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Abstract: Two moderate earthquakes with local magnitude 4.9 and 5.0 at the Yellow Sea area occurred successively
around Hong island on March 22, 2003 and Baengnyeong island on March 30, 2003, respectively, close to the Korean
Peninsula. Focal mechanisms by the waveform inversion analysis are strike slip faulting with a thrust component for the
March 22 event, and normal faulting for the March 30 event. The direction of P-axes of two events were ENE-WSW
which were similar to previous studies on that of P-axes in and around the Korean Peninsula. Moment magnitudes
determined by the waveform inversion analysis were 4.7 and 4.5, respectively, whereas those determined by spectral
analysis were 4.8 and 4.6, respectively. As regards the March 22 event, regional stress by combined tectonic forces from
compressions of plates colliding to the Eurasian plate, rather than mere local stress, was indicated. However, it was
estimated that the March 30 event took place when the weak zone generated from the existing collision zone was
reactivated when subjected to local stress in the tensile direction. This seismological observation indirectly supports the
idea that the collision zone may extend to the Korean Peninsula.
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요 약: 2003년 3월 23일 한반도 홍도 해역, 3월 30일 한반도 백령도 해역에서 규모 5.0 및 4.8의 중규모 지진이 잇달
아 발생하였다. 파형역산법을 적용하여 두 지진의 발진기구를 분석한 결과 3월 23일 지진은 약간의 역단층 성분을 포함
하는 주향이동단층의 특성을 보이며, 3월 30일 지진은 정단층 특성을 보인다. P축의 방향은 동북동 − 서남서 방향으로 한
반도 주응력 방향에 대한 이전 연구결과와 부합한다. 파형역산에 의한 각 지진의 모멘트규모는 4.7과 4.5로 결정되었으며,
스펙트럼 분석에 의한 각 지진의 모멘트규모는 4.8과 4.6으로 결정되었다. 홍도 해역 지진은 국지적인 응력보다는 황해에
전체적으로 작용하는 판구조적 응력 분포를 반영한다. 그러나 백령도 해역 지진은 기존의 섭입대나 충돌대에 의해 발생
한 연약대가 인장방향의 응력을 받아 재활되어 발생하는 것으로 추정되며, 충돌대의 한반도 연장 가능성에 대한 지진학
적 관측 증거를 간접적으로 제시한다.
주요어: 황해, 홍도, 백령도, 정단층, 충돌대
Hong island on March 22, 2003 (hereinafter, event A) and
Baengnyeong island on March 30, 2003 (hereinafter, event
B), respectively, close to the Korean Peninsula. Ground
motions caused by event A, to the extent of trembling windows and floors, were felt in Heuksan island (MMI IV),
while ground motions caused by event B, including the serious shaking of windows, were felt in Baengnyeong island
(MMI IV).
The Korea Meteorological Administration (KMA) has reported the average annual frequency of earthquakes observed

Introduction

Two moderate earthquakes with local magnitude 4.9 and
5.0 at the Yellow Sea area occurred successively around
2010년 7월 31일 접수; 2010년 8월 16일 수정; 2010년 8월 20일 채택
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in the Korean Peninsula from 1978 to December 2009.
Annual occurrence rates in and around the Korean Peninsula
are, on the average, 9, 1, and 0.1 for the magnitude greater
than 3, 4, and 5, respectively, which implies the Richter's bvalue is close to unity.
Events A and B were moderate earthquakes, a rare occurrence in the Korean Peninsula, with an average annual frequency of 1 and 0.1, respectively. Identifying the correct
source parameters of those events and conducting studies
based on results will provide important data for understanding the characteristics of seismic activity in the Korean Peninsula.
Although those events were moderate ones rare in and
around the Korean Peninsula, there were few studies on
them. Shin
(2004) presented source parameters and n
velocity of both events. They obtained the fault plane solutions of them using the grid test technique. To understand the
regional stress orientation and tectonics, Kim
(2006)
referred the results of Shin
(2006) without further studies.
In this study, source parameters, focal mechanisms, and
moment magnitudes of both events by consistent application
of the one dimensional crustal velocity structure model suggested by Chang and Baag (2006) are estimated. Since the
stress that causes earthquakes bears a close relationship with
interaction between tectonic plates, I attempted to analyze
the relationship between the stress that causes earthquakes
and motions of surrounding plates by making use of focal
mechanisms of event A and B.
et al.

The KMA catalog of two events.
Latitude
Longitude
Event
Date
(°N)
(°E)
A
2003/03/22
35.0
124.6
B
2003/03/30
37.8
123.7

Table 1.

