet et al., 1994).

The complex geological structures lead to strong lateral
variations in medium properties, including the densities, seis-
mic velocities, and seismic amplification and attenuation
(e.g., Cho et al, 1997; Hong and Kang, 2009; Hong, 2010;
Hong and Lee, 2012; Jo and Hong, 2013). We observe
relatively high-mantle-lid P velocities and low-crustal seismic
attenuation in the central Korean Peninsula. The southern

complex structures

Korean Peninsula presents
velocities, S velocities,
attenuation.

The East Sea presents transitional structures between
continental and oceanic crusts (Cho et al, 2004; Hong,
Park, and Houng, 2016). On the other hand, the inland pen-
insula and Yellow Sea have continental crusts. The crustal
thicknesses are 28-38 km in the peninsula and 8.5-14 km
in the East Sea (Hong et al, 2008; Choi, Hong, et al., 2012).
The crust in the East Sea presents relatively low-seismic veloc-
ities (Hong et al., 2008; Hong and Kang, 2009).

relatively low-mantle-lid P

low-crustal and large crustal
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Figure 2. (a) Instrumental seismicity around the Korean Peninsula during
1978-2019. Earthquake catalogs of the Korea Meteorological
Administration (KMA), Japan Meteorological Agency (JMA), and China
Earthquake Administration (CEA) are combined. Relationships between the
moment magnitude scale and magnitude scales in the (b) KMA, (c) JMA,
and (d) CEA earthquake catalogs (Scordilis, 2006; Bormann et al., 2007;
Oth et al., 2010; Sheen et al., 2018). (e) Focal depth distribution of
instrumental earthquakes (Hong, Park, and Houng, 2016). Most focal
depths are less than 20 km. The color version of this figure is available only
in the electronic edition.

The Korean Peninsula is in an east-northeast-west-south-
west compressional stress field that is mainly originated from
the convergent boundaries with the Pacific and Philippine Sea
Plates off the Japanese islands (Choi, Hong, et al, 2012; Lee
et al., 2017) (Fig. 1). The seismicity around the peninsula is
low. Strike-slip events are dominant in the peninsula (Hong
and Choi, 2012; Lee et al., 2017) (Fig. 1). Reverse- and nor-
mal-faulting events occur in the eastern and western offshore
regions. Some reverse- and normal-faulting events are associ-
ated with the reactivation of paleotectonic structures (Choi,
Hong, et al., 2012; Hong and Choi, 2012) (Fig. 1).

The seismicity rates are relatively high in the northwestern
and southern Korean Peninsula (Okcheon belt, Yeongnam
massif, Pyeongnam basin, and Gyeongsang basin) and the
southeastern offshore region (Fig. 2). The seismicity rates are
relatively low in the central and northern Korean Peninsula
(Nangrim massif and Gyeonggi massif) (Houng and Hong,
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2013; Hong, Park, and Houng, 2016). The largest earthquake
since 1978, when the national earthquake monitoring began, is
the 12 September 2016 My 5.8 (M, 5.4) earthquake (Hong
et al., 2017). There were earthquakes with magnitudes greater
than M, 6.0 in the offshore regions before 1978 (Jun and Jeon,
2001, 2010; Hong, Park, Lee, and Kim, 2020).

Historical seismic-damage records are a primary resource to
present the information on the earthquakes in the preinstru-
mental era (Fig. 3). The historical seismic-damage records offer
a unique opportunity to infer the long-term seismicity in
regions where active faults are hardly identified on the surface.
The historical earthquakes are highly distributed in the
northwestern and southern Korean Peninsula, which is consis-
tent with the instrumental seismicity. There might be earth-
quakes with magnitudes as large as M ~ 7, according to
the historical earthquake records (Lee and Yang, 2006;
Houng and Hong, 2013; Hong, Park, and Houng,
2016) (Fig. 3).
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Figure 3. Historical seismicity around the Korean Peninsula during 2-1904:
historical catalogs (a) A and (b) B. The historical seismicity is high in the
northwestern and southern Korean Peninsula. () Spatial distribution of
historical earthquakes with magnitudes of 6. The event dates (year/month/
day) are presented. Temporal distribution of historical earthquakes for
historical catalogs (d) A and (e) B. The numbers of historical earthquakes in
every 100 yr are presented with histograms. The historical earthquakes were
relatively well recorded during the Joseon dynasty (shaded period). The color
version of this figure is available only in the electronic edition.

There are Quaternary faults found on the surface (e.g., Lee
and Henry, 2001; Kyung and Lee, 2006; Choi, Chwae, et al.,
2012) (Fig. 1). However, there are no faults with full informa-
tion including fault dimension, geometry, slip rate, slip dis-
placement, recurrence time interval, and the most recent
activation time (Lee and Henry, 2001; Kyung and Lee, 2006;
National Emergency Management Agency, 2012).
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METHODS
Seismicity varies with regional properties including fault struc-
ture, and local and regional stress fields (e.g., Gerstenberger
et al, 2001; Khan et al, 2011; Lee and Hong, 2014).
Seismotectonic provinces define the areas where uniform seis-
micity and tectonic activities are expected (e.g., Cornell, 1968;
Secanell et al., 2004; Musson, 2012; Stirling et al., 2012;
Petersen et al., 2014; Hong, Park, and Houng, 2016). We mea-
sure the seismicity rates by seismotectonic province (e.g.,
Cornell, 1968; Woessner et al, 2015; Hong, Park, and
Houng, 2016). We calculate smoothed seismicity rates to com-
plement the seismotectonic province-based seismicity rates
(Frankel, 1995; Fujiwara et al., 2009; Houng and Hong, 2013).
The seismicity rate per unit area in seismotectonic province
k for earthquakes with magnitudes >m, Af(m) is given by

qi(m)
TS,

M(m) = (1)

in which g, (m) is the number of earthquakes with magnitudes
2m in seismotectonic province k, T is the observation period,
and S; is the area of seismotectonic province k. The study
region is discretized by uniform-size cells. The smoothed
seismicity rate per unit area for earthquakes with magnitudes
>m at discretized cell i (Aj(m)) is given by (Frankel, 1995;
Houng and Hong, 2013):

Doy mi(m) expl-I3/(207)]
AT Z;Iil exp[—lfj/(ZJIZ)] ’

in which N is the total number of cells, 7;(mm) is the number of
earthquakes with magnitudes >m at cell j, [; is the distance
between cells i and j, A; is the area of cell i, and o; is the
smoothing distance.
The seismotectonic

Xi(m) =

()

province-based seismicity rates,
smoothed seismicity rates, and whole-region average seismicity
rate are combined

(Fujiwara et al., 2015):

into representative seismicity rates

Af(m) = vpAl ) (m) + vdi(m) + v, A (m), (€)

in which A](m) is the representative seismicity rate per unit
area for earthquakes with magnitudes >m at cell i, z(i) is
the seismotectonic province of cell i, A*(m) is the whole-region
average seismicity rate for earthquakes of magnitudes >m, and
Vp, Vs, and v, are weights satisfying v, + v, + v, = L.
Earthquakes satisfy the Gutenberg-Richter magnitude-
frequency relationship (Gutenberg and Richter, 1956):

F(m) = 10%7bm, (4)

in which F(m) is the number of earthquakes with magnitudes
2>m, and a and b are constants. The probability density function
of event magnitudes f(m) is given by (Kijko and Singh, 2011):
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in which m;, is the minimum magnitude and m,, is the
maximum magnitude.

