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Megathrusts produce large permanent lithospheric displacements as well as strong transient ground
shaking up to regional distances. The influence of the 2011 M9.0 Tohoku-Oki earthquake on the seismic-
ity in stable intraplate regions around the Korean Peninsula is investigated. The differential lateral dis-
placements by the megathrust build transient radial tension field over the backarc lithosphere,
constructing stress shadows for all types of faults in optimal orientation over the wide backarc region
including the southern Korean Peninsula. A characteristic seismic-velocity decrease after the megathrust
supports the medium relaxation. The number of earthquakes with magnitudes greater than or equal to
2.5 was increased by 61% after the megathrust. The earthquakes occurred episodically. A series of unu-
sual earthquake swarms and a temporal cluster of moderate-size earthquakes were observed in the
Yellow Sea region. The significant seismicity increase since the megathrust may be due to the fluid dif-
fusion during the transient tension field and the pore-fluid pressure increase during the ambient
compressional-stress field recovery by tectonic loading. The induced seismicity may continue until the
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ambient stress field is fully recovered.
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1. Introduction

Major cities with high populations are placed in intraplate
regions where lithostatic stress induces diffused shallow seismicity
(Sykes, 1978; Mooney et al., 2012; Choi et al., 2012; Hong and Choi,
2012). Stable intraplate regions display characteristics of low seis-
micity rates and long recurrence intervals. Static stress levels in
many intraplate regions are close to critical thresholds for earth-
quake occurrence due to long-term tectonic loading. Anomalous
intraplate earthquakes can occur as a consequence of local stress
perturbation (Talwani, 2014). A fractional stress increment may
cause a significant change in background seismicity (Stein, 1999).
It is known that devastating earthquakes with long recurrence
intervals occurred in intraplate regions historically (e.g., Houng
and Hong (2013), Talwani (2014)). There is a concern to have such
devastating earthquakes to be clock-advanced by great
earthquakes.

The earth experienced three great earthquakes with magni-
tudes greater than or equal to 8.8 since 2004. The mechanical
responses of the earth to the great earthquakes were investigated
to understand the influence of the great earthquakes (West et al.,
2005; Lei et al., 2011; Miyazawa, 2011; Gonzalez-Huizar et al.,

* Corresponding author.
E-mail address: tkhong@yonsei.ac.kr (T.-K. Hong).

http://dx.doi.org/10.1016/j.pepi.2015.05.009
0031-9201/© 2015 Elsevier B.V. All rights reserved.

2012; Lee and Hong, 2014). Dynamic triggering of microearth-
quakes was widely observed in active tectonic regions up to tens
of thousands of kilometers (Hill et al., 1993; West et al., 2005;
Durand et al., 2010; Peng and Gomberg, 2010; Lei et al., 2011;
Miyazawa, 2011; Shelly et al, 2011; Wu et al, 2011;
Gonzalez-Huizar et al., 2012). In addition, megathrusts accompany
large regional stress changes, causing subsequent changes in seis-
micity properties.

There is strong correlation between stress changes and seismic-
ity rate changes (e.g., Toda and Stein (2003) and Ma et al. (2005)). It
was argued that static stress changes may cause a large seismicity
rate change, particularly in the areas of high background seismicity
(Stein, 1999; Toda and Enescu, 2011; Mallman and Parsons, 2008).
Large earthquakes may occur in the optimally-oriented faults as a
consequence of static stress change (King et al., 1994; Freed and
Lin, 2001). Faults in near-critical conditions (close to failure stres-
ses) may respond preferentially to the stress changes. However,
the seismicity changes for static stress changes are not observed
consistently. Some studies report no apparent correlations
between static stress changes and seismicity changes (e.g., Felzer
and Brodsky (2005) and Mallman and Zoback (2007)).

