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SUMMARY

We evaluate the stress field in and around the southern Korean Peninsula with focal mecha-
nism solutions, using the data collected from 71 earthquakes (M; = 1.9-5.2) between 1999
and 2004. For this, the hypocentres were relocated and well-constrained fault plane solutions
were obtained from the data set of 1270 clear P-wave polarities and 46 SH/P amplitude ratios.
The focal mechanism solutions indicate that the prevailing faulting types in South Korea are
strike-slip-dominant-oblique-slip faultings with minor reverse-slip component. The maximum
principal stresses (o ;) estimated from fault-slip inversion analysis of the focal mechanism
solutions show a similar orientation with E-W trend (269° —275°) and low-angle plunge
(10° —25°) for all tectonic provinces in South Korea, consistent with the E-W trending maxi-
mum horizontal stress (0 ymax ) of the Amurian microplate reported from in situ stress measure-
ments and earthquake focal mechanisms. The directions of the intermediate (o ;) and minimum
(03) principal stresses of the Gyeongsang Basin are, however, about 90 deg off from those of
the other tectonic provinces on a common o ,—0o 3 plane, suggesting a permutation of o, and
o 3. Our results incorporated with those from the kinematic studies of the Quaternary faults
imply that NNW- to NE-striking faults (dextral strike-slip or oblique-slip with a reverse-slip
component) are highly likely to generate earthquakes in South Korea.
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INTRODUCTION

There has been a lack of seismic data for the Korean Peninsula,
mainly because it is in a seismically stable area within the Eurasian
plate and also because of a poor network of seismic stations. As a
result, only a few data sets of first motion studies on the peninsula
exist, and these have shown a large uncertainty (Jun 1990) or have
only covered local areas with the use of a limited number of earth-
quake events (Baag et al. 1998; Kim & Kraeva 1999; Chung & Kim
2000; Kang & Baag 2004).

The Korean peninsula at the southeastern margin of the Eurasian
plate consists of three Precambrian massifs (Nangrim, Gyeonggi and
Yeongnam massifs), two Phanerozoic orogenic belts (Imjingang and
Okcheon belts), two Palacozoic sedimentary basins (Pyeongnam
and Taebaeksan basins) and the Cretaceous Gyeongsang Basin
(Fig. 1) (Chough et al. 2000). Due to the poor seismic data for
the Korean Peninsula, the ‘classical’ tectonic province map shown
in Fig. 1 has simply been used for seismic zonation. However, the
tectonic province map is based on tectonic events that occurred
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before the Cenozoic Era (e.g. Ree ef al. 2001), and it is unclear
whether the current seismic activities can be zoned using these tec-
tonic provinces.

Since 1995, a dense seismic digital network has been established
in South Korea which has enabled the analyses of more accurate fo-
cal mechanisms, even for micro-earthquakes (Fig. 2). In this paper,
we present the focal mechanism solutions for earthquakes that oc-
curred between 1999 and 2004 within and adjacent to the southern
Korean Peninsula, employing the two point ray tracing method (Kim
& Baag 2002) and phase identification method (Park et al. 2004). We
also discuss the stress state of the southern Korean Peninsula with
respect to the current tectonic regime of East Asia, and evaluate the
possibility of seismic zonation using the focal mechanism data and
correlation with the ‘classical’ tectonic provinces of South Korea.
For these, 108 earthquakes that occurred between 1999 and 2004,
covering the entire South Korea and its offshore areas, were relo-
cated. From those earthquakes, the focal mechanisms of 71 events
were determined in this paper. For most of the earthquakes analysed,
we used the polarities of the first P wave only for determination of
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Figure 1. Current tectonic map of East Asia and tectonic province map of Korea. From Ree et al. (2003).
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Table 1. Comparison between focal mechanism solutions calculated by Ham et al.’s (2005) crustal model (upper) and by Kim & Kim’s (1983) crustal model

(lower) for five earthquakes.

Date Plane 1 Plane 2 P-axis T-axis
(Y-M-D) Strike Dip Rake Strike Dip Rake Azimuth Plunge Azimuth Plunge
8/24/2001 265 57 —40 20 57 —140 232 50 322 0
264 59 —40 16 57 —142 229 47 321 4
11/21/2001 313 54 59 179 46 126 64 5 164 65
312 60 55 187 45 135 66 9 170 59
3/7/2002 279 41 12 180 82 130 239 26 126 39
268 40 6 175 86 130 232 31 119 34
10/13/2003 122 35 36 1 70 119 69 20 308 55
131 28 43 2 71 111 76 23 301 58
4/26/2004 137 54 20 35 74 143 90 13 350 37
134 64 20 35 73 153 86 7 352 31

the focal mechanism. If the error of the focal mechanism obtained
from the polarity data was larger than the acceptable range, the S/P
amplitude ratio was used to obtain reliable solutions.

