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The Korean Peninsula, eastern China and the Yellow Sea comprise the eastern Eurasian plate, and are believed
to share considerable tectonic evolution history. The tectonic structures in the Yellow Sea are poorly
understood, raising difficulty in reconstruction of tectonic evolution history in the eastern Eurasian plate.
The tectonic structures in the Yellow Sea are constrained by seismicity and fault-plane solutions of
earthquakes. The fault-plane solutions are determined by waveform inversions and seismic phase polarity
analyses. The ambient stress fields are deduced from the fault-plane solutions. The primary stress field
around the Yellow Sea is composed of ENE-WSW directional compression and NNW-SSE directional tension.
Normal-faulting earthquakes with ENE-WSW directional strikes are observed in the central Yellow Sea
between the Shandong Peninsula and the central Korean Peninsula. The normal-faulting region is interpreted
to be a northern margin of collision belt between the North and South China blocks. The normal-faulting
system suggests post-collisional lithospheric delamination, causing reverse activation of paleo-thrustal faults
that were developed by the collision between the North and South China blocks in the early Jurassic period.
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1. Introduction

Continental margins are important regions for comprehension of
lithospheric evolution in the concept of plate tectonics (e.g., Hall, 2002;
Stampfli and Borel, 2002; Zhao et al., 2005). The tectonic evolutions are
imprinted in the lithosphere as in various forms including tectonic
structures, mineral alignment, rock metamorphism, seismic activity,
focal mechanisms, and medium heterogeneities (e.g., Christensen,
2004; Di Stefano et al., 1999; Jung et al., 2006; Savage and Silver, 1993).

The eastern Eurasian plate comprises eastern China, the Korean
Peninsula, the Japanese Islands, and the intervening two oceanic
regions (Yellow Sea, East Sea (Sea of Japan)). The current shape of
the eastern Eurasian plate is a result of complex tectonic evolutions.
In particular, the eastern Eurasian plate was formed due to collision
between the North and South China blocks (e.g., Chough et al,
2006; Oh et al., 2004; Yin and Nie, 1993).

The East Sea links between the Korean Peninsula and Japanese
Islands, and was developed due to a continental rifting during the
Oligocene to mid-Miocene after the formation of eastern Eurasian
plate (e.g., Jolivet et al., 1994; Oh et al., 2004; Otofuji et al., 1985).
Recently, it was reported that the current crustal seismic activity in
the East Sea is a result of responses of the paleo-rifting structures to
the ambient stress field (Choi et al., in press). Note that the eastern
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Eurasian plate is laid in compressional regime due to convergences
with adjacent plates (Pacific, Philippines Sea, and Indian plates).

To understand the tectonic evolution history in the eastern
Eurasian plate, comprehension of paleo-collision properties is essen-
tial. The collision zone in eastern China is reasonably well resolved
(e.g., Ernst and Liou, 1995; Yin and Nie, 1993; Zhang, 1997). On the
other hand, the collision zone still remains unclear in the Korean
Peninsula despite various efforts (e.g., Chough et al., 2006; Kwon
et al,, 2009; Oh et al., 2004; Yi et al., 2008). Also, the tectonic struc-
tures in the Yellow Sea are limitedly known (e.g., Gong et al., 2011;
Shinn et al.,, 2010). Further, their relationships to the geological and
tectonic structures in eastern China and the Korean Peninsula are
poorly understood.

It is expected that the identification of the collision belt in the
Yellow Sea may enable us to constrain the tectonic linkage between
eastern China and the Korean Peninsula. However, it is difficult to
resolve the collision belt in the Yellow Sea due to presence of oceanic
environment and national borders. Seismicity and focal mechanism
solutions are useful for illumination of active tectonic structures in
inaccessible regions. Further, the focal mechanism solutions provide
information on fault-plane directions, faulting types and ambient
stress fields (Kubo et al., 2002; Zoback and Zoback, 2002).

The focal mechanism solutions of particular events around the
Korean Peninsula were reported in several studies (e.g., Baag et al.,
1998; Jun, 1991; Kang and Baag, 2004; Kim et al.,, 2010). Lists of
focal mechanism solutions of events are limitedly available in a few
studies (Park et al., 2007; Rhie and Kim, 2010). Park et al. (2007)
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calculated focal mechanism solutions of selected 71 events during
1998-2004 using the polarity analysis that inherently suffers from
poor azimuthal coverages for offshore events. Recently, Rhie and
Kim (2010) determined the focal mechanism solutions of selected
26 events during 2008-2010 using waveform inversions, which are
not sufficient for inference of tectonic structures.

In this study, we refine the seismicity around the Yellow Sea and
the Korean Peninsula, and determine the focal mechanism solutions.
The ambient stress fields are deduced from the focal mechanism solu-
tions. We infer the tectonic structures of the paleo-collision in the
Yellow Sea from the fault-plane solutions, ambient stress fields and
seismic waveforms.

2. Tectonic setting

The Eurasian plate collides with two oceanic plates (Pacific,
Philippine Sea plates) in the eastern margin with convergence rates of
about 8-9 cm/yr, and with a continental plate (Indian plate) in the
southwestern margin with a convergence rate of ~4 cm/yr (e.g., Huang
et al, 2011). Stresses are transmitted from the convergence margins
into intraplate regions. The transmitted stresses cause high seismicity
in northern China, accompanying devastating large earthquakes (Liu
et al, 2007). On the other hand, it is observed that the seismicity is
mild in the southern China and the Korean Peninsula (e.g., Brantley
and Chung, 1991; Chung and Brantley, 1989; Liu, 2001; Park et al,
2007; Rhie and Kim, 2010). The regional differences in the seismicity
may be ascribed to the differences in crustal kinematics and lithospheric
thicknesses (Liu et al., 2007).