The seismicity changes for dynamic stress changes were studied
widely in regional and teleseismic distances (e.g., Kilb et al. (2000),
Freed (2005), and Brodsky and van der Elst (2014)). On the other
hand, the seismicity changes for static stress changes were studied
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mainly for the vicinity around main-shock faults (e.g., Stein (1999)
and Ma et al. (2005)). The regional seismicity changes for static
stress changes have been poorly understood. Megathrusts produce
lithospheric displacements in intraplate regions at a couple of
thousand kilometers away, causing mild static stress changes that
trigger earthquakes in regions of long-lived stress concentration
(Hough et al., 2003; Jiang et al., 2010). The stress changes by
megathrust is crucial for intraplate seismic hazards. The Korean
Peninsula is located at a stable intraplate region, and is monitored
by dense seismic networks. The environments provide a unique
opportunity to investigate the temporal evolution of long-term
intraplate seismicity after megathrust. In this study, we investigate
the properties of seismicity in regional intraplate regions after
megathrust.

2. Tectonic setting and data

The Korean Peninsula is placed in the far-eastern Eurasian plate
that belongs to a stable intraplate region with a low earthquake
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occurrence rate and diffused seismicity (Houng and Hong, 2013).
The Korean peninsula and the Yellow Sea display typical continen-
tal crusts, while the East Sea (Sea of Japan) presents a transitional
structure between continental and oceanic crusts (Chough et al.,
2000; Hong et al., 2008; Hong and Kang, 2009; Hong, 2010; He
and Hong, 2010; Jo and Hong, 2013). The lithosphere around the
peninsula is under influence of compressional stress field that is
induced by collisions of Eurasian plate with neighboring plates
(Pacific, Philippine Sea, and Indian plates). The composite
tectonic-loading stress builds an ambient stress field with
ENE-directional compression and SSE-directional tension (Choi
et al., 2012) (Fig. 1).

The 11 March 2011 M9.0 Tohoku-Oki earthquake occurred in a
region off the northeast coast of Japanese island on the boundary
between the Pacific plate and the Okhotsk plate. The rupture plane
of the Tohoku-Oki earthquake ha a dimension of ~440 km along
the plate boundary and ~180 km along the slab interface (e.g.,
Yagi and Fukahata (2011)). The peak slip amount reaches ~50 m,
and the vertical displacements around the epicenter range
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Fig. 1. (a) Tectonic structures around the 2011 Tohoku-Oki earthquake and the Korean Peninsula. The study area is marked with a blue rectangle. Seismic stations in the
Korean Peninsula are marked with red triangles, and the plate boundaries with red solid lines. A source slip model for the Tohoku-Oki earthquake is presented on the
epicentral area (Yagi and Fukahata, 2011). (b) Peak ground accelerations (PGAs) on the Korean Peninsula by the Tohoku-Oki earthquake. The PGAs in most regions are 0.1-
0.4 cm/s?. Localized large PGAs are observed. (c) Lateral lithospheric displacements by the 2011 Tohoku-Oki earthquake. The lateral displacement directions (cyan arrows)
coincide with the great-circle directions (red bars) to the epicenter. The ambient compressional stress field is presented with broken lines. The epicentral distances are
marked with green solid lines. The lateral displacements are inversely proportional to the epicentral distances. (d) Vertical displacements by the Tohoku-Oki earthquake. The
vertical displacements are much smaller than the lateral displacements. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 2. (a) Comparison of seismicity before and after the great earthquake (blue dots for seismicity during 1995-2011, and red dots for seismicity during 2011-2014). The
instrumental seismicity densities are presented in contours. (b) Temporal evolutions of cumulative numbers of earthquakes with magnitudes greater than 2.5, 3.0, 3.5 and 4.0
since 1995. The cumulative number of events increases with a constant rate until the occurrence of the 2011 Tohoku-Oki earthquake. The earthquake occurrence rate changes
higher after the great earthquake. The average earthquake occurrence rates before and after the great earthquake are denoted. The beta-statistic values (red dots) are greater
than 2 in the first and third years after the Tohoku-Oki earthquake. (c) An enlarged view of cumulative numbers of earthquakes (M > 2.5, 3.0) after the great earthquake.
Characteristic episodic increases of seismicity (shaded time periods) are followed by seismically quiescent periods (white time periods). (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this article.)

between —5.3 and 14.3 m (Yagi and Fukahata, 2011; Keliang and
Jin, 2011). The Korean Peninsula is located at ~1300 km in the west
from the epicenter of the 11 March 2011 M9.0 Tohoku-Oki earth-
quake (Fig. 1).

