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Abstract—Regional seismotectonics provides crucial informa-

tion for seismic hazard analysis, which is difficult to address with

short-term earthquake records. The far-eastern Eurasian plate

around the Korean Peninsula presents a stable intraplate environ-

ment with diffuse seismicity, of which responsible tectonics and

active faults are difficult to identify. Combined analysis of instru-

mental and historical earthquake records is required for assessment

of long-term seismicity properties. Seismotectonic provinces are

identified from the spatial distribution of seismicity properties

controlled by the medium properties and stress field. The boundaries

of the seismotectonic provinces are defined considering the medium

properties that can be inferred from geological, geophysical and

tectonic features. The Gutenberg–Richter frequency–magnitude

relationships and maximum magnitudes for the seismotectonic

provinces are determined using instrumental and historical earth-

quake records. The validity of maximum magnitude estimation is

tested with synthetic data. A parametric method, the Tate–Pisarenko

method, produces more accurate estimates than non-parametric

methods. A modified Tate–Pisarenko method is proposed for esti-

mation of maximum magnitudes for incomplete short-term

earthquake catalogs. The maximum magnitude of events for the

whole region is approximately the same as the average of the

maximum magnitudes of events for subdivided provinces, causing

apparent variation in maximum magnitudes depending on the

number of seismotectonic provinces. Consideration of a reasonable

number of seismotectonic provinces may be needed for proper

assessment of seismic hazard potentials is recommended. The

combined analysis of historical and instrumental earthquake records

suggests maximum magnitudes greater than 7 around the peninsula.

Key words: Seismotectonics, seismotectonic province, in-

traplate region, Korean Peninsula, seismicity, maximum

magnitude.

1. Introduction

The seismotectonics is a tectonic framework

combining seismicity, geology and geophysical

properties, which are useful for inference of seismic

hazard potentials (GASPARINI et al., 1982; POWELL

et al., 1994; LAVECCHIA et al., 1994, COSTA et al.,

1996; DE and KAYAL 2003). A region can be divided

into seismotectonic provinces considering the seis-

motectonic properties that are represented by

maximum magnitudes, earthquake occurrence rates

and potential peak ground accelerations. Each seis-

motectonic province can be defined by its unique

seismicity properties and tectonic environments

(CORNELL 1968). Seismotectonic province models

have been proposed for a number of regions (NOW-

ROOZI 1976; TAVAKOLI and GHAFORY-ASHTIANY 1999;

MELETTI et al. 2000; SINGH et al. 2011). These

regionalized provinces are used for seismic hazard

analysis (e.g., FRANKEL 1995; MENON et al., 2010).

However, a routine procedure for constructing seis-

motectonic province models has not been established.

Also, it remains unclear how many seismotectonic

provinces are appropriate for each region.

It is difficult to assess the seismotectonic proper-

ties of low-seismicity intraplate regions with short

seismic records. In particular, the intraplate regions

adjacent to continental margins comprise paleo-tec-

tonic structures that respond to the regional stress

field (CHOI et al. 2012; HONG et al. 2015). The

monitoring of seismogenic paleo-tectonic structures

in oceanic regions by inland seismic networks can be

poor. Also, tectonic-loading stress is accumulated

slowly in intraplate regions, inducing destructive

large earthquakes with long recurrence time intervals

(e.g., TALWANI and COX 1985).

Seismicity with long recurrence intervals is lim-

itedly observable in short-term earthquake catalogs.

Long-term seismicity records may contribute to the

assessment of potential seismic hazards. Historical

earthquake records may be useful for long-term
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seismicity analysis. Thus, analysis of both instru-

mental and historical earthquake records may be

desirable. However, historical earthquake records

suffer from inherent incompleteness, and the source

parameters are poorly constrained. Thus, it remains

unclear how historical earthquake catalogs should be

combined with instrumental earthquake catalogs for

seismic hazard analysis. Also, the necessary time

period of earthquake catalogs for seismic hazard

analysis remains unclear.

We propose a seismotectonic province model for

the Korean Peninsula that belongs to a stable intra-

plate regime where major earthquakes occur with

long recurrence intervals. Seismotectonic province

models based on both the tectonics and seismicity

have been rarely proposed for the Korean Peninsula

(e.g., KIM and LEE 2000). The early models generally

resembled the geological province structures. In this

study, the seismicity and geophysical properties, and

geological and tectonic features are combined to

determine the seismotectonic province models. Both

the instrumental and historical earthquake records are

combined for the analysis of seismicity properties and

maximum magnitudes. The variation of seismicity

properties and maximum magnitudes depending on

the seismotectonic province model is investigated.

Also, the effect of seismotectonic province models on

the determination of seismicity properties and maxi-

mum magnitudes is examined.

2. Geology and Tectonics

The Korean Peninsula is located in an intraplate

region adjacent to the far-eastern Eurasian plate

margin (Fig. 1). The far-eastern Eurasian plate con-

verges with the Philippines Sea plate at the region off

the southern Japanese islands, and with the Okhotsk

plate at the eastern margin of the East Sea (Sea of

Japan). The collisions of Eurasian plate inducing an

tectonic-loading stress field composed of ENE-di-

rectional compression and WNW-directional tension

around the Korean Peninsula (CHOI et al. 2012)

(Fig. 1). The current appearance of the Korean

Peninsula was formed by a continental collision

between North China and South China blocks during

late Permian to Jurassic, which was followed by a

continental-rifting opening the East Sea (Sea of

Japan) during the Oligocene to mid-Miocene (JOLIVET

et al. 1994; CHOUGH et al. 2000; OH 2006). The

continental collision developed a characteristic NE-

trending geological provinces. The surface of the

Figure 1
a Geological and tectonic structures around the Korean Peninsula (e.g., CHOUGH et al. 2000). b An enlarged map of the study region. The

major geological provinces are denoted: GM Gyeonggi massif, GB Gyeongsang basin, IFB Imjingang fold belt, NM Nangrim massif, OCB

Okcheon belt, OJB Ongjin basin, YM Yeongnam massif, YIB Yeonil basin (YIB). The ambient compression stress field (CHOI et al. 2012) and

capable faults in the peninsula (CHOI 2012) are denoted. The regions of paleo-rifting in the East Sea and the paleo-continental-collision in the

Yellow Sea are shaded
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peninsula is composed of three precambrian massif

blocks and two intervening belts (CHOUGH et al.

2000).

The paleo-continental-collision developed an

EW-trending subparallel structures in the central

Yellow Sea, which were reactivated by the ambient

NS-directional tension and Ryukyu trench rollback

and produce normal-faulting earthquakes (Fig. 1).

Also, the paleo-rifting developed NS-trending off-

shore paleo-normal-faulting structures subparallel

with the east coast of the peninsula. The paleo-nor-

mal-faulting structures were reactivated by the EW-

directional lithostatic compression, producing thrus-

tal earthquakes (CHOI et al. 2012). A solidified

underplated magma associated with the East Sea

opening appears to be present in the lower crust off

the east coast of the peninsula, which is illuminated

by high Pn velocity, high magnetic anomalies and

high VP=VS ratios (CHO et al. 2004; HONG and KANG

2009; JO and HONG 2013) (Fig. 2).