The Korean Peninsula and eastern China are composed of Precambrian
(Archean) massif blocks and intervening belts and basins (Fig. 1). The
cratons are underlain by thick mantle lithospheres, yielding stable
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intraplate environment (Chen et al., 2009). The eastern Eurasian plate
around eastern China and the Korean Peninsula was formed from colli-
sion between the North China block (Sino-Korean craton) and the
South China block (Yangtze craton) (Ernst and Liou, 1995; Faure et al,,
2001; Yuan et al, 2003). The Yellow Sea is placed between eastern
China and the Korean Peninsula.

The collision between the North and South China blocks began
in the early Permian, and was completed in the early Jurassic
(e.g., Chough et al, 2006; Yin and Nie, 1993; Zhang, 1997). The
South China block started to subduct beneath the North China block
during the collision, and the Dabie-Sulu orogenic belt was developed
on the northern margin of the South China block (Yang, 2009). The
collision belt was segmented into Dabie and Sulu terrains due to dis-
criminative northeastern motion of the eastern South China block
(Yangtze craton), causing development of the seismogenic left-
lateral Tan-Lu fault (Yang, 2009; Yin and Nie, 1993) (Fig. 1). Various
faults and basins developed in eastern China and the Yellow Sea
due to the collision and subsequent tectonic evolutions (e.g., Faure
et al., 2001; Shinn et al., 2010).

The collision on the Dabie-Sulu belt is supported by observation of
ultrahigh or high pressure metamorphic rocks. Coesite-bearing and
quartz-bearing eclogites are found in the southern Dabie and Sulu
terrains (Ernst and Liou, 1995; Yang, 2009; Yuan et al,, 2003). The
eclogite is composed of garnet and omphacite that are formed by
high-pressure metamorphism of supra-crustal rocks in the lower
crusts or upper mantle in continental collision or subduction zones
(e.g., Gao et al., 2001; Smith, 1984). Similar high-pressure metamor-
phosed rocks (high-pressure amphibolite-facies and eclogite) are
observed in the central Korean Peninsula (Oh et al., 2004; Ree et al.,
1996). The observation of ultrahigh-pressure metamorphic rocks on
the Earth's surface suggests the existence of an exhumation process,
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Fig. 1. Map of seismicity around the Yellow Sea during 1970-2011. The event information is collected from the Korea Meteorological Administration (KMA), the National Research
Institute for Earth Science and Disaster Prevention (NIED), and the China Earthquake Networks Center (CENC). The station locations are marked with red triangles. Major geological
structures are annotated: Gyeongsang basin (GB), Gyeonggi massif (GM), Hefei basin (HB), Imjingang fold belt (IFB), Jiaodong massif (JM), North China basin (NCB), North Jiangsu-South

Yellow Sea basin (NJSYSB), Nangnim massif (NM), Ongjin basin (OB), Okcheon fold belt (OFB), Pyeongnam basin (PB), Songliao basin (SB), Tan-Lu fault (TLF), Wulian-Yantai fault (WYF

).

Yeonil basin (YIB), and Yeongnam massif (YM). The Dabie-Sulu collision belt is marked with red lines.
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Table 1

Source parameters and fault-plane solutions of earthquakes that are analyzed using the long-period waveform inversion. The event origin times, locations, depths magnitudes,

fault-plane solutions, event types and numbers of analyzed data are presented.

Date Time lat lon dep;, dep, M; My, Strike Dip Rake Type N; N,
(yyyy/mm/dd) (hh:mm:ss) (°N) (°E) (km) (km) @) @) @)