Strong ground motions with peak ground accelerations (PGAs)
are 0.1-0.4 cm/s? are observed in the peninsula. The peak ground
acceleration reaches 2.33 cm/s? in the southwestern peninsula.
The lithosphere around the peninsula was dislocated by 1-6 cm
in the direction to the epicenter, and was uplifted by 0.2-0.8 cm
(Kim and Bae, 2012; Zhao et al., 2012) (Fig. 1(c) and (d)). The litho-
spheric dislocations are dominated by lateral (horizontal) move-
ments. The horizontal dislocations are inversely proportional to
the epicentral distances. The locations with horizontal dislocations
of 5,3 and 2 cm are placed approximately at epicentral distances of
1025, 1225 and 1425 km, respectively. The horizontal displace-
ment directions are subparallel with the great-circle directions to
the epicenter, suggesting that the lithospheric dislocations are
associated with the Tohoku-Oki earthquake (Fig. 1(c)).

Dense seismic networks are deployed over the peninsula, allow-
ing complete recording of seismic events with magnitudes greater
than 2.5 since 1978 (Houng and Hong, 2013). Seismic data for
earthquakes since 1996 are analyzed in this study (Fig. 2). The
number of earthquakes up to 2014 after the Tohoku-Oki earth-
quake is 249. Seismic waveforms are collected from 182 stations
(Fig. 1(a)). Focal mechanism solutions for earthquakes before the
Tohoku-Oki earthquake are collected from various resources (Jun,
1991; Cipar, 1996; Park et al., 2007; Choi et al., 2012; Hong and
Choi, 2012).

3. Methods

The strength of seismicity change is determined by Matthews
and Reasenberg (1988):

n() —n
— Bid 1

B Std(n) (1)
where n is the number of events at time t, 71 is the average number
of events, and Std(n) is the standard deviation of n(t). The occur-
rence of earthquakes satisfies the Gutenberg-Richter frequency-
magnitude relationship that is given by (e.g., Tinti and Mulargia
(1985))

logN=a—b-M, (2)

where M is the magnitude, N is the number of earthquakes with
magnitudes greater than or equal to M, and a and b are constants.
The Gutenberg-Richter frequency-magnitude relationship is deter-
mined by the maximum likelihood estimation (MLE) (Wiemer and
Wyss, 2000).

The Coulomb stress change by an earthquake, ACFS, is given by
(e.g., Harris (1998))

ACFS = AT — pi(AG, — Ap), 3)

where At is the shear stress change, u is the friction coefficient, Ay,
is the normal stress change (positive for increased compression),
and Ap is the pore fluid pressure change. The friction coefficient
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Fig. 3. (a) Comparison of the Gutenberg-Richter frequency-magnitude relationship before and after the great earthquake. The estimated b values are similar (0.90, 0.93). (b)
Distribution of events as function of seismicity density. Events occur dominantly in the regions of mild seismicity densities (<0.3). (c) Comparison of earthquake composition
before and after the Tohoku-Oki earthquake for events with magnitudes M > 2.5. An apparent concentration of seismicity in offshore regions is observed after the Tohoku-

Oki earthquake.

changes with the pore pressure. Thus, the Coulomb stress change
can be rewritten by Lin and Stein (2004) and Toda et al. (2005)

ACFS = AT — [/ AGy, (4)
where g’ is the effective friction coefficient that is given by
W= p(1-B). (5)

Here, B is the Skempton’s coefficient that describes the pore pres-
sure response to the mean stress under undrained conditions, vary-
ing between 0 and 1 (King et al, 1994). The differential lateral
displacements build a tensional stress field (Ac, < 0), and make
the pore fluid pressure increased (Ap > 0).