DATA ANALYSES

The FOCMEC program (Snoke et al. 1984) was used for determina-
tion of the focal mechanism. The FOCMEC searches a focal sphere
over a given range of source orientations and finds solutions consis-
tent with the polarity or/and amplitude ratio data conforming to a
rotated set of orthogonal B, 4 and N axes, where B is the null axis,
and 4 and N are poles to the nodal planes. Focal sphere was de-
rived with the grid search from the input data using the azimuth and
take-off angles calculated from the two-point ray tracing method.
However, the azimuth and take-oft angles used in our analysis are
based on the velocity model of South Korea which is not well con-
strained. Therefore, we set the search interval as 5° because more
precise grid search interval would not give a better result with an
imperfect velocity model, as reported by Teague et al. (1986) and
Wabhlstrom (1987).

The focal mechanisms can be easily determined using the consis-
tency of P wave first motion polarities if the distribution of seismic
stations is sufficiently wide and even. If this is not the case, S/P
amplitude ratios are used with the P wave first motion polarities to
obtain preferred solutions. The SH/P amplitude ratios were used
instead of the SV/P amplitude ratio, which avoided the problem
associated with critical angle and the confusing P-to-S conversion
at the interface (Rau et al. 1996). The amplitude was measured
within the time period of the first 1.5 cycles of each wave train.
The difference between the theoretical logarithmic amplitude ratio,
1og10(S/P)heo, and the corresponding observed logarithmic ampli-
tude ratio, log ¢ (S/P) s, Was compared, and preferred solutions were
chosen with the smallest rms error (Kisslinger 1980; Snoke ef al.
1984; Munsey & Bollinger 1985; Teague et al. 1986). Although dif-
ferences in transmission of P- and S-wave energies across a medium
boundary were assumed to be negligible, the free-surface effect was
corrected based on emergence angles derived from the P-wave am-
plitude ratio of the radial to vertical components. Emergence angles
and ray paths were assumed to be the same for P and S waves. The
effect due to anelastic attenuation is negligible, as the epicentral
distances are less than 110 km and the values of Qp and Qg in the
Korean Peninsula are large (Chung & Sato 2001; Kim et al. 2004a).

The stability of the focal mechanism solutions for two differ-
ent velocity models was investigated to find the dependence of the
focal mechanism solutions on the velocity model used. The focal
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mechanism solutions obtained using Ham et al.’s (2005) and Kim
& Kim’s (1983) velocity models were compared. Although the so-
lutions obtained from the two models are slightly different, the gen-
eral trend is quite similar in terms of the type of faulting, orientation
of nodal planes and P- and T-axes (Table 1). The differences be-
tween the average strikes, dips and rake angles of the two solution
sets range from 1° to 10°. As a consequence, the uncertainties in
the velocity structure and focal depth do not significantly influence
the focal mechanism solutions when the input data are adequate.
We employed Ham et al.’s (2005) velocity structure for locating the
seismic events and computing the focal mechanisms. This model
was obtained from 1-D travel time inversion using earthquake data,
although the solution has non-unique problems (Ham et al. 2005).
The model has five layers, with interface depths at 0, 5, 10, 15,
22 and 32 km, and P-wave velocities of 5.80, 5.95, 6.05, 6.30 and
6.45kms™! from the top to bottom layers.

The source parameters of the 108 earthquakes were estimated
using the HYPO-71 program (Lee & Lahr 1975) modified by the
two-point ray tracing method (Kim & Baag 2002). The two-point
ray tracing method can reduce computational errors that result from
the ray path. Out of the 108 earthquakes, 71 with relatively clear
P wave first motion were used to determine focal mechanism so-
lutions and analyse the seismotectonic patterns in and around the
southern Korean Peninsula (Table 2). Each of these has more than
10 P arrivals with azimuthal gap of the arrivals smaller than 180°
with the exception for earthquakes that occurred in the sea.

The polarity and amplitude data were obtained from vertical com-
ponent seismograms at seismic stations in South Korea. In addition,
the data obtained from four Chinese stations (YNB, RCN, JXN and
LG2) were included for the analyses of two events located in the
Yellow Sea. The epicentral distances, ranging from 1.2 to 281 km
for domestic stations, and from 141 to 754 km for Chinese stations,
were used. Among the available data, 1270 sets of Pg and Pn wave
polarity data with clear first motions were selected. In general, the
Pg phase with velocity of about 6.0 km s~! was observed as first
arrival for a distance of up to 130 km. At larger distances, the first
arrivals were essentially formed by the Pn phase, with a velocity of
about 7.95 km s'. The number of data for each event ranges from
6 to 35.