The massif blocks (Gyeonggi massif, Yeongnam

massif) are illuminated as high seismic velocity

regions (HONG and KANG 2009). Geophysical and

seismic properties of the crust (crustal shear wave

velocity, gravity anomaly, crustal P amplification, Lg

Q, Pn tomography, heat flow) generally follow the

geological structures in the surface (Fig. 2). The Pn

seismic velocities are observed to be low along the
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Figure 2
Regional variation in the seismic and geophysical properties of the crust of the Korean Peninsula: a crustal thickness (HONG et al. 2008),

b crustal P amplification (HONG and LEE 2012), c crustally-guided shear-wave attenuation factors (Lg Q0) (HONG and CHOI 2012), d Moho

P (Pn) velocities (HONG and KANG 2009), e shear-wave velocities at a depth of 6.75 km (CHOI et al. 2009), f upper-crustal VP=VS ratios (JO and

HONG 2013), g Bouguer gravity anomalies (CHO et al. 1997), and h heat flows (LEE et al. 2010).
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east coast. The southeastern peninsula (Gyeongsang

basin) is covered by Cretaceous volcanic sediments

where high heat flows, low shear wave velocities,

high gravity anomalies, low Pn velocities, low Lg Q,

and high P amplification are observed.

The inland peninsula and Yellow Sea display

typical features of continental crusts with thicknesses

of 29–36 km (CHANG et al., 2004; HONG et al. 2008;

HE and HONG 2010). The paleo-continental-rifting

developed transitional crusts between continental and

oceanic crusts in the East Sea (Fig. 1). The crustal

thicknesses in the East Sea decrease abruptly across

the east coast, and reach 8.5–10 km in the Japan

basin (HIRATA et al. 1992; KIM et al. 1998). Conti-

nental shelves cover the most regions of the Yellow

Sea, while are extended only for several tens of

kilometers in the East Sea. A number of faults were

investigated (e.g., LEE and UM 1992; KYUNG 2003;

LEE and YANG 2007). Only several faults were iden-

tified to be capable (CHOI 2012) (Fig. 1). The faults in

the peninsula strike dominantly in NE, displaying

acute angles to the ambient compressional stress

field. These strikes of faults are consistent with the

geometry of geological structures, which might result

from the paleo-continental collision.

3. Seismicity and Earthquake Records

The instrumental seismic monitoring in the Kor-

ean Peninsula began in 1978, and the number of

reported earthquakes until 2013 is 14,992 (Fig. 3).

We collect the event information of the instrumen-

tally-recorded earthquakes from the Korea

Meteorological Administration (KMA), Japan Mete-

orological Agency (JMA), and China Earthquake

Network Center (CENC). The largest magnitude of

the instrumentally-recorded events is 5.3 (Fig. 4). Six

earthquakes with magnitudes equal to or greater than

5.0 occurred in the Korean Peninsula since 1978. It is

noteworthy that an M6.5 earthquake was reported to

have occurred at the northwestern peninsula in 1952

(ENGDAHL and VILLASENOR 2002). Most events occur

at depths less than 20 km, and the largest focal depth

is 35 km (Fig. 5).

Strike-slip earthquakes are dominant in the

peninsula (Fig. 5). Characteristic normal-faulting

earthquakes are observed around the paleo-conti-

nental collision belt in the central Yellow Sea (HONG

and CHOI 2012). Thrust earthquakes occur along the

NS-trending paleo-rifting structure off the east coast

of the peninsula (CHOI et al. 2012). These normal-
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Figure 3
a Instrumental seismicity from 1978 to 2013 and b historical seismicity from 1393 to 1904 around the Korean Peninsula. Offshore events were

recorded limitedly in the historical earthquake catalog. The spatial distribution of seismicity is similar between instrumental and historical

earthquakes
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faulting and thrustal earthquakes result from the

response of paleo-tectonic structures to the ambient

stress field. It is observed that the instrumental seis-

micity is weakly correlated with known capable

faults (cf., Figs. 1, 3)

The historical earthquake records are analyzed

to reflect the seismicity with long recurrence time

intervals. A number of historical earthquakes were

recorded in historical literatures including Sam-

gooksagi, Koryosa and Choseonwangjosillog. Some

devastating earthquakes produced seismic damages

with seismic intensities of VIII in the modified

Mercalli intensity (MMI) scale (LEE and YANG

2006). Most historical earthquakes were recorded

during Joseon dynasty (1393–1904), and the num-

ber of events is 1893 (Figs. 3, 4). The event

information for the historical earthquakes is col-

lected from HOUNG and HONG (2013). However, the

magnitudes of the historical earthquakes are rede-

termined based on a recently-developed magnitude–

intensity relationship that is given by (PARK and

HONG 2014):

(a) (b)

Figure 4
Distribution of earthquakes as a function of magnitude: a instrumental earthquakes and b historical earthquakes. Historical earthquakes with

magnitudes of 4.0–4.5 appear to have been under-recorded

124˚ 126˚ 128˚ 130˚

34˚

36˚

38˚

40˚

0 100
km ≤

≤

≤

≤

<

<

<

<

2    M    3

3    M    4

4    M    5

5    M    6

M    6≥(a)

(b)

Figure 5
a Focal depth distribution of instrumental earthquakes. Most earthquakes occur at depths less than 20 km. b Focal mechanism solutions for

earthquakes around the Korean Peninsula. Strike-slip earthquakes striking in NE are dominant around the peninsula. Reverse-faulting

earthquakes striking in NS are observed in the region off the east coast of the peninsula, and normal-faulting earthquakes striking in EW are

observed in the region around the northwestern peninsula
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IðML; l; hÞ ¼ 1:72ML � 0:322 lnðl2 þ h2Þ

� 0:00608
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

l2 þ h2
p

� 0:998;
ð1Þ

where I is the seismic intensity in the MMI scale, ML

is the event magnitude in the local magnitude scale,

h is the focal depth in kilometer, and l is the epi-

central distance in kilometer.

4. Theory

4.1. Gutenberg–Richter Seismicity Constants

The minimum magnitude, Mmin, represents

the threshold magnitude above which the event

catalog is complete (e.g., RYDELEK and SACKS 1989;

GOMBERG 1991). An earthquake catalog for events

with magnitudes greater than Mmin generally satisfies

the Gutenberg–Richter frequency–magnitude

relationship:

logN ¼ a � bM; ð2Þ

where a and b are constants, M is the magnitude, and

N is the number of events with magnitudes greater

than or equal to M. The fitness between the seismicity

data and theoretical curve is estimated by

R ¼ 1�
Pn

j¼1 jBj � Sjj
Pn

j¼1 Bj

; ð3Þ

where Bj is the number of events with magnitudes

greater than or equal to Mj, Sj is the reference value

from the Gutenberg–Richter relationship, and n is the

total number of events in the dataset. From Eq. (2), the

Gutenberg–Richter b value for an event catalog with a

minimum magnitude of Mmin satisfies (AKI 1965)

b ¼ 1

lnð10Þ � ð �M � MminÞ
; ð4Þ

where �M is the average of the observed magnitudes.