The radial strain, €, induced by spatial differences in litho-
spheric dislocations is calculated by

] ] ]

(i) =2 —d 6)

[
where l{ is the reference distance to location i along path j, Al{ is the
differential lithospheric displacement, r; is the epicentral distance
of region i from the event, and d{ is the lithospheric displacement
at location i along the direction j. The induced tensional stress is
given by

o = Eg, (7)
where E is the Young’s modulus for elastic material,
(344 2¢&)¢
S w75 8
+9 ®)
Here A and ¢ are the Lamé constants satisfy
L=pVp-2pVe, &=pVi 9)

where p is the density of material, V; is the P velocity, and Vs is the
S velocity.

The hypocentral parameters of events are refined using the P
and S arrival times (Klein, 2007). The hypocenters of clustered
events are determined using a double difference location algorithm
(Waldhauser and Ellsworth, 2000). A reference focal depth for the
double difference relocation is determined considering the distri-
bution of focal depths from a conventional traveltime-based
hypocentral inversion method. An 1-D crustal velocity model
(Chang and Baag, 2006) is implemented for the
hypocentral-parameter inversion.

The focal mechanism solutions are calculated using polarity
analyses for small earthquakes and low-frequency waveform
inversions for moderate-size earthquakes. The polarity analysis is
based on the first-arrival P polarities (Hardebeck and Shearer,
2002, 2003). The focal depths and magnitudes are determined from
the low-frequency waveform inversion (Dreger and Helmberger,
1990; Hong and Rhie, 2009). The Green’s functions for the struc-
tures between events and stations are calculated based on a
global-averaged 1-D velocity model (Kennett et al., 1995) that is
appropriate for low frequency waves (Saikia, 1994). A set of
hypocentral parameters yielding best-fit synthetic waveforms is
selected. The similarity between observed and synthetic wave-
forms is quantified in terms of variance reduction, R:

R— [1.0- L0 —SORd 40
Jo(b)“dt

where o(t) is the observed waveform at time t, and s(t) is the syn-
thetic waveform.

(10)

4. Coulomb stress change and induced tension field

The regional Coulomb stress change (ACFS) by the 2011
Tohoku-Oki earthquake is calculated from Eq. (3) with the litho-
spheric Young’s modulus of 80 GPa and Poisson’s ratio of 0.25
(King et al., 1994; Harris, 1998; Lin and Stein, 2004; Toda et al.,
2005; Yagi and Fukahata, 2011). The effective friction coefficient
(W) is set to be 0.4 that is widely accepted for subduction zones
(e.g., Nalbant (1998), Ma et al. (2005), Toda et al. (2005), Freed
et al. (2007), Toda and Enescu (2011), and Catalli and Chan
(2012)). The ambient regional stress field around the Korean
Peninsula is N75°E-directional compression (Fig. 1(c); Choi et al.
(2012)). The magnitude of the regional stress field is set to be 65
bars (Junn et al., 2002). The optimal orientations of faults are calcu-
lated considering the ambient regional stress field and
earthquake-inducing stress (Fig. 4).

The Coulomb stress changes for optimally-oriented faults are
presented in Fig. 4. The optimal fault-plane directions are close
to the observed fault-plane solutions of earthquakes before the
megathrust (Fig. 4(d)). Strike-slip earthquakes are most dominant,
and normal-faulting earthquakes are populated in the central
Yellow Sea and northwest coast of peninsula (region C in
Fig. 4(d)). Thrust events are clustered in the region off the east
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Fig. 4. The Coulomb failure stress changes by the 2011 Tohoku-Oki earthquake for optimally-oriented (a) strike-slip, (b) normal, and (c) thrust faults. The rupture trace on the
surface is marked with a thick green line. The fault-plane directions of optimally-oriented faults are presented with thick black and gray lines. Positive Coulomb stress
changes are observed around the Korean Peninsula for optimally-oriented strike-slip and normal faults, while negative Coulomb stress changes for optimally-oriented thrust
faults. (d) Focal mechanism solutions of earthquakes before the Tohoku-Oki earthquake. The ambient compressional stress field is presented with dotted lines. Regions A and
B are the locations of earthquake swarms observed after the Tohoku-Oki earthquake. Strike-slip earthquakes are dominant around the peninsula. Normal-faulting
earthquakes are populated in region C, and reverse-faulting earthquakes are observed in region D. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)

coast of the peninsula (region D). It is observed that the megathrust
builds negative Coulomb stress changes for all types of faults
around the Korean Peninsula, constructing stress shadows
(Fig. 4). The Coulomb stress changes reach -3.0kPa for
optimally-oriented strike-slip and thrust faults, and —1.0 kPa for
optimally-oriented normal faults around the southern Korean
Peninsula.

