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The source process for the 20th of January 2007, Mw 4.5 Odaesan earthquake in South Korea is investi-
gated in the low- and high-frequency bands, using velocity and acceleration waveform data recorded by
the Korea Meteorological Administration Seismographic Network at distances less than 70 km from the
epicenter. Synthetic Green functions are adopted for the low-frequency band of 0.1-0.3 Hz by using the
wave-number integration technique and the one dimensional velocity model beneath the epicentral area.
An iterative technique was performed by a grid search across the strike, dip, rake, and focal depth of rup-
ture nucleation parameters to find the best-fit double-couple mechanism. To resolve the nodal plane
ambiguity, the spatiotemporal slip distribution on the fault surface was recovered using a non-negative
least-square algorithm for each set of the grid-searched parameters. The focal depth of 10 km was deter-
mined through the grid search for depths in the range of 6-14 km. The best-fit double-couple mechanism
obtained from the finite-source model indicates a vertical strike-slip faulting mechanism. The NW fault-
ing plane gives comparatively smaller root-mean-squares (RMS) error than its auxiliary plane. Slip pat-
tern event provides simple source process due to the effect of Low-frequency that acted as a point
source model. Three empirical Green functions are adopted to investigate the source process in the
high-frequency band. A set of slip models was recovered on both nodal planes of the focal mechanism
with various rupture velocities in the range of 2.0-4.0 km/s. Although there is a small difference between
the RMS errors produced by the two orthogonal nodal planes, the SW dipping plane gives a smaller RMS
error than its auxiliary plane. The slip distribution is relatively assessable by the oblique pattern recov-
ered around the hypocenter in the high-frequency analysis; indicating a complex rupture scenario for
such moderate-sized earthquake, similar to those reported for large earthquakes.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction ities with small- to moderate-size earthquakes that do not produce

surface ruptures and relatively few aftershocks following the main-

Southern part of the Korean Peninsula (SKP) is tectonically con-
trolled by the relative motions between the Pacific, Philippine and
Eurasian plates (Fig. 1; Molnar and Tapponnier, 1975; Kato et al.,
1998; Kogan et al., 2000). These relative motions might be respon-
sible for the occurrence of intraplate earthquakes in the SKP with
strike-slip faulting mechanisms and minor dip- or reverse-slip
components (June, 1990; Kim, 1993; Kim et al., 2004). Park et al.
(2007) indicated that strike-slip faulting with a reverse-slip com-
ponent is the dominant mechanism in the SKP and suggested that
NNW- to NE-striking faults are most likely to generate earthquakes
in the SKP. The SKP is characterized by relatively low seismic activ-
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shock events. Moreover, the seismicity is randomly distributed and
no tectonic trends are clearly traced. Therefore, identification of ac-
tive fault planes is generally a difficult issue in this region.

Since local tectonics and occurrence of intraplate earthquakes
are not understood well in the Korean peninsula, it is important
to depict in detail the rupture processes of small- to moderate-size
earthquakes. This may help to identify the active faults in this re-
gion. At 11:56:53.48 on January 20, 2007 an Mw 4.5 earthquake
struck Gangwon province of South Korea (Fig. 2). The earthquake
felt widely over the SKP attracted public attention although no
damage was reported. Four aftershocks with magnitudes in the
range of 2.5-2.8 occurred, three on the same day, with the fourth
and smallest occurring one day later.

In the present study, we aim to investigate the spatial and tem-
poral slip distribution of the Odaesan earthquake in both low- and
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Fig. 1. Simplified tectonic map of East Asia. Folded belt areas are illustrated in
white, and cartons and massifs are depicted in gray. Faults are represented by thick
solid lines (from Chang and Baag, 2007).

high- frequency bands. Synthetic Green functions (SGF) and empir-
ical Green functions (EGF) are adopted for the low-frequency and
the high-frequency bands, respectively. A grid search method is ap-
plied to four parameters: the strike, dip, rake, and focal depth of
rupture nucleation. For each set of grid-searched parameters, the
spatial and temporal slip distribution was recovered on the two
nodal planes of the focal mechanism using a least squares wave-
form inversion technique. We compare the obtained results in both
low- and high- frequency bands. The results contribute to the tec-
tonic implication of the eastern part of the Gyeonggi Massif (Fig. 1).