Fig. 3(a) displays the vertical-component seismograms of an
earthquake of M, 3.9 occurring at Daegu, Korea, on 2004 April 26
(Table 2). The phases were identified accurately by the phase iden-
tification method which uses the rectilinearity and directionality
functions (Park et al. 2004). These functions were computed along
the time points of three component seismograms, and the result-
ing time-series were compared with the original seismograms. The
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Table 2. Source parameters and focal mechanism solutions of the 71 earthquakes.

Origin time Hypocentre m Plane 1 Plane 2 P-axis T-axis Data
L
Y-M-D  hh:mm:ss Lat. Lon. Dep. St o Dp o Rk o St o Dp o Rk o Az Pl Az Pl UDR
6/2/1999 18:12:23 35.84 12926 7.5 34 284 58 16 19 39 58 157 03 80 0.1 103 25 236 34 8 53 20
9/12/1999  5:56:51 3585 129.26 105 32 89 25 52 3.1 47 41 325 25 55 3.0 131 39 28 2 294 57 18
2/21/2000  1:06:01  35.81 12826 114 2.1 268 00 65 00 8 00 101 00 25 0.0 102 0.0 2 20 167 69 11
4/15/2000  8:05:19  36.59 12831 13.8 23 101 1.5 65 22 62 05 333 02 37 1.8 135 24 211 16 330 60 17
4/29/2000  8:53:27  35.79 125776 11.8 33 116 29 48 0.7 66 33 333 30 48 07 114 33 43 0 313 73 11
5/19/2000  1:44:24 3630 12849 223 2.7 117 04 42 06 —14 27 218 1.6 80 19 —131 03 91 40 338 24 20
5/26/2000  21:41:41 36.17 127.17 13.1 24 329 00 22 0.0 26 00 215 00 8 0.0 110 00 288 33 148 50 6
8/6/2000 19:35:09 36.31 12849 21.6 22 107 7.7 63 7.0 =76 3.7 258 56 30 7.7 —116 6.5 48 68 187 17 12
9/23/2000  10:07:45 3554 12831 150 24 281 1.6 56 48 —-72 1.0 70 19 38 45 —115 28 238 72 358 10 13
12/2/2000  16:53:38 34.62 127.00 14.1 3.1 20 00 29 00 29 00 264 00 76 0.0 116 0.0 334 27 204 52 10
1/29/2001  11:44:08 35.70 126.57 164 3.0 287 12,6 71 10.8 52 52 174 08 41 49 151 154 43 18 157 50 12 5§
2/14/2001  1:02:08 36.05 12823 21.1 22 98 00 25 00 52 00 319 00 71 0.0 106 0.0 37 24 253 61 7
4/16/2001  22:50:33 35.83 129.71 18.0 22 116 44 64 27 =70 32 254 45 32 33 —125 63 61 65 190 17 13
5/16/2001  1:09:04 3597 126.73 148 2.0 104 0.0 36 00 14 00 3 00 8 0.0 125 00 65 28 306 42 22
5/27/2001  15:25:03 3583 129.69 183 26 74 0.0 30 0.0 —80 00 242 00 60 0.0 -9 00 137 74 336 15 12 7
6/9/2001 0:36:12  36.75 12883 143 23 169 00 25 00 78 00 2 00 65 0.0 96 00 8 20 283 69 9
6/24/2001  8:19:44 3583 129.70 17.8 2.8 109 11.7 55 81 —59 11.6 246 9.0 45 7.0 —124 134 82 65 179 7 14
6/29/2001  11:21:09 3579 126.62 17.6 3.6 145 7.7 80 6.2 52 25 41 50 40 23 164 10.1 264 25 18 42 13
7/15/2001  20:01:47 36.76 127.02 140 23 302 00 8 0.0 75 00 195 00 16 0.0 162 00 46 38 196 48 11
7/23/2001  17:29:14 36.46 12799 203 35 92 48 74 52 29 82 352 39 62 7.7 160 6.1 220 8 315 32 29 7
7/26/2001  19:55:13 36.20 127.36 14.1 2.0 123 56 79 7.8 =36 37 220 19 54 43 —167 93 76 33 177 17 11 2
8/24/2001  11:12:03 3586 128.14 103 3.1 265 0.0 57 00 —40 00 20 0.0 57 0.0 —140 00 232 50 322 0 24
11/13/2001 6:15:20  36.52 12795 21.0 19 256 00 8 0.0 -8 00 49 00 11 00 —117 00 172 55 342 35 13
11/21/2001 10:49:11 36.71 12829 14.0 3.5 313 00 54 0.0 59 00 179 00 46 0.0 126 00 64 5 164 65 21
11/24/2001 16:10:31 36.76 12995 149 41 124 00 76 0.0 —43 00 227 00 48 0.0 —161 00 76 40 181 17 17
11/30/2001 11:18:32 35.87 127.52 14.1 24 29 19 77 03 62 26 18 08 31 22 153 24 48 26 175 50 19
1/4/2002 0:33:23  34.84 12722 88 22 128 00 90 00 60 0.0 38 00 30 00 180 0.0 224 38 11 38 12