A horizontal displacement field discretized by 0.05°-by-0.05°
cells is constructed by interpolating the geodetic data.
Differential dislocations along the great-circle paths are calculated
at every 0.1° in latitude and longitude from the horizontal dis-
placement field. An interpolated differential dislocation field is
constructed from the differential dislocations. The radial strains
induced by the coseismic lithospheric dislocation are estimated
at every 20 km along the great-circle paths from the megathrust.
The radial strains are translated into radial stresses using Eq. (6)
(Fig. 5). The focal depths of the earthquakes are 5-15 km, suggest-
ing the event occurrence in mid-crust. The Young’s modulus for the
mid-crust is determined to be 68 GPa from Eq. (8) with the P veloc-
ity (Vp) of 5.8 km/s, S velocity (Vs) of 3.2 km/s, and density (p) of
2.6 g/cm’.

The differential lateral displacements produce tensional strains
of ~ 1 x 107" in the East Sea, 0.3 x 107" t0 0.8 x 10~ in the inland
peninsula, and ~0.3 x 1077 in the Yellow Sea (Fig. 5). The equiva-
lent lateral tensions are 1-7 kPa in the mid-crust (Fig. 5). The
induced tensions are consistent with the calculated Coulomb stress
changes. These induced stress changes are comparable to those
observed in remote triggering, which are in the order of a few
kPa to a few MPa depending on local conditions (Brodsky and

Prejean, 2005; Gomberg et al., 2001; Miyazawa, 2011; Wu et al,,
2014). The negative Coulomb stress changes and induced tensional
stress field build stress shadows, making the medium relaxed. The
ambient stress field before the megathrust is expected to be recov-
ered gradually by tectonic loading, requiring interseismic strain
accumulation (Simpson et al., 1988; Jaumé and Sykes, 1996;
Harris, 1998).

5. Seismic velocity change

The coseismic deformation in the media accompanies seismic
velocity changes (e.g., Brenguier et al. (2008)). The seismic veloci-
ties in the crust before and after the megathrust are inferred from
the traveltimes of seismic phases of two doublet events that
occurred in the region off the east coast of Japanese islands
(Fig. 6). One event (E1) occurred in September 30, 2010, and the
other event (E2) occurred in August 21, 2011. The two events are
separated by 0.634 km, and the fault-plane solutions are very close.
The magnitudes of the events are My4.9 and 4.6. Three station
pairs (DGY-GAHB, ULLB-SEO, CHJ-SES) are selected. The epicentral
distances are 906-1306 km. The inter-station distances are 136,
196, and 353 km.

The vertical seismic waveforms are bandpass-filtered between
0.07 Hz (or 0.05Hz) and 0.1 Hz considering the frequency con-
tents. The waveform records are aligned for the onset times of P
waves. The doublet events display high similarity in waveforms
(Fig. 6). The S arrival-time differences are smaller (le0.1 s) than P
arrival-time differences at all stations. We find systematic travel-
time differences in the fundamental-mode Rayleigh waves, Rg.
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The eastern stations (DGY, ULLB, CHJ) present Rg traveltime differ-
ences less than 0.1 s, while the western stations (GAHB, SEO, SES)
have larger Rg traveltimes differences of 0.70-0.79s. The
double-difference Rg traveltimes between stations on common
great-circle directions are 0.81 s for the northern path, 0.74 s for
the central path, and 0.69 s for the southern path. The S-wave trav-
eltimes change little, while the Rg traveltimes increase noticeably
after the megathrust. The Rg waves are preferentially influenced
by crustal properties, while the S waves are affected by
upper-mantle properties. These observations suggest seismic
velocity decreases in the crust, supporting the medium relaxation
by the tension induced by the megathrust.