If the magnitude-dependent earthquake distribu-

tion follows a probability density function, f(m), the

number of earthquakes (N) with magnitudes greater

than or equal to M satisfies (TINTI and MULARGIA 1985)

N ¼ 10a

Z 1

M

f ðmÞ dm ¼ 10a 1�
Z M

0

f ðmÞ dm

� �

¼ 10a 1� FðMÞ½ �; ð5Þ

where the function F(M) is the cumulative distribu-

tion function that is the integral function of f(m).

Function F(M) is given by

FðMÞ ¼ 1� 10�bM: ð6Þ

The probability density function, f(M), is calculated

by differentiating F(M):

f ðMÞ ¼ be�bM ; ð7Þ

where b is given by

b ¼ b lnð10Þ: ð8Þ

The probability density function, f(M), is normalized

for events with magnitudes greater than or equal to

Mmin. The normalized probability density function,

f̂ ðMÞ, is defined to be

f̂ ðMÞ ¼ be�bM

R1
Mmin

f ðmÞ dm
¼ be�bðM�MminÞ: ð9Þ

Hereafter, function f̂ ðMÞ is used for f(M). The pop-

ulation mean (E(M)) and population variation

(VarðMÞ) of magnitude distribution f(m) are given by

EðMÞ ¼
Z 1

Mmin

mf ðmÞ dm ¼ Mmin þ
1

b
;

VarðMÞ ¼
Z 1

Mmin

m2f ðmÞ dm � EðMÞ½ �2¼ 1

b2
:

ð10Þ

Thus, an earthquake catalog with a sufficiently large

number (n) of events displays a normal distribution

with a mean of Mmin þ 1=b and variation of 1=ðnb2Þ.
When the event catalog satisfies a normal distri-

bution, the b estimate, b̂, for an event catalog with

mean magnitude of �M can be written as

b̂ ¼
Z 1

�1
b exp � 1

2
�

�M � Mmin þ 1
b

� �n o2

1
nb2

2

6

4

3

7

5

db

¼ 1
�M � Mmin

: ð11Þ

The b value based on the earthquake catalog is esti-

mated to be

b̂ ¼ b̂
lnð10Þ ¼

1

lnð10Þð �M � MminÞ
: ð12Þ

The accuracy of the minimum magnitude (Mmin) is

dependent on the magnitude precision in the catalog.

1180 T.-K. Hong et al. Pure Appl. Geophys.



When the apparent minimum magnitude for an event

catalog with a discrete magnitude interval of DM is

given by Mthre, the practical minimum magnitude is

given by

Mmin ¼ Mthre �
DM

2
: ð13Þ

Thus, the b value for the earthquake catalog can be

written as

b̂ ¼ 1

lnð10Þ � ½ð �M � ðMthre � DM=2Þ� : ð14Þ

Also, the â value for the event catalog is given by

â ¼ logðNÞ þ b̂Mmin: ð15Þ

4.2. Determination of Maximum Magnitude, Mmax

The maximum magnitude, Mmax, is the upper limit

of event magnitudes that can occur in the given region

(KIJKO and SINGH 2011). The maximum magnitudes

can be estimated deterministically based on empirical

relationships between magnitudes and fault parame-

ters (e.g., WELLS and COPPERSMITH 1994). Also,

numerous probabilistic methods were proposed to

determine the maximum magnitudes from earthquake

catalogs. Probabilistic methods are based on either

parametric or non-parametric statistical analyses of

seismicity (ROBSON and WHITLOCK 1964; COOKE 1979;

PISARENKO et al. 1996; KIJKO and GRAHAM 1998; KIJKO

and SINGH 2011). The probabilistic approaches may

yield different estimates depending on the properties

of event catalogs such as the completeness of catalogs

and the number of composing events. Representative

probabilistic methods are introduced in this study.

The parametric approach is applicable to the event

catalog that satisfies the Gutenberg–Richter fre-

quency–magnitude relationship. The set of

magnitudes satisfies the probability density function,

f(M), which can be written as

f ðMÞ ¼ b exp �bðM � MminÞ½ �
RMmax

Mmin
b exp �bðm � MminÞ½ � dm

¼ b exp �bðM � MminÞ½ �
1� exp �bðMmax � MminÞ½ � :

ð16Þ

Also, the cumulative distribution function, F(M), is

given by

FðMÞ ¼
Z M

Mmin

f ðmÞdm ¼ 1� exp �bðM �MminÞ½ �
1� exp �bðMmax �MminÞ½ � :

ð17Þ

The maximum magnitude based on the Tate–Pis-

arenko method is given by (Appendix 1)

Mmax ¼ Mn þ
1

n

� �

� 1� exp �bðMmax � MminÞ½ �
b exp �bðMmax � MminÞ½ � :

ð18Þ

A grid-searching algorithm is applied to determine

the maximum magnitudes with the Tate–Pisarenko

approach.

The Tate–Pisarenko method is applicable to

earthquake catalogs that satisfy the Gutenberg–

Richter frequency–magnitude relationship. Large-

magnitude earthquakes with long recurrence intervals

can be included in short-term earthquake catalogs in

which the expected upper-bound magnitudes (Mexp
max)

are much smaller than the observed maximum mag-

nitudes (Mobs
max) (Fig. 6). Earthquake catalogs including

exceptionally large events often yield unstable Mmax

estimates with the Tate–Pisarenko method. A reason-

able Mmax estimate may be achieved when an

appropriate number of events (n in Eq. (18)) is

considered (Fig. 6). This procedure is applicable to

incomplete catalogs in which minimum magnitudes

are not be determined correctly. There is the possibil-

ity that earthquakes of any magnitude can be missed in

historical earthquake catalogs. In this case, the

Gutenberg–Richter frequency–magnitude relationship

for instrumental earthquake catalogs can be applied.

The maximum magnitude based on non-paramet-

ric analysis with order statistics is given by (KIJKO

and SINGH 2011; Appendix 1)

Mmax ¼ 2Mn � ð1� e�1Þ
X

n�1

i¼0

ðe�iMn�iÞ: ð19Þ

The Robson–Whitlock (RW) method for Mmax uses

the largest two magnitudes in the catalog (ROBSON

and WHITLOCK 1964). The maximum magnitude is

determined to be

Mmax ¼ ðn þ 1ÞMn � nM0
n�1 ¼ 2Mn � Mn�1: ð20Þ

The Robson–Whitlock–Cooke (RWC) method for

Mmax is modified from the RW method, which is

given by (COOKE 1979; KIJKO and SINGH 2011)
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Mmax ¼ Mn þ mðMn � Mn�1Þ; ð21Þ

where m is a constant.

These methods have been applied widely to

estimate maximum magnitudes in a number of

regions including both active and stable regions

(e.g., KIJKO 2004; KIJKO and Singh 2011; ANBAZHA-

GAN et al. 2015). The four methods are used to

determine the maximum magnitudes of events in the

Korean Peninsula based on instrumental and histor-

ical earthquake catalogs.