2. Tectonic settings

The SKP is located in the northeastern Asia margin, a convergent
region of the China continent and the Japanese Island Arc. This arc
is characterized by the subduction of the Philippine Sea plate and
the southeastward expulsion of the Eurasian plate (Molnar and
Tapponnier, 1975; Zonenshain and Savostin, 1981; Kato et al.,
1998; Kogan et al., 2000; Jin and Zhu, 2003; Jin and Park, 2006;
Jin et al., 2007). The focal mechanisms for intraplate earthquakes
in the SKP show predominant strike-slip faults with minor reverse
or normal components (June, 1990; Kim, 1993; Kim et al., 2004;
Park et al., 2007).

The geology of the SKP mainly consists of four tectonic prov-
inces: running from northwest to southeast, the Imjingang belt,
the Gyeonggi massif, the Okcheon belt, and the Yeongnam massif
(Fig. 1). The Imjingang belt is an east-west- trending fold and
thrust zone consisting of metasedimentary rocks and volcaniclas-
tics (Devonian-Carboniferous), underlain unconformably by Prote-
rozoic basement rocks (Chough et al.,, 2000). Two Precambrian
metamorphic massifs, the Gyeonggi and the Yeongnam massifs,
separated by the Phanerozoic Okcheon belt, which consists of
high-grade schists and gneisses (Sagong et al., 2005). A Cretaceous
sedimentary basin named the Gyeongsang basin lies on the south-
eastern part of the Yeongnam massif.

The epicenter of the Odaesan earthquake is located in the east-
ern part of the Gyeonggi Massif. The geology of the source region is
composed mainly of Jurassic granite, porphyroblastic gneiss, mig-
matitic gneiss, and Cretaceous sedimentary rocks. The area has
been intruded by Jurassic granite and is partly blanketed with Cre-
taceous sediments. Two dominant fault trends are known in the
epicentral area. The first is the Woljeongsa fault that runs N10°E

along a small river, Odaecheon, at distance of 1 km to the east of
the epicenter in the area of Jurassic granite (Jo and Baag, 2007).
The second is the South Korean Tectonic Line (SKTL) and represents
the major tectonic boundary between the Gyeonggi Massif and the
Yeongnam Massif (Chough et al., 2000).

3. Data analysis
3.1. Data used

Waveform data used in the present study were recorded by the
digital seismographic networks operated by the Korean Meteorolog-
ical Administration (KMA). The January 2007 Odaesan earthquake
sequence started on 17 January 2007 at 16:03:02, which was fol-
lowed by over 45 microearthquakes as observed by Kim et al.
(2010) through scanning continuous waveform data recorded at
the nearest station DGY. Only nine foreshocks and nine aftershocks
were locatable by Kim et al. (2010) with coda-duration magnitudes
(Mp) larger than 1.0 based on the formula given by Tsumura (1967).
The Odaesan earthquake triggered almost all broadband and short-
period stations in the SKP, as well as a dense network of accelerom-
eters. Based on the double-couple point source assumption, two
fault-plane solutions have been reported for the Odaesan earth-
quake: one solution (strike = 20°, dip = 70°, rake = —165°) was re-
trieved from the polarities of Pg, P, and SH waves (Jo and Baag,
2007), and the other solution (strike = 115°, dip = 85°, rake = —5°)
was determined from the waveform modeling done by Herrmann
(2007). The solution (strike = 115°, dip = 88°, rake = —6°) was ob-
tained by Kim (2007) from the moment tensor inversion.

To investigate the finite source model of the Odaesan earth-
quake in both low- and high- frequency bands, we used the wave-
form data recorded by the stations within an epicentral distance of
less than 70 km. The selected stations consisted of two broadband
stations, three short-period stations and two force-balance acceler-
ometers (ES-T). The sampling intervals of these instruments are all
100 samples per second. The earthquake locations used in the pres-
ent study and the seismic stations are shown in Fig. 2. The spatial
distribution of stations around the epicenter is satisfactory and
helps in better constraining the solution.