6. Temporal changes of seismicity properties

The temporal variations of beta-statistic values, earthquake

occurrence rates, and cumulative numbers of earthquakes are
compared before and after the megathrust (Fig. 2(b)). The cumula-
tive numbers of events with M > 2.5, 3.0, 3.5 and 4.0 are calcu-
lated. The temporal variations of cumulative numbers of
earthquakes are fitted with least-squares lines. We find apparent
increases of earthquakes after the megathrust (Fig. 2(b)). The
annual occurrence rates of earthquakes with M > 2.5 are 22.87
times per year for the period before the megathrust, and 36.63
times per year (about 61.1% increase) for the period after the
megathrust. Also, the annual occurrence rates for earthquakes with
magnitudes greater than 3.0 are 8.43 times per year for the period
before the megathrust, and 13.20 times per year (about 56.6%
increase) for the period after the megathrust (Fig. 2(b)).

The apparent seismicity increase after megathrust is not in
accord with the observed stress shadows in which the seismicity
is expected to decrease (e.g., Harris (1998)). It is also intriguing
to note that the cumulative numbers of earthquakes after the
megathrust increase intermittently, suggesting episodic occur-
rence of earthquakes (Fig. 2(c)). We observe that time durations
of active seismicity are comparable to those of the following

seismic quiescence. The seismicity increases abruptly in the first
year after the megathrust, which is followed by an aseismic period
in the second year. Earthquake swarms are observed in the third
year at two localized regions of the Yellow Sea.

The magnitude-dependent earthquake occurrence rates are
estimated in terms of b values of the Gutenberg-Richter
frequency-magnitude relationship (Fig. 3). The
magnitude-dependent earthquake occurrence rates (b) are 0.90
for 16 years before the megathrust (11 March 1995-10 March
2011), and 0.93 for 3years after the megathrust (11 March
2011-1 April 2014) (Fig. 3(a)). The increased seismicity with sim-
ilar b values suggests that the medium properties may be kept con-
stant after the megathrust, and the postseismic stress environment
may be much favorable for yielding earthquakes. The distribution
of postseismic events generally agree with the spatial seismicity
densities before the megathrust. Seismic events appear to be con-
centrated in mild seismicity-density regions with the normalized

seismic densities less than 0.3 (Fig. 3(b)). The post-megathrust
seismicity is populated in offshore regions, which is apparent even
with the seismicity excluding the earthquake swarms in Yellow

Sea (Fig. 3(c)).

7. Temporal concentration of moderate-size earthquakes

Seven earthquakes with M; > 4.9 occurred around the Korean
Peninsula since 1978 until the occurrence of the Tohoku-Oki earth-
quake. Only one earthquake out of the seven earthquakes occurred
in the Yellow Sea region. It was reported that moderate-size or lar-
ger earthquakes are generally suppressed in stress shadows for
several years to decades (Jaumé and Sykes, 1996; Harris, 1998).
We, however, observe three earthquakes with M; > 4.9 in the
Yellow Sea region for one year from April 2013 to April 2014 in
two years after the Tohoku-Oki earthquake (Fig. 7(a)). These earth-
quakes are the largest events since the 29 May 2004 M5.2 earth-
quake. Further, it is unusual to observe such moderate-size
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events to be populated in the Yellow Sea region during a
short-time period.

A long-period waveform inversion method is applied for the
determination of focal mechanism solutions of 6 moderate-size
events with magnitudes greater than 3.3, and a seismic-polarity
analysis is used for the focal mechanism solutions of 28
small-size events. Waveforms from 6 to 7 stations are combined
for the long-period waveform inversions. The long-period wave-
form inversion is based on 200-s-long waveform record sections
in frequencies of 0.05-0.1 Hz. The best-fit focal depth is searched
from 1 to 20 km. The focal mechanism solutions of earthquakes
before the megathrust are collected from early studies for compar-
ison with those after the megathrust (Jun, 1991; Cipar, 1996; Park
et al., 2007; Choi et al., 2012; Hong and Choi, 2012; Fig. 7).