We determine the Gutenberg-Richter b-value using the
maximum-likelihood method that yields stable estimates for
catalogs with exceptional earthquakes and substantial magni-
tude errors (Bender, 1983; Marzocchi and Sandri, 2009). The
conventional least-squares-fitting method may suffer from
unstable b estimation for incomplete catalogs (e.g., Bender,
1983; Marzocchi and Sandri, 2009; Han et al., 2015; Roberts
et al.,, 2015).

The amplitude of earthquake ground motion increases
with  the with
distance. The GMPE is generally given by (e.g., Atkinson
and Boore, 2006; Hong, Choi, et al., 2016; Zhao et al., 2016):

earthquake magnitude and decreases

log Y(m, h,I) = C(m) — D(m, h,[) + ¢, (6)

in which Y(m, h, I) is the ground-motion amplitude at epicen-
tral distance [ for an earthquake with magnitude m and focal
depth h, C(m) is the magnitude-dependent amplitude calibra-
tion term, D(m, h,[) is the distance-dependent attenuation
term, and e is the local-perturbation term associated with the
source, ray path, and receiver site. The amplitude perturbations
follow the Gaussian distribution with zero mean and standard
deviation oy (e.g., Bender and Perkins, 1993; Atkinson and
Boore, 2006; Pezeshk et al., 2011).

For a given set of source and receiver, the probability of
ground-motion amplitude to be exceeding a prescribed level
by the local perturbation is

e(m, h, 1) =P(Y > ylm, h,Le)

1 /°° . |: {z —log(Y(m, h,1))}?
= xp| —
20y hoge 20%

in which y is the prescribed ground-motion amplitude, and oy
is the standard deviation of the local-perturbation term (e).

We calculate ground-motion amplitudes induced by point
sources that occur independently. The locations of points
sources are distributed homogeneously in discretized seismo-
tectonic provinces. Here, the occurrence frequency of ground-
motion amplitude exceeding y at a site k y,(y) is given by
(Cornell, 1968; Fujiwara et al., 2009):

]dz, (7)

N -
) = 3 AN(mS,) / " em, b L f (mlb)dm,  (8)
c=1 Min

in which N is the number of point sources in discretized
domain, A, is the area of source ¢, h° is the focal depth of source
¢, mSy;, and mg,,, are the minimum and maximum magnitude
of source ¢, and b, is the b-value of source c.
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The Poisson-distribution probability of ground-motion
amplitude Y exceeding y at site k in time period 7, D(y), is
given by

Di(y) = P(Y > y) = 1 — exp(=y,7). ©)

The probability function combining the results for given sets of
model parameters is given by

Nm

N
Ri) = ) DiGyIH)w; = Y [P(Y > y[H)lw,  (10)

1

in which R{(y) is the probability function combining the
results for given sets of model parameters H; at site k in time
period 7, N,, is the number of model parameter sets, and w; is
the weight for the result of model parameter set H;.

DATA
National seismic monitoring in the Korean Peninsula began in
1978 (Fig. 2). The instrumental earthquake catalogs for the
Korean Peninsula and surrounding regions are available from
the Korea Meteorological Administration (KMA), Japan
Meteorological Agency (JMA), and China Earthquake
Administration (CEA). We collect seismicity information
for a region in 33° N-43° N and 124° E-131° E, since 1978.
The earthquakes occurred in the crust. Deep-focus earthquakes
with focal depths >400 km occur in the northeastern Korean
Peninsula. We analyze the crustal events with focal depths
<30 km for the seismic hazard assessment.

The earthquake catalog of KMA contains the information of
4170 events in 1978-2019, primarily covering the Korean
Peninsula and offshore regions. The event magnitudes are
0.1-5.8 on the local magnitude scale (M;). We additionally
collect refined local magnitudes of 726 earthquakes from a pre-
vious work (Ministry of the Interior and Safety, 2019). The
JMA earthquake catalog includes 59,583 earthquakes in
1978-2018, primarily covering the Japanese islands and sur-
rounding regions. The magnitudes are from —1.3 to 7.0 on
the JMA magnitude scale (Mjy4).

The CEA earthquake catalog includes 147 earthquakes in
1988-2019 that occurred in the northern Korean Peninsula,
Yellow Sea, and eastern margin of China. The magnitudes
(My, my, M) are 2.5-5.2. We also collect the moment magni-
tudes (M,,) of 56 earthquakes from the Global Centroid
Moment Tensor project (see Data and Resources) and previous
studies (Dziewonski et al, 1981; Ekstrém et al., 2012; Hong
and Choi, 2012; Hong et al., 2017, 2018).

We collect two historical earthquake catalogs in 2-1904 to
supplement the instrumental seismicity information (Ministry
of the Interior and Safety, 2019) (Fig. 3). The two historical
earthquake catalogs were compiled based on available histori-
cal literatures (e.g., Samguksagi, Goryeosa, and Joseon-
Wangjo-Sillok). The two historical catalogs were compiled
Number 5 October 2021
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independently with different felt-report interpretations and
source-parameter inversions (Ministry of the Interior and
Safety, 2019). Historical earthquake catalog A includes 2181
earthquakes with magnitudes between M; 3.4 and 6.5.
Historical earthquake catalog B includes 1981 earthquakes
with magnitudes of M, 3.3-6.2. Offshore historical earth-
quakes were recorded limitedly, because they produced small
or rare seismic damages in inhabited regions.

The seismic waveforms are available from the KMA and
Korea Institute of Geoscience and Mineral Resources
(KIGAM). We collect 200 horizontal waveforms at stations
on bedrock outcrops for three major earthquakes in the
Korean Peninsula, including the 20 January 2007 M; 4.5, 12
September 2016 M; 5.8, and 15 November 2017 My, 5.4 earth-
quakes.

REPRESENTATIVE EARTHQUAKE CATALOG

We assemble the instrumental earthquake catalogs of KMA,
JMA, and CEA, producing a representative instrumental earth-
quake catalog (Fig. 2). We consider the events with origin time
differences less than 20 s and distances less than 100 km for
those in other catalogs to be duplicate events. We combine the
earthquake catalogs with priority of KMA catalog against JMA
and CEA catalogs for duplicate events. The magnitude scales are
unified into the moment magnitude scale using magnitude-scale
conversion relationships that are calibrated for the earthquake
catalogs (Scordilis, 2006; Bormann et al., 2007; Sheen et al.,
2018) (Fig. 2). The JMA magnitude scale is generally equivalent
to the moment magnitude scale for shallow earthquakes
(Katsumata, 1996; Oth et al, 2010). We set the magnitudes
on the JMA magnitude scale to be moment magnitudes.