The focal mechanisms of the foreshocks and aftershocks were
determined using the amplitude spectra and P-wave polarities. A
computer program developed by Zahradnik et al. (2001) was used
to determine the fault plane solutions. The focal and fault plane
parameters of the mainshock, foreshocks, and aftershocks are
listed in Table 1. For the mainshock analysis, the waveform data
were analyzed in low- and high-frequency bands. The waveform
data were filtered with frequency bands of 0.1-0.3 and
1.0-3.0 Hz for the low- and high-frequency bands, respectively. A
linear trend was removed and the data were corrected to ground
velocity. The velocity model used in the present study to calculate
synthetic Green functions is listed in Table 2.

3.2. Analysis of foreshocks and aftershocks

To use a small event as an empirical Green function (EGF), its
magnitude should be small enough to be considered as a delta
function in space and time, and large enough to be recorded with
good signal-to-noise ratios at all the relevant stations. In addition,
both the large and small events should have similar focal mecha-
nisms and hypocenters. We relocated the hypocenters using
P- and S-wave arrival times and the iterative technique based on
Geiger’s method. The epicenters of relocated events cluster around
the mainshock location (Fig. 2).

Focal mechanisms of the available foreshocks and aftershocks
were calculated using a recently developed method by Zahradnik
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Fig. 2. Map showing locations of the Odaesan earthquake (solid star) and its foreshocks and aftershocks (open circles) and KMA stations. The focal mechanisms of the
mainshocks and the foreshocks and aftershocks events are also shown. These indicate almost strike-slip fault motions with normal components.

et al. (2001) and Zahradnik (2002). This method is based on the
amplitude spectra of complete three-component waveform data
and the first-motion polarities, hereafter ASPO. The waveforms re-
corded by velocity sensors at nearest local stations were employed.
The take-off angles were calculated using the ray-method code
ANGGRA (Jansky, 2001). In the ASPO method, the amplitude spec-
tra were analyzed using complete three-component velocity wave-
forms of 60s duration in the frequency range 1.0-2.0 Hz. The
spectra were then modeled by the discrete wave-number method
of Bouchon (1981) and Coutant (1989), using the velocity model
listed in Table 2. A grid-search method was applied to three param-
eters: strike, dip, and rake angles. For each set of these model
parameters, both the observed and synthetic spectra were normal-
ized in order to put them on a comparable amplitude level. The
normalization was performed by dividing the spectra by their aver-
age value computed for all components and frequencies at all
available stations (taken over all stations, components and fre-
quencies). The misfit at each station was calculated as a weighted

Table 2
Velocity structure used to calculate Green’s functions and locate foreshocks and
aftershocks.

Depth (km) P-vel. (km/s) S-vel. (km/s) Depth (g/cm?)
0.0 4.49 2.56 2.60
1.1 5.46 3.12 2.79
2.1 5.72 3.27 2.84
3.1 5.95 3.40 2.89

10.6 6.36 3.63 297

18.6 6.63 3.79 3.03

24.6 7.04 4.02 3.11

26.6 7.22 4.12 3.14

28.6 7.53 4.30 3.21

30.6 7.62 435 3.22

326 7.98 4.56 3.30

L1 norm of the difference between the observed and synthetic
amplitude spectra, and then summed up over all stations, compo-
nents and frequencies. The misfit function introduced in Zahradnik

Table 1
Hypocentral and fault plane parameters of the events considered in the present study.
ID Date O.T. Lat. Long. Depth Mw Plane | Plane II Ref
¢ 5 i ¢ 5 yi
- 20070117 17:20:10.40 37.7162 128.6034 12 2.3 288 88 22 197 68 178
- 20070117 20:33:51.38 37.6823 128.5875 12 2.4 110 74 -28 208 63 -162
EV1 20070119 00:06:23.75 37.6765 128.6127 12 2.8 116 86 -10 20 70 -165
EV2 20070120 10:55:21.19 37.6817 128.5514 12 2.6 106 84 -08 197 82 -174
Main 20070120 11:56:53.48 37.6860 128.5890 12 4.5 284 76 =21 205 85 -175 JB
11:56:53.53 37.6870 128.5840 9 4.6 115 85 -05 204 88 -180 HR
10 4.7 116 90 -06 206 84 —-180 '
- 20070120 12:28:03.02 37.6852 128.5835 14 2.6 216 58 -162 116 75 -033
EV3 20070117 22:36:03.21 37.6826 128.5285 12 2.7 122 84 -10 213 80 -174
- 20070117 17:20:10.40 37.7162 128.6034 14 2.5 216 49 —154 108 71 —044