The three moderate-size earthquakes are observed to be
strike-slip events with fault-plane directions of 197°-228° (or,
equivalently 287°-310°). The focal depths are determined to be 5-
10 km, which correspond to upper crust (Fig. 7). The focal mecha-
nism solutions are close to those observed before the megathrust

(Choi et al., 2012; Hong and Choi, 2012). The consistent focal mech-
anism solutions imply that the post-megathrust earthquakes occur
in a similar stress environment. However, the abrupt increase of
moderate-size earthquakes during a short-time period suggests a
decrease of critical shear stress for faulting, which may be a conse-
quence of pore-fluid pressure increase in the medium.

8. Earthquake swarms

Earthquake swarms are observed in two regions of the Yellow
Sea (regions A and B in Fig. 7(a)), which is unusual in stable intra-
plate region. The earthquake swarm in region A is composed of 45
earthquakes during 29 April 2013-10 November 2013. The magni-
tudes of events are 0.7-4.9. Another earthquake swarm was
observed in region B in which 108 earthquakes with magnitudes
of 0.7-3.5 occurred during 3 June 2013-14 September 2013. It is
noteworthy that earthquakes with magnitudes of M; >2.0 were
rarely observed in regions A and B before the megathrust.
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We collect 194 P arrival times and 32 S arrival times from 10
local and regional stations for the events in region A. Also, 1040
P arrival times and 756 S arrival times are collected from 30 sta-
tions for the events in region B. The P and S arrival times are

determined using waveform cross-correlation. The P and S waves
are searched in time windows between —0.5 and 3.0 s and between
—0.5 and 7.0 s with respect to the theoretical arrival times. The
numbers of P and S waves are 1040 and 756, which produces
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11,984 pairs of P and S arrival times with cross-correlation coeffi-
cients greater than 0.6. The hypocenters of the events in regions A
(45 events) and B (108 events) are initially determined using a con-
ventional traveltime-based hypocentral inversion method (Klein,
2007). We further refine the hypocentral parameters of 96 clus-
tered events among 108 events in region B using a
double-difference location method (Waldhauser and Ellsworth,
2000).

The earthquakes in region A are clustered in an NE-directional
20 km-by-10 km area (Fig. 8). The earthquake swarm includes an
M4.9 earthquake. Region A is placed around the southern margin
of region C that may correspond to the paleo-collision boundary
between the North and South China blocks (Hong and Choi,
2012). Normal-faulting earthquakes are dominant in region C
(Hong and Choi, 2012). However, the earthquakes are observed
to be strike-slip events with fault-plane strikes of ~17° (alterna-
tively, ~107°). The resolved fault-plane strikes are different from
the apparent spatial distribution of earthquakes that directs to
~60°. This direction is approximately subparallel with the
fault-plane strikes of normal-faulting events in region C
(~70.3° 4+ 10.3°). The observation suggests that a series of subpar-
allel strike-slip faults may be developed in the crust of region A as a
consequence of coseismic stress.

The earthquakes in region B are distributed over a
~2.5-km-long NE-directional region (Fig. 9). The waveform simi-
larity supports the clustering of earthquakes in a small area
(Fig. 10). The events bifurcate at the northeastern area in region
B. The focal depths are 9-11 km (Fig. 9(d)). The focal mechanism
solutions suggest strike-slip earthquakes with fault strikes in
18°-59°. The compression-axis directions of the focal-mechanism
solutions are consistent with the ambient stress field (Choi et al.,

2012; Hong and Choi, 2012). The earthquakes are populated in
three active-seismic periods, i.e., periods I, III, and V in Fig. 9(c).
It is observed that 92 events out of 108 events (~85%) occurred
during active-seismic periods (37 days).

The earthquake swarm in region B presents characteristic
migrations. The earthquakes migrate in SW with a speed of
1.16 m/h during period I, and in NE with a speed of 3.57 m/h dur-
ing period III. Another set of earthquakes occur progressively in
NNE during period V from the origin of the earthquake swarm of
period I, depicting splay faults. These temporal migrations of
events suggest slow successive ruptures. The earthquakes are pop-
ulated at depths of 9-10 km during periods I and III, and 10-11 km
during period V. The focal depths present linear variations with
time.