1/7/2002 17:11:00 35.30 128.87 16.7 3.1 113 06 36 32 23 29 4 19 76 20 124 29 67 23 308 47 18
1/8/2002 8:18:31 35.84 12823 124 28 97 07 51 1.1 —54 29 227 44 51 1.1 —-126 29 72 63 162 0 14
2/28/2002  22:26:49 36.65 128.08 9.2 2.1 227 20 39 54 —60 2.1 10 22 57 41 -—111 41 234 69 116 10 12
3/7/2002 23:30:55 36.44 12653 145 3.0 279 0.0 41 00 12 00 180 0.0 82 0.0 130 00 239 26 126 39 27
3/25/2002  5:31:06 3738 129.23 115 24 142 03 45 3.0 17 22 41 17 78 1.7 134 29 98 20 350 40 21
3/25/2002  18:10:26 37.14 127.20 134 24 106 0.0 54 0.0 20 00 4 00 74 00 143 0.0 59 13 319 37 11 8
4/1/2002 7:46:02  37.31 12814 7.8 25 282 27 18 24 16 23 179 28 8 0.1 108 2.5 251 38 107 47 16
7/9/2002 4:01:50  35.87 129.76 245 3.8 106 2.0 66 0.1 45 59 353 63 50 49 147 29 226 10 328 48 28
8/6/2002 21:37:39 34.68 12742 235 25 306 00 62 00 67 00 168 0.0 36 00 126 00 53 14 176 65 13
10/19/2002 21:31:55 36.16 127.61 192 2.7 229 79 34 84 20 11.0 336 26 79 65 —123 80 214 45 91 29 15
10/20/2002  4:22:08 3522 127.67 13.8 3.0 340 45 83 23 65 0.1 236 01 26 07 164 49 91 33 224 46 20
10/23/2002 10:30:53 34.85 12846 21.8 28 113 00 66 0.0 —51 00 230 00 45 00 —145 00 70 52 176 12 26
10/28/2002 11:50:53 35.07 126.56 20.8 28 95 00 66 0.0 —51 00 211 00 45 0.0 —145 00 51 52 158 12 17 5
11/6/2002  21:48:08 36.43 127.70 14.1 25 87 27 8 25 8 00 303 11.8 9 21 126 92 181 37 351 52 13
12/7/2002  16:43:39 37.40 12943 164 27 162 76 39 1.0 56 90 19 140 60 33 113 51 93 11 335 67 14
12/26/2002 23:41:50 36.48 12698 12.1 2.7 114 00 8 00 -7 00 205 00 8 00 —173 00 69 10 159 0 18 7
1/10/2003  7:56:05 35.83 129.26 4.1 27 115 26 76 3.0 46 34 11 1.0 46 39 160 29 237 18 344 42 23
1/13/2003  22:03:25 35.73 129.40 184 28 332 28 63 0.0 62 00 202 28 38 0.0 133 00 8 14 199 61 18
2/8/2003 23:46:33 35.28 126.60 173 29 289 04 82 26 21 1.8 196 09 69 1.6 172 29 61 9 154 20 24
2/9/2003 22:48:46 3599 127.88 105 23 103 1.8 61 48 —67 6.6 244 88 35 6.6 —122 70 53 68 177 14 19
3/1/2003 23:33:28 3579 12939 13.7 3.0 155 0.0 47 00 69 00 4 00 47 0.0 111 00 8 0 350 75 14
3/10/2003  3:28:03  36.13 12834 10.8 3.1 301 06 65 2.8 48 1.8 18 3.0 48 03 145 43 60 10 162 51 21
3/14/2003  4:06:12 3620 12875 228 2.1 94 0.0 38 0.0 —47 00 224 00 63 0.0 —118 00 91 61 335 14 24 5
3/23/2003  5:38:42  35.00 12448 127 49 112 70 62 75 50 89 352 63 49 3.1 140 137 230 7 329 54 28
3/30/2003  20:10:57 37.76 123.84 155 5.0 300 39 60 33 67 51 160 62 39 1.0 124 90 49 12 165 67 17
4/5/2003 0:25:08 36.17 12734 12.0 25 313 00 61 00 -9 00 47 00 8 00 —151 0.0 274 26 177 14 25
4/5/2003 0:31:33  36.17 12734 122 29 313 00 61 00 -9 0.0 47 00 8 00 —151 0.0 274 26 177 14 26
4/16/2003  2:55:23  36.45 126.09 169 33 292 00 48 00 —19 00 35 00 76 00 —137 0.0 263 40 158 17 20
7/9/2003 15:20:10 34.85 12822 149 2.7 268 00 55 00 —-30 0.0 16 00 66 00 —141 0.0 236 44 139 7 18
9/24/2003  3:26:56 3580 12844 150 23 8 0.7 33 25 —81 06 257 03 58 25 —-96 02 148 77 351 12 20
9/25/2003  15:24:17 3599 129.62 18.1 2.5 317 0.0 &7 0.0 40 00 224 00 50 0.0 176 0.0 84 24 188 30 11
10/5/2003  5:03:53  36.33 127.25 7.8 2.1 120 0.1 8 47 18 2.1 28 1.2 73 22 172 48 253 7 345 18 32
10/13/2003 18:12:05 36.96 126.44 149 3.6 122 05 35 33 36 00 1 05 70 1.7 119 3.1 69 20 308 55 23
10/17/2003  11:55:57 35.72 12940 13.0 2.0 112 0.0 50 0.0 4 00 19 00 87 0.0 140 00 73 24 328 30 14
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Table 2. (Continued.)

