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ABSTRACT

Earthquake records in the historical literature provide valuable information on the seismic
hazard potentials for long recurrence times. The Seoul metropolitan area is the center of
the economy and infrastructure in South Korea. Six major earthquakes that occurred
around the Seoul metropolitan area during the Joseon dynasty in 1392-1910 are analyzed
using a probabilistic joint inversion method based on seismic damage records and earth-
quake-felt reports. The inversion yields sets of event locations and magnitudes with prob-
abilities. The joint inversion method is validated with synthetic and instrumentally
observed data sets. The historical earthquakes are found to be located around the
Seoul metropolitan area. The magnitudes of the earthquakes range from M, 5.3 to 6.8
at the peak probabilistic locations. These historical earthquakes suggest considerable seis-
mic hazard potentials in the Seoul metropolitan area.

KEY POINTS

® Historical seismic-damage records of Korea are analyzed
using a probabilistic inversion method.

® Six major earthquakes with magnitude 5.3-6.8
occurred around Seoul during the Joseon dynasty in
1392-1910.

® The historical earthquakes suggest considerable seismic
hazard potentials in the Seoul metropolitan area.

Supplemental Material

INTRODUCTION

A series of major earthquakes occurred over time in the Korean
Peninsula after the 2011 M, 9.0 Tohoku-Oki megathrust
earthquake (Hong et al., 2018). There is increasing concern
regarding the possible occurrence of major events in regions
with large populations. A single major earthquake may cause
fatal damage to large cities. Hence, it is crucial to assess the
seismic hazard potentials around large cities.

The Seoul metropolitan area, which boasts a large popula-
tion, is the center of the economy and infrastructure in South
Korea. No major earthquakes have been observed in the Seoul
metropolitan area according to instrumental records of seis-
micity (Houng and Hong, 2013; Hong et al, 2016).
However, the Korean Peninsula belongs to an intraplate regime
where major earthquakes occur with long recurrence intervals
(Shimazaki and Nakata, 1980; Schwartz and Coppersmith,
1984; Pearthree and Calvo, 1987). Thus, there is limitation
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to use short-term instrumental earthquake records for seismic
hazard assessment. The seismic hazard potentials are assessed
properly based on long-term records (Frankel, 1995; McGuire,
1995; Stirling et al, 1998; Miyazawa and Mori, 2009).
Historical seismicity can provide valuable information on
the seismic hazard potentials for earthquakes with long recur-
rence intervals.

There are historical literatures that describe seismic damage
and earthquakes during the Joseon dynasty in 1392-1910. The
historical literatures include Joseon-Wangjo-Sillok (The
Annals of the Joseon Dynasty), Seungjeongwon-Ilgi (Diaries
of the Royal Secretariat), Ilseongnok (Records of Daily
Reflections), and Bibyeonsa-Deungnok (Records of the
Border Defense Council). However, records of historical earth-
quakes suffer from inherent uncertainties in the event locations
and magnitudes.

There were rigorous attempts to determine the source
parameters of historical earthquakes (Degasperi et al., 1991;
Wang, 2004; Lee and Yang, 2006; Korea Meteorological
Administration, 2012). Previous studies estimated the source
parameters deterministically, which may incorporate the errors
associated with inherent uncertainty. These studies determined
the event location to be the position with the most seismic
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jointly (Houng and Hong,
2013). The method was modi-
fied to satisfy the Gutenberg-
Richter frequency-magnitude
relationship (Park and Hong,
2016). In this study, we apply
the method for the source-
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Figure 1. An example of historical seismic damage records for the 20 June 1546 earthquake in the Annals of the
Joseon Dynasty (Joseon-Wangjo-Sillok). The part of seismic damage description is marked. Severe damages
including house wall collapse happened in Seoul. Strong ground shaking were felt in most counties in the central
and northern Korean Peninsula. The original document and contents are presented. The color version of this figure
is available only in the electronic edition.

parameter inversion of six
major earthquakes around the
Seoul metropolitan area during

the Joseon dynasty.