The observed migration speeds and focal depths are consistent
with those of earthquake swarms in fluid-saturated environment
(Hariri et al., 2010). The fluids such as water and hydrocarbons
are reported to be abundant in the crust (Fyfe et al., 1978;
Piombo et al., 2005). In particular, the water is the most abundant
among fluids, and is present in the mid-crust (Kerr, 1993, 1994).
The presence of fluids supports the occurrence of earthquakes
swarms in the mid-crust. The earthquake swarm in region B sug-
gests successive faulting of intact media, which may be a conse-
quence of temporal increase of pore-fluid pressure (Hickman
et al.,, 1995; Hariri et al., 2010; Brodsky and van der Elst, 2014).

9. A model of earthquake occurrence in stress shadows

Negative Coulomb stress changes were expected for all types of
faults around the southern Korean Peninsula after the Tohoku-Oki
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Fig. 10. Seismic waveforms for earthquakes in region B at three local stations. The event waveforms display high similarity.

earthquake, constructing stress shadows (Fig. 4). The differential
lateral displacements and seismic velocity changes support the
negative Coulomb stress changes (Figs. 5 and 6). However, the seis-
micity around the Korean Peninsula was observed to increase sig-
nificantly after the megathrust, which is different from the
expected seismicity decrease (Fig. 2). The increased seismicity is
observed widely over the peninsula, and is populated in regions
of moderate-seismicity densities. Also, the compression-axis direc-
tions are found to be consistent in the events before and after the
megathrust. The observations suggest that the increased seismicity
may be time-advanced events (Gomberg et al., 1997).

It is known that fluids (e.g., H,O, CO,, CH,) are abundant in
mid-crust (Kerr, 1993, 1994; Piombo et al., 2005). The fluids may
be originated from the mineral dehydration during prograde meta-
morphism (Kerrich et al., 1984; Hickman et al., 1995). The fluids
may be diffused in the crust during the coseismic differential dis-
locations that construct transient tension field (Scholz et al.,
1973; Rice and Gu, 1983). As the ambient compressional stress
field is recovered by tectonic loading (Harris, 1998), the fluids
may migrate from regions of high compression to regions of low

compression (Piombo et al., 2005). The fluids are confined in the
pores, and resist to the ambient compressional stress that is grad-
ually recovered.

The fluids in the pores hinder the increase of effective normal
stress (o, —P; where o0, is the normal stress and Py is the
pore-fluid pressure), while the shear stress keeps increasing with
gradual recovery of ambient stress field. This situation constructs
an environment with high shear stress and low effective normal
stress, lowering the critical shear-stress levels required for faulting
(e.g., Sibson (1985), Hickman et al. (1995), Fournier (1996), Felzer
and Brodsky (2005), and Costain (2008)). Earthquakes may occur
episodically on fault planes of which shear stresses are temporally
greater than the effective normal stresses. This process may con-
tinue with incorporation of earthquake swarms until the lithostatic
stresses are fully recovered.

10. Discussion and conclusions

A significant increase of seismicity with episodic occurrence of
earthquakes was observed around the Korean Peninsula for several
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years after the 2011 Tohoku-Oki earthquake. The locations of
post-megathrust earthquakes are generally consistent with the
seismicity density before the megathrust. Also, unusual intensive
occurrence of earthquake swarms and moderate-size earthquakes
was observed. The intensive occurrence of moderate-size
earthquakes may be a consequence of time advance of potential
earthquakes in the region.

The megathrust produced strong transient waves with large lat-
eral dislocations in local and regional distances. The differential
lateral lithospheric dislocations built a transient radial tension field
over wide backarc regions, constructing stress shadows for every
type of fault in optimal orientation. The seismic-velocity decrease
in the crust after the megathrust supports the medium relaxation
by the coseismic lithospheric dislocation. Fluids may be diffused
by the transient tension field, and may be confined in the pores.
The characteristic seismicity increase and earthquake swarms in
post-megathrust stress shadows may be ascribed to the decrease
of effective normal stress by pore-fluid pressure increase (e.g.,
Toda and Stein (2003) and Talwani et al. (2007)). The induced
seismicity may continue until the ambient stress field is fully
recovered (Freed, 2005; Durand et al., 2010).
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