5. Procedure

5.1. Construction of a Seismicity Density Map

The seismicity density map is constructed by

combining the epicenters of earthquakes with mag-

nitudes greater than or equal to the minimum

magnitudes. The minimum magnitudes of instrumen-

tal and historical earthquake records are determined

to be ML 2.5 and 4.7, respectively (Fig. 7). The

seismicity density represents the population of seis-

mic events, suggesting earthquake occurrence

frequencies. The Korean Peninsula is discretized into

0.1�-by-0.1� cells. A Gaussian function is applied

for spatial smoothing of earthquake occurrence

frequencies. Spatial smoothing enables us to accom-

modate events with low-precision location

information (HOUNG and HONG 2013). The correlation

distance of the Gaussian function is set to 20 km,

which is sufficiently large considering the hypocenter

precision. The seismicity density is calculated by

assessing the smoothed number of events.

5.2. Determination of Seismotectonic Provinces

and Seismicity Parameters

The damage related to large events was well

documented in the historical literature. Historical

earthquakes are useful for assessment of long-term

seismicity, which should be considered in the

construction of seismotectonic provinces. The occur-

rence of earthquakes is related to both the tectonics

and geological features. It is necessary to implement

complete earthquake catalogs for correct determina-

tion of seismicity properties. The minimum

magnitudes ensuring the completeness of earthquake

catalogs vary with the spatial coverage of stations,

which is dependent on the physical environment. The

minimum magnitudes of the offshore regions are

inherently higher than those of inland regions.

The seismotectonics characterizes the interaction

between seismicity and tectonics by consolidating the

(a) (b)

TA

Figure 6
a Distribution of event magnitudes as a function of time in short-period (TA) and long-period (TB) catalogs. The expected maximum

magnitudes for short and long periods are Mexp;A
max and Mexp;B

max . An excessively large earthquake with magnitude of Mobs;A
max , satisfying

Mobs;A
max ¼ Mexp;B

max , is included in the short-period catalog. b The Gutenberg–Richter frequency–magnitude relationships for short-period and

long-period catalogs. The numbers of events with magnitudes M �Mmin for short- and long-period catalogs are NA
ana and NB

ana. The maximum

magnitude for the long period is determined using the b value of the short-period catalog
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seismic, geological, geophysical and geodetic prop-

erties in the context of a tectonic framework (SCHOLZ

2002). The seismotectonic provinces are regionalized

such that each province has unique seismicity and

tectonics properties. The seismicity properties and

seismic hazards are controlled by various factors

including the medium properties and stress field. The

medium properties can be inferred from the seismic,

geophysical and geological features. Thus, the dif-

ferences in the seismic, geophysical and geological

features suggest different seismotectonic environ-

ments. The boundaries of seismotectonic provinces

are constructed considering the spatial distribution of

geophysical, geological and seismic properties.

We firstly divide the regions based on the

seismicity density adequately. Uniform seismicity

regions are adjusted considering the spatial distribu-

tion of focal mechanisms and geophysical signatures.

The seismotectonic province boundaries are con-

structed considering the geological province

boundaries, and seismic and geophysical properties.

Also, we determine the minimum magnitudes (Mmin)

and the Gutenberg–Richter parameters (a, b) for each

province. The earthquake frequency parameter,

a value, is normalized for time (year) and area (1

km2). The estimates of maximum magnitudes are

generally dependent on the observed maximum

magnitudes and the completeness of the catalogs.

The minimum magnitude may vary by the

b value, which is dependent on the method imple-

mented. The maximum likelihood method considers

every earthquake to be an independent event satisfy-

ing the Gutenberg–Richter frequency–magnitude

relationship (AKI 1965; TINTI and MULARGIA 1985).

However, the b values for catalogs composed small

numbers of events may not be determined accurately

using a maximum likelihood method that assigns high

weights to small earthquakes and low weights to large

earthquakes (WIEMER and WYSS 2000). For better fit

of both small and large events, a least-squares method

is applied in this study. The range of magnitudes

yielding fitnesses less than the threshold level is

constrained. We set a magnitude allowing stable

estimation of the Gutenberg–Richter relationship to

be the minimum magnitude (HOUNG and HONG 2013).

Also, we apply four different methods to determine

the maximum magnitudes. All analyses are based on

the magnitudes in the local magnitude scale (ML).

6. Synthetic Test of Maximum Magnitude Estimation

We test the validity and limitations of methods for

estimation of maximum magnitudes using synthetic

data. We produce synthetic earthquake catalogs

composed of 100, 200, 500, 1000, 2000, 5000, and

10,000 events. The synthetic earthquake catalogs

have a Mmin of 2.5 and a b value of 0.92 for tests of

instrumental earthquake records, and have a Mmin of

4.7 and a b value of 0.82 for tests of historical

earthquake records. The maximum magnitude (Mmax)

is set to 7.5. We generate 1000 different sets of event

catalogs to assess the variation in Mmax estimates

depending on the event catalog. Four methods

including the Tate–Pisarenko (TP) method, non-

parametric determination based on order statistics

(a) (b)

Figure 7
Minimum magnitudes (Mmin) ensuring the completeness of earthquake catalogs: a instrumental earthquake catalog and b historical earthquake

catalog. The minimum magnitudes of the instrumental and historical earthquakes are determined to be 2.5 and 4.7, respectively
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(NPOS), Robson–Whitlock (RW) method, and Rob-

son–Whitlock–Cooke (RWC) method are applied to

estimate the maximum magnitudes.

It is observed that maximum magnitude estimates

generally approach to the correct maximum magni-

tude with an increasing number of events in the

catalogs (Figs. 8, 9). Also, the standard deviations of

the maximum magnitude estimates decrease with the

number of events. The parametric method (TP) pro-

duces more accurate Mmax estimates than non-

parametric methods (NPOS, RW, RWC). Also, the

Robson–Whitlock (RW) method is the most accurate

of the non-parametric methods.

The standard deviations of Mmax estimates from

the parametric method are greater than those from the

non-parametric methods. This observation suggests

that Mmax estimates are unstable when the event

catalog is composed of a small number of events. On

the other hand, the non-parametric methods display

relatively stable Mmax estimates with catalogs with

small numbers of events. However, non-parametric

methods generally underestimate the maximum

magnitudes for catalogs composed of small numbers

of events.

It is intriguing to note that the convergence of

Mmax estimates to the correct value is dependent on

the implemented Mmin as well as the number of

events in the catalog (Figs. 8, 9). A larger number of

events in the catalog appears to be needed for correct

estimation when a smaller Mmin is applied. This is

because small events are naturally more frequent than

large events according to the Gutenberg–Richter

frequency–magnitude relationship.

7. Seismicity Density

The seismicity density models are calculated

based on instrumental and historical earthquake

records (Fig. 10). Long-term seismicity is represented

by historical earthquakes. The historical seismicity

density model is observed to be similar to the

instrumental seismicity density model in most inland

regions. High seismicity densities are found in the

Okcheon belt (region A in 10), Taebaeksan basin

(region B), Pyeongan basin (region C), and Yeong-

nam massif (region D) in both the instrumental and

historical seismic densities. Low seismicity is

(a)

(b)

Figure 8
Synthetic tests of maximum magnitude estimation for synthetic earthquake catalogs with the minimum magnitude of 2.5 and b value of 0.92.

a Variations of maximum magnitude estimates for synthetic earthquake catalogs with various numbers of events. The maximum magnitudes

are determined by four methods (TP, NPOS, RW, RWC). The accuracy of estimated maximum magnitudes increases with the number of

events in the catalogs. b Comparison of maximum magnitude estimates among four methods. Method TP yields the most accurate estimates

with large standard deviations
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observed at the Gyeonggi massif (region G) and

northeastern peninsula (region H) in both seismic

densities.