Magnitude
5.0
4.8

P

et al.

et al.

Epicenters of earthquakes in and around the Korean Peninsula from 1978 to December 2009 reported by KMA (http://
www.kma.go.kr). Stars indicate epicenters of Hong island on
March 22, 2003 (marked as A) and Baengnyeong island on
March 30, 2003 (marked as B), respectively.
Fig. 1.

Locations of Earthquakes

Locations of event A and B as reported by the KMA are
shown in Table 1 (see also Fig. 1). The KMA is a public
body responsible for the observation and announcement of
earthquakes in Korea. The administration announced latitudes and longitudes of epicenters in unit of 0.1° by 2004
(currently, 0.01°). However, it did not mention the focal
depth. Therefore, locations of event A and B are redetermined by making use of the model suggested by Chang and
Baag (2006). This model is the one dimensional crustal
velocity structure model, which was obtained by analyzing
broadband seismic waveforms and travel times.
After gathering seismic data from seismic network operation bodies in Korea, such as the KMA and the Korea Institute of Geoscience and Mineral Resources (KIGAM), the

first arrival times of P waves are selected. Locations are calculated by making use of HYPOINVERSE-2000 (Klein,
2002) and results are as follows: the location of event A was
35.0417°N, 124.5158°E; and the location of event B was
37.7164°N, 123.7531°E. Redetermined epicenters do not
deviate significantly from those announced by the KMA.
However, errors inherent in the epicenters might not be negligible, since both event A and B occurred in sea area somewhat remote from the seismic station, and azimuths were
concentrated on the land. The focal depth is redetermined by
making use of the waveform inversion analysis, after fixing
redetermined epicenters.
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(a) The distribution of broadband seismic stations (close triangle) for the waveform inversion analysis. Focal mechanisms of
event A and B are depicted at each epicenter. Seismic stations used in the waveform inversion analysis for each event are linked as
solid lines. (b) The distribution of broadband seismic stations (close triangle) for the spectral analysis. Stars indicate event A and B,
respectively. Seismic stations used in the spectral analysis for each event are linked as solid lines.
Fig. 2.

Focal mechanism
The focal mechanism is calculated by making use of the
waveform inversion analysis, after fixing epicenters of event
A and B. Since waveforms in low frequency band are used
to calculate the focal mechanism in the waveform inversion
analysis, seismic data in long period or broadband is required. As some broadband seismic stations installed by the
KMA and KIGAM were in operation when event A and B
occurred, it was possible to secure broadband seismic data of
event A and B.
The Chang and Baag model (2006), used to determine epicenters of two events, was used as the crustal velocity structure model for the waveform inversion analysis. The average
velocity ratio and the P and S wave were assumed to be
1.78. The QS model included in the waveform inversion
analysis was set at 380 based on Kim
(2002). However, the value does not significantly affect the waveform
modeling in long period. One of the advantages of executing
the waveform inversion analysis with long period waveforms
is to reduce effects of the crustal velocity structure model.
In an ideal case, the focal mechanism and focal depth of
one event can be obtained only using three component seismic data obtained from single seismic station (Kubo
,
2002). In actual situations, however, it is necessary to obtain
seismic data from two seismic stations or more because of
et al.

et al.

the uncertainty of parameters entered in the waveform inversion analysis, the noise included in the data and so on. Six
broadband seismic stations located 50 km or more from
event A and B were selected (Fig. 2 (a)). Though it is desirable that the seismic stations be positioned at uniform azimuths around epicenters, the azimuths of seismic stations
were concentrated in the direction of the land, since event A
and B took place in sea areas. A filtering bandwidth of 0.05
to 0.1 Hz was applied after trial and error. The seismic data
were stripped off the transfer function of the seismometer,
integrated, and then converted into the displacement seismic
waveform.
The frequency–wavenumber method suggested by Bouchon (1981) was applied to calculate the Green's function.
The waveform was modeled by assuming a seismic source
with deviatoric components, since earthquakes occur by
faulting. The relative time shift of waveforms from each
seismic station was allowed for the waveform inversion analysis (Sokos and Zahradnik, 2008).
The seismic moment of event A was calculated as 1.6 ×
1016 N·m from results of the waveform inversion analysis.
This value is equivalent to moment magnitude (MW) 4.7, as
defined by Kanamori (1977). The seismic moment of event
B was calculated as 7.8×1015 N·m, and its MW as 4.5. Contrary to the announcement of the KMA, the magnitude of
event A was greater than that of event B. The International
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(a) The comparison between observed (thick lines) and synthetic waveforms (dotted lines) of event A. (b) The variation of
waveform correlation coefficients against the focal depth for event A. (c) The comparison between observed (thick lines) and synthetic
waveforms (dotted lines) of event B. (d) The variation of waveform correlation coefficients against the focal depth for event B. In case
of (a), (c), numbers under waveforms are maximum amplitudes of the observed (upper) and the synthetic (lower) waveforms in 10−6 m.
Fig. 3.