DATA AND SEISMOTECTONICS

Historical earthquake damage records for the Korean Peninsula
were identified in various studies (Lee and Yang, 2006; Korea
Meteorological Administration, 2012). We analyze the historical
earthquake damage records in Joseon-Wangjo-Sillok and
Seungjeongwon-Ilgi that are available from the National
Institute of Korean History (Fig. 1). Joseon-Wangjo-Sillok is
a government record compilation of daily events in 1392-
1863 during Joseon dynasty. Seungjeongwon-Ilgi is a govern-
ment diary that recorded the official business of the royal court
in 1623-1894. Earthquake felt and damage records are available
from the historical literatures. We additionally collect historical
earthquake damages from historical literatures, including
Jeungbo-Munheon-Bigo, Yongchundamjukgi, and Irakjeongjip
(Korea Meteorological Administration, 2012).

We collect historical records of 1524 earthquakes in 1392-
1910 (Lee and Yang, 2006; Korea Meteorological
Administration, 2012). We choose historical earthquakes either
with peak seismic intensities >7 on the modified Mercalli inten-
sity (MMI) scale or with reports of the earthquake being felt in
more than 10 cities or counties. We find 61 earthquakes that
were felt in Seoul. We ultimately find that six major earthquakes
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occurred around the Seoul metropolitan area on 5 July 1503, 13
September 1503, 22 June 1518, 7 October 1531, 20 June 1546,
and 16 July 1613. These earthquakes produced seismic damage
over wide regions. These seismic damage estimates are con-
verted into seismic intensities, while the earthquake-felt reports
are translated into ranges of seismic intensities (see the supple-
mental material, available to this article).

The Korean Peninsula is located in an intraplate region
along the far eastern margin of the Eurasian plate (Fig. 2).
The eastern Eurasian plate collides with both the Philippine
Sea plate and the Okhotsk plate. The plate collisions generate
a stress field composed of east-northeast-directed compression
and west-northwest-directed tension in the Korean Peninsula
(H. Choi et al., 2012; Lee et al., 2017) (Fig. 2). The geological
provinces of the Korean Peninsula are representative of three
Precambrian massif blocks and two intervening belts (Chough
et al, 2000). The crustal thickness of the peninsula ranges
within 29-36 km (Hong et al., 2008; He and Hong, 2010).

The ambient stress field produces strike-slip earthquakes
with strike orientations of predominantly northeast-south-
west. Thrust earthquakes with strikes of north-south occur
in the paleo-rift structure off the eastern coast of the peninsula.
Normal-faulting earthquakes with strikes of east-west occur in
the central Yellow Sea, where a continental collision belt may
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major earthquakes are addition-
ally collected from the Global
Centroid Moment Tensor
(Global CMT) catalog and pre-
vious studies (Hong and Choi,
2012; Hong et al., 2017, 2018).
The numbers of earthquakes
from the KMA, JMA, and
CEA earthquake catalogs with
magnitudes greater than or
equal to M,, 2.0 are 2861, 3484,
and 147, respectively. The num-
bers of earthquakes with magni-
tudes greater than or equal to
M,, 3.0 are 748, 647, and 147,
respectively. The instrumental
earthquake catalogs from these
three institutes are combined,

126°

Figure 2. Seismicity and geological structures. (a) Major faults, geological provinces, and instrumental seismicity in
the central Korean Peninsula. The faults include Chugaryeong fault (A), Singal fault (B), Pochen fault (C),
Wangsukcheon fault (D), Jamgok fault (E), Yeseoggang fault (F), and Dangjin fault (G). The ambient stress field
around the Korean Peninsula are presented with arrows (inset). (b) Seismicity densities and distribution of major
earthquakes with magnitudes greater than or equal to M, 5.0 around the Korean Peninsula since 1978. The
instrumental earthquake records present low seismicity around the Seoul metropolitan area (SMA). The territory of
Seoul is marked on the map. The color version of this figure is available only in the electronic edition.
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127° 128° 129° 130° 131° and duplicate records are
removed. The dominant focal
depths range between 4 and
16 km (Hong et al, 2016).
According to the instrumentally
recorded seismicity, the maxi-
mum earthquake magnitude in

the seismotectonic province that

exist (Hong and Choi, 2012). The Seoul metropolitan area is
situated within a massif block (the Gyeonggi massif), where the
frequency of seismicity is low with a long recurrence interval.

The Chugaryeong fault system is a major system of faults
striking north-northeast and northeast across the Gyeonggi
massif. The Chugaryeong fault system is composed of numer-
ous Quaternary faults, including the Chugaryeong
(Daeseongri), Pocheon, Wangsukcheon, and Singal faults,
which are subparallel to one another (Kim, 1973; S.-J. Choi
et al, 2012; Chung et al, 2014; Bae and Lee, 2016). The
Chugaryeong fault system surrounds the Seoul metropolitan
area, and earthquakes have been instrumentally recorded
throughout the Chugaryeong fault system (Fig. 2).