Origin time Hypocentre u Plane 1 Plane 2 P-axis T-axis  Data
L

Y-M-D hh:mm:ss Lat. Lon. Dep. St o Dp o Rk o St o Dp o Rk o Az Pl Az Pl UD R

1/5/2004  6:11:51 36.15 127.02 13.0 29 293 00 44 00 —-22 0.0 39 00 75 0.0 —132 00 268 44 159 19 19
1/23/2004 5:27:09 3539 12797 153 20 274 1.7 59 24 =72 05 63 0.6 35 22 —117 16 225 70 352 12 14
1/29/2004 20:22:25 35.85 128.54 17.0 24 100 33 41 106 —15 9.6 201 6.6 81 52 —131 104 75 40 322 26 16
4/26/2004 13:29:26  35.84 12823 153 3.9 137 00 54 00 20 0.0 35 00 74 00 143 00 90 13 350 37 31
4/30/2004 23:43:57 35.75 12939 14.1 2.8 104 1.8 75 09 35 24 4 03 57 22 162 1.5 230 12 329 35 16
5/29/2004 19:14:25 36.68 130.13 16.6 52 316 2.6 56 00 72 00 167 2.6 38 00 115 00 59 10 181 72 16
5/30/2004 21:45:54 3697 12934 146 22 310 63 65 62 54 6.6 188 73 44 23 141 12.1 63 12 171 55 17
7/14/2004 20:37:56  36.44 127.30 119 2.1 280 0.0 60 00 0 0.0 190 0.0 9 0.0 150 0.0 239 21 141 21 26
8/6/2004  5:32:53 3585 12733 113 33 300 00 65 0.0 2 0.0 209 0.0 8 0.0 155 0.0 257 16 161 19 35
9/27/2004 18:47:34 3549 12827 169 25 77 3.0 56 29 —63 29 215 25 42 22 —124 48 40 66 148 7 23

Dep: focal depth. M : local magnitude. St: strike. Dp: dip angle. Rk: rake angle. Az: trend of axis. Pl: plunge of axis. UD: number of the P-wave polarities. R:
number of amplitude ratio. o: error range.
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Figure 3. (a) Vertical-component seismograms of an earthquake (2004 April 26) recorded by the seismic stations at several epicentral distances. (b) Computed
rectilinearity (R) and directionality (D) functions and corresponding velocity seismograms recorded at DAG station with the epicentral distance of 60.55 km.
(c) Computed rectilinearity (R) and directionality (D) functions and corresponding velocity seismograms recorded at DGY station with the epicentral distance
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Figure 4. An example solution (2002 March 25) obtained from the data of
P-wave polarities only (left) and from those with an additional amplitude
ratio (right). Circles and triangles represent compressions and dilatations,
respectively. The amplitude ratio is shown by the size of the cross symbol
which is proportional to the observed logo(SH/P) amplitude ratio. Differ-
ences between the calculated and observed ratios for this event are not larger
than 0.6.

position with a large gradient was then chosen as the arrival time
of the new phase (Figs 3b and c¢). The phase identification method
provides accurate identification of phases, such as Pg, Sg, Pn, PmP
and SmS in local seismograms. Particularly, this method improves
the identification of weak phase, such as Pn. When the focal mech-
anism solution was uncertain due to a limited number of Pg data,
the Pn phase was also used to better constrain the solution.