¢: strike, §: dip, 4: rake, JR: Jo and Baag (2007), HR: Herrmann(2007).
" This study.
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et al. (2001) not only reduces undesired biasing effect of the largest
amplitude at the near stations, but also normalizes the misfit val-
ues between 0 and 1. Here, amplitude spectra solutions were con-
strained with first-motion polarities to obtain optimum solutions
whose misfits are between +5%. The procedure was repeated for
a set of ten trial source depths. We started with a coarse search
with a broad depth range (5-50 km), and then a fine search was fo-
cused around the minimum misfit value in a narrow depth range
(4-20 km). Finally, the scalar moment was retrieved with no
grid-search procedure since the problem is linear with respect to
the scalar moment. Instead of grid searching, unit-moment syn-
thetic spectra were calculated for the preferred mechanism and
depth, and the ratio (averaged over all data) between the observed
and synthetic spectra then yields the moment (Zahradnik et al.,
2004).

For this analysis, we used amplitudes of complete seismograms
after band-pass filtering from 1.0 to 2.0 Hz. To find the best-fit dou-
ble-couple solution, the strike, dip, and rake were finely searched
at 2¢ intervals. Table 1 shows the hypocenter and two nodal planes
of the focal mechanism for each event. The focal mechanism solu-
tions are shown in Fig. 2. Fig. 3a shows an example of the variation
of the amplitude-spectra misfit with trial focal depths. It also
shows the corresponding focal mechanisms determined using the
amplitude spectra constrained by first-motion polarities for the
event occurring on 20 January 2007 at 12 h 28 m. Fig. 3b shows
the best-fit double-couple solution consistent with P-wave polari-
ties. The analyzed events show strike-slip faulting mechanisms
with a normal component compatible with the stress field in the
Korean peninsula.

(a)
2
E -0 ‘ c
£
g -14 9&
18 -
22

03 04 05 06
RMS

Fig. 3. Fault plane solution of the event 20/01/2007 12 h:28 m. (a) Optimal best
double-couple orientations for a range of source depth. (b) The optimal best double-
couple focal mechanism constrained with P-wave polarities at focal depth 12 km.
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Fig. 4. Illustration of knot distribution and isosceles multi-time windows. The
source is expressed as an expansion of isosceles time windows v, (7) and spatial
windows ¢](¢;) and @?(¢,). Each window corresponds to an unknown source
parameter (Eq. (2)).

3.3. Finite-source model

The waveform modeling method provides a rupture process for
an earthquake as a sequence of double-couple point sources. These
point sources are generally assumed to have the same fault plane.
In this study, a grid-search method is applied over four parame-
ters: strike, dip, rake, and focal depth of the nucleation rupture.
For each set of grid-search parameters, the spatiotemporal slip dis-
tribution on the fault plane (strike and dip) was recovered using
waveform inversion. The spatiotemporal slip distribution was ex-
panded by Ide and Takeo (1997) for a specific i" component of fo-
cal mechanisms on the Im subfault as:

Aui(&h,82,7) :Za,» ()@ (G (T) (M

where (= ({1,(;), aymn are expansion coefficients and ¢} ((;),
©2,((3), and ¥, (1) are the basis functions in strike, dip and time axes,
respectively. Each basis function is an isosceles triangle determined
by three knots, and hence the slip is spatially and temporally con-
tinuous everywhere. The spatiotemporal slip distributions are de-
fined by basis functions arranged on the assumed fault plane and
the time axis. To expand the spatiotemporal distribution of the dis-
placement over the assumed fault using the basis functions, the
knots of the isosceles triangles are arranged into a 3D spatiotempo-
ral space, a 2D fault plane (strike & dip) and the time axis. Fig. 4
shows the schematics of a fault plane and the source time functions
used in the inversion. The observed seismogram from a finite-fault
model is given as:

U(6) = 3 aim, / // Mi(6, D) k(£ )0} (G 0 (E)y

+ej(x.t

1
g
Imn’1

x (T)dydydT (2)

where M ((,7) and g (x,t,{,T) are the seismic moment tensor
component and the Green function at the point { on the Im subfault,
and ej(x,t) is the error function between the observed and synthetic
seismograms. M;, are related to the orientation of the fault and aux-
iliary planes for double-couple point sources. They are as follows
(Aki and Richards, 1980):

Mi; = siné§ - cos i -sin2¢ — sin2s - sin /- sin® @ (3)
Mi; = My =sind - cos 4 - cos2¢ +% sin24-sin-sin2¢

Mj3 = M3; = €0SJ-COS - COSp + oS24 -sini-sin¢

My, = sind - cos 4 -sin2¢ — sin24 - sin /.- cos? ¢

Mj3 = M3; = —C0S 6 - COS A-Sin¢ + cos 25 - sin - cos ¢
M33:0

where ¢, ¢ and / are the strike, dip and rake of the fault planes. The
observational equation can be written in a vector form as:

d=Gm+e 4)

where d is the vector composed of the observed waveform for the
large event, m is the model parameter vector of ajj;y,, € is assumed
to be the Gaussian error with a mean of zero and a variance of g,
and the (N x M) G represents the synthetic waveform data ex-
panded by the triangle basis functions. The matrix terms N and M
are the number of data points at the recorded stations and the num-
ber of model parameters, respectively. We have found, in general,
that an increase in the number of model parameters leads to a de-
crease in error and an increase in the instability of the solution. This
provides an initial result where any slight change in the data may
create a large change in the solution. To obtain more stable results,
we applied smoothing constraints to the slip distribution with re-
spect to the space (D) and the time (D,) by following Ide et al.
(1996). Hence, the observational Eq. (4) can be rewritten as:
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G d+e
wuDs | = | e (5)
O(sz )

where o = ¢/ and o, = g/d, are hyper-parameters that represent
the relative weights of the corresponding constraints, e; and e, are
Gaussian errors with means of zero and covariance of ¢2I and 3],
and I is an identity matrix. The factors o, o, are determined by
Akaike’s Bayesian information criterion (ABIC), which is formulated
on the principle of maximizing entropy and defined as minus twice
the marginal likelihood (Akaike, 1980). Refer to Ide et al. (1996) for
details. Eq. (5) was solved using the non-negative least-squares
(NNLS) inversion technique (Lawson and Hanson, 1974) to con-
strain the slip distribution on the fault plane.

4. Results and discussions

The identification of the actual fault plane with a finite fault
model over a wide range of earthquake magnitudes has already
been considered using different methods and data sets. Actual fault
planes have been determined using additional information such as
surface rupture, aftershock distribution (Orgiilii and Aktar, 2001;
Badawy and Abdel-Fattah, 2002; Ozalaybey et al., 2002; Chen
et al., 2003), nearby active tectonic structures, rupture process
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Fig. 5. Variation of the RMS error between the observed and synthetic seismograms
over strike, dip and rake with five trail focal depths using a finite-source model.
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Fig. 6. Results of waveform inversion with a grid search over strike, dip, and rake in

the low-frequency band. Four triplets with the lowest RMS are observed along the
WNW and NNE directions. The WNW-striking trend gives the smallest RMS error.

inversion (Hartzell and Heaton, 1986; Mori and Hartzell, 1990;
Abercrombie et al., 2001; Delouis et al., 2002), rupture directivity
(Mori and Hartzell, 1990; Velasco et al., 1994; Li et al., 1995;
Abdel-Fattah and Badawy, 2002), and stopping phases (Imanishi
et al., 2004). In the present study, the finite-source model for the
Odaesan earthquake was investigated using the bandpass-filtered
seismograms in both low- and high-frequency bands.