The magnitude of completeness for the KMA catalog is
My 2.5, which is equivalent to M,, ~ 2.9 (Houng and Hong,
2013; Hong et al, 2015). The minimum magnitude of the
JMA catalog to ensure the record completeness is M, ~ 1.6
(Hong, Park, and Houng, 2016). The earthquake records of the
CEA catalog cover the western margin of the study area, dis-
playing apparent minimum magnitude of M,, ~ 3.7. The CEA
catalog may be incomplete for small earthquakes in the Yellow
Sea region. We compose a representative earthquake catalog
combining all available KMA, JMA, and CEA catalogs.

The foreshocks and aftershocks of major earthquakes may
be included in the instrumental earthquake catalogs. We
remove the foreshocks and aftershocks from the earthquake
catalogs to study the background seismicity (Marsan and
Lengliné, 2008; Fujiwara et al, 2009; Hong et al, 2018).
Conventional declustering methods are affected by spatiotem-
poral properties of aftershocks (Gardner and Knopoff, 1974;
Reasenberg, 1985). However, the aftershock properties in
the Korean Peninsula are poorly understood due to low seis-
micity. Nonparametric declustering methods are less affected
by apparent variations in aftershock properties than the con-
ventional methods (Marsan and Lengliné, 2008). We apply a
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We group  earthquake

sequences considering the tem-
poral and spatial densities of
events. We consider the largest
events in the

earthquake
sequences to be the main-
shocks. We find 927 main-
shocks. The foreshocks and
aftershocks in the earthquake
sequences are excluded in the
hazard analysis.
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Figure 4. Declustering of instrumental seismicity and Gutenberg—Richter relationship. (a) Variation in aftershock
occurrence frequency as a function of elapsed time since mainshock occurrence. Data points for discrete main-
shock magnitude (M) bins are presented. The occurrence frequencies of aftershocks are proportional to the
mainshock magnitudes, decaying with time. (b) Variation in spatial density of aftershock as a function of distance
from mainshock. The aftershock densities generally decrease with the distance. (c) Declustered instrumental
seismicity. The aftershocks are indicated. Assessment of declustered instrumental earthquake catalog: (d) variations
in b-values (circles) and residuals between observed magnitude distribution and theoretical Gutenberg—Richter
relationships (triangles) as a function of minimum magnitude, and (e) Gutenberg—Richter magnitude—frequency

Magnitude (M,,) 0.1 magnitude unit interval.
We measure the residuals
between the observed data
points and theoretical fitted
lines based on the
Gutenberg-Richter  relation-
ship (Fig. 4). The residual is
less than 3% for the minimum
magnitude of M,, 3.0.

relationship for the declustered instrumental seismicity. The residual is less than 3% for my;, of M,, 3.0. The color

version of this figure is available only in the electronic edition.

PROCEDURE

nonparametric declustering method to the instrumental
earthquake records (Marsan and Lengliné, 2008). We decluster
the instrumental earthquake of magnitudes
M,, > 3.0 (Fig. 4).

We sort the earthquakes in sequential order by origin time
and interevent distance. We determine the temporal and spa-

records

tial density functions of aftershocks based on the numbers of
event pairs in discrete interevent times and distances (Fig. 4).
The aftershock occurrence rates are proportional to the main-
shock magnitudes. The aftershock occurrence rate decreases
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We assess the seismic hazards
in rock sites by strong ground
motions. The analysis pro-
cedure is largely divided into two steps. In the first step, we
determine seismic model parameters including source models
and GMPEs. In the second step, we perform sensitivity tests,
validity tests, and PSHA.

We construct seismic source models based on the instrumen-
tal and historical earthquake catalogs. The accuracy and com-
pleteness are different between the instrumental and historical
earthquake catalogs. Thus, the aggregation of the two catalogs
may cause instability in the results (Weichert, 1980). We analyze
the instrumental and historical earthquakes separately.
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The region in 33° N-43° N and 124° E-131° E is discretized
into 0.1° x 0.1° cells for the analysis. The seismicity rates are
determined based on the combined instrumental earthquake
catalog. We determine the representative seismicity rate models
based on the seismotectonic-province seismicity rates and
smoothed seismicity rates. Historical earthquakes are not used
for the seismicity rate models, considering the limited complete-
ness and spatial coverage in earthquake catalogs.

We estimate the Gutenberg-Richter b-values for the
instrumental and historical earthquakes using the maximum-
likelihood method (Bender, 1983). We implement representative
source depths and maximum magnitudes, considering the prop-
erties of major earthquakes in the Korean Peninsula. We collect
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Figure 5. Seismicity rates for earthquakes with magnitudes M, = 3.0.
Seismicity rates (A”) by seismotectonic province models: (a) SP1, (b) SP2,
and (c) SP3. The seismotectonic provinces are marked by solid lines. The
epicenters of instrumental earthquakes are marked (open circles).

(d) Spatially smoothed seismicity rates (A°). Representative seismicity rates
(A") combining the province-dependent seismicity rates and spatially
smoothed seismicity rates: (e) SP1, (f) SP2, and (g) SP3. The color version of
this figure is available only in the electronic edition.

GMPE:s from previous studies. The equations are calibrated for
the observed ground motions of major earthquakes. We con-
struct a logic tree to manage epistemic uncertainties in seismic
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models (Petersen et al., 2014; Marzocchi et al., 2015; Woessner
et al., 2015). We assign weights to the model parameters by con-
sidering the stabilities and errors associated with the model
parameters.

We perform PSHA based on the logic tree. We consider
point sources at discretized cells. The GMPEs are equally
applied to every seismic sources. We examine the ground-
motion level exceedance rates at every 0.1°x0.1° cell. We
assess seismic hazards for a set of recurrence periods.
Numerical codes are developed for PSHA. The codes and
PSHA results are verified through benchmark tests and
Monte Carlo ground-motion level simulation (Musson,
2012; Hale et al., 2018). In addition, we examine the sensitivity
of PSHA results to input model parameters.

INSTRUMENTAL SEISMICITY PROPERTIES
We collect seismotectonic province models from previous stud-
ies (Rhee et al, 2012; Hong, Park, and Houng, 2016). Hong,
Park, and Houng (2016) proposed a seismotectonic province
model composed of seven seismotectonic provinces that cover
the central and southern peninsula and oceanic regions. We
modify the model to cover the whole Korean Peninsula and
surrounding regions. The modified model is composed of eight
seismotectonic provinces (Fig. 5a). Hereafter, we refer to the
model to be SP1. We collect two models from Rhee et al.
(2012). We set the models to be SP2 and SP3. The models cover
the peninsula with some oceanic regions. Model SP2 is com-
posed of five seismotectonic provinces, and model SP3 consists
of six seismotectonic provinces (Fig. 5b,c).

We determine the seismicity rate model based on the rep-
resentative instrumental earthquake catalog that is composed
of KMA, JMA, and CEA catalogs since 1978. We calculate the
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Figure 6. Stability test of smoothed seismicity rate models. Smoothed seis-
micity rate models based on (a) a half-earthquake data set and (b) the other
earthquake data set. The smoothing distance (o;) is 30 km. (c) Variations in
root mean square (rms) differences between the seismicity rate models as a
function of smoothing distance. The case of g, = 30 km yields stable
results. The color version of this figure is available only in the electronic
edition.

seismotectonic province-based seismicity rate model for every
seismotectonic province model (Fig. 5).