RESULTS

Almost all of the focal mechanism solutions were constrained well
with a small fault parameter error range (Table 2 and Appendix).

A0} M M L

For the other events with large error range, Sg/Pg amplitude ratio
was used and eight events were successfully constrained by adding
2-8 ratios for each event (Table 2). Fig. 4 shows an example solution
of the focal mechanism improved by the addition of the amplitude
ratio. However, poorly constrained solutions cannot be improved
even by amplitude analysis, probably due to the sparse station cov-
erage and/or the noise in the S/P observations. Hardebeck & Shearer
(2003) also pointed out that the uncertain amplitude ratio informa-
tion may degrade, rather than improve, the solutions.

Fig. 5 shows the results of focal mechanisms in South Korea with
the most dominant orientation of nodal planes being NNE-SSW.
The NNW-SSE and NE-SW orientations are also prominent. The
dip of the nodal plane together with the pitch (or rake) angle of
the slip vector for each focal mechanism solution is plotted on the
fault classification diagram of Angelier (1994) to find the faulting
types of the earthquake events (Fig. 6). The majority of them (about
58 per cent) are strike-slip-dominant-oblique-slip faults. The re-
maining ones are dip-slip-dominant-oblique-slip faults (28 per cent)
and strike-slip faults (14 per cent). For the oblique-slip faults, ones
with reverse-slip component (about 61 per cent of all oblique-slip
faults) are predominant.

To evaluate the orientation of the regional stress responsible for
the earthquake events, a fault-slip analysis (or fault-slip data inver-
sion analysis; Angelier 1994) was performed using nodal planes and
slip vectors determined from the focal mechanism solutions. From
the two nodal planes of each earthquake event, the one striking
NNW to NE was preferentially selected for the fault-slip analysis
since all of the Quaternary faults reported so far in South Korea
show these orientations (Kyung 1997; Okada et al. 1998; Kyung &
Chang 2001; Cheong et al. 2003; Ree et al. 2003; Kim et al. 2004b;
Ree & Kwon 2005; Park et al. 2006). For the earthquake events
of which two nodal planes have other orientation than NNW to NE
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(11 events out of 71 events), one nodal plane was arbitrarily selected.
For fault-slip analysis of the focal mechanism solutions, we used a
grid search method (program SLICK.BAS; Ramsay & Lisle 2000).
In this method, the direction of principal stresses is determined by a
trial-and-error approach with incremental changes in the values of
principal stress directions and stress ratio, and the best-fitting solu-
tion giving a minimum average deviation angle of calculated direc-
tion of the maximum shear stress from the direction of the slip vector
on the fault planes is obtained. The fault-slip analysis was done for
individual tectonic provinces, and the results are shown in Fig. 7.
The principal stresses of the four tectonic provinces show similar
orientations with E-W trending and low-angle plunging maximum
principal stresses (o), except that the intermediate principal stress
(02) and minimum principal stress (o ;) of the Gyeongsang Basin
are subparallel to o3 and o, of the other tectonic provinces, re-
spectively. This stress permutation of o, and o 5 in the Gyeongsang
Basin relative to the other provinces may result from only a small
difference in their magnitudes because stress permutation is com-
mon when the difference in the magnitude of the principal stresses
is small (e.g. Angelier 1994).

The directions of o (trend, 269°-275°; plunge, 10°-25°) esti-
mated from the fault-slip analysis of the focal mechanism solutions
are similar to that (trend, 250°; plunge, 8°) from the fault-slip anal-
ysis of Quaternary faults in the southeastern Gyeongsang Basin
(Fig. 7) by Park et al. (2006), although the directions of ¢, and o3
show large differences.

DISCUSSION

The reason why the directions of o, and o 5 estimated from the fault-
slip analysis of the focal mechanism solutions in the Gyeongsang
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N

Figure 7. Directions of principal stresses determined from fault-slip analy-
sis of focal mechanism solutions (solid circles) and those of the Quaternary
faults (solid diamond). The data for the Quaternary faults are from Park et al.
(2006). GM: Gyeonggi massif. OB: Okcheon belt. YM: Yeongnam massif.
GB: Gyeongsang Basin. Lower-hemisphere, equal-area projection.