We find differences between the historical and

instrumental seismicity density models in several

regions including the Seoul metropolitan area in the

(a)

(b)

Figure 9
Synthetic tests of maximum magnitude estimation for synthetic earthquake catalogs with the minimum magnitude of 4.7 and b value of 0.82.

a Variations of maximum magnitude estimates for synthetic earthquake catalogs with various numbers of events. The maximum magnitudes

are determined by four methods (TP, NPOS, RW, RWC). b Comparison of maximum magnitude estimates among four methods
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Figure 10
The spatial distribution of seismicity densities based on a the instrumental earthquakes with magnitudes greater than or equal to 2.5, and b the

historical earthquakes with magnitudes greater than or equal to 4.7. High seismicity is observed at similar inland regions between the

instrumental and historical catalogs (regions A, B, C, D). Low seismicity is observed in the northeastern peninsula (region H) and Gyeonggi

massif (region G). The historical earthquakes display a characteristic high seismicity around the Seoul metropolitan area (region I), and weak

seismicity in offshore regions (regions E, F, J, K, L)
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central peninsula (region I) and offshore regions in

the Yellow Sea, East Sea, and South Sea (regions E,

F, J, K, L). Historical earthquakes suggest high

seismicity densities in the Seoul metropolitan region,

while instrumental earthquakes display low seismic-

ity densities. This observation suggests that large

events in the Seoul metropolitan region may have

long recurrence time intervals. The apparent differ-

ences in offshore seismicity between the instrumental

and historical earthquake records may be associated

with the limited observation of offshore events

without help of modern seismic instruments due to

physical inaccessibility.

8. Seismotectonic Provinces

Seismotectonic province models are constructed

for the region of latitudes between 33� and 40� and

longitudes between 124� and 131�. We first consider

a seismotectonic province model composed of 17

provinces (Fig. 11). Province 2 is constructed for the

highest seismicity region in the northwestern penin-

sula (Pyeongnam massif). This high seismicity is

clearly observed in both the instrumental and histor-

ical seismicities. Province 1 is located to the west of

province 2. Province 3 is an inland region located to

the east of province 2.

Province 4 is an offshore region to the east of

province 3. Both provinces 3 and 4 are low seismicity

regions. Province 3 includes the eastern Pyeongnam

and eastern Gyeonggi massifs. Provinces 3 and 4 are

divided considering the physical environment and

crustal thickness. Note that the crustal thickness

changes abruptly across the east coast of the penin-

sula. Province 5 includes the region around

Baekyeong island and Ongjin basin, which is adja-

cent to provinces 1 and 2. Province 5 is a high

seismicity offshore region. The dominant focal

mechanism in the province is normal faulting. Pro-

vinces 1 and 5 are divided considering the geological

provinces and faulting systems. It was reported that
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Figure 11
a Seismotectonic province models composed of 17 and 7 provinces over the reference seismicity density map. The 7-province-composite

model is a simplified model of the 17-province-composite model. b The 17-province-composite model over seismic and geophysical

properties. The seismotectonic province model generally agrees with the regional variation of seismic and geophysical properties
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the paleo-collision belt between the North and South

China blocks may be placed in province 5 (HONG and

CHOI 2012).

Province 6 includes the western Gyeonggi massif,

which is placed to the west of province 3 and to the

south of province 2. Province 6 represents the high

historical seismicity region around the Seoul

metropolitan area in the central peninsula. Localized

high heat flows and low Moho P (Pn) velocities are

observed in the region. This province displays a

characteristic seismicity with long recurrence time

intervals (high historical seismicity but low instru-

mental seismicity). Province 7 includes the central

and southern Yellow Sea regions, which display low

and diffuse seismicity. Province 8 is a region

including the southern Gyeonggi massif and central

Okcheon belt displaying high seismicity in both the

instrumental and historical earthquake records. This

province displays low heat flows and high Pn veloc-

ities. Province 9 represents a localized high

seismicity region in the eastern Okcheon belt (Tae-

baeksan basin). Low Pn velocities and high shallow-

crustal S velocities are observed in the region.

Province 10 covers the eastern Yeongnam massif

and northeastern Gyeongsang basin, presenting low

Pn velocities. Province 11 is the the East Sea region

to the south of province 4. This province includes the

NS-directional paleo-continental-rifting structure that

produces reverse-faulting earthquakes by the ambient

compressional stress (CHOI et al. 2012). High Pn

velocities, localized high Lg Q, and high Bouguer

gravity anomalies are observed along the paleo-rift-

ing structure. A transitional structure between the

continental and oceanic crusts develops in the region.

Province 12 includes the southwestern peninsula of

mild seismicity. This province includes the south-

western Okcheon belt and southern Yeongnam massif

that are characterized by low heat flows, high Pn

velocities, high Lg Q, and high Bouguer gravity

anomalies.

Province 13 is located in the south-central

peninsula, which includes the central Yeongnam

massif and the western Gyeongsang basin. The pro-

vince is a high seismicity region with low VP=VS

ratios, low heat flows, high Pn, and high P amplifi-

cation. Province 14 represents the southeastern

Gyeongsang basin, which is characterized by high

VP=VS ratios, low shallow-crustal S velocities, high

Pn velocities, and low Lg Q. Province 15 is assigned

for the western South Sea region including Jeju island

where strong instrumental seismicity is observed.

Province 16 includes the eastern South Sea region

including Tsushima island. Province 17 is the region

around the southern Japanese mainland.

We also construct a simplified model composed of

7 provinces by merging the provinces of the

17-province-composite model (Fig. 11). Provinces 1,

2 and 5 in the 17-province-composite model are

combined into province 1 in the 7-province-com-

posite model. Provinces 3 and 4 in the 17-province-

composite model are assembled into province 2 in the

7-province-composite model. Provinces 6 and 8 in

the 17-province-composite model are merged into

province 4 in the 7-provinces model. Provinces 9, 10,

11, 13 and 14 in the 17-province-composite model

comprise province 5 in the 7-province-composite

model. Provinces 12 and 15 in the 17-province-

composite model comprise province 6 in the 7-pro-

vince-composite model. Also, provinces 16 and 17 in

the 17-province-composite model are combined into

province 7 in the 7-province-composite model.