The technique described in the low-frequency band is similar to
that of one introduced by Legrand and Delouis (1999) and Delouis
and Legrand (1999), but the slip is expanded in space and time by
basis functions with unknown expansion coefficients (Ide and
Takeo, 1997). No prior information is required for rupture dimen-
sions. Using the filtered seismograms in the low-frequency band,
the grid search over the strike, dip, rake, and focal depth was per-
formed to find the best-fit double-couple mechanism and the
hypocenter of rupture nucleation. The selection criterion in the
grid search was the minimization of the normalized root mean
squares (RMS) error between the observed and synthetic seismo-
grams. The procedure was repeated at a few trial source depths
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0.44 /M‘M
()
S 042
o

0.38

2.0 2.4 2.8 3.2 3.6 4.0

Rupture velocity [km/s]

Fig. 7. Variations of RMS error for a set of low-frequency rupture models recovered
on the two nodal planes with various rupture velocities in the range of 2.0-4.0 km/
s; the NW (squares) and the NNE (triangles).
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Fig. 8. Low-frequency slip model as inferred from a non-negative least-square
inversion along the WNW-striking trend.
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in a coarse search followed by a fine search around the minima of
the RMS misfit function. The spatiotemporal slip distribution was
recovered for each set of the grid-search parameters. We carried
out the waveform inversion using a fault area of 4 x 4 km to re-
trieve the rupture process. We used node intervals of 0.5 km along
both the strike and the dip axes. Along the time axis, the slip-rate
function on each subfault was expanded into a series of nine trian-
gle functions with rise times of 1.0 s. For all the grid-search trials
that are shown in Fig. 5, the focal depth of rupture nucleation
was determined to be 10 km and the best-fit double-couple solu-
tion exhibited two possible vertical strike-slip mechanisms. The
four triplets that give the smallest RMS errors (Fig. 6) correspond
to four nodal planes running along the NNE and WNW trends with
a change of £180° in both strike and rake. Two solutions are solved
to be (strike, dip, rake)=(116°, 90°, —6°) and (296°, 90°, 6°) with
the corresponding auxiliary plane (206°, 84°, 180°) and (206°,
84°, —180°). It is obvious from Fig. 6 that the lower RMS values,
for each discrete value of the strike, dip and rake parameters, dis-

DGY DGY DGY
0.07704 cm/s 0.0819 cm/s 0.07077 cm/s
KAN KAN KAN
0.017496 cm/s 0.023079 cm/s 0.05199 cm/s
JES JES JES
0.015672 cm/s 0.027537 cm/s 0.04989 cm/s
~AMALA ~AM\A— —aAf—
wJu WJu wWJu
0.022602 cm/s 0.020343 cm/s 0.029667 cm/s
IJA IJA IJA
0.008442 cm/s 0.04371 cm/s 0.03255 cm/s
SKC SKC SKC
0.013317 cm/s 0.014007 cm/s 0.028143 cm/s
—AnnANeA—  ~AAMAAS e~ —— Ao
|
30.00s
CHC CHC CHC
0.008964 cm/s 0.03717 cm/s 0.015174 cm/s
Z NS EW

Fig. 9. Comparison between observed (black lines) and synthetic (red lines)
waveforms obtained from the rupture model with rupture velocities of 3.2 km/s.
Station code and maximum amplitude in cm/s are indicated in the upper left corner
of each set of traces, respectively. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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played much finer sampling corresponded to the region of the best
solutions obtained from fine grid search around the minima of the
RMS resulting from the coarse search. The WNW-striking plane
gives a better fit than the conjugate NNE-striking plane. The vari-
ance reduction was increased by 5%. To verify the actual fault plane
in the low-frequency analysis, the two planes (WNW and NNE)
were tested with various rupture velocities. The range of rupture
velocity is 2.0-4.0 km/s. The values of RMS errors with a varying
rupture velocity are shown in Fig. 7. For all rupture velocities,
the WNW-striking trend gives a smaller RMS than the NNE-strik-
ing trend. Fig. 8 shows the slip distribution in the WNW-striking
trend with a rupture velocity of 3.2 km/s. The comparison between
the observed and synthetic waveforms inverted from the slip dis-
tribution model (Fig. 8) shows that the fit is satisfactory which
proves that the velocity model (Table 2) is adequate for frequencies
lower than 0.3 Hz (Fig. 9). To consider such information in higher
frequencies, we extended the frequency band from 0.1-0.3 Hz to
0.1-0.5 Hz in the waveform inversion. The variance reduction de-
creased by 10%, reflecting that the available velocity model in the
respective region is not represented enough to calculate synthetic
Green functions higher than 0.5 Hz.