1996-12-13 04:10:16.91 37.25 128.72 8.4 6 45 47 309 86 23 S 16 1
1997-05-21° 22:52:37.50 36.06 127.10 - 10 3.9 34 213 89 —173 S - 1
1998-09-03 07:52:47.00 36.60 125.70 - 4 3.8 3.8 119 54 21 ST - 1
1998-09-13° 11:42:13.00 36.10 126.90 - 10 3.6 3.8 307 87 7 S - 1
1999-04-07 14:43:17.45 37.19 128.84 14 1.5 33 35 110 85 4 S 18 6
1999-06-02 09:12:22.42 35.84 129.26 9.6 5 34 3.7 206 77 —168 S 18 6
2000-08-21° 10:43:45.00 38.90 125.90 - 3 34 3.5 310 88 —52 PM - 4
2000-12-09 09:51:00.83 36.44 129.97 111 11 3.7 3.9 205 62 96 T 21 6
2000-07-23 08:29:14.75 36.46 127.99 133 21 35 3.2 295 66 30 ST 20 6
2001-11-21 01:49:11.23 36.70 128.29 2.8 9 35 33 122 54 33 ST 19 6
2001-11-24 07:10:29.85 36.79 130.04 103 9 41 3.7 314 57 28 ST 22 6
2002-03-17 00:26:38.73 37.90 124.57 5.0 11 3.9 3.6 257 53 —58 N 18 6
2002-07-08 19:01:50.30 35.87 129.78 16.8 20 3.8 3.7 123 78 14 S 31 6
2002-07-23 12:48:11.71 35.73 122.75 10.0 10 47 47 297 77 47 ST 12 6
2002-09-17 09:08:15.48 36.54 124.40 9.9 12 3.6 33 216 89 —173 S 10 6
2002-12-09 22:42:51.03 38.84 127.17 93 9 3.8 3.6 114 89 6 S 22 6
2003-01-09 08:33:19.85 37.49 124.42 104 6 3.9 3.7 281 80 14 S 16 6
2003-03-22 20:38:43.00 35.04 124.51 18.0 17 49 4.7 300 84 —15 S 36 6
2003-03-30 11:10:55.61 37.71 123.75 174 10 5.0 4.5 267 43 —63 N 17 6
2003-04-15 17:55:24.16 36.44 126.13 9.5 3 33 33 296 16 36 T 27 6
2003-06-09 01:14:02.11 35.96 123.96 10.0 10 4.0 3.8 302 67 —15 S 17 6
2003-10-13 09:14:05.08 36.97 126.43 115 13 3.6 3.7 295 90 -3 S 25 6
2004-01-05 16:49:42.04 38.74 125.07 10.6 9 3.2 33 342 42 85 T 14 5
2004-04-26 04:29:25.77 35.83 128.23 10.5 12 3.9 35 139 71 47 ST 33 6
2004-05-29 10:14:25.59 36.68 130.13 20.8 9 5.2 5.0 354 46 89 T 42 6
2004-06-01 11:22:17.19 37.09 130.28 195 9 35 35 313 69 —16 S 19 6
2004-08-05 20:32:53.54 35.84 127.32 8.5 17 33 3.2 122 82 7 S 32 6
2004-12-16* 18:59:14.00 41.79 127.94 8.0 17 3.9 3.9 301 79 9 S - 5
2005-05-01 07:27:07.29 34.77 122.92 8.0 17 4.0 3.9 301 76 22 S - 3
2005-06-14 22:07:01.98 33.06 126.16 134 14 3.7 3.7 357 83 —179 S 13 6
2005-06-29 14:18:03.88 34.39 129.25 109 9 4.0 4.0 140 46 43 T 31 6
2005-10-09 23:51:09.33 37.86 124.95 13.2 15 34 35 263 67 —32 SN 16 6
2006-01-19 03:35:35.55 37.20 128.80 6.1 7 3.2 34 293 85 12 S 27 6
2006-04-03 09:14:04.13 38.82 126.04 104 9 33 33 107 80 0 S 18 3
2006-04-29 02:01:12.64 37.09 129.95 6.7 2 35 3.6 206 76 —130 SN 21 6
2006-05-13 10:14:30.30 34.01 129.12 1.6 7 35 3.6 307 81 6 S 14 5
2007-01-20 11:56:53.44 37.68 128.59 10.0 10 48 45 203 86 —180 S 34 6
2008-01-16 10:58:00.50 35.59 125.27 9.3 6 3.9 3.8 115 89 7 S 27 5
2008-02-29 06:53:01.23 38.77 126.33 2.8 9 3.2 33 284 60 —6 SN 22 3
2008-05-31 12:59:31.06 33.52 125.69 115 19 42 3.9 201 85 —170 S 29 4
2008-10-29 00:26:14.80 36.33 127.25 5.1 6 34 33 286 90 —15 S 39 6
2008-12-19 08:53:40.39 36.46 129.69 7.3 9 35 35 144 77 6 S 28 3
2009-03-02 05:20:27.68 37.06 124.68 5.6 9 34 33 291 76 36 ST 24 6
2009-05-01 22:58:28.05 36.55 128.71 133 10 4.0 3.7 307 73 41 ST 29 5
2009-08-21 14:02:24.50 38.79 125.80 258 5 3.8 3.0 114 73 7 S 23 3
2010-02-16 09:53:31.49 35.63 130.05 18.8 17 3.2 34 290 36 66 T 14 6
2011-01-12° 01:19:45.00 33.17 123.63 - 22 53 4.7 285 63 —15 SN - 3
2011-06-17° 07:38:31.00 37.91 124.50 - 16 41 3.8 209 86 —169 S - 6

dep;: depth inverted from P arrival times.

dep,: depth inverted from the waveform inversion.
M;: magnitude from earthquake catalogs.

N;: number of P arrival times for locationing.

N,: number of data applied for waveform inversion.

Type: strike slip (S), normal faulting (N), thrust (T). Odd types (O) are classified further into strike slip with normal-faulting component (SN), strike slip with thrustal component

(ST), and pure mixed (PM). 2 cm.
¢ Event locations are collected from existing catalogs.

which may be associated with post-collisional lithospheric delamina-
tion (thinning) around the Dabie-Sulu belt (Li et al., 2002).

The eastern margin of the Dabie-Sulu belt reaches to the Shandong
Peninsula (Faure et al., 2001), and the northern Yellow Sea region
displays a feature of the North China block (Yang et al., 2011). Also,
shear-wave splitting studies present consistent fast shear-wave direc-
tions in the upper mantle between eastern China and the Korean
Peninsula (Huang et al., 2011; Kang and Shin, 2009). In particular, the
fast shear-wave directions in the Shandong Peninsula and central
Gyeonggi massif is found to be aligned to NNW-SSE, orthogonal to
the ambient compression directions, implying a paleo-collision in the
regions. The various geological and seismological observations suggest

that the collision belt may be present in eastern China, the Korean
Peninsula and the Yellow Sea.

3. Data

The regions around the Yellow Sea, eastern China and the Korean
Peninsula are intraplate regions, accompanying shallow seismicity
(Fig. 1). We find high seismicity in northeastern China compared to
southeastern China and the Korean Peninsula (Fig. 1). Some destruc-
tive large earthquakes occurred in northeastern China, while event
sizes in southeastern China and the Yellow Sea are small to moderate.
The seismicity in eastern China is found to be clustered, while that in
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Table 2
Source parameters and fault-plane solutions of earthquakes that are analyzed using the seismic polarity analysis.