We calculate the smoothed seismicity rate model. Here, the
smoothing distance may control the spatial distribution of
smoothed seismicity rates. We determine the smoothing dis-
tance considering the event location error and seismicity dis-
tribution. We examine the effect of smoothing distance on the
smoothed seismicity-rate distribution (Fig. 6). We divide the
full instrumental earthquake data set into two subsets. Each
subset is composed of earthquakes that are selected in every
other earthquakes in the original full data set. We measure
the root mean square (rms) differences between the seismicity
rate models of the two subsets for smoothing distances between
5 and 100 km. The rms differences are small for smoothing
distances > ~30 km, suggesting stable determination of
seismicity rate models. We calculate the smoothed seismicity
rate model with smoothing distance (o) of 30 km (Fig. 5).

We determine the average seismicity rate for the whole pen-
insula (Fujiwara et al., 2015). We combine the seismotectonic
province-based seismicity rate model, smoothed seismicity rate
model, and whole-peninsula average seismicity rate model to
determine the representative seismicity rate model (Fig. 5). We
reflect the influence of the whole-peninsula average seismicity
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rate with weight of 0.5. We assign equal weights (0.25) to the
seismotectonic province-based seismicity rate model and
smoothed seismicity rate model.

We test the stability of the representative seismicity rate
model. The instrumental earthquake catalog is divided into
two subsets. We calculate the seismicity rate models based
on the two data subsets with weights between 0 and 1. We
examine the rms differences between the models from the
subset data (Fig. 7). The rms differences are small for given
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Figure 7. Stability test of the representative seismicity rate model based on
two subsets. Seismicity rate models for (a) subset 1 and (b) subset 2.
Weights for seismotectonic province-based seismicity rate model (v,),
smoothed seismicity rate model (v;), and uniform seismicity rate model (v,)
are 0.25, 0.25, and 0.5, respectively. (c) Variations in rms differences
between the seismicity rate models of two subsets as a function of weight. A
set of weights with v, = 0.25, v; = 0.25, and v, = 0.5 yields stable
results (closed circle). The color version of this figure is available only in the
electronic edition.

TABLE 1

Gutenberg-Richter Magnitude—Frequency Relationships for the Korean Peninsula

Earthquake Catalog Seismotectonic Province Model Province ID Number of Earthquakes a-Value b-Value
Instrumental catalog SP1 Whole region* 637 6.00 (+ 0.13) 1.08 (+ 0.04)
P1 171 5.46 (+ 0.25) 1.09 (+ 0.08)
P2 40 4.76 (+ 0.50) 1.07 (£ 0.17)
P3 76 4.76 (+ 0.33) 0.97 (x 0.11)
P4 101 5.16 (= 0.31) 1.07 (£ 0.11)
P5 179 5.28 (+ 0.23) 1.03 (x 0.08)
P6 70 6.11 (= 0.51) 1.45 (+ 0.17)
P7 204 5.10 (= 0.20) 0.95 (+ 0.07)
SP2 Whole region* 590 5.99 (+ 0.13) 1.09 (= 0.04)
P2 209 5.51 (+ 0.22) 1.08 (+ 0.07)
P3 82 4.99 (x+ 0.34) 1.04 (x 0.11)
P4 127 5.22 (+ 0.28) 1.05 (+ 0.09)
P5 172 5.55 (+ 0.25) 1.12 (+ 0.09)
SP3 Whole region* 552 5.96 (+ 0.14) 1.09 (+ 0.04)
P2 191 5.45 (+ 0.23) 1.07 (£ 0.08)
P3 58 4.84 (+ 0.40) 1.04 (x 0.14)
P4 155 5.46 (+ 0.26) 1.11 (= 0.09)
P5 50 5.98 (+ 0.61) 1.45 (+ 0.21)
P6 97 4.78 (+ 0.28) 0.95 (+ 0.10)
Historical catalog A Entire Korean Peninsula 413 6.92 (+ 0.21) 1.01 (x 0.05)
Historical catalog B Entire Korean Peninsula 324 6.05 (+ 0.20) 0.94 (+ 0.05)

*Region in latitudes <40°N.
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weights of v, = 0.25, v, = 0.25, and v, = 0.5. The observation
suggests the stability in seismicity rate models.

We determine the b-value for every seismotectonic province
based on the representative earthquake catalog, excluding the
earthquakes from the CEA catalog, to avoid possible distortion
by catalog incompleteness. The b-values range between 0.95
and 1.13 for every seismotectonic province, except P6 of
SP1 and P5 of SP2 (Table 1, Fig. 8). Each seismotectonic prov-
ince has at least 40 earthquakes, except P8 of SP1, P1 of SP2,
and P1 of SP3 (Fig. 5). The b-value estimates can be poorly
constrained in regions with small seismic records. We imple-
ment the whole-peninsula b-value for the poorly constrained
regions instead.

Magnitude (M,,) Magnitude (M,,)

Figure 8. Gutenberg—Richter magnitude—frequency relationship of instru-
mental seismicity by seismotectonic province: (a) whole region, and

(b) P1, () P2, (d) P3, (e) P4, () P5, (g) P6, and (h) P7 of model SP1. The
theoretical Gutenberg—Richter relationships reasonably represent the
observed magnitudes. The color version of this figure is available only in the
electronic edition.

HISTORICAL EARTHQUAKE PROPERTIES

We analyze the historical earthquakes during the Joseon
Dynasty in 1393-1904 that are most well recorded in historical
periods (Houng and Hong, 2013). The spatial coverage of his-
torical seismicity is poor compared to instrumental seismicity,
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Figure 9. Validation test of b-value estimation for error-added magnitude
data set. (a) Example of synthetic magnitude data set for b-value esti-
mation. Random errors between —1 and 1 are added. Error-added mag-
nitudes are compared with error-free magnitudes. The b-value is determined
based on error-added magnitudes larger than or equal to 4.0.
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(b) Gutenberg—Richter relationship for the error-added synthetic data set.
The estimated b-value is 1.0. (c) Distribution of b-value estimates for 500
synthetic magnitude data sets. The mean and standard deviation are 0.998
and 0.061, respectively. The color version of this figure is available only in
the electronic edition.
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which inhibits the analysis of historical earthquakes by seismo-
tectonic province. We determine the representative b-value of
historical seismicity for the whole peninsula. The magnitudes
of historical earthquakes are sampled by 0.5 magnitude unit.

The historical earthquake magnitudes may have large
uncertainty, which may cause instability in b-value estimation
(Lee and Yang, 2006; Hough, 2013; Houng and Hong, 2013).
We examine the validity in b estimates for magnitude data sets
with large uncertainty. We produce 500 synthetic magnitude
data sets that are composed of 300 magnitude data points.
The magnitudes are randomly selected using the probabilistic
distribution with b-value of 1.0. We add random errors
between —1 and 1 to the magnitude data (Fig. 9a). The syn-
thetic magnitude data are resampled by every 0.5 magnitude
unit. We determine the b-values based on the data sets.
(Fig. 9b). The estimated b-values have the mean of 0.998
and standard deviation of 0.061 (Fig. 9¢). We find 90% of
results to be between 0.9 and 1.1. The test suggests that the
b-values can be reasonably determined based on historical
earthquake catalogs under the assumption that historical mag-
nitude estimates are not systematically biased, but only subject
to random errors.