9. Seismicity Properties and Maximum Magnitudes

The Gutenberg–Richter a values for instrumental

earthquake catalogs are observed to be larger than

those for historical earthquake catalogs. This may be

because the historical earthquake catalog is not

complete. Note that inhomogeneous distribution of

major towns and cities causes location-dependent

records of historical earthquakes (HOUNG and HONG

2013). The b values for instrumental earthquakes

vary between 0.54 and 1.25 in the 7-province-com-

posite model, and between 0.31 and 1.45 in the

17-province-composite model. The b values for the

historical earthquakes are 0.55–0.91 in the 7-pro-

vince-composite model and 0.34–0.85 in the

17-province-composite model. It is noteworthy that

the b values of the 7-province-composite model are

close to those of the 17-province-composite model

for the same regions. The b values for the instru-

mental earthquakes are applied in the determination

of maximum magnitudes of historical earthquakes

Vol. 173, (2016) Seismotectonics Around the Korean Peninsula\ldots 1187



considering possible incomplete historical earthquake

records.

The expected maximum magnitudes (Mexp
max) are

calculated with estimated a and b values for the

duration of the earthquake catalogs, and are com-

pared with the observed maximum magnitudes

(Mobs
max). The differences between Mobs

max and Mexp
max for

instrumental earthquake catalogs are less than 0.5

magnitude unit in most regions except province 7 of

the 7-province-composite model and province 17 of

the 17-province-composite model where the differ-

ences are found to be 1.10 and 1.11. The large

differences suggest possible unstable estimation of

Mmax with a parametric method (TP method).

The maximum magnitudes are estimated using

four different methods (TP, NPOS, RW, RWC). In

addition, the maximum magnitudes for Texp are esti-

mated using the TP method. The maximum

magnitude estimates of the instrumental earthquakes

are 4.90–7.50 (TP*), 4.62–7.51 (NPOS), 4.80–8.20

(RW), and 4.65–7.60 (RWC) for the 7-province-

composite model, and 3.75–7.51 (TP*), 3.51–7.51

(NPOS), 3.60–8.20 (RW), and 3.50–7.60 (RWC) for

the 17-province-composite model (Fig. 12). The

interval between the upper and lower bounds of the

maximum magnitude estimates for the seismotectonic

province model generally increases with the number

of constituent provinces. This observation suggests

that we may need an appropriate number of con-

stituent provinces for reasonable estimation of

maximum magnitudes.

Analysis based on the instrumental earthquake

catalog suggests that province 2 of the 17-province-

composite model has relatively low estimated maxi-

mum magnitudes despite characteristic high

seismicity with a large b value. This may be because

the observed maximum magnitude of province 2 is

lower than those of other provinces (Table 2). Also,

characteristic regional variation in maximum mag-

nitude estimates is observed in the 17-province-

composite model where province 10, a low seismicity

region surrounded by high-seismicity neighbors,

displays noticeably low maximum magnitude

estimates.

The maximum magnitudes of the historical

earthquake catalog are found to be � 2.0 magnitude

units greater than those of the instrumental earth-

quake catalog for both the 7- and 17-province-

composite models. Maximum magnitudes are not

estimated for provinces 3 and 7 in the 7-province-

composite model and provinces 4, 15, 16 and 17 in

the 17-province-composite model in which historical
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Figure 12
Maximum magnitude estimates based on the instrumental earthquake records for a the 7-province-composite seismotectonic province model

and b the 17-province-composite seismotectonic province model
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earthquake records are limitedly available. The

maximum magnitude estimates are found to be

7.13–7.68 (TP*), 6.79–7.10 (NPOS), 6.95–7.13

(RW), and 6.80–7.10 (RWC) for the 7-province-

composite model, and 6.49–7.64 (TP*), 6.29–7.10

(NPOS), 6.41–7.44 (RW), and 6.27–7.10 (RWC) for

the 17-province-composite model (Fig. 13). The

maximum magnitudes of most provinces in the

7-province-composite model are comparable. The

distribution of maximum magnitudes suggests a high

possibility of large events with magnitudes greater

than 7.0 around the peninsula.

The parametric method (the TP method) pro-

duces larger maximum magnitude estimates than the

non-parametric methods for both instrumental and

historical earthquake catalogs. The RW method

yields slightly larger estimates than the other non-

parametric methods (NPOS, RWC). The NPOS and

RWC methods produce comparable maximum

magnitudes. These observations are consistent with

the synthetic tests (Figs. 8, 9). However, the syn-

thetic experiments suggest that the maximum

magnitudes can be under- or over-estimated

depending on the number of events in the catalogs

(Figs. 8, 9). Also, the error size is dependent on the

method and true maximum magnitude. Thus, it may

be useful to compare the maximum magnitude

estimates from the four methods to identify possible

under- or over-estimation.

Maximum magnitude estimates based on the his-

torical earthquake catalog are greater than those

based on the instrumental earthquake catalog due to

differences in the observed maximum magnitudes

(Mobs
max) (Tables 1, 2, 3, 4). The maximum magnitude

estimates based on the historical earthquake catalog

appear to be more suitable for assessment of seismic

hazard potentials than those based on the instru-

mental earthquake catalog. There were several

studies investigating Mmax in the Korean Peninsula

(KIM et al. 2000; LEE 2001; NOH 2014). KIM et al.

2000 presented maximum magnitudes of 6.97–7.45,

and LEE (2001) suggested 7.06–7.88 from analysis of

historical earthquakes. On the other hand, NOH (2014)

suggested the maximum magnitude of events in the

Korean Peninsula to be 6.98 from the analysis of

instrumental earthquakes. The maximum magnitudes

of the previous studies are generally comparable or

slightly greater than those seen in this study.

10. Discussion and Conclusions

We analyzed long-period earthquake records

combining instrumental and historical earthquake
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Figure 13
Maximum magnitude estimates based on the historical earthquake records for a the 7-province-composite seismotectonic province model and

b the 17-province-composite seismotectonic province model
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catalogs for assessment of seismic hazard potentials.

Seismotectonic province models were proposed for

the Korean Peninsula, which belongs to an intraplate

regime with low and diffuse seismicity. The seis-

motectonic provinces were identified from the

seismicity properties models, and their boundaries

were defined considering the geological, geophysical

and tectonic properties. Seismotectonic province

models that are composed of 7 and 17 provinces were

proposed. The maximum magnitudes and seismicity

Table 1

Seismicity properties and maximum magnitude estimates of instrumental earthquakes for the 7-province-composite seismotectonic province

model

ID Nobs Mobs
max Mmin Nana �a b � (%) Mexp

max Texp

(years)

Mmax

TP TP* NPOS RW RWC

P1 256 4.9 3.15 90 �0.19 1.25 6.81 4.86 39.91 5.49 5.25 5.03 5.20 5.05

P2 61 5.2 1.95 61 �3.53 0.54 9.11 5.43 27.17 5.95 6.00 5.37 5.60 5.40

P3 100 4.9 2.35 88 �2.54 0.72 8.12 5.28 19.10 5.36 5.51 4.94 4.90 4.90

P4 223 5.2 1.95 222 �2.29 0.70 5.08 5.47 23.31 5.73 5.82 5.29 5.40 5.30

P5 444 5.2 1.95 439 �1.81 0.86 6.88 5.33 28.09 5.89 5.71 5.37 5.60 5.40

P6 149 4.5 2.75 60 �1.35 1.10 6.04 4.49 37.20 5.04 4.90 4.62 4.80 4.65

P7 8767 7.0 1.55 4046 �1.16 0.87 3.56 5.89 329.08 – 7.50 7.51 8.20 7.60

The time duration of data set (Tobs) is 36 years

ID: province

Nobs, number of observed earthquakes, Mobs
max, observed maximum magnitude, Mmin minimum magnitude, Nana number of earthquakes with