Date Time lat lon dep, M, Strike Dip Rake Type N, N3
(yyyy/mm/dd) (hh:mm:ss) (°N) (°E) (km) ) ) )

1997-06-25 18:50:23.41 35.80 129.25 11.8 42 149 63 69 T 20 19
1999-04-23 16:35:13.56 35.84 129.26 7.0 32 102 64 3 S 13 17
1999-09-11 20:56:51.15 35.84 129.25 6.7 34 102 86 2 S 9 17
2002-01-07 08:10:00.48 35.32 128.86 6.3 31 292 59 43 T 23 20
2003-02-08 14:46:33.76 35.27 126.62 119 2.9 112 82 15 S 25 21
2003-03-01 14:33:28.61 35.78 129.39 11.7 3.0 146 46 52 T 21 19
2004-01-04 21:11:51.59 36.15 127.02 9.6 29 297 57 —21 SN 23 23
2004-04-30 14:43:56.75 35.75 12941 13.7 2.8 105 85 -1 S 21 19
2004-08-13 13:42:03:39 37.50 126.41 11.8 2.7 120 39 36 T 20 17
2004-09-27 09:47:34.35 3548 128.28 10.7 25 97 85 —42 SN 32 23
2005-02-20 13:18:39.48 3537 126.22 18.1 34 103 45 —24 SN 30 21
2005-06-10 12:14:37.06 36.77 128.49 14.6 2.5 110 77 -1 S 31 25
2005-07-29 18:01:38.24 34.16 127.46 10.8 3.1 304 81 34 ST 29 20
2005-08-23 20:05:24.63 34.18 127.04 7.9 34 335 67 —-32 SN 23 20
2005-10-22 16:02:47.19 34.95 127.08 6.4 2.7 156 44 38 T 24 22
2006-03-19 04:59:48.01 36.31 127.33 16.4 29 287 85 0 S 27 22
2006-04-01 15:04:38.91 35.38 127.18 18.0 2.0 96 53 —43 SN 14 13
2006-07-25 14:29:19.58 35.79 127.89 29 2.5 114 70 -1 S 31 31
2006-11-10 16:56:02.53 35.98 127.46 89 24 281 73 —15 S 42 37
2006-12-03 15:51:43.79 36.46 127.90 14.3 2.7 104 84 2 S 42 34
2007-03-14 20:30:12.54 36.17 127.97 10.1 2.8 114 86 9 S 32 22
2007-05-03 09:24:02.16 36.59 127.81 134 2.1 102 53 —27 SN 19 18
2007-05-18 22:53:26.76 36.55 129.03 15.3 24 300 42 38 T 25 23
2007-05-27 15:51:58.76 35.21 128.59 3.2 2.1 139 35 -7 PM 33 24
2007-07-22 04:49:27.50 36.89 126.62 49 2.6 90 60 —63 N 26 27
2007-09-11 21:50:57.32 36.47 129.69 9.0 2.7 168 45 45 T 21 20
2007-10-16 05:59:03.76 37.44 128.91 12 29 289 44 —37 SN 27 24
2008-02-26 14:22:48.86 36.00 126.53 10.1 2.5 257 39 —18 SN 28 25
2008-03-27 07:29:21.02 37.81 126.37 174 2.8 296 69 —22 S 27 25
2008-06-21 14:30:12.61 35.57 128.62 54 22 126 69 44 ST 24 23
2008-11-05 09:12:31:10 37.07 129.14 4.7 24 270 47 15 ST 24 22
2009-01-01 06:58:10;95 36.48 128.10 10.0 2.2 318 85 27 S 26 25
2009-02-12 20:46:16.89 35.26 12743 18.1 29 116 64 1 S 33 30
2009-03-26 13:21:24.94 38.13 127.09 49 2.7 78 41 —56 N 27 26
2009-04-02 11:27:59.84 37.61 12591 15.2 3.0 128 31 71 T 31 25
2009-04-21 08:44:57.63 3543 128.23 121 2.0 116 30 47 T 23 21
2009-05-02 03:28:29.43 36.55 128.71 13.1 2.6 116 68 -20 S 24 35
2009-11-14 12:57:56.94 34.78 127.92 104 2.5 132 64 37 ST 23 22
2009-11-16 20:38:49.07 36.08 126.93 8.0 2.3 291 51 34 ST 24 22
2009-12-03 20:14:52.78 36.71 128.59 12 2.8 125 85 -2 S 42 33
2010-01-23 08:54:13.84 36.58 128.19 14.6 2.1 319 39 38 T 24 21
2010-02-09 09:08:13.91 37.45 126.80 11.1 3.0 110 70 —14 S 28 20
2010-02-21 12:17:01.97 36.74 127.07 12.7 2.3 284 85 5 S 27 20
2010-07-05 18:44:13:81 36.47 127.13 115 23 306 82 26 S 32 31

dep;: depth inverted from P arrival times.

M;: magnitude from earthquake catalogs.

N;: number of P arrival times for locationing N5: number of P-polarity data analyzed.
N3: number of stations used.

Type: strike slip (S), normal faulting (N), thrust (T). Odd types are classified further into strike slip with normal-faulting component (SN), strike slip with thrustal component (ST),

and pure mixed (PM).

the Yellow Sea is diffused. Some destructive large earthquakes are
observed along tectonic structures (e.g., Tan-Lu fault) in northeastern
China.

We collect seismic waveforms for 92 near-regional events during
1996-2010 from 175 stations in the Korean Peninsula and Japanese
Islands (Fig. 1). The event information is collected from the earth-
quake bulletins of the Korea Meteorological Administration (KMA)
and the Korea Institute of Geoscience and Mineral Resources
(KIGAM) (Tables 1 and 2). Seismograms with signal-to-noise ratios
of two or higher are used for waveform inversions.

Source parameters of the events analyzed in this study are refined
before seismic-waveform analyses, which is particularly crucial for
earthquakes in low seismicity regions. We refine the hypocentral
parameters using HYPOINVERSE (Klein, 2007) based on an 1-D veloc-
ity model (Chang and Baag, 2006), adjusting the P arrival times. Here,
the P and S arrival times are picked manually from seismograms with
high signal-to-noise ratios. All the events are placed at distances less
than 90 km from the nearest stations, allowing determination of source

parameters with high accuracy. The location errors are expected to be
less than a few kilometers.