We collect information of instrumentally recorded earth-
quakes that occurred around the Korean Peninsula during the
period of 1978-2018 from the Korea Meteorological
Administration (KMA), Japan Meteorological Agency (JMA),
and China Earthquake Administration (CEA). The magnitudes
from the KMA and CEA are converted to the moment magni-
tude scale using empirical relationships (Scordilis, 2006;
Bormann et al, 2007). The JMA magnitude scale (M) is
nearly equivalent to the moment magnitude scale for shallow
earthquakes (Katsumata, 1996; Oth et al., 2010).
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includes the Seoul metropolitan
area is M 5.3-64 (Hong
et al., 2016).

METHOD

We apply a joint inversion method to determine the event loca-
tions and magnitudes of historical earthquakes. The posterior
probability, R, of an event with a magnitude M at a location x is
given by (Houng and Hong, 2013; Park and Hong, 2016)

R(x, M) = L(x, M) x F(M) x C(x), (1)

in which L(x, M) is the fitness function between the reference
and observed seismic intensities, F(M) is the relative occur-
rence frequency of earthquakes with the magnitude M, and
C(x) is the seismicity density at the location x. The normalized
posterior probability function, P, is given by
P(x, M) = R(x, M) /Rinax, )
in which R, is the largest R value.
The seismic-intensity fitness function L(x, M) is given by

{ Iref(x M)}z
7 o o
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in which N is the number of sites with reports in which the
earthquake was felt, I"** is the upper bound of the seismic
intensity at site j, ;™" is the lower bound of the seismic inten-
sity at site j, I;ef(x, M) is the theoretical seismic intensity
expected at site j when an event of magnitude M occurs at
a location x, and ¢ is a constant accounting for possible
differences between the observed and theoretical seismic inten-
sities. We set o to be 0.65 in MMI unit (Park and Hong, 2017).

The reference seismic intensity at site j, Ij?ef, is given by
(Park and Hong, 2017)

ref —
I; (x,M) =c+ aM - fInd - yd, (4)

in which M is the event magnitude, x is the event location, d is
the hypocentral distance from the event, and ¢, «, 3, and y are
site-dependent constants. We assume the focal depth to be
10 km. The constants ¢, «, 3, and y are set to —0.998, 1.72,
0.644, and 0.00608, respectively (Park and Hong, 2017). The
relative earthquake occurrence frequency, F(m), is given by

F(m) = 107, (5)

in which b is the constant of the Gutenberg-Richter fre-
quency-magnitude relationship and is set to 0.92 (Park and
Hong, 2016). We set the seismicity density function C(x) to
vary between 0.5 and 1.0.

The seismic-intensity fitness function is dependent on the
accuracy and uncertainty in seismic-intensity data points.
Loosely constrained seismic-intensity values are applicable
to the inversion.

ANALYSIS

The instrumentally observed earthquakes with magnitudes
larger than or equal to M,, 3.0 are declustered using a nonpara-
metric method (Marsan and Lengling, 2008; Hong et al., 2018).
We smooth the seismicity densities of the declustered instru-
mentally recorded seismicity with magnitudes M,, > 3.0 using
a Gaussian function with a correlation distance of 20 km
(Kossobokov et al., 2000; Houng and Hong, 2013; Hong et al.,
2016). We then construct the seismicity density function by
normalizing the smoothed seismicity densities to which uni-
form seismicity densities are added.

We assign a seismic-intensity value to each description of
seismic damages and animal responses considering the
common definitions of MMI scales (Wood and Neumann,
1931; Richter, 1958). The assignment of seismic intensities
needs consideration on the properties of urban environments,
building structures, and construction materials (Ambraseys
and Douglas, 2004; Musson et al, 2010; Astroza et al,
2012; Bakun et al., 2012; Musson and Ceci¢, 2012). The houses
in the Korean Peninsula during the Joseon dynasty may belong
to the categories of masonry C or D (Richter, 1958; Ministry of
Construction and Transportation, 1997). We introduce the
seismic-intensity assignment criteria for the seismic damages
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TABLE 1
Seismic Damage Description and Corresponding Seismic
Intensity