Seismological Centre (ISC) catalog showed the magnitudes
(mb) of event A and B to be 4.7 and 4.6, respectively. It is
judged that an error was made by the KMA in calculating
the local magnitude, given the results of the analysis of the
magnitude according to the spectral analysis conducted in
this study.
Fig. 3 (a) and 3 (c) shows observed and synthetic wave-

forms at the filtering bandwidth applied to event A and B,
which were normalized to the maximum amplitude and compared with each other. The rate of matching between
observed and synthetic waveforms is displayed as the correlation. The higher the rate rises, the closer the value approaches 1.
Fig. 2 (a) shows the focal mechanism of each event. Fig. 4
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value of the time shift indicates that the used crustal velocity
structure model is slower than the actual crustal velocity
structure.
Spectral analysis

Event A and B are depicted as stars in a triangle diagram
proposed by Frohlich (1992).
Fig. 4.

Moment magnitudes of event A and B were recalculated
by conducting a displacement amplitude spectral analysis.
The displacement amplitude spectra can be calculated by
multiplying the transfer function of the seismic source, anelastic attenuation, geometric spreading, instrumental response
and site effect terms. Amplitude spectra were calculated by
the composite spectrum method by Noh
(2003) which
vectorially combines 3 components in the frequency domain.
The method is expected to enhance the signal spectrum by
suppressing the relatively incoherent noise spectrum. Kim
(2002) model was used as the attenuation term.
The seismic data recorded at each broadband seismic station, as shown in Fig. 2 (b), was used for the spectral analysis of event A and B. A time window was set to obtain the
displacement amplitude spectrum of a section for approximately 164 seconds after the arrival of S waves. This section
is long enough to include subsequent S wave groups. The
grid search method (Choi
, 2004) was used to determine
the moment magnitude and the corner frequency. Intervals of
0.1 were used in a section from 3 to 6 for the moment magnitude in order to apply the grid search method. Intervals of
0.1 Hz were used in a section from 0.2 Hz to 20 Hz for the
corner frequency.
The moment magnitude obtained from each seismic station
varies according to the hypocentral distance, back azimuth,
and site characteristics of each seismic station. The final
moment magnitude was obtained by averaging magnitudes
obtained from seismic stations (Fig. 5). With regard to event
A, the estimated moment magnitude, corner frequency, and
stress drop are 4.8±0.1, 2.0±0.7 Hz, and 26.3±16.2 MPa,
respectively; whereas for event B, the estimated moment
magnitude, corner frequency, and stress drop are 4.6±0.1,
1.8±0.5 Hz, and 11.3±7.2 MPa, respectively. The moment
magnitude obtained by spectral analysis was found to be
similar to that obtained by the waveform inversion analysis.
The moment magnitude of event A are hence greater than
that of event B as well. Stress drops of those events are
somewhat bigger than the average stress drop (10 MPa)
accompanied by intraplate earthquakes (Ruff, 2002).
et al.

et

illustrates event A and B in a triangle diagram (Frohlich,
1992). As shown in Fig. 2 (a) and 4, event A has properties
of a typical strike slip fault, while event B has properties of
a typical normal fault. The direction of the P-axis of event
A and B is ENE-WSW. The direction is identical with the
main stress direction in the Korean Peninsula and its surrounding areas. Shin
(2004) presented the fault plane
solutions of those events using the grid test technique. The
fault plane solutions showed thrust motion with some amount
of strike slip component, which are somewhat different from
the results of this study.
Fig. 3 (b) and 3 (d) consist of graphs which show correlation coefficients according to the focal depth. Correlation
coefficients were obtained for a total of 25 depths by increasing the focal depth from 1 km to 25 km by increments
of 1 km. Event A indicates the largest correlation coefficient
at the focal depth of 17 km, while event B indicates the largest correlation coefficient at the focal depth of 10 km. Therefore, focal depths of event A and B were determined as 17
km and 10 km, respectively. These depths are included in the
seismogenic layer, where earthquakes generally take place in
the Korean Peninsula. Both event A and B might result from
the rupture of a fault in the existing weak zone or the fault
plane when subjected to stress greater than the critical value.
The time shift allowed for the waveform inversion analysis
has the advantage of absorbing uncertainty of the epicenter
and crustal velocity structure model to some extent. The time
shift of event A at the largest correlation coefficient is −1.8
seconds, while that of event B is −3.6 seconds. The negative
et al.

al.

et al.
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(a) Composite Fourier amplitude spectra of displacements from event A. (b) Composite Fourier amplitude spectra of displacements from event B. Superimposed are estimated model spectra.
Fig. 5.