We jointly determine the b-value and minimum magnitude
for the historical catalogs (Fig. 10). The residuals between the
Gutenberg-Richter relationships and magnitude data points
are examined. The residuals for the two historical catalogs
are less than 10% at minimum magnitudes M; 4.5 and
M,, 4.0, respectively (Fig. 10a,b). The b-values at the minimum
magnitudes are 1.01 and 0.94. Two historical catalogs present
comparable b-values.

Historical catalog A presents the earthquake magnitudes on
the local magnitude scale (M), whereas historical catalog B
presents the earthquake magnitudes on the moment magni-
tude scale (M,,). When we convert the M; magnitudes of his-
torical catalog A to moment magnitudes using a magnitude-
scale relationship (Sheen et al., 2018), the estimated a- and
b-values are close to those based on the local magnitude scale
(Fig. 10c). It is known that the magnitudes for moderate-size
earthquakes are comparable between the local magnitude scale
and moment magnitude scale (Hong, 2012). Further, consid-
ering the inherent accuracy limitation in historical event
Number 5 October 2021
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Figure 10. Gutenberg—Richter magnitude—frequency relationship of histori-
cal seismicity: (a) historical catalog A in local magnitude scale, (b) historical
catalog B in moment magnitude scale, and (c) historical catalog A in
moment magnitude scale. The minimum magnitudes for the catalogs are
indicated. The color version of this figure is available only in the electronic
edition.

magnitudes and possible error inclusion in magnitude-scaling
conversion, we use the seismicity properties based on the local
magnitude scale for seismic hazard analysis of historical
catalog A for the PSHA.

GMPEs

The GMPE produces the expected ground-motion amplitudes
for an earthquake of given magnitude as a function of distance.
The equation may vary by region, depending on the medium
properties and geology. We collect GMPE:s for horizontal peak
ground accelerations (PGAs) in the Korean Peninsula (Park
et al., 2001; Jo and Baag, 2003; Yun et al., 2008; Emolo et al.,
2015; Korea Hydro and Nuclear Power, 2015; Hong, Choi,
et al, 2016) (Table 2). We refer the GMPE models to be
GE1 for Park et al. (2001), GE2 for Jo and Baag (2003),
GE3 for Yun et al. (2008), GE4 and GE5 for Korea Hydro
and Nuclear Power (2015), GE6 for Emolo et al (2015),
and GE7 for Hong, Choi, et al. (2016).

Models GE1-GES5 are calibrated for the moment magnitude
scale. Model GE6 was originally calibrated for the local magni-
tude scale (Emolo et al, 2015). We covert model GE6 for
moment magnitude scale, considering the calibration relation-
ship between the local magnitude scale and moment magnitude
scale (Choi et al., 2004). Model GE7 was developed for a body-
wave magnitude scale (Hong, Choi, et al., 2016). Model GE7 is
converted for the moment magnitude scale using a magnitude-
scale relationship (Hong, Park, Lee, and Kim, 2020).

We calibrate the GMPEs for ground-motion amplitudes on
rock sites. Models GE1-GE5 were developed based on synthetic
ground motions on rock sites or bedrock outcrops. Models GE6
and GE7 were derived based on field observations on the sur-
face. We calibrate models GE6 and GE7 for ground motions at
bedrock for three major earthquakes that include the 20 January
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TABLE 2

Ground-Motion Prediction Equations for the Korean Peninsula

Model Equation
GE1 log PGA = ¢y + ¢4r —logr,

Data Coverage Reference

10 < r <350, M,, 4.0-7.0 Park et al. (2001)

Co = 3.391 + 0.3601(M,, - 6) — 0.03621(M,, - 6) - 6.385 x 10-3(M,, - 6)°

¢ = 10°5[-366 + 126.7(M,, — 6) — 9(M,, — 6)2 — 2.667(M,, - 6)*]

GE2 INPGA = ¢q + ¢i7 + ¢; In(r) — In[min(r, 100)] - L In[max(r, 100)],

10 <r <500, M,, 4.0-7.5 Jo and Baag (2003)

Co = 11.14645 + 0.5111930(M,, - 6) — 0.03853722(M,, - 6)2 + 0.029179(M,, — 6)3
¢ = 107°[-243.8321 + 14.01897(M,, — 6) — 1.627163(M,, — 6)% + 5.987778(M,, - 6)°]
¢, = 103[-321.4505 + 105.0434(M,, - 6) - 9.657898(M,, - 6)% — 6.503183(M,, - 6)°]

GE3  InPGA = 37.407 - 1.653M + (=6.5 + 0.474M,,) In(r + 199.14)
-0.065(M - 6)? - 1.101 In[min(R, 50)] + 0.063 In[max(R, 50)]
R— { V24982, if M,, <6.5
V/r2 +9.82exp[-2.5 + 0.44(M,, - 1)], otherwise
GE4  InPGA = ¢q + ¢i7 + ¢ In(r) — In[min(r, 100)] - 3 In[max(r, 100)],

10 <r <400, M,, 4.0-7.0 Yun et al. (2008)

10 <r <500, M,, 4.0-7.0 Korea Hydro and
Nuclear Power (2015)

Co = 9.680528 + 0.5658149(M,, - 6) — 0.01418715(M,, — 6)2 + 0.03129507(M,, - 6)
¢ = 10-5[-625.8455 + 33.08375(M,, — 6) — 9.772596(M,, — 6)% + 3.022639(M,, - 6)°]
¢, = 103[-136.5383 + 81.73023(M,, - 6) — 17.83794(M,, - 6)% - 6.550721(M,, - 6)3]

GE5 INPGA = ¢q + ¢i7 + ¢; In(r) = In[min(r, 100)] - L In[max(r, 100)],

10 <r <500, M,, 4.0-7.0 Korea Hydro and
Nuclear Power (2015)

Co = 10.34567 + 0.5693772(M,, - 6) — 0.02960611(M,, — 6)2 + 0.03417921(M,, — 6)3
¢ = 107°[-634.3279 + 27.91516(M,, — 6) — 10.02967(M,, — 6)2 + 4.284311(M,, — 6)°]
¢, = 1073[-154.4673 + 90.46445(M,, — 6) — 15.21858(M,, — 6)2 — 7.448889(M,, — 6)3]

GE6* logPGA = -1.13 + 0.73M,, - 0.76 log[v/7? + 1.72] - 0.0029/

GE7*  logPGA = 1.244 + 0.528M,, — 1.44logr —0.00211r

1.4 <1 <600, M, 2.0-4.9 Emolo et al. (2015)

4 <r=<630, M,, 4.0-5.9 Hong, Choi, etal. (2016)

I, epicentral distance (km); PGA, peak ground acceleration (cm/s?); r, hypocentral distance (km).

*Calibrated for observed peak ground accelerations at bedrock outcrops.