M �Mmin, �a Gutenberg–Richter earthquake occurrence rate normalized for time (years) and area (km2), b Gutenberg–Richter frequency–

magnitude ratio, � residuals between observed data set and Gutenberg–Richter frequency–magnitude line, Mexp
max expected maximum mag-

nitude for time period Tobs, Texp theoretical recurrence interval for Mobs
max, Mmax maximum magnitude estimate, TP Tate–Pisarenko method, TP*

Tate–Pisarenko method based on Texp, NPOS non-parameter determination based on order statistics, RW Robson–Whitlock method, RWC

Robson–Whitlock–Cooke method

Table 2

Seismicity properties and maximum magnitude estimates of instrumental earthquakes for the 17-province-composite seismotectonic province

model

ID Nobs Mobs
max Mmin Nana �a b � (%) Mexp

max Texp (years) Mmax

TP TP* NPOS RW RWC

P1 11 4.5 2.95 9 -2.21 0.78 13.84 4.37 45.76 5.50 5.06 4.71 5.00 4.75

P2 153 4.2 3.35 32 0.63 1.45 3.65 4.45 15.81 4.35 4.50 4.22 4.20 4.20

P3 43 4.8 1.95 43 -3.12 0.63 10.75 4.73 39.71 5.79 5.49 5.03 5.40 5.10

P4 13 5.2 2.05 13 -4.48 0.31 14.44 5.63 26.48 6.17 6.59 5.42 5.60 5.40

P5 92 4.9 2.95 46 -1.23 0.94 6.57 4.89 37.00 5.59 5.36 5.04 5.20 5.05

P6 61 5.0 1.95 61 -2.46 0.71 10.64 4.71 58.00 6.46 5.61 5.34 5.90 5.45

P7 100 4.9 2.35 88 -2.54 0.72 8.12 5.28 19.10 5.36 5.51 4.94 4.90 4.90

P8 167 5.2 1.95 166 -2.23 0.68 5.70 5.31 30.27 5.83 5.84 5.31 5.40 5.30

P9 41 4.5 1.95 41 -2.09 0.80 26.07 4.00 90.23 5.92 5.05 4.97 5.70 5.10

P10 29 3.4 2.15 26 -0.97 1.26 9.12 3.41 35.05 3.89 3.75 3.51 3.60 3.50

P11 152 5.2 1.95 150 -2.19 0.70 8.93 5.41 25.56 5.97 5.82 5.37 5.60 5.40

P12 69 4.5 2.65 33 -1.98 0.91 5.94 4.45 39.90 5.19 4.98 4.65 4.80 4.65

P13 175 4.6 2.15 153 -1.54 0.96 4.08 4.51 44.01 5.28 5.05 4.76 4.90 4.75

P14 47 4.2 2.05 46 -1.71 0.90 8.47 4.02 52.22 5.12 4.68 4.41 4.60 4.40

P15 80 4.2 2.15 78 -1.46 1.08 9.85 4.10 45.79 5.05 4.60 4.39 4.70 4.45

P16 620 4.5 1.85 380 -1.37 0.98 7.73 4.71 22.45 4.96 4.94 4.62 4.80 4.65

P17 8147 7.0 1.45 4213 -0.94 0.85 3.33 5.90 311.04 – 7.51 7.51 8.20 7.60

The time duration of data set (Tobs) is 36 years
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properties were calculated for the proposed seismo-

tectonic province models. The maximum magnitudes

were determined using four methods (TP, NPOS,

RW, RWC).

The validity and accuracy of the four methods

were tested thorough synthetic experiments. The

synthetic tests indicated that the accuracy of the

estimated maximum magnitudes generally increases

with the number of events in the catalog. It was

observed that the parametric method (TP) yields more

accurate maximum magnitude estimates than non-

parametric methods (NPOS, RW, RWC). A modified

parametric approach (modified Tate–Pisarenko

method) was proposed for reasonable estimation of

maximum magnitudes for short-period or incomplete

catalogs with large Mobs
max. The modified TP method

allowed us to determine the maximum magnitudes of

potential earthquakes using the Gutenberg–Richter

frequency–magnitude relationship.

The synthetic experiments indicated that the

standard deviations of maximum magnitude estimates

from the parametric method are greater than those

from the non-parametric methods. It was suggested

that the maximum magnitudes can be under- or over-

estimated using earthquake catalogs composed of a

small number of events. It appeared that comparisons

Table 3

Seismicity properties and maximum magnitude estimates of historical earthquakes for the 7-province-composite seismotectonic province

model

ID Nobs Mobs
max Mmin Nana �a b � (%) Mexp

max Texp (years) Mmax

TP TPa NPOS RW RWC

P1 611 6.78 4.20 241 -1.31 0.88 6.30 5.79 9613.59 7.28 7.13 6.87 6.95 6.86

P2 89 6.60 4.06 54 -2.49 0.79 9.20 7.56 171.35 7.54 7.41 6.79 7.00 6.80

P4 625 7.06 4.09 412 -1.41 0.76 4.30 7.11 470.65 7.32 7.68 7.09 7.11 7.09

P5 414 6.97 4.67 173 -0.85 0.91 6.02 6.67 946.74 7.30 7.48 7.04 7.10 7.04

P6 150 7.06 3.63 131 -3.12 0.55 4.66 5.54 23,834.01 7.46 7.45 7.10 7.13 7.10

The time duration of data set (Tobs) is 512 years
a The seismic properties and maximum magnitudes estimated are not provided for provinces 3 and 7 where historical earthquake records were

limited

Table 4

Seismicity properties and maximum magnitude estimates of historical earthquakes for the 17-province-composite seismotectonic province

model

ID Nobs Mobs
max Mmin Nana �a b � (%) Mexp

max Texp (years) Mmax

TP TPa NPOS RW RWC

P1 24 6.55 3.74 19 -3.53 0.50 11.58 5.84 1921.59 7.69 7.10 6.79 7.05 6.80

P2 536 6.74 3.52 424 -1.27 0.84 7.35 5.24 90647.30 7.39 7.04 6.88 7.03 6.88

P3 81 6.58 3.95 53 -2.28 0.77 10.01 6.57 600.46 7.61 7.27 6.79 7.01 6.80

P5 50 6.13 3.51 44 -2.97 0.63 9.88 6.11 674.83 6.90 6.59 6.28 6.43 6.28

P6 324 7.02 3.62 269 -2.36 0.60 4.95 6.33 1588.78 7.41 7.63 7.07 7.09 7.06

P8 303 7.00 4.16 174 -1.19 0.81 5.88 7.00 518.02 7.55 7.64 7.09 7.14 7.07

P9 31 6.79 4.18 21 -2.56 0.57 10.36 5.45 6361.92 7.79 7.34 6.99 7.17 6.98

P10 27 6.14 3.85 21 -2.65 0.60 9.92 4.33 186396.83 6.93 6.49 6.29 6.41 6.27

P11 11 6.60 3.73 9 -4.93 0.34 20.86 7.06 255.90 7.97 7.22 7.02 7.44 7.02

P12 149 7.06 3.66 129 -2.87 0.55 4.67 5.72 8524.66 7.47 7.53 7.10 7.13 7.10

P13 299 6.85 4.61 125 -0.93 0.85 5.63 5.71 6878.38 7.22 7.30 6.92 6.97 6.91

P14 43 6.63 3.77 34 -2.28 0.65 11.15 5.30 10,518.40 7.85 7.11 6.89 7.22 6.92

The time duration of data set (Tobs) is 512 years
a The seismic properties and maximum magnitudes estimated are not provided for provinces 4, 7, 15, 16 and 17 where historical earthquake

records were limited
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of maximum magnitude estimates among the four

methods may be useful for identification of correct

maximum magnitudes.

