
0) is 498. The geometrical-spreading exponent
term is estimated as 0.75. These observations characterize the study region as a high
attenuation region compared to typical intraplate continental regions. Low-Q regions
are widely developed over the Japanese islands, with some spotted high-Q regions.
Relatively highQ is observed in most regions of the Korean Peninsula except a south-
eastern part where a Cretaceous volcanic-sediment basin exists. The high-Q

strongest phase at regional distances, and its amplitude is
rarely affected by the radiation pattern of source. Thus,
Lg is widely used for estimation of the magnitudes of region-
al events. The Lg wave, however, is attenuated significantly
in oceanic crust. Also, the Lg is highly influenced by lateral
variation of crustal structure (e.g., Zhang and Lay, 1995;
Kennett and Furumura, 2001).

The area around the Korean Peninsula, Japanese islands,
and the East Sea (Sea of Japan) is a continental margin that
abuts the Pacific Ocean. Complex tectonic activities in the
region cause much seismic activity, not only inland but
also in offshore regions around the East Sea and the subduc-
tion zones along the Japanese islands. The offshore events
are normally well observed at regional stations in Korea
and Japan. However, the offshore events are potential threats
of tsunamis and seismic hazard to the onshore areas. Thus,
accurate estimation of regional magnitudes are particularly
important for offshore events.

A widely adopted regional magnitude scale is based on
the Lg phase. Thus, it is highly desired to understand Lg
attenuation for accurate estimation of magnitudes of regional
oceanic events. Many studies on Lg attenuation have been

made for various regions (e.g., Phillips et al., 2000; Xie et al.,
2006; Chung et al., 2007; Hong et al., 2008). However,
quantitative investigation of Lg attenuation along oceanic
ray paths has been rarely made so far.

Dense seismic networks in the area of the Korean Penin-
sula and Japanese islands allowed us to investigate the Lg
variation in a continental margin with back-arc region. We
conducted a tomographic inversion of Lg quality factor
(Q) in the region and inferred the tectonic implications from
LgQ tomography. We also discuss the magnitude estimation
from seismic records with oceanic ray paths.

Data and Geology

We collected seismic data from local and regional events
in 2000–2008 with focal depths less than 35 km, which were



The number of events was 141, and the number of sta-
tions was 446 (Figs.1, 2). The total number of records col-
lected was 15,492. The distribution of events and stations
displays good ray-path coverage over the study area, partic-
ularly for the areas of South Korea, Japan, and the East Sea.
The dense ray-path coverage allows a stable tomographic
inversion. Event information was collected from event cata-
logues of local seismological institutions (Korea Institute of
Geoscience and Mineral Resources [KIGAM], Korean
Meteorological Administration [KMA ]) and the International
Seismological Centre (ISC). We analyzed records with epi-
central distances less than 2500 km.

The crust of the East Sea has a transitional structure from
continental to oceanic crusts, which accommodates undu-

lated Moho topography as well as abrupt changes in crustal
structure.Lg waves propagating across a thin crust suffer
from high attenuation due to significant energy leakage into
the mantle (Knopoffet al., 1979; Kennett, 1986). In addition,
Lg from a long ray path through an undulated crust displays
energy diffusion beyond the typical group-velocity window
(Zhang and Lay, 1995). The diffused wave train is possibly
contaminated by other later phases (Campilloet al., 1985).
Thus, the transitional structure of the crust in the East Sea
may cause high attenuation ofLg, which yields weakLg.

The maximum amplitude ofLg, however, develops in an
early portion of the typicalLg wave train despite diffusion of
Lg energy in an undulated crust, which allowed us to esti-
mate the maximumLg amplitude in the expected time
window. Seismic records of four representative regional
earthquakes with ray paths across the Korean Peninsula,
Japanese islands, and the East Sea are presented in Figure3.
First arrivals ofP and S phases (Pn, Sn) and the crustally
guided shear waves (Lg) are marked on the figure. The
Lg waves from continental ray paths are clearly observed,
and those from ray paths crossing the East Sea are relatively
weak but reasonably identifiable.

The far-east Asian region (northwestern Pacific) around
the Korean Peninsula, the East Sea, and Japanese islands has
experienced complex tectonic history. The Korean Peninsula
was formed by the collision of massif blocks, which was
completed during the Jurassic period (Choughet al., 2000).
Two fold belts intervene between the massif blocks. A
volcanic-sedimentary basin developed in the southeastern
Korean Peninsula during the Cretaceous period.