Description Seismic Intensity (MMI)
Birds flying and crying 4-6
House shaking 5-6
Shaking roofing tile 5-6
Domestic animals running away 5-6
Streams rippling 5-7
Roof tile falling 6-7
House wall and fence collapsing 7-8
Rocks rolling down a mountainside 7-8
Castle battlement collapsing 7-8
Water spilling out from a dried creek 8-9
Seawater swaying and bubbling 8-9
Houses collapsing 8-9
Felt reports without damage description 3-8

MM, modified Mercalli intensity.

considering the vulnerability of historical building structures
(Ministry of Construction and Transportation, 1997; Korea
Meteorological Administration, 2012) (Table 1). We assign
seismic-intensity ranges instead of single seismic-intensity val-
ues to reflect possible differences in description for common
seismic damages (Griinthal, 1998; Musson, 1998).

Some earthquake records lack a specific description of seis-
mic damage, presenting only the information that the earth-
quakes were felt by people in indicated regions. We
consider a range of seismic intensities for these reports consid-
ering the seismic-intensity distribution for earthquakes in the
Korean Peninsula (Park and Hong, 2017). Ground motions
associated with MMI 2 or less are rarely felt by the public.
Also, seismic damage associated with MMI 9 or higher is rare
on the Korean Peninsula. We assign seismic intensities of MMI
3-8 to the felt reports. However, when the peak seismic dam-
age corresponds to a seismic intensity of MMI 9, we set the
possible seismic-intensity range to be MMI 3-9.

It is difficult to infer the focal depths of earthquakes from
historical records of seismic damage. We assume a reference
focal depth of 10 km, considering the typical focal depths
(4-16 km) of instrumentally recorded earthquakes in the
Korean Peninsula (Hong et al, 2016). The calculated magni-
tudes are hardly affected by an assumed focal depth, when the
seismic intensities at epicentral distances greater than 10 km
are implemented in the analysis (AM < 0.1).

We next determine the location and magnitude of each event
that satisfy the observed attenuation of the seismic intensity with
distance. We find the optimum set an event location and mag-
nitude by minimizing the misfit errors between the reference
seismic-intensity curves and observed seismic intensities.

VALIDATION TESTS
This study performs a joint inversion method to determine the
source location and magnitude simultaneously based on
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limited available records. We produce synthetic seismic-inten-
sity data for a fictitious earthquake in the Seoul metropolitan
area. We consider an earthquake with a magnitude of M 6.0
and a focal depth of 10 km. We add random errors to the syn-
thetic seismic intensities with a standard deviation of 0.65 in
MMI unit considering the level of seismic-intensity anomalies
in the Korean Peninsula (Park and Hong, 2017) (Fig. 3). We
collect the seismic intensities at 20 randomly selected locations.
The weight at a randomly selected location is inversely propor-
tional to the distance. In this way, we compose 100 sets of syn-
thetic seismic-intensity data.

We find that the event locations are placed within a distance
of 40 km from the considered location in 95% of the inversion
results (Fig. 3). The inverted event magnitudes present an aver-
age difference of 0.02 in MMI unit from the considered event
magnitude, and the standard deviation is 0.11 in MMI unit.
These observations show that the event locations and magni-
tudes are reasonably determined (Fig. 3).

We further test the method with field data for an instru-
mentally recorded earthquake with known source parameters
(Fig. 4). We consider the 12 September 2016 M; 5.8
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Figure 3. Validation test with synthetic data sets. (a) Distribution of the syn-
thetic seismic intensity for an event with a magnitude of M, 6.0 and a focal
depth of 10 km. The event location and magnitude are indicated. (b) An
example of an inversion based on a synthetic data set composed of 20
randomly selected seismic intensities. The distribution of seismic intensities
and probabilities is presented. () Locations of the peak probabilities for 100
synthetic data sets. The magnitude errors are presented. (d) An example of
fitting with a seismic-intensity attenuation curve for an event at the peak
probability location. (e) Location errors with respect to the input locations.
Approximately 95% of the inversions yield location errors smaller than
40 km. (f) Magnitude errors with respect to the input magnitudes. The
average magnitude error is 0.02 in modified Mercalli intensity (MMI) unit,
and the standard deviation is 0.11 in MMI unit. The color version of this
figure is available only in the electronic edition.