The event magnitudes are M;2.0-5.2. The focal depths are found to
be 1.2-25.8 km. The epicentral distances are 2-506 km. Note that we
analyzed all events with magnitude greater than 3. Some inland
events with magnitudes less than 3 are additionally analyzed to
enhance the comprehension of inland seismicity.

We collect additional focal mechanism solutions from available
resources (Chung and Brantley, 1989; Chung et al., 1995; Cipar,
1996; Hong and Rhie, 2009; Jun, 1991; the Global Centroid Moment
Tensor (Global CMT) catalog (www.globalcmt.org); the National
Research Institute for Earth Science and Disaster Prevention (NIED)
CMT catalog (www.fnet.bosai.go.jp)).

4. Methods

Seismic wavetrains are the medium responses to the combined
effects of source excitation and attenuation along raypaths. The
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Fig. 2. Long-period waveform inversion for determination of focal mechanism solution of the 30 March 2003 M,5.0 event in the Yellow Sea: (a) map of events and stations, and
(b) comparisons between synthetic and observed waveforms. Three-component broadband records from six stations (BRD, SES, SED, CHNB, NPR, CHC) are analyzed. The observed
waveforms (black thin lines) are compared with the synthetic waveforms (gray thick lines). The synthetic waveforms match well with the observed waveforms. The epicentral
distances are denoted. The maximum amplitudes of observed (upper numbers) and synthetic waveforms (lower numbers) are presented in the unit of 1076 m.

source effect can be isolated in seismic waves by correcting the We implement a 1-D crustal velocity model (Chang and Baag,
raypath effect and deconvolving the medium responses. Here, the 2006) in refinement of hypocentral parameters and waveform
medium responses correspond to the Green's functions. In this inversions.

study, we compute the Green's function using a frequency- The focal mechanism solutions of events are calculated using the
wavenumber integration method (Bouchon, 1981). waveform inversions based on displacement seismograms bandpass
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Fig. 3. Calculation of fault-plane solution for the 5 July 2010 M;2.3 using the seismic polarity analysis: (a) map of events and stations, and (b) a set of fault-plane solutions. Data are
composed of 31 P polarities and 1 SH/P ratio. Stations with positive P polarity are marked with octagons, and those with negative P polarity are with triangles in the focal mechanism
solutions. Data with SH/P ratios are marked with crosses. Four best-fit solutions are determined. The strikes of the solutions are 306.94°, 308.01°, 302.92° and 305.74, the dips are
82.56°, 77.80°, 85.79° and 81.69°, and the rakes are 29.15°, 27.62°, 24.67° and 23.66°. The representative solution is determined by averaging the best-fit solutions, yielding the
strike of 306°, dip of 82°, and rake of 26°.
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Fig. 4. Fault-plane solutions of events around the Yellow Sea. The inverted fault-plane solutions are presented in blue color. Fault-plane solutions from available resources (purple
color) are combined. The background seismicity with unknown fault-plane solutions is marked with open gray circles. Line XY indicates the surface projection of cross section for
the tectonic model in Fig. 8. The interplate regions around the Japanese Islands are marked with green lines. Strike-slip events are dominant in the region. Major geological
structures are marked. Characteristic normal-faulting events are observed in the central Yellow Sea (region A) and northern North China basin (NCB). Thrustal events are clustered

off the east coast of the Korean Peninsula (region B).

filtered between 0.05 and 0.1 Hz (Sokos and Zahradnik, 2008). Note
that the bandpass filter ranges are slightly tuned for better inversions
considering the frequency contents of waveforms.

Deviatoric components of moment tensors are calculated since
they directly reflect the fault motions. The long-period waveform
inversions are often inapplicable to small earthquakes due to low
signal-to-noise ratios at low frequencies. We instead analyze the
P-wave polarities and the SH/P amplitude ratios for calculation of
fault-plane solutions of small events (Snoke, 2002).

Strike Slip

Fig. 5. Classification of types of 136 events in eastern China, the Yellow Sea, and the
Korean Peninsula. Events in interplate region (Japanese Islands, region bounded by
green lines in Fig. 4) are excluded in the classification. Strike-slip events are dominant,
and take 47.1% (64 events). Normal-faulting events take 6.6% (9 events), while thrustal
events take 14.7% (20 events). Forty three events (31.6%) are determined to be odd
types.

The fault-plane solutions of events in regions with well-resolved
velocity structures can be determined using the first-arrival P polari-
ties (Snoke, 2002). It is known that the polarity-based method often
suffers from the azimuthal coverage of stations with respect to the
events. The polarity-based analysis is applied to only the events
with good azimuthal coverage for correct determination of focal
mechanism solutions. We additionally implement amplitude ratios
of SH/P. The amplitude ratios provide additional constraints for
fault-plane solutions (Hardebeck and Shearer, 2003). The P- and
SH-wave amplitudes are measured from vertical and tangential-
component records where the free-surface effects are corrected. Note
that the P and SV waves can be coupled on layer interfaces in
laterally-layered media, yielding nonunique amplitude ratios between
P and SV waves.

The types of events are determined from the focal mechanism
solutions (Frohlich, 1992). The strike-slip events are defined as
those with dip angles of null axes (B-axes) greater than 60°.
Normal-faulting events are those with dip angles of compressional
axes (P-axes) greater than 60°. Similarly, thrustal events are those
with dip angles of tensional axis (T-axes) greater than 50°. Events sat-
isfying none of these criteria are classified as odd mechanisms that
are interpreted to be a combination of two or three focal mechanisms
(Tables 1 and 2).