Conclusion and Discussion

The Korean Peninsula, located in the far eastern region,
belongs to the Eurasian plate, and indicates the characteristics of intraplate earthquakes. The Korean Peninsula and its
adjacent areas are affected by the Indian, Philippines, and
Pacific plates and the interaction between these plates causes
earthquakes in the Korean Peninsula. Most of focal mechanisms in the Korean Peninsula and its adjacent areas show
strike slip faults with a normal or thrust component to some
extent (Kim
, 2006). The direction of the P-axis noret al.

mally runs from ENE to WSW, which is identical to findings
of the studies on stress direction calculated via GPS observation in the Korean Peninsula (Jin and Baag, 2007; Song
and Yun, 2008).
Fig. 6 (a) illustrates focal mechanisms of earthquakes in
the eastern area of China and the Yellow Sea region (Chung
and Brantley, 1989; Jun, 1991; Cipar, 1996: See Table 2).
The focal mechanism of event A indicates a strike slip fault,
the typical focal mechanism of earthquakes in the Korean
Peninsula. Focal mechanisms are also similar to those of
earthquakes that have occurred along the Yellow Sea coast-
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(a) Focal mechanisms in the eastern area of China and the Yellow Sea region listed in Table 2. Focal mechanisms of event A
and B are also depicted. (b) Simplified tectonic map of the east Asia. Folded belt areas are illustrated in white, and cratons and massifs
are depicted in gray. Faults are represented by thick solid lines (Chang and Baag, 2007).
Fig. 6.

line of China. All of these earthquakes recorded in excess of
the magnitude 4.0, and indicated regional stress by the combined tectonic forces from the compressions of the plates
colliding to the Eurasian plate, rather than mere local stress.
This direction is identical to the results of the study conducted by Eguchi (1983), who estimated the stress direction
of the east Asia area determined by the movement of the
Indian continent to the north. It is considered that in the eastern area of China adjacent to the Korean Peninsula, with the
Yellow Sea separating them, stress running in the P-axis
direction affects the area (Park
., 2006) colliding the
Indian plate to the Eurasian plate, and this stress also affects
the Korean Peninsula.
As for event B, it shows typical characteristics of a normal
fault. It is estimated that the North China block collided with
the South China block in the Triassic period to form the
boundary of a collision zone running from the Shandong
Peninsula in China to the central area of the Korean Peninsula. However, this estimation is geologically uncertain,
since no evidence of a collision has been found so far (Ryu
., 2000). Chang (2008) suggested a hypothesis wherein
a transform fault exists in the continental shelf of the Yellow
Sea at the eastern boundary of the North China block and
the South China block; however, no transform fault has been
reported as yet. In the meantime, it is estimated that earthquakes with the characteristics of a normal fault take place
along the Sulu orogeny belt, which is regarded as the colliet

al

Table 2.

The event list depicted in Fig. 6 (a)

Date
1966/03/22
1969/07/18
1975/02/04
1982/02/14
1984/05/21
1995/08/11

Lat.
(°N)
37.50
38.43
40.70
38.46
37.67
38.03

Lon
(°E)
115.10
119.47
122.80
125.65
121.51
124.44

Mag.

Reference

7.2 (MS)
7.4 (MS)
7.3 (MS)
5.3 (MW)
6.3 (MS)
4.0 (mb)

Chung and Brantley (1989)
Chung and Brantley (1989)
Chung and Brantley (1989)
Jun (1991)
Chung and Brantley (1989)
Cipar (1996)

sion boundary of the North China block and the South China
block, with the assumption that this belt extends to the
Korean Peninsula (Fig. 6 (b)). It is estimated that these earthquakes take place when the weak zone generated from the
existing collision zone was reactivated when subjected to
local stress in the tensile direction. The results of these seismologic observations may constitute important evidence
indicating the feasibility of an extension of the collision zone
to the Korean Peninsula.
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