earthquake, the largest event to strike the Korean Peninsula
since 1952. This earthquake occurred along a fault plane at
depths of 11-16 km (Hong et al., 2017). The strike of the fault
is N27°E, and the dip is 65°. The observed peak ground accel-
erations reached 4.4 m/s* on the horizonal components and
2.3 m/s? on the vertical component. The peak seismic inten-
sity was MMI 8 around the epicenter (Hong et al., 2017).
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Figure 4. Inversion based on instrumentally recorded seismic-intensity data for the 12 September 2016 M, 5.8
Gyeongju earthquake. (a) Spatial distribution of the seismic intensities. (b) Inversion based on 20 randomly
selected seismic intensities. The event magnitude and location are well determined. (c) Seismic intensities and
inverted seismic-intensity attenuation curve for an M, 5.8 event at the peak probability location. The seismic-
intensity attenuation curve represents the observed seismic intensities reasonably. The color version of this figure is

available only in the electronic edition.

Epicentral distance (km)

(£2 in MMI unit) (Fig. 5¢). We
find that 95% inversions based
on the data sets yield location
and magnitude errors less than
21 km and 0.1 magnitude unit.

We now consider a case of

seismic-intensity ranges with

The earthquake was located close to the coast. Thus, the
spatial distribution of earthquake-felt regions was uneven from
the epicenter. The earthquake was well recorded at 160 seismic
stations throughout the Korean Peninsula. We determine the
event location and magnitude based on the seismic intensities
at 20 randomly selected locations. The inverted event location
and magnitude match reasonably well with the reported source
parameters (Fig. 4). These inversion results indicate that this
method can determine the source location and magnitude
from the seismic intensity of the event.

INVERSION WITH LOOSELY CONSTRAINED
SEISMIC INTENSITIES

Seismic intensities can be loosely constrained for historical
earthquake records with unspecified seismic-damage descrip-
tion, animal reaction, and natural phenomena. We assign seis-
mic-intensity ranges for such historical records. We test the
stability and accuracy of source-parameter inversion for the
implementation of seismic-intensity range data in which seis-
mic-intensity uncertainty is naturally incorporated.

We consider a fictitious earthquake with magnitude M; 6.0
in the Seoul metropolitan area. We assign seismic-intensity
ranges at 20 randomly selected sites (Fig. 5). We set the lower
bound of seismic intensities to be MMI 3, considering the typical
lowest seismic intensity in regions where most people feel the
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This case
situation ~ with
inconsistent assignment of seismic-intensity ranges, which
often happens in practical application. We produce seismic-
intensity range datasets with uncertainty of 4 in MMI unit with
additional random perturbations of -2 to 2 in MMI unit
(Fig. 5d). We find that 90% of inversions yield location and
magnitude errors of less than 45 km and 0.2 in magnitude unit.

We finally examine the inversion performance for a situa-

perturbations.
represents a

tion with a fewer number of seismic-intensity range data
points. We consider seismic-intensity ranges at 10 randomly
selected locations. We find that 90% of inversions yield the
location and magnitude errors less than 54 km and 0.3 mag-
nitude unit (Fig. 5). These tests suggest that the event locations
and magnitudes can be determined reasonably with datasets
composed of loosely constrained seismic-intensity ranges.

HISTORICAL EARTHQUAKES

We determine the source parameters of the six major earth-
quakes that occurred around the Seoul metropolitan area dur-
ing the Joseon dynasty. We present the spatial distributions of
the probabilities of the event locations and associated magni-
tudes. The event locations and magnitudes are compared with
those determined in a previous study (Lee and Yang, 2006).
The complete lists of assigned seismic intensities for

earthquakes are presented in the supplemental material
(Tables S1-S6).
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Figure 5. Source-parameter inversions with seismic-intensity ranges for a fictitious earthquake with magnitude
M, 6.0. (a) An example of inversion. The event location and synthetic seismic intensities at randomly selected
locations are presented. The location of peak probability is indicated. Input seismic-intensity ranges with
uncertainties U of (b) 2 in MMI unit (£ 1 in MMI unit) and (c) 4 in MMI unit (&2 in MMI unit) along the theoretical
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distribution in (e) epicenters and (f) magnitudes from the source-parameter inversions in different conditions. The
source-parameter inversions yield reasonable results for all cases. The color version of this figure is available only in
the electronic edition.