The principle stress directions are calculated from the focal mech-
anism solutions (Gasperinia and Vannuccib, 2003; Gephart, 1990).
The representative ambient stress field at a certain region can be
determined from individual estimates of principle stress axes of
events in the region (Gephart, 1990). The representative stress ten-
sors (03, i=1,2,3) are determined as those with the minimum misfit
errors for the individual estimates of stress fields. We design a
model space with an interval of 10°, and assign weighting factors
that are proportional to the earthquake magnitudes. We determine



108 T.-K. Hong, H. Choi / Tectonophysics 570-571 (2012) 102-113

122° 124°
40°

Shandéhg %

Peninsula

38°

36°
122° 124°

126°

126°

Fig. 6. Fault-plane solutions of events around the central Yellow Sea. The region of normal-faulting events is marked with a shaded rectangle (region A in Fig. 4). The normal-faulting
events are distributed in a narrow region on the central Yellow Sea between the Shandong Peninsula (Sulu UHP terrane) and the Ongjin basin (OB). The representative stress field
(04,02, 03) in the region is presented in the upper left corner on the map. The compression axis is laid in a vertical direction, while the tension axis is directed in NNW-SSE. The strikes
of the faults in the region are marked with solid lines. The fault planes are laid in directions of E-W or ENE-WSW, which are consistent among the events. The spatial distribution of

events in the region appears to be parallel with the strike directions.

the directions of three principal stress components and a differential
strength ratio (=(0, — 07)/(03 — 07)) from the inversion.

5. Fault-plane solutions and stress fields

The fault-plane solutions of 48 near-regional events are calculated
by long-period waveform inversion. An example of the waveform
inversion for the 30 March 2003 M;5.0 earthquake in the Yellow Sea
is presented in Fig. 2. Six broadband three-component records at dis-
tances of 89-358 km are analyzed for the inversion. The synthetic
waveforms based on the inverted source parameters match well
with the observed waveforms. The earthquake is determined to be
a normal-faulting event with strike of 267°, dip of 43°, and rake of
—63°. The fault-plane solutions of events based on the waveform
inversions are presented in Table 1.

We additionally apply the P and SH polarity analysis to 44
small-size events for calculation of the fault-plane solutions. Fig. 3
presents an example for determination of focal mechanism solutions
of the 5 July 2010 M;2.3 earthquake using the P and SH polarity anal-
ysis. Four best-fitting solutions are determined in the analysis. The
average values of the four solutions are used for the representative
solution. The fault-plane solutions from analysis based on the P and
SH polarities are presented in Table 2. The calculated fault-plane solu-
tions are combined with those from other available resources (Chung
and Brantley, 1989; Chung et al., 1995; Cipar, 1996; Hong and Rhie,
2009; Jun, 1991; Global CMT solutions, NIED CMT solutions) (Fig. 4).

The focal mechanism solutions present regional variations with
consistency among neighboring events, supporting stable inversions.
It is noteworthy that the polarity-based analysis often suffers from
limited azimuthal coverages for offshore events, yielding poor deter-
mination of focal mechanism solutions. Thus, inconsistent fault plane
solutions in the offshore events among neighboring events are ob-
served (Park et al., 2007). Further, the results of this study present
good lateral coverage of fault plane solutions, allowing inference of
active tectonic structures and ambient stress fields.

We identify the event types of 136 events in eastern China, the
Yellow Sea and the Korean Peninsula. We find that 47.1% of the events
(64 events) present strike-slip faultings. Strike-slip events are typical
in environments with primary lateral compressions and their conju-
gate tensions in the orthogonal directions, which are often observed
in intraplate regions due to transmission of compressional stresses
from nearby plate margins (e.g., Kearey et al., 2008; Scholz, 2002).

The normal-faulting events take 6.6% (9 events), and thrustal
events occupy 14.7% (20 events) (Fig. 5). The thrustal earthquakes
are particularly clustered along the western escarpment of the
Ulleung basin off the east coast of the Korean Peninsula, which is as-
sociated with crustal shortening in the East Sea (region B). The events
are distributed in a N-S direction, parallel with the east coast. We find
normal faulting events in the central Yellow Sea (region A, Fig. 6). It is
noteworthy that two Mb5-or-greater events out of the five earth-
quakes occurred in the regions since 1978.

The normal-faulting events are found at an about 2°-by-1° rectan-
gular region in the central Yellow Sea. The size of region is much
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Fig. 7. (a) Map of two regional earthquakes in eastern China, and the vertical record
sections of (b) the 18 June 2006 M;3.6 earthquake and (c) the 4 July 2006 M,4.9
earthquake. The waveforms are recorded at stations in the Korean Peninsula. The
raypaths are across the crusts beneath the Yellow Sea. Major regional phases (Pn, Pg,
Sn, Lg, Rg) are indicated with traveltime curves. The Lg waves are well observed at all
stations.

larger than the possible errors in refined hypocenters, allowing us
to recognize this as a single seismotectonic region. The set of
normal-faulting events is a characteristic seismicity, which is differ-
ent from those in other regions around the Korean Peninsula. Such

normal-faulting earthquakes are supposed to rarely occur in stable
intraplate environments.

It is known that strike-slip faults are dominant in eastern China
and the Korean Peninsula. The normal faulting events are observed
in some localized regions including the northern margin of the North
China basin. These normal-faulting events occur as a result of
pull-apart basin formation by crustal extension that may be associated
with strike-slip motions or small-scale mantle upwelling (Ai et al.,
2008; Butler et al., 1979; Nabélek et al., 1987). It is known that a
normal-faulting event with a magnitude of M7.4 occurred as an
aftershock of the 27 July 1976 M;7.8 Tangshan earthquake.

We determine the regional ambient stress field from the focal mech-
anism solutions of 92 near-regional events. The compressional-axis
(P-axis) direction in the Korean Peninsula is found to be 71.1° £ 14.7°.
It is found that the compression axis is directed to ENE-WSW in eastern
China, the Yellow Sea and the Korean Peninsula. Also, tensional stresses
are directed in NNW-SSE.