2007 M,, 4.5 earthquake, the 12 September 2016 M,, 5.4 earth-
quake, and the 15 November 2017 M,, 5.5 earthquake (Fig. 11).

The GMPEs reasonably match with the field observations in
regional distances (Fig. 11). On the other hand, the GMPEs,
except model GE7, appear to underestimate the ground
motions in short distance. Model GE7 vyields a reasonable
match with field observations in both local and regional dis-
tances (Fig. 11). Model GEI produces ground motions that
decay rapidly in regional distance, presenting increasing devi-
ations from field observations with distance (Fig. 11). Models
GE2 and GE3 present comparable ground-motion levels in
local distances. However, the ground-motion levels from
model GE3 are slightly lower than those from model GE2
in regional distances. Model GE3 is better than model GE2
with respect to the overall fitness with field observations.

The ground-motion levels from models GE4 and GE5
present distance-dependent attenuation rates (Fig. 11). Model
GE4 generally produces lower ground-motion levels than field
observations. The overall fitness is better for model GE5 than for
model GE4. Models developed from field observations appear to
display better presentation of ground motions.
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The standard deviations of GMPEs (o) represent the pos-
sible variations in ground-motion levels. Model-driven stan-
dard deviations may be dependent on the data quality that
may vary by data set. The incorporation of model-dependent
standard deviations may induce inconsistent perturbation in
PSHA results (Bender and Perkins, 1993). The GMPEs in sta-
ble continental regions present standard deviations of 0.25-0.3
(Atkinson and Boore, 2006; Pezeshk et al., 2011). The standard
deviations of GMPE:s in the Korean Peninsula are around 0.3
(Yun et al., 2008). We apply a constant standard deviation of
0.26 to GMPEs, considering general applications in PSHA
studies (Bender and Perkins, 1993).

LOGIC TREE

We consider alternative models and parameters of seismotec-
tonic provinces, b-values, maximum magnitudes, source
depths, and GMPEs through a logic tree (Fig. 12). We
assign weights to models and parameters (Ministry of the
Interior and Safety, 2019). The weights were assigned consid-
ering the data quality, data quantity, precision, and produc-
tion year.
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Figure 11. Comparison between ground-motion prediction equations (GMPEs) and observed amplitudes: (a) loca-
tions of earthquakes and stations, (b) the 20 January 2007 M,, 4.5 earthquake, (c) the 12 September 2016 M,, 5.4
earthquake, and (d) the 15 November 2017 M,, 5.5 earthquake. Model GE4 underestimates the ground-motion
levels. The other GMPEs generally agree with the observed ground-motion levels. The color version of this figure is
available only in the electronic edition.
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We consider three seismo-
tectonic  province  models
(Fig. 5). Seismotectonic prov-
ince model SP1 covers both
inland and oceanic regions in
and around the Korean
Peninsula. Models
SP2 and SP3 mainly cover
inland regions of the Korean
Peninsula. Offshore events are
poorly reflected in models
SP2 and SP3. We assign
weights to  seismotectonic
province models considering
the regional coverage. We set
the weights of 0.4, 0.3, and
0.3 to models SP1, SP2, and
SP3, respectively (Fig. 12).

We consider three sets of b-
values that include seismotec-
tonic-province-dependent  b-
values for instrumental seis-
micity and two whole-region
b-values for historical earth-
quakes (Fig. 12). We assign
weights to b-values considering
the numbers of data and cata-
log completeness. We assign a
larger weight to the instrumen-
tal seismicity b-values relative
to the historical seismicity b-

Ground-motion
prediction equation

available only in the electronic edition.
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values. The weights are 0.6, 0.2, and 0.2 for the instrumental
seismicity b-values and two historical seismicity b-val-
ues (Fig. 12).

The source depth is a major parameter to control the
ground-motion levels, particularly in short distances (Table 2)
(Fig. 11). The focal depths are less than 20 km, mostly around
5-10 km, in and around the Korean Peninsula (Hong, Park,
and Houng, 2016; Rachman and Chung, 2016; Chung et al.,
2018) (Figs. 1 and 2). We find that major earthquakes, includ-
ing the 20 January 2007 M,, 4.5 earthquake, the 12 September
2016 M,, 5.4 earthquake, and the 15 November 2017 M, 5.5
earthquake, occurred at depths ~6-16 km (Choi, Hong, et al.,
2012; Hong et al., 2017, 2018). We perform the PSHA for rep-
resentative source depths of 6, 10, and 14 km. The logic tree
combines the PSHA results with weights of 0.25, 0.5, and
0.25 (Fig. 12).

We determine the maximum magnitudes considering the
paleoearthquake studies as well as the largest events in historical
and instrumental earthquake catalogs. The historical and early-
instrumental seismicity suggest that earthquakes with magni-
tudes M 6-7 occurred in and around the Korean Peninsula
(Jun and Jeon, 2001, 2010; Lee and Yang, 2006; Houng and
Hong, 2013) (Fig. 3). Geological studies suggest the potential
earthquake magnitudes of M, ~7 in the Korean Peninsula
(Kyung, 2010). A probabilistic analysis suggests the maximum
magnitude of M,, ~ 7 (Hong, Park, and Houng, 2016). A maxi-
mum magnitude M, ~7 may be applicable to the Korean
Peninsula, which is generally used in seismic hazard analysis
for stable intracontinental regions (Seo et al., 2009; Petersen et al.,
2014; So et al, 2016; Wheeler, 2016; Kim and Lee, 2017). We
implement the maximum magnitudes of M,, 6.8, 7.0, and 7.2
with weights of 0.25, 0.5, and 0.25, respectively, to cover a
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Peak ground acceleration (%g)

Figure 13. Validation test of PSHA using Monte Carlo simulation of earth-
quakes and ground-motion amplitudes: (a) seismicity rates (A) of a synthetic
earthquake catalog and cumulative magnitude distribution in the synthetic
earthquake catalog for seismotectonic provinces (b) P1 and (c) P5. The
synthetic earthquake catalog satisfies the theoretical Gutenberg—Richter
relationship. (d) Variations in synthetic ground-motion amplitudes in Seoul
for M,, 4.5 earthquakes as a function of epicentral distance. The synthetic
ground-motion amplitudes are randomly perturbed from GMPE model GE1
(solid line). (e) Comparison between exceedance rates of ground-motion
amplitudes in PSHA (dotted line) and Monte Carlo simulations (solid line).
The color version of this figure is available only in the electronic edition.

plausible range of maximum magnitudes (Woessner et al,
2015) (Fig. 12).

We assign the weights for the GMPEs by considering the fit-
ness with field observations as well as data sets and methods
(Bommer et al., 2010; Petersen et al., 2014) (Figs. 11 and 12).
Models GE1-GE5 are synthetic experiment-based GMPEs,
and models GE6 and GE7 are field observation-based
GMPEs. Model GE3 presents the best fitness with observed
ground motions. Models GE1 and GE4 present relatively low
fitness (Fig. 11). We assign larger weights in the order of
GE3, GE5, GE2, GEl, and GE4 (Figs. 11 and 12). Model GE7
fits better than model GE6. Model GE7 was calibrated for large
events compared to model GE6 (Table 2). We assign a larger
weight to model GE7 than model GE6 (Figs. 11 and 12).