It was observed that the upper bound of estimated

maximum magnitudes apparently increases with the

number of constituent seismotectonic provinces. Also,

when one province is divided into several provinces,

the maximum magnitude and b value for the original

single province are approximately equal to the aver-

ages of the maximum magnitudes and b values for the

subdivided provinces. These observations suggested

that an appropriate number of constituent provinces

are needed for correct assessment of seismic hazard

potentials. Analysis based on the historical earthquake

catalog yielded larger maximum magnitudes than

those based on the instrumental earthquake catalog.

The maximum magnitudes estimated in this study

were generally smaller than those of previous studies.

The maximum magnitudes suggested a high possi-

bility of large events with magnitudes greater than 7.0

around the peninsula.
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Appendix 1: Determination of Mmax

Parametric Determination: The Tate–Pisarenko (TP)

Method

An event catalog composed of n events is

considered. The magnitudes of the events are Mj

(j ¼ 1; 2; . . .; n) in an ascending order. We define the

probability, G(M, Y) that F(M) is less than a certain

constant Y (PISARENKO et al.1996; KIJKO and GRAHAM

1998):

GðM; YÞ ¼ Probability½FðMÞ� Y � ¼ Y; ð22Þ

where the constant Y ranges between 0 and 1. The

probability for the case that FðMnÞ is less than Y is

given by

GðMn; YÞ ¼ Probability½FðMnÞ� Y � ¼ Yn: ð23Þ

The differentiation of GðMn; YÞ with respect to

Y corresponds to FðMnÞ:

dGðMn; YÞ
dY

¼ nYn�1 ¼ gðMn; YÞ: ð24Þ

Here, function gðMnÞ is given by

gðMn; YÞ ¼ Probability½f ðMnÞ� Y�
¼ Probability½f ðM1Þ� Y;

f ðM2Þ� Y ; . . .; f ðMnÞ� Y�

¼
Z

f ðMÞ dm

¼ FðMnÞ

ð25Þ

The expected value of FðMnÞ, Sn, is given by

Sn ¼
Z 1

0

FðMnÞ Y dY ¼
Z 1

0

gðMn; YÞ Y dY ¼ n

n þ 1
:

ð26Þ

Here, the expected value Sn is used as the represen-

tative value of FðMnÞ.
The magnitude Mn can be written using a Taylor

expansion:

Mn ¼ F�1 Snð Þ ¼ F�1 1ð Þ þ dF�1ðSÞ
dS

	

	

	

	

S¼1

ðSn � 1Þ þ . . .;

ð27Þ

where F�1ð1Þ is equal to Mmax, and

Sn ¼ FðMnÞ ¼ n=ðn þ 1Þ. Also, we have

dF�1ðSÞ
dS

	

	

	

	

S¼1

¼ 1

dFðMÞ
dM

	

	

	

M¼F�1ð1Þ

¼ 1

f ðMmaxÞ
: ð28Þ

Thus, Eq. (27) becomes

Mn ¼ Mmax þ
1

f ðMmaxÞ
� �1

n þ 1

� �

: ð29Þ

From Eqs. (29) and (16), the maximum magnitude

(Mmax) can be rewritten as
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Mmax ¼ Mn þ
1

nþ 1

� �

� 1� exp �bðMmax�MminÞ½ �
bexp �bðMmax �MminÞ½ � ;

ð30Þ

which can be approximated for a large n as

Mmax ¼ Mn þ
1

n

� �

� 1� exp �bðMmax � MminÞ½ �
b exp �bðMmax � MminÞ½ � :

ð31Þ

Non-Parametric Determination Based on Order

Statistics (NPOS)

The expected value of magnitude, E(M), can be

calculated using

EðMÞ ¼
Z Mmax

Mmin

Mf ðMÞdM ¼ Mmax �
Z Mmax

Mmin

FðMÞdM:

ð32Þ

The cumulative probability density function, F(M), is

given by

FðMÞ ¼ Probability½M �Mu�; ð33Þ

where Mu is a given magnitude. Equation (33) sug-

gests that

FðMnÞ ¼ Probability½M1�Mu;M2�Mu; . . .;Mn �Mu�
¼ FðMÞ½ �n: ð34Þ

Thus, we have

EðMnÞ ¼ Mmax �
Z Mmax

Mmin

FðMÞ½ �n dM: ð35Þ

The integration over magnitude up to Mmax corre-

sponds to integration over magnitude up to Mn, and

the expected value of EðMnÞ is replaced to be Mn. We

have

Mmax ¼ Mn þ
Z Mn

Mmin

FðMÞ½ �n dM; ð36Þ

where the cumulative probability function, F(M), can

be written as (COOKE 1979; KIJKO and SINGH2011)

FðMÞ ¼ i

n
; for ð1� i� nÞ: ð37Þ

The expression for Mmax in Eq. (36) can be written in

a discrete form using Eq. (37):

Mmax ¼ Mn þ
X

n�1

i¼1

i

n

� �n

ðMiþ1 � MiÞ ¼ Mn þ Mn

�
X

n�1

i¼0

1� i

n

� �n

� 1� i þ 1

n

� �n
 �

Mn�i

� �

:

ð38Þ

From the definition of natural logarithm, we have

lim
n!1

1þ 1

n

� �n

¼ e: ð39Þ

Equation (38) becomes

Mmax ¼ 2Mn � ð1� e�1Þ
X

n�1

i¼0

ðe�iMn�iÞ: ð40Þ

The Robson–Whitlock (RW) Method

This method uses the largest two magnitudes in

the catalog (ROBSON and WHITLOCK 1964). From

Eq. (29), we deduce a relationship for an event

catalog that is composed of n � 1 events:

M0
n�1 ¼ Mmax þ

1

f ðMmaxÞ
� �1

n

� �

: ð41Þ

Here, when we select n � 1 events from n events, the

average of the observed maximum magnitudes in the

selected catalogs:

M0
n�1 ¼

ðn � 1ÞMn þ Mn�1

n
: ð42Þ

Thus, from Eqs. (29), (41) and (42), we have

Mmax ¼ ðn þ 1ÞMn � nM0
n�1 ¼ 2Mn � Mn�1: ð43Þ
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