The geodetic measurements in the Korean Peninsula (Jin and Park,
2007) agree with the calculated ambient stress field.

We find that the compressional-axis directions change gradually
from ENE-WSW to ESE-WNW in the East Sea. The observation sug-
gests that the crustal stress field is induced by relative plate motions
around the Korean Peninsula.

We find that the primary compressional stress field (maximum
principle stress, 07) in region A is directed to 250° with a plunge of
89°, indicating near vertical compression (Fig. 6). The inverted repre-
sentative stress field is found to have an average misfit of 2.9°. The
primary tension component (03) has a trend of 344° and a plunge
of 0°. The relative strength among the principle stress components
is determined to be 0.4. The geometry of stress field suggests that
the crust in the region experiences lateral extension. The observation
is consistent with geodetic measurement (Liu et al., 2007). Thus, the
dominance of tensional regime in region A causes occurrence of
normal-faulting earthquakes.

6. Waveform features

We now examine the regional waveforms to infer the crustal
structures in the Yellow Sea. We select two events in eastern China
that were well recorded at stations in the Korean Peninsula. The
two events have magnitudes of M;3.6 and M4.9. The distances are
about 300-1200 km. The wavetrains are composed of regional phases
with raypaths across the Yellow Sea (Fig. 7). The raypaths are laid
across the central and northern Yellow Sea. A bandpass filter of 0.1-
3.0 Hz is applied to the record sections.

Major regional phases are clearly identified (Fig. 7). We particularly
find strong crustally-guided shear waves, Lg. It is known that the
appearance of Lg waves is associated with the properties of the crust.
The Lg waves develop strongly in continental crusts, and are signifi-
cantly attenuated in crusts with laterally varying structures, shallow
thicknesses, or undulated Mohos (Hong et al,, 2008; Kennett, 1986;
Kennett and Furumura, 2001; Zhang and Lay, 1995). However, it is
observed that locally-attenuated Lg waves typically redevelop during
propagation along continental paths (Hong, 2010).

The strong development of Lg agree with Lg attenuation tomogra-
phy studies (Chung et al., 2007; Ford et al., 2010; Hong, 2010), in
which most regions in the Yellow Sea present high Q values (low
attenuations). It is noteworthy that a localized relatively low Q region
(high attenuation region) is observed locally in the central Yellow Sea
where normal-faulting events are observed (Chung et al., 2007; Ford
et al, 2010).

The Lg waveforms suggest that most regions in the Yellow Sea
have continental crusts with no significant lateral variations in crustal
structures. Also, the localized low Q region suggests that the normal-
faulting region may not be associated with mantle upwelling or
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continental rifting that incorporate significant lateral variation in
crustal structures of wide regions.

7. Interpretation and tectonic implications

The seismicity in the Dabie-Sulu collision belt is relatively low
compared to those in neighboring regions (Fig. 1). On the other
hand, we find relatively high seismicity in basins and fault regions
(e.g., North China basin, North Jiangsu-South Yellow Sea basin,
Tan-Lu fault). It was reported that the crustal velocities in the
Dabie-Sulu belt are faster by 0.1-0.4 km/s than those in the North
and South China blocks, suggesting high-pressure consolidation of
medium during the collision (Bai et al., 2007). It is known that the
crust was thickened due to continental collision (Wang et al., 2000).
The observation of high seismic velocities and thicker crusts in the
collision belt agrees with the low seismicity.

It is known that high-pressure or ultrahigh-pressure metamorphic
rocks are found at various locations along the Dabie-Sulu belt. The

metamorphic core complexes are exhumed from lower crust to
upper crust due to continental extension (lithospheric delamination)
that incorporates development of normal faults and voluminous
magmatism (Hacker et al., 1998; Lister and Davis, 1989; Platt, 1986;
Wang et al., 2000). The presence of ultrahigh-pressure metamorphic
rocks in the Dabie-Sulu belt suggests that the southern margin of
collision belt corresponds to the forearc collision region (Fig. 8). The
Dabie-Sulu belt remains in tensional regime due to erosion of
orogenic mountains and ambient stress fields from plate margins
(Fischer, 2002; James, 2002).

The stress field in the crust under the Yellow Sea is controlled by
tectonic forces originated from the collision boundaries of the Indian,
Pacific and Philippine Sea plates with respect to the Eurasian plate.
The horizontal stress field is composed of ENE-WSW directional com-
pression and NNW-SSE directional tension. We find that strike-slip
events prevail in eastern China, the Korean Peninsula and the Yellow
Sea, which is a typical feature in stable intraplate regions (Fig. 5). We
also find that the fault-plane directions of events are similar. This
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Fig. 8. A schematic tectonic evolution model for the collision between the North and South China blocks in the Yellow Sea (line XY in Fig. 4). The South China block (Yangtze craton)
collided with the North China block (Sino-Korean craton) since early Permian. The collision was completed in early Jurassic, forming the Dabie-Sulu collision belt. Thrustal-faulting
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marginal region. The collision belt has been consolidated, and normal faults at the marginal regions are activated by the ambient tensional field.
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observation suggests that the faultings in the region are controlled by
the same sources of forces, i.e., tectonic forces from the active plate
margins.

It is noteworthy that we observe a cluster of normal-faulting events in
a narrow region of central Yellow Sea between the Shandong Peninsula
and Ongjin basin (OB) in the Korean Peninsula (gray region in Fig. 6).
These normal faultings are initiated by NNW-SSE directional tension
field, which agrees with geodetic observations (Liu et al, 2007). The
strikes of the fault planes are directed in ENE-WSW, which are parallel
with the great-circle direction between the Shandong Peninsula in
eastern China and the Imjingang fold belt (IFB) in the central Korean
Peninsula.