The 5 July 1503 event tion among Gyeonggi-do,

three prefectures (Gyeonggi-
do, Chungcheongnam-do, and
Chungcheongbuk-do). The seis-
mic intensity for the regions
with felt reports ranges from
MMI 3 to 8. The highest prob-
ability is found at 36.875° N,
127.125° E, which approxi-
mately corresponds to the
center of the earthquake-felt
regions. The spatial distribution
of earthquake-felt  regions
appears circular, which reduces
the likelihood that the event
occurred in an offshore region
of the Yellow Sea. The magni-
tude is My, 5.3 for focal depths
of 4-16 km at the location with
the peak probability. The event
magnitude may vary between
M; 5.3 and 5.6 for locations
with  probabilities ~ greater
than 0.7.

The 13 September 1503
event
This earthquake occurred two
months after the 5 July 1503
event. The earthquake was felt
in 74 counties throughout the
west-central peninsula from
the west coast to the center of
the peninsula. The radius of
regions in which the earthquake
was felt is ~120 km, which is
larger than the corresponding
radius of the 5 July 1503 event
(Fig. 7). The felt regions
encompass those, including
Seoul, of the 5 July 1503
event (Figs. 6 and 7). The
felt regions are distributed over
four prefectures (Gyeonggi-
do, Chungcheongnam-do,
Chungcheongbuk-do, and
Gyeongsangbuk-do). The earth-
quake-felt regions are situated
closely around the intersec-
Chungcheongnam-do, and

The regions in which the earthquake was felt are indicated = Chungcheongbuk-do, and the number of these regions decreases
clearly. The earthquake was felt in 33 counties in the west-central ~ with increasing distance from Seoul.

peninsula, including Seoul. The earthquake was felt in an area We assign the seismic intensities in the earthquake-felt
over a radius of ~110 km (Fig. 6). These regions are laid over ~ regions to range from MMI 3 to 8. We find the location of
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Figure 6. Determination of the magnitude and location of the 5 July 1503 earthquake. (a) Distribution of the seismic
intensities and seismic-intensity attenuation curve for the magnitude and location set with the highest probability.
The seismic-intensity attenuation curves for 41 magnitude differences are presented for comparison. (b) Map of the
seismic intensities and probability distribution. The location of the highest probability is marked (star). The event
magnitudes at different locations are marked in contours. The territories of Seoul and Seoul metropolitan area are
marked on the map. The color version of this figure is available only in the electronic edition.

127°  128°  129°  130° occurrence frequency decreased
with time. At least one earth-
quake struck each day of the
month. The seismic damage to
the Seoul metropolitan area
induced by this event may be
the most devastating among

all six historical earthquakes.
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The reported seismic damage
can be a consequence of a series
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this study, we assume that the
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major seismic damage was
caused by the mainshock.

We choose eight prefectures
as reference locations for the
felt reports. We assign the seis-
mic intensity in Seoul to range
from MMI 8 to 9. The seismic
intensities for the felt regions
are set to range from MMI 3

Event location
Lee and Yang (2006) (M, 5.8)
¢ This study (peak probability, I 5.5)
F—

Figure 7. Determination of the magnitude and location of the 13 September 1503 earthquake. (a) Distribution of the
seismic intensities and seismic-intensity attenuation curve for the magnitude and location set with the highest
probability. The seismic-intensity attenuation curves for &1 magnitude differences are presented for comparison.
(b) Map of the seismic intensities and probability distribution. The location of the highest probability is marked
(star). The event magnitudes at different locations are marked in contours. The territories of Seoul and Seoul
metropolitan area are marked on the map. The color version of this figure is available only in the electronic edition.

to 9. The location of the peak
probability is found at
37.375° N, 127.025° E (Fig. 8).
The magnitude at the location
of the peak probability may be
M;, 6.8 for focal depths of 4-
16 km, and the magnitudes at
locations with probabilities

127° 128° 129° 130°

the peak probability to be 36.825° N, 127.225° E. The magni-
tude at this location is M} 5.5 for focal depths of 4-16 km, and
the magnitudes at locations with probabilities greater than 0.7
are My 5.5-5.7.

The 22 June 1518 event

The seismic damage of this event was described for two
regions, including Seoul and a suburb of the city. This earth-
quake, which was felt nationwide, induced the collapse of cas-
tles and houses in Seoul. The royal palace was shaken
considerably. Many people lost consciousness, and people
and horses were knocked off their feet by the shaking of the
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greater than 0.7 are My 6.7-7.1.