VALIDATION TEST

PSHA incorporates a series of numerical processes. We examine
the process validity using a Monte Carlo simulation of ground-
motion level exceedance rates (Musson, 2012; Hale et al., 2018).
We produce synthetic earthquake records for 100 million years
that simulate a sufficiently long period to experience all possible
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model parameters including seismicity rate (1), b-value, maximum magnitude (my,y), and source depth (h) are
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maximum  magnitude  of
M, 7.0 and source depth of
10 km. We also consider the
seismicity rates for the seismo-
tectonic province model SP1
and instrumental b-values.
We apply the GMPE model
GEl. We calculate the PGAs
at Seoul (37.6° N, 127° E) by
the synthetic events (Fig. 13).
We add random Gaussian
errors with standard deviation
(oy) of 0.26 to the PGAs.

We determine the ground-
motion level exceedance rates
based on the synthetic
ground-motion levels (Fig. 13).
We compare the ground-
motion level exceedance rates
based on the synthetic earth-
quake data with those from

earthquakes. The study area is discretized by 0.1° x 0.1° cells. =~ PSHA. We find that the PSHA results match with the simu-
The numbers of earthquakes in cells satisfy the seismicity rates  lation results (Fig. 13). The synthetic test verifies the PSHA

(Fig. 13). We determine the temporal distribution of earth-  process.

quakes using a Poisson distribution function. We examine the validity of codes through benchmark tests

We perform the Monte Carlo simulation for one model-  for designed situations (Hale et al., 2018). We consider a
parameter set in logic tree. The earthquake magnitudes are  circular source area with a radius of 100 km and seismicity rate
selected stochastically so as to satisfy the Gutenberg-Richter ~ of 1.257 x 107 km™2yr™! (Fig. 14). The b-value, maximum
magnitude-frequency relationship (Fig. 13). We consider the ~ magnitude, and source depth are set to be 0.9, M,, 6.5, and
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Figure 15. Sensitivity test of model parameters in PSHA: (a) map of test site (e) maximum magnitude (M), and (f) GMPE. The input model parameters

(Seoul) and changes of ground-motion level exceedance rate curves by are denoted. The color version of this figure is available only in the electronic
(b) seismotectonic province model, () b-value, (d) source depth, edition.
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figure is available only in the electronic edition.

Exceedance probability for 30% g

nitude events are so small for
the considered recurrence peri-
ods. The observation may sug-
gest that possible under- or
overestimation of maximum
magnitudes may negligibly
affect the ground-motion level

5 km, respectively. We implement a ground-motion attenua-
tion equation for California (Sadigh et al., 1997). We calculate
the exceedance rates of ground-motion levels at distances of 0,
50, 100, and 125 km from the center of the source area.

We perform the PSHA for the given set of seismic source
and ground-motion model. We compare the results with
benchmark results (Hale et al., 2018) (Fig. 14). The differences
between the results are less than 2% in all distances, suggesting
the validity of PSHA process and results.

SENSITIVITY TEST

We examine the sensitivity of PSHA results to input model
parameters (Marzocchi et al, 2015). We calculate the
ground-motion level exceedance-rate curves for given sets of
input model parameters (Fig. 15). We consider the ground
motions at a site in Seoul.

We find that the ground-motion level exceedance rate curves
are similar among different seismotectonic province models
(Fig. 15b). This feature may be because the seismicity properties
are represented comparably among different seismotectonic
province models (Figs. 5 and 8). The ground-motion level
exceedance rate curve for the seismotectonic province-based
instrumental earthquake b-values is slightly lower than those
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exceedance rate in PSHA for
the Korean Peninsula. We
choose three representative maximum magnitudes (M,, 6.8,
7.0, and 7.2) considering the observed seismicity in and around
the Korean Peninsula (M,, 6.8, 7.0, and 7.2) (Fig. 15e).

The ground-motion level exceedance rate highly varies
with the GMPE (Fig. 15f). Model GE7 yields the largest
ground-motion level exceedance rates. On the other hand,
model GE4 presents the lowest ground-motion level exceed-
ance rates. The highest and lowest hazard curves differ by
a factor of hundreds for the given input model parameter
set.

We calculate the exceedance probability of PGAs for all
possible combinations of input model parameters for the
period of 100 yr (Fig. 16). The 70% confidence ranges of
exceedance probabilities are 1.6%-17.5% for 0.1g, 0.2%-4.8%
for 0.2g, and 0%-2.1% for 0.3g. The median values of exceed-
ance probabilities are 5.4%, 1.2%, and 0.4%, close to the log-
arithmic mean values (8.8%, 2.3%, and 1.0%).

The ground-motion level exceedance probabilities vary by
region (Fig. 17). Pyongyang and Ulsan present relatively large
exceedance probabilities. On other hand, Gwangju shows low-
exceedance probability. The mean exceedance probability curve
for Pyongyang is larger than that for Gwangju by a factor
of ~2.
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SEISMIC HAZARD MAP
We calculate the PGAs with exceedance probability of 10% for
periods of 25, 50, 100, 250, and 500 yr, based on the logic-tree
scheme (Fig. 18). The spatial distribution of expected PGAs is
generally similar to the seismicity distribution (Fig. 18). Strong
ground motions are expected in the northwestern and
southeastern Korean Peninsula. The PGAs with exceedance
probability of 10% for the periods of 25, 50, 100, 250, and
500 yr in the northwestern and southeastern Korean
Peninsula are ~0.06g, 0.09¢, 0.13g, 0.21¢, and 0.28g.

We observe relatively high-seismic hazard potentials in the
south-central Korean Peninsula. The PGAs with exceedance
probability of 10% for the periods of 25, 50, 100, 250, and
500 yr are 0.05g, 0.08¢g, 0.11g, 0.18g, and 0.25g, respectively.
We find relatively low-seismic hazards in the northern, central,
and southwestern Korean Peninsula (Fig. 18). The PGAs are
smaller than 0.05g, 0.07g, 0.1g, 0.15¢, and 0.22g.

We investigate the occurrence probabilities that the PGAs
exceed 0.1g, 0.2¢g, and 0.3¢ in 50, 100, 250, and 500 yr
(Fig. 19). The exceedance probabilities for 0.1g in 50, 100,
and 250 yr are larger than 4%, 8%, and 16%, respectively, in most
regions. The exceedance probabilities for 0.1¢ in 500 yr are larger
than 28% in most regions. In particular, the occurrence
Number 5 October 2021
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Figure 17. Seismic hazard analysis for major cities in the Korean Peninsula:
(a) locations of major cities including Busan, Incheon, Daegu, Daejeon,
Gwangju, Ulsan, and Pyongyang, and (b) ground-motion level exceedance
probabilities in the major cities for the period of 100 yr. The weighted means
(solid lines), medians (dotted lines), and 70% confidence ranges (shaded) in
the exceedance probabilities are presented. The PGAs for exceedance
probability of 10% are denoted. The color version of this figure is available
only in the electronic edition.

probabilities reach 48%, 44%, and 40% in the northwestern,
southeastern, and south-central Korean Peninsula. The exceed-
ance probabilities for 0.2¢ in 50, 100, and 250 yr are lower than
10% in the most regions. The exceedance probabilities for 0.2¢ in
500 yr are larger than 8% in the most regions, reaching 20%,
18%, and 14% in the northwestern, southeastern, and south-cen-
tral Korean Peninsula, respectively. The exceedance probabilities
of PGAs for 0.3g are lower than 10% in the most regions at all
periods.