The East Sea was formed by a continental rifting during
the Oligocene to mid-Miocene, which caused separation of
the Japanese islands from the Eurasian Plate (Choughet al.,
2000). Three deep-seated back-arc basins (Japan, Yamato,

Figure 1. Maps for (a) locations of events, stations, and ray paths and (b) ray path density. The cell hits are counted in a domain dis-
cretized by 0.5°-by-0.5° cells. Circle, events; triangles, stations; solid lines, great-circle paths. The study area is denoted by a solid-line boxin
(b). The ray path coverage and density over the study area is good for a tomographic inversion.
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Figure 2. Histogram of event magnitudes. The total number of
events was 141. The smallest magnitude was 2.7, and the largest
magnitude was 7.9.
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and Ulleung basins) were developed during the opening. The
opening of the East Sea was completed in the mid-Miocene
period before its full development into an oceanic crust due
to east–west directional shortening by the subduction of
the Pacific Plate (Jolivet and Huchon, 1989). The crust of the
East Sea thus shows a transitional structure between a con-
tinental crust and an oceanic crust (Kim et al., 2003; Sato
et al., 2006).

The continental lithosphere of Japanese islands is signif-
icantly influenced by volcanic activity and tectonic compres-
sion, which are associated with subduction of the Pacific
Plate and the Philippine Sea Plate. Many earthquakes occur
along the subduction zones around the Japanese islands.
Also, the current east–west directional tectonic compression
causes shallow offshore seismicity in the East Sea.

Method

The spectral amplitude of Lg can be expressed as (Ser-
eno et al., 1988; Xie and Patton, 1999)

Aij�f� � Si�f�G�dij� exp
�
�

πfdij
vgQij�f�

�
eij�f�; (1)

where Aij�f� is the Lg displacement ground motion at station
j for event i and the frequency of f; Si�f� is the source spec-
trum of the event;G�dij� is the geometrical-spreading term at
distance of dij; Qij�f� is the quality factor along the ray path
between event and station; vg is the group velocity of Lg,
which is given by 3500 m= sec; and eij�f� is the cumulative
effect of the other minor factors along the ray path.

The Lg quality factor, Qij�f�, can be expressed by

Qij�f� � Q0;ijf
ηij ; (2)

where Q0;ij is the quality factor at 1 Hz, and ηij is the power-
law frequency dependence term. The frequency-independent
geometrical-spreading factor is given by (e.g., Hearn et al.,
2008)

G�dij� � �d0=dij�γ; (3)

where γ is the geometrical decay rate, and d0 is a reference
distance.

The source spectrum, Si�f�, can be expressed as (Brune,
1970; Aki and Richards, 1980, p. 424)

Si�f� �
M0;iRθϕ

4π
������������������
ρsρrv5

svr
p

�1 � f2=f2
c;i�

; (4)

whereM0;i is the seismic moment of event i, fc;i is the corner
frequency, Rθϕ is the amplitude scaling for radiation pattern,
and ρr and vr are the density and the S-wave velocity in the
receiver region, respectively. Lg waves are crustally guided
shear waves, which are multiply reflected in the crust. Thus,
the Lgwaves develop consistently, regardless of azimuth. We

applied Rθϕ � 0:60 by taking into account the average radia-
tion pattern of Swaves (e.g., Fisk, 2007). Also, considering
the crustal structure around the Korean Peninsula, we applied
vr � 3273 m= sec and ρs � 2580 kg=m3 (Chang and Baag,
2005; Hong and Rhie, 2009).

We calculated the moments (M0) and corner frequencies
(fc) of events using known source-parameter relationships
with magnitude (Xie, 2002)

log�M0� � 9:96 � 1:17M;

log�fc� � 4:603 � 0:308 log�M0�;
(5)

where M is the magnitude. From equations (4) and (5), we
calculated the source spectrum S�f� of each event. We
deconvolved the source spectra from observed amplitudes
to equalize the source influence. From equation (1), we have

ln
�
Aij�f�
Si�f�

�
� �γ ln dij �

πfdij
vgQij�f�

� Cij�f�; (6)

where the geometrical-spreading exponent term, γ, is a
frequency-independent constant, and Ci is a constant for
influence from minor factors. We determine Q for a given
frequency in a least-squares sense. It is noteworthy that the
source parameters such as moment and corner frequency
have linear relationships with respect to the magnitude as
shown in equation (5). Under- or overestimation of source
spectra can be made due to incorporation of inaccurate con-
stant coefficients in the linear relationships that do not repre-
sent the source-spectral relationship in given area.

However, considering possible variations of the constant
coefficients in the linear relationships, an inaccurate represen-
tation of source parameters based on the linear relationships
causes either a constant level change or minimal variations of
the logarithmic equalized amplitudes (ln�Aij�f�=Si�f��).
Similarly, an implementation of different values of Rθϕ can
also cause a constant change in levels of equalized amplitudes.
However, such constant level variation in the logarithmic
equalized amplitudes does not cause any change in the esti-
mates of γ and Q.

For a tomographic inversion, equation (6) is recast to be

ln
�
Aij�f�
Si�f�

�
� γ ln dij � ai�f� � bj�f� �

�
πfdij
vg

�
1

Qij�f�
;

(7)

where ai�f� and bj�f� are static amplitude–correction terms
for event i and station j, respectively. Thus, equation (7) can
be rewritten as

b � Ax; (8)

where b is the vector for equalized amplitudes with correc-
tion for geometrical spreading, A is the kernel matrix, and x
is the unknown vector to be determined, which is composed
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