The 7 October 1531 event
This earthquake produced strong ground motions in Seoul.
The earthquake was reportedly accompanied by loud sounds
resembling thunder. The earthquake was felt in 28 counties
throughout the central peninsula from the west coast to the
east coast. The earthquake-felt regions are distributed over five
prefectures in the center of the peninsula (Gyeonggi-do,
Chungcheongbuk-do, Gyeongsangbuk-do, Gangwon-do, and
Hwanghae-do). We observe a large number of regions in
Gangwon-do and Hwanghae-do to the north and east of Seoul.
The seismic damage in Seoul corresponds to seismic inten-
sities of MMI 5-6. The seismic intensities for the regions with

www.bssaonline.org Volume 110 Number 6 December 2020
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probability. The seismic-intensity attenuation curves for 41 magnitude differences are presented for comparison.
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Figure 9. Determination of the magnitude and location of the 7 October 1531 earthquake. (a) Distribution of the
seismic intensities and seismic-intensity attenuation curve for the magnitude and location set with the highest
probability. The seismic-intensity attenuation curves for 41 magnitude differences are presented for comparison.
(b) Map of the seismic intensities and probability distribution. The location of the highest probability is marked
(star). The event magnitudes at different locations are marked in contours. The territories of Seoul and Seoul
metropolitan area are marked on the map. The color version of this figure is available only in the electronic edition.

Gangwon-do, Hwanghae-
do, Pyeonganbuk-do,
Pyeongannam-do, and
Hamgyeongnam-do) in the
central and northern Korean
Peninsula. Aftershocks contin-
ued throughout the day. The
sound of thunder was heard
during the main event, and
houses and walls in Seoul col-
lapsed. Domestic animals ran
away as a result of the earth-
quake. Counties in Gangwon-
do reported swelling in streams
and rivers. In Pyeongan-do,
cows and horses were fright-
ened and ran away. Some
counties reported flooding
during the earthquake. The
earthquake produced strong
ground shaking that propa-
gated from east to west in
Seoul, which may suggest wave
propagation or  successive
aftershocks.

We assign a seismic-intensity
range of MMI 7-8 for Seoul. We
set the seismic-intensity ranges
for the earthquake-felt regions
outside Seoul to be MMI 5-7,
4-6, or 3-8 depending on the
locations and earthquake dam-
age descriptions. The seismic-
intensity range of MMI 5-7 is
applied for the regions with
swelling in streams and rivers
(see supplemental material)
(Grunthal, 1998; Korea
Meteorological Administration,
2012). We assign seismic-inten-
sity ranges of MMI 4-6 to the
regions with animal reaction to
the earthquake. Also, we assign
MMI 3-8 to the earthquake-felt

felt reports are set to range from MMI 3 to 8. The location of ~ locations without particular description to cover all possible

the peak probability is placed at 37.825° N, 127.325° E (Fig. 9).  ranges of seismic damage.

The magnitude at the location of the peak probability may be The inversion searches all possible sets of source param-
M, 5.5 for focal depths of 4-16 km, and the event magnitudes  eters for the loosely constrained seismic-intensity data sets.
at locations with probabilities greater than 0.7 are M; 5.3-5.7. We find the most probable set of source parameter from

the posterior probabilities. The location of the peak probabil-
The 20 June 1546 event ity is placed at 37.675° N, 127.225° E (Fig. 10). The magnitude

This earthquake was felt in 89 counties over eight prefectures  at the location of the highest probability may be M; 6.2 for
(Gyeonggi-do, Chungcheongnam-do, Chungcheongbuk-do,  focal depths of 4-16 km, and the event magnitudes at
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Figure 11. Determination of the magnitude and location of the 16 July 1613 earthquake. (a) Distribution of the
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locations with probabilities greater than 0.7 vary between

M 6.1 and 6.2.

The 16 July 1613 event

Seismic damage was reported for regions in the west-central
peninsula, including Seoul. The earthquake occurred at night

3046
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(between 1 and 3 a.m.). The
event was accompanied by a
loud sound that was heard by
many people. The ground shak-
ing amplitude was large, and
many house fences fell down
in Seoul. The earthquake was
felt prefecture
(Gyeonggi-do). The earthquake
propagated from northwest to
southeast with the sound of
thunder in a suburb region.
The tiles on rooftops trembled.

over one

We assign the seismic inten-
sity in Seoul to be MMI 7-8.
We choose the major location
to be in Gyeonggi-do, and
the seismic intensity is set to
MMI 5-7. The highest proba-
bility location is determined
to be 37.575° N, 127.025° E
(Fig. 11). The magnitude at
the location of the highest
probability may be 5.7 for focal
depths of 4-16 km, and the
magnitude may vary by loca-
tion. The event magnitudes at
locations with probabilities
greater than 0.7 are My 5.6-5.7.