It is typically not possible to calculate an appropriate synthetic
waveform for the Odaesan earthquake in the high-frequency band,
because we must know the velocity structure of the earth in a scale
of a few kilometers, which is seldom achievable. Therefore, we use
the EGF (e.g. Hartzell, 1978; Mueller, 1985; Frankel et al., 1986) to
recover the slip distribution. Finite source characteristics for small-
to moderate-sized earthquakes are derived using empirical Green
functions (EGF) that are often employed to account for propagation
path effects (Mori, 1996; Hellweg and Boatwright, 1999; Okada
et al.,, 2001 Okada et al., 2003; McGuire, 2004). The multiple
time-window method described in the present study has been ap-
plied for small-, moderate- and large-sized earthquakes (Ide and
Takeo, 1997; Ide, 2000; Okada et al., 2001; Abdel-Fattah, 2002;
Abdel-Fattah et al., 2011). The method has also been applied to
small-sized earthquakes induced in a South African gold mine
(Yamada et al., 2005).

Source inversions using an EGF are strongly affected by the
selection of the EGF event. The present source process inversion
was performed using three different EGF events, with moment
magnitudes of 2.6, 2.7, and 2.8. Slip distributions for each inversion
are shown in Fig. 10. The slip distribution maps are almost identi-
cal to each other. The comparison between observed and synthetic
waveforms for high-frequency rupture models is shown in Fig. 11.
We used the same stations as in the low-frequency analysis to
compare the results in both frequency bands. We carried out the
waveform inversion using a fault area of 4 x 4 km to retrieve
the rupture process. We used node intervals of 0.5 km along both
the strike and the dip axes. Along the time axis, the slip-rate
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Fig. 10. Total slip models recovered on the NNE-striking trend using the records of three empirical Green’s functions: (a) EV1, (b) EV2, and (c) EV3, respectively.
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function on each subfault was expanded into a series of nine trian-
gle functions with rise times of 1.0s.

The nodal planes (strike = 116° and 206° and dip = 90° and 84°)
of the mainshock focal mechanisms were tested with various rup-
ture velocities. The range of rupture velocity is 2.0-4.0 km/s.
Fig. 12 shows the RMS errors between calculations and

observations in the three inversions at changing rupture velocity.
The smallest RMS was obtained in the case of EGF 19 January
2007 00 h 06 m M 2.8, the largest foreshock. For all rupture veloc-
ities, the SW dipping plane gives smaller RMS errors than its con-
jugate plane. From the aforementioned results exhibited that the
NW plane were slipped and emitted seismic waves with different
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frequency contents. The recovered slip models on both nodal
planes (Fig. 10) exhibited oblique patterns of asperities around
the hypocenter. The spectrogram of the P-wave records at JES sta-
tion showed complex patches in different frequency bands
(Fig. 13). Tectonically, if we preferred the westward-dipping plane
as the actual fault plane, this implies that the slip was a dextral
strike-slip on the NNE-trending plane dipping toward the west.
This trend is tectonically conjugated to the Wolgosaen fault that
runs N10°E in the epicentral area. This trend is consistent with
the eastern edge of the basin imaged in the epicentral area by
the Moho depth variations estimated from receiver functions
(Yoo et al., 2007). However, the fault plane may not be related to
that of suggested nearby mapped structures, particularly if the
earthquake source is caused by a blind fault at depth or an un-
mapped subsidiary faults at the surface. Our investigations in the
low- and high-frequency bands indicate sinistral strike-slip fault-
ing along the NW striking trend that is tectonically represented
the conjugate plane in the respective area which in consistence
with the double-difference relocations by Kim et al. (2010) and
Kim and Park (2010). Moreover, the most likely quaternary faults
that generate earthquakes in the SKP run along the NNE- to
NNW-striking faults with a high-angle dextral strike-slip or/and
an oblique-slip with a reverse component (Park et al., 2007). The
sinistral strike-slip movement along the NW direction in the SKP