Basin are different from those of the Quaternary faults in the south-
eastern Gyeongsang Basin is unclear at present (Fig. 7). The ages of
the Quaternary faults used for the fault-slip analysis by Park et al.
(2006) range from about 1.3 Ma to 2 ka, while the earthquake events
employed in our study occurred very recently (between 1999 and
2004). Since o directions determined from the Quaternary faults
and from the focal mechanism solutions are subparallel, o, and o5
directions of both analyses become roughly coincidentif o, and o3
directions for the Quaternary faults are rotated about 45° counter-
clockwise (viewing towards east) on the o,—0; plane. Therefore,
there might be a recent reorientation of o, and o5 at least in the
Gyeongsang Basin while maintaining a compressional deformation
by E-W trending, subhorizontal o; direction.

The direction of the maximum horizontal stress (0 ymax ) from the
focal mechanism solutions is plotted on the tectonic province map
of South Korea (Fig. 8). For the normal-slip-dominant faultings, the
direction of minimum horizontal stress (o ymin) is plotted instead
of the nearly vertical o gy . As mentioned earlier, all of the four
tectonic provinces share the common direction of E-W trending,
subhorizontal 0| determined by the fault-slip analysis of the focal
mechanism solutions (see Fig. 7). In the Gyeonggi massif consisting
dominantly of high-grade gneisses and schists with granites, almost
all of the faulting types are strike-slip-dominant-oblique-slip fault-
ings, although the number of data is small relative to other provinces.
In the Okcheon belt (mostly metasedimentary rocks and granites),
pure strike-slip and strike-slip-dominant-oblique-slip faultings pre-
vail. On the other hand, all four types of faultings occur in the Yeong-
nam massif (mostly high-grade gneisses and schists with granites).
Particularly, normal-slip-dominant-oblique-slip faultings with N to
NNW 0 ymiy direction and reverse-slip-dominant-oblique-slip fault-
ings with N-NE o .« direction are present in the central part of the
Yeongnam massif. The reason for these unusual types of faultings




1110 J-C. Park et al.

37

W
@

Latitude (degrees)
&
‘1?

34 s Pure strike-siip taubl =
<t Otilique-slip tault with dominant sirike-siip component

20> Obligui-slip fault with narmal companent

33

——=»# Dblique-slip fauih wiih reverse companent C;’

123 124 125 126

127 128

Longitude (degrees)

Figure 8. Distribution of the maximum (0 gmax) and minimum (o pmin) horizontal stresses in South Korea. The arrow indicates the o jmax direction for
strike-slip and oblique-slip-with-reverse-slip-component faultings, and the o pmin direction for normal-slip-dominant-oblique-slip faultings, respectively. Thin

black lines are traces of regional faults.

will be discussed later. In the Gyeongsang Basin composed mostly
of clastic sedimentary rocks and granites, the majority of the types
are strike-slip-dominant-oblique-slip faultings with a minor quantity
of reverse-slip-dominant-oblique-slip and pure strike-slip faultings.
Also, normal-slip-dominant-oblique-slip faultings with N to NNW
0 Hmin direction occur near the boundary with the Yeongnam massif
and in the eastern part, as in the central part of the Yeongnam massif.
In summary, each tectonic province shows somewhat different fault-
ing types, although strike-slip-dominant-oblique-slip faultings are
dominant and the principal stresses of each province have similar
orientations except the Gyeongsang Basin which shows permuta-
tion of o, and o3 relative to the other provinces. The difference
in the faulting types may reflect preexisting structural heterogene-
ity in terms of faults and foliation orientations and/or difference in
lithology of the tectonic provinces, and this possibility should be
explored in further detail.

No surface ruptures have been reported for the earthquake events
in South Korea and few aftershocks have occurred for the main
earthquake events. Consequently, it is difficult to identify the faults
responsible for generating the earthquakes. On the other hand, more
than twenty Quaternary faults have been reported adjacent to the
NNE-striking, strike-slip Yangsan Fault in southeastern Korea since
the early 1990’s (see Fig. 1; Kyung 1997; Okada et al. 1998; Kyung
& Chang 2001; Cheong et al. 2003; Ree et al. 2003; Kim et al.
2004b; Ree & Kwon 2005; Park er al. 2006). Our results can be
compared with those from the studies of the Quaternary faults.
The Quaternary faults in southeastern Korea can be grouped into
NNW- to NNE-striking, high-angle dextral strike-slip faults (in-
cluding strike-slip-dominant-oblique-slip faults) and NNW- to NE-
striking, low-angle reverse-slip-dominant-oblique-slip faults (Ree
et al. 2003; Park et al. 2006). The Quaternary strike-slip faults
are subsidiary faults of the Yangsan Fault, whereas the Quaternary
reverse-slip-dominant-oblique-slip faults result from the reactiva-
tion of Tertiary normal faults formed during the opening of the East
Sea (or Japan Sea) (Ree ez al. 2003). Both of the orientations and