DISCUSSION AND

CONCLUSIONS

Seoul is the capital city of
South Korea. The population
is high. Recent increases in
seismicity ~ throughout the
Korean Peninsula have raised
concerns about seismic hazard
potentials. Historical records of
earthquakes are wuseful for
assessing the seismic hazard
potentials of events with long
recurrence times. Hence, the
historical literature provides
valuable information on his-
torical earthquakes. However,
the have

historical records

inherent limitations with regard to the completeness of their

records. Accounts of seismic damage and earthquake-felt
regions may be listed selectively by the authors. Thus, historical
earthquakes may suffer from inherent uncertainties in the
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inferred source parameters. The determination of single loca-
tions and magnitudes may exclude other possibilities.
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Figure 12. Possible source regions of the six major earthquakes that occurred
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0.7 are presented. The locations of the peak probabilities are marked. The
color version of this figure is available only in the electronic edition.

We introduced a probabilistic joint inversion method to
determine the magnitudes and locations of events based on
seismic intensities inferred from the seismic damage described
in the historical literature. This approach allows us to consider
possible sets of locations and magnitudes and presents the
probability of each location and magnitude set. We assessed
the errors caused by the uncertainty in seismicity intensity
datasets. We found that the source parameters of historical
earthquakes could be determined reasonably, despite possible
inclusion of seismicity-intensity uncertainty. The optimal loca-
tions and magnitudes of earthquakes may be constrained with
the help of other information, including geological features and
instrumentally recorded seismicity.

We examined six major earthquakes that occurred around
the Seoul metropolitan area during the Joseon dynasty. The
probability distributions of the locations of the 20 June
1546 and 16 July 1613 events were well constrained compared
with those of the other events (Fig. 12). The 22 June 1518 event
and the 16 July 1613 event appeared to occur in the central
Seoul metropolitan area; in particular, the 16 July 1613 event
appeared to occur in Seoul. On the other hand, it appears that
the 7 October 1531 event and the 20 June 1546 event occurred
in the northeastern part of the Seoul metropolitan area. The 5
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July 1503 event and the 13 September 1503 event appeared to
occur in the southern Seoul metropolitan area; these two events
have a time interval of ~2 months, which suggests that their
occurrences are linked.

It is intriguing to note that the six major earthquakes were
temporally clustered in 1546-1613. The seismicity appeared to
be high in the sixteenth to seventeenth centuries (Lee and
Yang, 2006; Houng and Hong, 2013). The major-earthquake
surge may be related with the nature of seismicity in stable
intraplate environment (Crone et al, 2003; Holbrook et al.,
2006; Stein and Mazzotti, 2007; Li et al., 2009). The temporal
clustering of seismicity may be useful to understand the time-
dependent recurrence characteristics of major earthquakes in
stable intraplate regime.

The epicenters of six earthquakes were found to be located
around the Seoul metropolitan area. The magnitudes of the
events at the locations of their peak probabilities ranged
between M; 5.3 and 6.8. According to the analysis results,
it is highly probable that moderate- or large-magnitude
earthquakes occurred during the Joseon dynasty. This analy-
sis suggests high seismic hazard risks in the Seoul metropoli-
tan area. It may be possible to resolve the faults responsible
for these earthquakes upon acquiring additional information.

DATA AND RESOURCES

The full description of seismic damages of historical earthquakes during
the Joseon dynasty is available in Joseon-Wangjo-Sillok and
Seungjeongwon-Ilgi (http://history.go.kr/). The instrumental earth-
quake catalogs are available from the Korea Meteorological
Administration  (http://neciskma.go.kr/), Japan Meteorological
Agency (https://www.data.jma.go.jp/), and
Seismological Centre (http://www.isc.ac.uk/iscbulletin/). All websites
were last accessed in May 2020. The historical seismic-damage descrip-

International

tion in Joseon-Wangjo-Sillok and assigned seismic intensities for the six
analyzed earthquakes are presented in the supplemental material.
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