was shown in the neotectonic fault map presented by Kim et al.
(2004). Whatever the actual fault plane of the Odaesan earthquake
is, the obtained focal mechanism shows an ENE-WSW compres-
sion stress axis and a NNW-SSE extension stress axis coinciding
with the principle horizontal axes of extension and compression
derived by Jin and Park (2007). These were derived from the anal-
ysis of strain rates using continuous GPS observations (2000-2004)
and fault plane solutions for recent earthquakes with an Mw > 4 in
and around the SKP from 1936 to 2004. This stress pattern is con-
sistent with the tectonic stress orientation in neighboring north-
eastern China and southwestern Japan, which is attributed to the
relative motion between the tectonic plates in the region. Based
on the mangerite compositions in the Odaesan epicentral area,
Oh et al. (2006) supposed that the tectonic belt connecting the
Hongseong and Odaesan areas represents a probable extension of
the late Permian-Triassic collision between the North and South
China blocks into SKP, with collision occurred earlier in the SKP.
A smooth rupture model was recovered in the low-frequency
analysis as shown in Fig. 8, the so-called coherent rupture model.
The rupture of one distinct asperity was initiated with a relatively
low amount of slip and was propagated smoothly westwards from
the hypocenter. Fig. 10a-c show the slip distribution models recov-
ered in the high-frequency analysis; three rupture histories corre-
spond to the models using EV1, EV2, and EV3, respectively. The
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Fig. 13. The spectrogram for P-wave records at the JES station 30 km away from the epicenter of Odaesan earthquake.
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rupture initiates with a relative large amount of slip and two small
asperities have been obliquely observed down and upwards from
the hypocenter to the SE and NW trends, respectively. This slip dis-
tribution pattern is in consistence with the results obtained by
Park and Hahm (2010). The overall patterns of the three models
are almost identical and exhibit complex rupture behaviors, the
so-called incoherent rupture models, which consistent with the
complex relative source time functions retrieved by Kim et al.
(2010). The incoherent rupture models radiated high-frequency
waves due to the breakage of small asperities or patches through-
out the fault plane (Papageorgiou and Aki, 1983; Koyama, 1985). In
these models, many small-scaled asperities or patches are ex-
pected to be distributed randomly throughout the fault plane.
The relationship between the location of high-frequency wave
radiation and low-frequency wave radiation may be controlled
by the heterogeneous distribution of stress and/or strength on
the earthquake fault (Nakahara et al., 2002).

The low- and high-frequency rupture models give seismic mo-
ments of 7.7 x 10'*Nm and 8.0 x 10'® Nm, respectively. In the
high-frequency analysis, the amplitude of slip is estimated using
the seismic moment of small events and the moment ratio be-
tween the mainshock and small events. Accordingly, the high-
frequency analysis experiences uncertainty due to an error in
estimating the seismic moment of small events. Moreover, the
discrepancy between the seismic moments determined from the
low- and high-frequency analysis may attribute to the dissimilarity
between the seismic radiations in both frequency bands. The seis-
mic moments obtained from finite-source models are higher than
those obtained from other studies assuming point-source models
(e.g. Jo and Baag, 2007), suggesting that some dislocations took
place from the region surrounding the asperities patches in the
finite-source models.

5. Conclusions

A set of finite fault models for the Odaesan earthquake in both
low- and high-frequency bands was constructed. Synthetic Green
functions and empirical Green functions (EGF) were adopted for
the low-frequency band and high-frequency band, respectively.
In the low-frequency analysis, a simple rupture propagation
behavior was represented, while a complex behavior was observed
in the high-frequency one. The fault plane solution obtained from
the finite-fault model in the low- and high frequency bands indi-
cates a vertical strike-slip faulting mechanism with sinistral move-
ment along the NW striking trend. In both frequency bands the
difference in variance reduction, produced by the actual fault plane
and its auxiliary, is about 5%. Neotectonic studies in the SKP have
shown that the most likely quaternary faults that generate earth-
quakes in the region are running along the NE- to NW-striking
faults. For high-frequency band, the main finding in the present
study indicates a complex rupture history for such moderate-sized
earthquakes that is similar to those reported for large-sized earth-
quakes. It seems that the scenario of the complex rupture history
obtained in the present study does not depend on earthquake size;
giving self-similar behavior likes that reported for large-sized
earthquakes.
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