types of these Quaternary faults are similar to those of the dominant
nodal planes and faulting types found in our study. Furthermore,
the direction of the maximum principal stress (o ;) from fault slip
analysis of the Quaternary faults by (Park ef al. 2006) is subparal-
lel to that of our focal mechanism solutions. Therefore, NNW- to
NE-striking faults, which represent the most prominent lineaments
(Fig. 8), are highly likely to be responsible for the generation of the
earthquakes in South Korea. Also, the relatively high seismic activ-
ity around the southwestern boundary between the Gyeonggi massif
and Okcheon belt (Fig. 8) may be explained by a higher population
of N- to NNE-striking strike-slip faults in that area (see Fig. 5).

The present tectonic process in Asia is characterized by the frag-
mentation of Asia into smaller microplates as a result of the col-
lision between the India and Eurasia plates (Molnar & Tapponnier
1975; Zonenshain & Savostin 1981). Recent geodetic and geophys-
ical data suggest that the Korean Peninsula, together with northeast
China, the East Sea and southwest Japan, belongs to the Amurian
microplate bounded by the Baikal rift to the northwest and by the
eastern margin of the East Sea off northern Honshu (Zonenshain &
Savostin 1981; Lallemand & Jolivet 1985; Wei & Seno 1998; Seno
1999). The 0 ymax direction within the Amurian plate, as determined
by earthquake focal mechanisms and in sifu stress measurements in
Japan, is generally E-W trending, which is parallel to that of our
results. The approximately E-W trending o g,y direction within the
Amurian plate is presumably due to the fragmentation and extrusion
of the Asian microplates as a result of the collision of the India and
Eurasia plates (Molnar & Tapponnier 1975; Xu et al. 1992; Zoback
1992; Kato 2003), or due to the mantle upwelling in the East China
Sea (Seno 1999).

As mentioned earlier, some earthquake events in the central area
of South Korea and eastern Gyeongsang Basin show different o yyax
direction and faulting types from those prevailing in other areas.
The normal-slip-dominant-oblique-slip faultings with an N to NNW
O ymin direction had recorded M; values smaller than 3.0 in the
central area (Figs 5 and 8). These probably represent a local stress
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reorientation of o, and o3 at the tip or releasing bend of NNE-
striking major strike-slip faults with a dextral sense. The reverse-
slip-dominant-oblique-slip faultings with a N to NE oy« direction
in the central area may also represent a local stress reorientation at
the tip or restraining bend of NNE-striking major strike-slip faults
with a dextral sense. These hypotheses should be tested against
geodetic and other geophysical observations.

CONCLUSIONS

(1) Focal mechanism solutions using 71 earthquake events
(M, = 1.9-5.2) that occurred in South Korea between 1999 and
2004 indicate that strike-slip-dominant-oblique-slip faultings with
reverse-slip component are the most frequent.

(2) Fault-slip inversion analysis of the focal mechanism solutions
suggests that there might be a reorientation of the intermediate (o ,)
and minimum (o 3) principal stresses of the Gyeongsang Basin from
those directions of the Gyeonggi massif, Okcheon belt and Yeong-
nam massif on the o ,—0 ; plane while maintaining the direction of
the E-W trending (269°-275°) and low-angle plunging (10°-25°)
maximum principal stress (o).

(3) Eachtectonic province of South Korea shows some difference
in faulting types, although the provinces have similar directions of
the principal stresses except o, and o ; of the Gyeongsang Basin.
The reason for this difference is not clear at present, but may result
from the heterogeneity of pre-existing structures and/or difference
in lithology.

(4) Our results, combined with those from the kinematic studies
of the Quaternary faults, suggest that NNW- to NE-striking faults
(dextral strike-slip or oblique-slip with a reverse-slip component)
are most likely to generate earthquakes.

(5) The focal mechanism solutions in South Korea show charac-
teristics that are common within the Amurian plate.
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APPENDIX

Focal mechanism solutions by P polarities for 63 events are shown
in Fig. Al. P- and T-axes are shown on lower hemisphere, equal
area stereographic projections. Circles and triangles represent com-
pressions and dilatations, respectively.
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Figure Al. Focal mechanism solutions for 63 events.
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