SEISMIC HAZARD IMPLICATION

We find relatively high-seismic hazard potentials around
major cities, including Busan, Daegu, Daejeon, Pyongyang,
and Ulsan (Figs. 17-19). The spatial variation in exceedance
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probabilities of peak ground motions is generally consistent
with historical seismic-damage records (Houng and Hong,
2013) (Fig. 3). Historical records include high-seismic
damages in the northwestern and southern Korean
Peninsula (Lee and Yang, 2006; Houng and Hong, 2013).
On the other hand, we observe relatively low-seismic hazard
potentials in the west-central and southwestern Korean
Peninsula where major historical seismic damages were
reported (Park et al., 2020).
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Figure 18. Seismic hazard maps of the Korean Peninsula for PGAs with
exceedance probability of 10% for periods of (a) 25, (b) 50, (c) 100,

(d) 250, and (e) 500 yr. Major cities are marked (closed circles). Seismic
hazard potentials are high in the northwestern, south-central, and
southeastern Korean Peninsula. The color version of this figure is available
only in the electronic edition.
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Figure 19. Ground-motion level exceedance probabilities for PGA of 0.1g for
periods of (a) 50, (b) 100, (c) 250, and (d) 500 yr, those of 0.2g for periods
of (e) 50, (f) 100, (g) 250, and (h) 500 yr, and those of 0.3g for periods of
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(i) 50, (j) 100, (k) 250, and (I) 500 yr. Major cities are marked (closed
circles). The color version of this figure is available only in the electronic

edition.

Bulletin of the Seismological Society of America

2715



The relatively high-seismic hazard potentials around the
northwestern and south-central Korean Peninsula are consis-
tent with previous studies (Fig. 18) (Ministry of Construction
and Transportation, 1997; Giardini et al., 1999; Zhang et al.,
1999; National Emergency Management Agency, 2012;
Kyung et al, 2016). It was reported that the PGAs of the
exceedance probability of 10% for periods of 50, 100, 250,
and 500 yr are 0.07-0.10g, 0.11-0.14g, 0.17-0.19g, and
0.23-0.25g in the south-central Korean Peninsula, and
0.09-0.10g, 0.12-0.13g, 0.19-0.20g, and 0.25-0.28g in the
northwestern Korean Peninsula (Ministry of Construction
and Transportation, 1997; Giardini et al., 1999; Zhang et al.,
1999; National Emergency Management Agency, 2012;
Kyung et al., 2016). We additionally find high-seismic hazard
potentials in the southeastern Korean Peninsula.

The seismic hazard potentials around the Korean Peninsula
generally agree with those in adjacent regions and other intra-
plate regions, including eastern Russia, northeastern China,
eastern North America, central and northern Europe, Britain,
and western and southeastern Australia (Giardini et al., 1999;
Ulomov and the GSHAP Region 7 Working Group, 1999;
Zhang et al, 1999; Petersen et al, 2014; Woessner et al.,
2015; Allen et al., 2019). The exceedance probabilities of peak
ground motions in the Korean Peninsula are larger than those
in low-seismicity regions such as central Russia, central and
western Africa, and northeastern Australia (Giardini et al.,
1999; Ulomov and the GSHAP Region 7 Working Group,
1999; Allen et al., 2019). On the other hand, the seismic hazard
potentials in the Korean Peninsula are generally lower than those
in active tectonic regions such as the western North America and
Japanese islands (Fujiwara et al., 2009; Petersen et al., 2014).

DISCUSSION AND CONCLUSIONS
We performed a seismic hazard analysis for the Korean
Peninsula. The source models were determined based on
up-to-date earthquake catalogs. The GMPEs were examined
with field observations before application to seismic hazard
analysis. The PSHA results present relatively high seismic
hazard potentials in the northwestern, south-central, and
southeastern Korean Peninsula, and relatively low-seismic haz-
ard potentials in the northern, central, and southwestern
Korean Peninsula. It is noteworthy that major cities including
Busan, Daegu, Daejeon, Ulsan, and Pyongyang are placed
around regions with relatively high-seismic hazard potential.
Opverall spatial variations in seismic hazard potentials agree
with previous studies (Ministry of Construction and
Transportation, 1997; Giardini et al, 1999; National
Emergency Management Agency, 2012; Kyung et al., 2016).
We additionally found high-seismic hazard potentials in the
southeastern Korean Peninsula, which are associated with
recent high seismicity (Hong, Park, Lee, and Kim, 2020). It
is noteworthy that the 12 September 2016 M,, 5.4 earthquake
and the 15 November 2017 M,, 5.5 earthquakes induced strong
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ground accelerations exceeding 0.45¢ and 0.20g in the region
(Hong et al., 2017, 2018). The recent moderate-size earth-
quakes since the 11 March 2011 Tohoku-Oki megathrust
earthquake increased the seismic hazard potentials in the
southeastern peninsula.

The seismic hazard analysis of this study presents the
ground-motion amplitudes on bedrock. The ground-motion
levels on the surface are highly dependent on the site condi-
tions (e.g., Joyner and Boore, 1988; Wang and Hao, 2002; Pratt
et al., 2003). The subsurface structure may amplify the ground
motions. It is desirable to take into account the site effects for
practical application of the results. Also, it is noteworthy that
the crustal structure may serve an additional role in seismic
amplification. For instance, seismic waves are highly amplified
in the crust of the southern Korean Peninsula (Hong and Lee,
2012; Park and Hong, 2017).

We performed the seismic hazard analysis mainly based on
seismicity data. The geometry and properties of active faults were
poorly specified in the Korean Peninsula, which is partly because
most seismic activity occurs in subsurface hidden faults with no
apparent surface ruptures (e.g., Hong et al., 2017). Future studies
may combine the fault sources to improve the seismic hazard
assessment (e.g., Fujiwara et al, 2009; Petersen et al., 2014).

DATA AND RESOURCES

The instrumental earthquake catalogs are available from the Korea
Meteorological Administration (KMA, http://necis.kma.gokr/, last
accessed May 2020), Japan Meteorological Agency (JMA, https://www
.datajma.gojp/, last accessed May 2020), and International
Seismological Centre (ISC, http://www.isc.ac.uk/iscbulletin/, last
accessed May 2020). The moment magnitudes for instrumental earth-
quakes are partly collected from the Global Centroid Moment Tensor
project (Global CMT, https://www.globalcmt.org/, last accessed May
2020). The seismic waveforms were collected from the KMA (http://
neciskma.gokr/, last accessed May 2020) and Korea Institute of
Geoscience and Mineral Resources (KIGAM, https://www.kigam
rekr/, last accessed January 2018).
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