Normal-faulting earthquakes can occur in various environments. For
instance, normal faults develop in forearc region of active plate margins
where slabs experience tensional stress by slab pull (Fowler, 2005).
However, the Yellow Sea region belongs to an intraplate region where
the gravity-inducing slab pull is not effective. It is known that normal
faultings may develop in regions with continental rifts or mantle
upwellings (e.g., Lister and Davis, 1989; Rosenbaum et al., 2005). Note
that continental rifts and mantle upwellings are associated with signif-
icant variation in crustal structures, which hinders stable development
of Lg and other regional phases. The observation of regional waveforms
in Section 6 suggests that the crust in the Yellow Sea is not associated
with either continental rifts or mantle upwellings.

It is noteworthy that the directions of strikes are nearly parallel with
the compressional stress directions. It is observed that the stress field in
the central Yellow Sea is close to those in eastern China and the Korean
Peninsula where strike-slip events with strikes in NE or NW are mostly
observed. The observation of normal-faulting events with strikes of
ENE-WSW suggests that the normal-faultings occurred on preexisting
paleo-structures that were formed before development of current stress
field. It is believed that the current stress environment lasts since
mid-Miocene when the Japanese Islands were separated from the
Eurasian plate and opening of the East Sea (Sea of Japan).

The local presence of normal faulting events implies that the
paleo-structures are spatially localized. Such distinct structures can
be developed around the margins of paleo-tectonic structures that
may be associated with the continental collision between the North
and South China blocks. The activation of normal faulting can be
explained with the continental collision and post-collisional relaxa-
tion (Fig. 8). Note that the South China block collided and subducted
beneath the North China block during the early Permian to early
Jurassic due to northward drifting of the South China block. The
South China block subducted beneath the North China block until
the cease of collision, causing development of the Dabie-Sulu belt.

Considering the consolidated lithosphere along the collision belt,
the faulting region may correspond to the collisional margin. Also,
the ENE-WSW directional fault planes suggest a NNW-SSE direction-
al continental collision that causes subsequent squeezing on the colli-
sion margin. The normal faulting system is activated by the ambient
NNW-SSE directional tension, which is associated with lithospheric
delamination in the central Yellow Sea. The lithospheric delamination is
supported by the observation of exhumed high-pressure or ultrahigh-
pressure metamorphic rocks in the Dabie-Sulu belt since the mid-
Jurassic (Ernst and Liou, 1995). Thus, the observed active normal faults
can be explained as reactivated paleo-collision structures by post-
collisional lithospheric delamination (Fig. 8).

Considering the geometry of collision belt in eastern China, the
normal-faulting events appear to occur around the northern collision
margin in the Yellow Sea. The distribution of the normal faults sug-
gests that the Ongjin basin (OB) may be placed around the northern
boundary of the collision belt. Also, the Imjingang fold belt (IFB)
may be the northern margin of collision belt. This is consistent with
an observation of a series of changes in motion from reverse-
sensing to normal-sensing shearing in the Imjingang fold belt region
(Ree et al,, 1996). The observation is interpreted to be associated

with a collision and subsequent uplifting. Further, the interpretation
is supported by various studies that suggest the Imjingang fold belt
to be a collision belt (Chough et al., 2006; Ree et al., 1996; Yin and
Nie, 1993; Zhang, 1997).

It is noteworthy that ultrahigh-pressure metamorphic rocks are
found in Hongseong, central Korean Peninsula (Oh et al., 2004). The
central Korean Peninsula around Hongseong region is imaged to
have high mantle-lid velocities and high crustal quality factors
(Hong, 2010; Hong and Kang, 2009). The high seismic velocities and
high quality factors suggest the presence of consolidated media that
may be developed by a high-pressure-inducing continental collision.

Fig. 8 presents a schematic 2-D cross-section model for temporal
tectonic evolutions in the central Yellow Sea. The model presents
the continental collision between the North and South China blocks
and post-collisional delamination. The normal-faulting earthquakes
appear to occur in the northern margin of the collision belt, and the
exhumed ultrahigh-pressure metamorphic rocks are observed in the
southern margin. The Hongseong region may be placed around the
southern margin. The width of the collision belt in the central Yellow
Sea appears to be consistent with those observed in the Dabie-Sulu
belt (see, Fig. 4). It is inferred that the normal-faulting earthquakes
occur in a region with a width of about 100 km around the northern
margin of the collision belt (Fig. 6).

8. Conclusions

We investigated the fault-plane solutions of crustal events in the
region around eastern China, the Yellow Sea, and the Korean Peninsula
using waveform inversion and seismic-wave polarity analysis. Ambient
regional stress fields were calculated from the fault-plane solutions. The
stress fields are found to be controlled by the tectonic forces from the
neighboring plates that collide with the Eurasian plate. The primary
ambient stress field is the ENE-WSW directional compression.

Diffused seismicity is observed around the Yellow Sea with domi-
nant occurrence of strike-slip earthquakes. Unusual normal-faulting
events are found to be clustered in the localized central Yellow Sea
between the Shandong Peninsula and the central Korean Peninsula.
The strikes of the normal faults are found to be in ENE-WSW,
which are parallel with the ambient compressional field. We find
that the normal-faulting events in the central Yellow Sea occur due
to NNW-SSE directional tension.

Regional wavetrains across the Yellow Sea display prominent
regional phases including Lg, suggesting no significant lateral variation
in crustal structures. The stable development of regional wavetrains
excludes the possibility of active continental rifting in the Yellow Sea.
Further, the localized presence of normal-faulting events suggests that
they occur in a spatially localized structure such as paleo-tectonic
margin.

The normal-fault zone is interpreted to be the northern margin
of paleo-collision between the North and South China blocks. The
normal faults are inferred to be associated with activation of paleo-
collision structure by post-collisional lithospheric delamination. The
observation suggests that the collision belt between the North and
South China blocks is present across the central Yellow Sea, which
may be connected to the central Korean Peninsula.
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